
DOE/MC/10637--3090

Dh92 017238

LOW-RANKCOAL RESEARCH

FINAL TECHNICAL REPORT

APRIL I, 1988 - JUNE 30, 1989

INCLUDING QUARIERLY REPORT FOR APRIL TO JUNE 1989

COOPERATIVE AGREEMENT DE-FC21-86MC10637

;_ _'_ _ m-_]

_:_ "_ _ _ P._ For :
2o _ ,,:- _ U.S. Departmerltof Energy

"" _' Morgantown Energy Technology Center

_, _,'7, _.,.__>_ _ Morgantown, West Virginia,. ._ _ _-_-,-

- 0 0 _}

._ _ c_ c_ _ .

_ _ _ _ _ _ _ University of North Dakota

_ _ _m_=_._=..._o__,_=_-_"_.,.=o Energy and Mineral Research Center
_ _ .._,_.__ o,,o_. _.; _. ,, Gerald H Groenewold, Director

_=.b_._o._oo___. _,= r. :_ = Grand Forks, North Dakota

MASTEB._=_°_

DtSTRIBUTICJN L>FFHIS E)OCUMENT IS UNLIMITli_

.'_1' ..... ,, _,1 rl Iii11 '1 I, "1..... 1.... H ...... , .... I ..... " ..... M_' '_1,_,.... ,.... _r ...... Ill'ro.l.,' ql' ,II ' ,,,' I_1 "11..... _,_' ' r,I .... r,,, ,I,,. ' ','"' I1.11_' lit' " ,Ii,1',, _"''ql'_l'll_ll_l_l'!rr,'.',lll,flv'''111,,,. ,_,r_'III '"IPII'I



1.0 TABLE OF CONTENTS

DtSTRIBU"IIOtxl OF THIS DOCUMEt'.,I r IS UI',,ILIMFTF.:T_

1
''_r'1111_'l ' lM .... '_lq' 1Jr'"Pr_ ,, ,,,,lp, I_lnl_ fir "qPrHIr 1Sp' Pl,ii''' ,,'lllq_...... ,Hlllr_pllJillt_ rl ,,, i, ipl, _,1 ,11111_'Pl_ ''" "'



TABLE OF CONTENTS

1.0 TABLE OF CONTENTS

2.0 CONTROL TECIINOLOGYAND COAL PREPARATION RESEARCH

2,1 SOx/NOx Control
2,2 Waste Management

3.0 ADVANCED RESEARCllAND TECHNOLOGY DEVELOPMENT

3,1 TurbineCombustion Phenomena

3.2 Combustion Inorganic Transformation
3,3 Coal/Char Reactivity
3,4. Liquefaction Reactivity of Low-Rank Coals
3,5 Gasification Ash and Slag Characterization
3,6 Fine Particulate Emissions (Completed 3/88)

4.0 COMBUSTION RESEARCH

4.1 Fluidized Bed Combustion
4,2 Beneficiation of Low-.RankCoals
4,3 Combustion Characterization of Low-Rank Coal Fuels
4,4 Diesel Utilization of Low-Rank Coals

5,0 LIQUEFACTION RESEARCH

5,1 Low.-RankCoal Direct Liquefaction

6,0 GASIFICATION RESEARCII

6,1 Hydrogen Production From Low-Rank Coals
6.2 Advanced Wastewater Treatment
6.3 Mild Gasification (Completed 3/89)
6,4 Color and Residual COD Removal from Synfuel

Wastewaters (Completed 3/88)
6,5 Great Plains Gasification Plant (Completed 6/87)
6,6 Gasifier Optimization (Completed 2/89)



2.0 CONTROLTECIINOLOGYAND COAL PREPARATIONRESEARCII



2.1 SOx/NOx Control



SOx/NOX CONTROL - CATALYTIC FABRIC FILTRATION FOR
SIMULTANEOUS NOx AND PARTICULATE CONTROL.,

FINAL TECHNICAt.REPORT FOR THE PERIOD APRIL I, 1988 - JUNE 30, 1989
INCLUDING THE QUARTERLY TECHNICAL

PROGRESS REPORT FOR THE PERIOD APRIL THROUGH JUNE, 1989

By

G.F. Weber and D.L. Laudal

Energy & Mineral Research Center
University of North Dakota.

P.O. Box 8213, University Station
Grand Forks, North Dakota 58202

August 1989

Contracting Officer's Technical Representative
Mr. Perry Bergman

Prepared For
United States Department of Energy

Office of Fossil Energy
Pittsburgh Energy Technology Center

Pittsburgh, Pennsylvania

Under Cooperative Agreement NOo DE-FC21-86MCI0637



TABLE OF CONTENTS

Page

ABSTRACT............................................................. 1

1,0 INTRODUCTION..................................................... 3
1,1 Background ................................................. 4

i,i,1 OCF Laboratory Results .............................. 4
1,1,2 Slipstream Sample Trials at EMR(".................... 7
1,1,3 Bag Trial at EMRC................................... 9

2,0 GOALS AND OBJECTIVES............................................ II
2,1 Three-Year Objectives ...................................... 12

2,1,1 Task A, Catalyst/Fabric Development ................ 12
2,1,2 Task Bo Fabric Screening Tests ..................... 13
2,1,3 Task C, Bag Evaluation and Parametric rests ........ 13
2,1,4 Task D, Bag Durability and Process Assessment. ...... 13

2,2 Changes to the Third-Year Project Plan ..................... 14

3,0 ACCOMPLISHMENTS................................................. 15
3,1 Task A, Catalyst/Fabric Development ....................... 15

3,1,1 Description of Facilities and Procedures ............ 16
3,1,2 Results and Discussion .............................. 17

4.0 CONCLUSIONS..................................................... 38
4,1 Bench-Scale Fabric Screening Tests ......................... 38
4,2 Bench-Scale Parametric Tests ............................... 38

5,0 RECOMMENDATIONS................................................. 39

6.0 REFERENCES...................................................... 39



LIST OF TABLES

Table Pa_

i, Flue Gas Compositions ........................................... 6

2, Slipstream Sampler Test Conditions .............................. 8

3, NOx Reduction Efficiencies for Catalytic Fabric Samples ......... 9

4, MIT Flex Data for Catalytic and Nextel Cloths ................... 11

5o Summary of Results from Bench-Scale Catalytic Fabric Filter
Experiments ..................................................... 18

6. Surface Area Data for Catalyst-Coated Fabric Samples ............ 21

7, Full Factorial Experimental Design for Parametric Tests ......... 23

8, Experimental Data Resulting from Parametric Tests ............... 24.

9, Operating Conditions Used During Fabric Screening Tests ......... 27

I0° Description of Catalytic Fabric Samples Evaluated During
Screening Tests ................................................. 28

Iio Experimental Data Resulting from Fabric Screening Tests ......... 29

12. Surface Area Data for Catalyst-Coated Fabric Samples
Evaluated During Screening Tests ................................ 33

13, Experimental Design Parameters .................................. 35

14. Results from Second Series of Parametric Tests .................. 35

ii

L , _k • . •-.-_ . -...... • 'ii l' i i l i 'Ill . Ill i - I .....



LIST OF FIGURES

i. Block Diagram of OCF Laboratory Apparatus Used to Evaluate
Catalytic Fabric Activity....................................... 5

2. Fractional Decreases in NO_ Concentratlo ? As a Function ofTemperature and Face Veloclty ............................... 6

3. Schematic of Slipstream Sampler ................................. 8

4. Schematic of Fabric Filter Folder and Slipstream Sample System.. 16

5. Scanning Electron Micrographs of Unexposed and Exposed
Catalytic Fabric ................................................ 20

6 Percent NO. Removal Versus Air-To-Cloth Ratio and

Ammonla/NOx Molar Ratio ......................................... 25

7. Percent NO.. Removal and Ammonia-Slip Data For Fabric
A

Samples 4, 8 through 13, and 16............................ 29.. ...

8. Percent NO,. Removal and Ammonia-Slip Data for Fabric
A

Samples i, 2, 3, 5, 6, 7, 14 and 15.......................... 30...

9. BET Surface Area Versus Ammonia-Slip for Fabric Samples
After Exposure to Flue Gas...................................... 34

iO. Percent NO,,Removal 'VersusAir-To-Cloth Ratio and
, A

Ammonia/NOx Molar Ratio..................................... 37. . .

iii

_ _ _;_ ; " irt ±, ' ........ i I _lli li I i ,, - I' irl ...... ,, BI



ABSTRACT

The objective of the University of North Dakota Energy and Mineral
Research Center (EMRC) SOx/NOX Control Project is to develop a catalytic
fabric filter for NO,, and particulate control that will provide high removal
efficiency of NO× an_ particulate matter, acceptably long bag and catal)st
life, and an ecodomic savings over a conventional SCR system and baghouse.
Specific goals of the proposed work include development of a catalytic fabric
that will provide:

i. 90% NO_ removal efficiency with <25 ppm ammonia-slip.
•

2. Particulate removal efficiency of >99,5%.
3. Bag/catalyst life of >i year.
4. 20% cost savings over a conventional baghouse and SCR control

technology.
5. Compatibility with SO2 removal systems.
6. A nonhazardous waste product.

The experimental approach to meeting the stated project objectives
involves further Fabric and catalyst development, testing of the product at
three levels, and selection of the best fabric for longer-term durability
testing. The work is divided into four tasks: Task A - Catalyst/Fabric
Development, Task B - Fabric Screening Tests, Task C .-Bag Evaluation and
Parametric Tests, and Task D - Bag Durability and Process Assessment. This
report documents activities and results for Task A from April, 1988 through
June, 1989.

Even though promising results were obtained previously, a continued
bench-scale effort was determined to be necessary to develop the product that

will give the best combination of high NOx removal efficiency, low ammonia-
slip, high particulate removal efficiency, and long catalyst/bag life.
Specific parametric tests were conducted in which the fabric weave, coating
composition, and coating process were adjusted to develop acceptable fabrics
for further testing. Task A, the first level of screening, was employed to
test the catalytic activity of the fabric in a simulated flue gas environment
using a bench-scale fabric filter holder. Two series of parametric
experiments were completed along with screening tests evaluating 16 catalytic
fabric samples. The fabric samples used during all phases of the experimental
effort were prepared by Owens-Corning Fiberglass Inc. and provided as a cost
share to the project.

I The completed parametric experiments involved two full factorial designs

with four factors and two levels. Independent variables included NO..
concentration, S02 concentration, ammonia/NOX molar ratlo, and alr-to-cloth
ratio. Dependent variables included NOX remdval efficiency, ammonia-slip, and
SO_ production. Statistical analysis o_ the results of the experiments showed

that NOx concentration, air-to-cloth ratio and the interaction between NO_
concentration and air-to-cloth ratio had the greatest effect on NOX remova_
efficiency. To a lesser degree, the ammonia/NOx molar ratio, the S02
concentration, and the interaction between NOx and SO_ concentration also were

!
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observed to effect NOx removal efficiency. Depending on experimental
conditions, NO. remov_l efficiency ranged from 53% to 96% and ammonia-slip
values ranged _rom 2 to 580 ppm.

Sixteen catalytic fabric samples were evaluated using the bench-scale
fabric filter holder and simulated flue gas system. The fabric samples were
prepared to evaluate the effect of modifying the catalyst composition,
applying the catalyst using a single coat of concentrated solution or multiple
coats of a dilute solution, using a refractory undercoat, and using a textured
or nontextured weave. NOV removal efficiency and ammonia-slip values ranged
from 3% to 93% and 2 to 321LI ppm, respectively.

Modification of the catalyst composition by adding small amounts of
alumina or zirconium to the original catalyst substantially reduced the
catalytic reactivity of the fabrics tested. The purpose for adding the
refractory components was to determine if the operating temperature range
could be expanded.

NOx removal efficiency and ammonia-slip data did not indicate an
advantage one way or another for fabric samples prepared using multiple coats
of a low concentration solution versus a single coat of a high concentration
solution. Increases in NO. removal efficiency and decreased ammonia-slip was
observed when the quantityXof catalyst placed on the fabric was increased
through the use of multiple coatings of the catalytic solution.

The purpose for applying an undercoat to the glass fabric prior to the
catalyst is to improve the abrasion resistance of the glass fibers and
potentially develop more surface area. Data from the fabric screening tests
indicated that the use of a refractory undercoat had no effect on NOx removal
or ammonia-slip.

The use of a textured fabric improved the catalytic performance of the
catalyst-coated fabrics tested. Fabric comparisons in one case showed an
increase in NO_ removal efficiency from 82% to 93% and a decrease in ammonia-
slip from 56 p_m to 35 ppm. In a second case, comparison of two fabric
samples that provided essentially identical NO., removal values (84% versus
85%), showed that ammonia-slip was substantial_y less for the textured fabric
(2 ppm versus 53 ppm).

Although the lask A effort was a preliminary step in the overall approach
to development of the catalytic fabric filter, the positive results warrant
proceeding with Task B - Fabric Screening Tests. Task B will be initiated and
completed during a twelve month period beginning July i, 1989 and ending
June 30, 1990. Catalytic fabric samples will be selected for additional
screening tests based on Task A results_ The purpose of Task B will be to
further evaluate the impact of air-to-cloth ratio, NO. cencentration, S02
concentration, coal type, and their interactions on NOx removal efficiency,
ammonia-slip, S03 production, and particulate control. Four coals will be
used, two bituminous coals, a subbituminous coal, and a lignite. The coals
will be fired in a pilot-scale pc-fired combustor and the fabrics will be
tested using a slipstream of flue gas and the bench-scale fabric filter holder
and oven used to perform Task A experiments.
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1.0 INTRODUCTION

In 1983 the Grand Forks Energy Technology Center of the U.S. Department
of Energy was transferred to the University of North Dakota. From April I,
1983, through June, 1987, the facility had been operating as a nonprofit
contract research organization called the University of North Dakota Energj'
Research Center (UNDERC). In June, 1987, the name was changed to the Energy
and Mineral Research Center (EMRC), University of North Dakota. Department of
Energy programs ongoing at the time of the 1983 transfer were continued under
a three-year Cooperative Agreement with the Department of Energy. In 1986 a
second multiyear Cooperative Agreement (Contract No. DE-FC21-86MCI0637) was
signed by the Department of Energy. This report documents the results for the
SO×/NOx Control Project for the period April i, 1988, through June 30, 1989
Th_ highlights of previous work, current program goals and objectives, third-
year accomplishments on a task basis, and conclusions based on the work
completed are summarized. ,

Acid rain and the passage of legislation to reduce emissions of acid rain
precursors continue to be prominent issues in the United States, Canada,
Europe and Japan. Although SO_ emissions are still the primary focus of acid
rain control legislation in the United States, the role of NO. in acid rain
has become more prominent as a result of recent studies that _ave linked
nitrate deposition to vegetation damage. In Europe, substantial reductions in

NOx emissions have been mandated, requiring local utilities to apply both
staged combustion and post-combustion technologies to existing and new fossil
fuel-fired systems. Selective catalytic reduction (SCR), an NOx control
technology originally developed in Japan, has been installed on more than
6,400 MWof full-scale utility boiler capacity as a post-combustion NO.
contrel technique in the Federal Republic of Germany (I), with a totalXof over
20,000 MWplanned by 1990. The purpose of the initial full-scale
demonstration projects is to evaluate and modify a technology originally
designed for use on oil- and gas-firedsystems. Application of conventional
SCR technology to coal-fired systems presents several potential problems
including catalyst plugging/deactivation due to fly ash and S03, deposition
on, and corrosion of air heater surfaces due to sulfur/ammonia by-products,
solid waste handling/reuse/disposal problems, and general compatibility
problems with existing coal-fired systems.

The overall project objective during the first and second years of the
Cooperative Agreement was to expand the scientific and engineering data base
necessary for the development of innovative processes to control SOx emissions
during coal combustion. Dry sorbent injection for SOx control and _ethods of
enhancing SOx sorbent reactivity/utilization were investigated. The study
addressed factors impacting both sorbent reactivity and operability of the
combustion system for new and retrofit applications. Specific factors
addressed included: I) sorbent properties, 2) sorbent processing conditions,
3) the impact of sorbent injection on boiler performance, and 4) operability
of the particulate control device.

Results from furnace injection work completed in the first and second
years have not shown potential for substantial improvement in the levels of
S02 control or sorbent utilization beyond those already demonstrated (2,3).
Based on these results, EMRCbelieves that further pilot-scale work in the
area of furnace sorbent injection is not necessary under the UND/DOE



Cooperative Agreement and would only be useful in support of site-specific
utility evaluations of the technology. The future of furnace sorbent
injection really rests with the demonstration projects being funded by EPA,
EPRI, and the DOE Clean Coal Technology Program, as well as with the passage
and implementation of acid rain legislation.

Therefore, plans were implemented to. redirect the SOx/NOx Centrol
Project. The focus of the project is now on advanced NOx-cor,_rol with
application to new and retrofit utility ._ystems, as well-as control qf NOx
emissions from industrial-scale combustors. The overall objective of the
project is to evaluate the potential of a catalytic fabric filler for
simultaneous NOx and p_rticulate control,

I.I 6ackground

, Initial development activities were carried out and funded exclusively by
Owens-Corlling Fiberglas Inc. (OCF). Following several years of in-house
development;, OCF contracted with the University of' North Dakota Energy &
hlinera, l Research Center (EMRC) to assist with the development effort. Due to
funding constraints, the development work was discontinued in the fall of
1986.

In April of 1988 the development effort was resumed by OCF and EMRC, OCF
a activities, are funded in-house and primarily involve preparation of catalytic

fabrics f_r bench-.scale experiments that are performed at EMRC. EMRC
| activit, ies in the past fifteen monLhs, funded within the Cooperatlve Agreement
i with the U.;_. Department of Energy (DOE), have focused on bench-scale

experiments designed to show continuity with previou:_ work and screen several
m samples of catalytic fabric.

I The general concept of _ tilter bag with catalytic properties ismentioned in a recent patent (4), though without details or supporting data,

I Within the last eight years, OCF has undertaken an extensive researcI_ effort
to develop a catalytic fabric to be used in filter bags for simultaneous NOx
and particulate control. The key to this research effert has been the

.| developrnent of novel methods for producing highly active catalysts on glass

I fibers. The properties of the materials developed are summarized in the
following discussion.

'] i.l,l OCF Laborator_z ' Results

J A block diagram of the OCF laboratory appara.tus
used to evaluate

catalytic activity is shown in Figure i. The flow rates of the gases used
wm were individually controlled by mass flow controllers (Matheson Model I0) to
_'_ achieve the desired simulated flue gas composition and velocity. The gas=

j mixture was passed through a Pyrex glass heat e',<ch_nger, then through a single

thickness of the test cloth contained in a glass filter holder, and held
within an oven. An all-glass filter' holder was required because other
materials such as 316 stainless steel, nickel, and copper, are slightly
catalytic at elevated temperatures (5,6), and interfere with the
measurement. After passing through the test fabric, the simulated flue gas
entered a sample conditioner (Therrnoelectron Model _0) and finally, a
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Figure 1. Block diagram of OCF laboratory apparatus used to
evaluate catalytic fabric activity.

chemiluminescent NO analyzer (Thermoelectron Model IOA). NOx and ammonia
concentrations were also measured using catalytic _onverters that converted
these species to NO.

The steady state catalytic activity of a fabric sample was typically
measured at seven different temperatures, each at four dif,'-erent face
velocities. The conlposition of the simulated flue gas chosen for the
laboratory' tests is listed in the third column of [able i. Although the
simulated flue gas did not contain water, particulates, and minor flue gas

. components, it did contain ammonia, which is the reducing agent required for
catalytic NOx reduction. Catalyzed NOx reduction reactions include:

6NO + 4NH3 ..... ---=.... _ 5N2 + 6H20

4NO + 4NH3 + 02-'-----_ 4N2 + 6H20

6NO2 + 8NH3-_''-_ 7N2 + 12H20

| 2N02 + 4NH3 + 02_ 3N2 + 6H20
i

j Typical results for the OCF catalytic fabric are shown in Figure 2. The
B fractional decreases in NO_ concentration are plotted as a function of
|_ temperature and face veloclty. For example, at a temperature of 3500C (662°F)
'| and a face velocity of 0.6 m/min (2 ft/min), the fabric eliminated 90% of the
i NO in the gas stream, lt should be noted that the OCF catalytic fabric:

J exhibits an extraordinary degree of catalytic activity. If the fabric is I
millimeter thick, a face velocity of 0.6 m/min (2 ft/min) is equivalent to a

5
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TABLE i

FLUE GAS COMPOSITIONS

Typi cal Simul ated
Component Flue Gas, Vol% Flue Gas,. Vol%

N2 73.76 78.1

02 4.83 6.0

C02 12.31 15o7

S02 0.24 0.0

SO3 0.0024 0.0

NO O.06 O. i

NH3 0.0 0.i

HCl 0.01 0.0

H20 8.79 0.0

Particulates 15 g/m 3 0.0

Figure 2. Fractional decreases in NO concentration asfunction of temperature an_ face velocity (7)

6



space velocity of 40,O00/hour. Typical SCR catalysts operate at much lower
space velocities ranging from 2,000 to lO,O00/hour. The high degree of
catalytic activity was expected, and is attributed to the mass transfer
advantages inherent in using a high external-surface-area fiber, and in the
exploitation of novel materials and processing techniques developed at OCF for
producing catalytic materials.

The primary difference between the catalytic filter bag and conventional
SCR technology is the catalyst support. Conventional SCR technology uses a
honeycomb support structure. The catalytic fabric is prepared by coating the
surface of an S..glass (high-temperature) cloth, resulting in a catalyst bonded
to the surface of the fabric. The catalytic coating consists of a combination
of titanium isopropoxide and vanadium tri-n-propoxide oxide, sometimes called
"sol-gel" materials. After the fabric has been coated, the sol-gels hydrolyze
during air-drying, resulting in a highly porous layer. The fabric is then
cured at low temperature to drive off any residual organics and partially
densify the coating. The final product is a highly porous catalytic coating
strongly bonded to the surface of the glass fabric.

1.1.2 Sl_li__stream Sample Trials at EMRC

While early in-house conversion efficiency results were promising,
several critical flue gas conditions could not be duplicated in the OCF
laboratory. For example, the effects of fly ash, sulfur, water vapor, and
trace constituents on the catalytic cloth remained unknown. For these
reasons, OCF contracted with EMRCto evaluate the NO_ reduction capability of
the fabric while filtering fly ash from a pulverlzed coal-flred furnace.
Velva, North Dakota lignite was fired in EMRC's Particulate Test Combustor
(PTC) to produce fly ash and a source of flue gas° A description of the PTC
has been presented in previous publications (2,3).

Since Full bag samples of the test fabrics were not immediately

available, a special slipstream sample_ was designed and constructed by EMRC
to test fabric samples of about 0.5 ft in size prepared by OCF. The fabric
sample was housed in an oven maintained at 650+25°F, and flue gas was drawn
through the filter sample at an air-to-cloth ratio of 2.0 ft/min. After
passing through the filter, the flow was split, with about i0 scfh going to a
sample conditioner and Flue gas analyzers, and the balance of about 20 scfh
going to a gas pump and dry gas meter for control of the total flow. A
drawing of the sampling scheme is shown in Figure 3. For these tests, ammonia
was injected into the system well upstream of the sample point to insure
sufficient mixing with the flue gas stream prior to sampling with the
slipstream sampler.

In all, fifteen different catalytic fabric samples were tested in 8- to
ll_hour runs (8). The samples represented variations in cloth composition,
weave, and coating procedure. Average experimental conditions under which the
samples were run are listed in Table 2. Conversion efficiencies, or percent
NOx removal for the fifteen samples are presented in Table 3. Overall, NOx
removal efficiencies ranged from 70% to 93% at an ammonia/NOx molar ratio of
<i.0. The non-catalytic blank was included to eliminate the-possibility of
NO removal due to: i) reaction with ammonia, or 2) interaction with the fly
as_ or dust cake. Conversion efficiencies did not decrease with time as was
thought possible due to catalyst blinding or fly ash build-up on the fabric;

7
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Figure 3. Schematic of slipstream sampler.

TABLE 2

SLIPSTREAM SAMPLER TEST CONDITIONS

Temperature 650°F

NOx inlet concentration 800 ppm

S02 inlet concentration 300 ppm

Vol. % O_ 5%

Vol. % C02 15.5%

Air-to-cloth ratio 2 ft/min

Ammonia/NOx molar ratio <1.0

Test duration 11 hours

8



TABLE 3

NOx REMOVAL EFFICIENClES FOR CATALYTIC FABRIC SAMPLES

% NO_
Sample Reduction

EMRC I 83
EMRC 2 93
EMRC 3a 4
EMRC 4 87
EMRC 5 92
EMRC 6 77
EMRC 7 85
EMRC 8 82
EMRC 9 85
EMRC 10 86
EMRC 11 76
EMRC 12 80
EMRC 13 82
EMRC 14 81
EMRC 16 70

Blank; non-catalytic glas_ cloth.

if anything, NOx removal efficiency increased during the first few hours of
testing, then s_abilized. ClJth durability also appeared to be good for all
catalytic samples.

1.1.3 Bag Trial at EMRC

The next logical step for proof-of-concept of the catalytic filter bags
was construction and testing of bags. Nine bags approximately 4 feet long and
7 inches in diameter were constructed and placed in operation. Experimental
conditions were similar to those used for the slipstream sampler (see Table
2). Test duration was planned to be approximately 100 hours and the primary
objective was to demonstrate NOx reduction and bag durability with time (8).

Low NO removal efficiency (Youghly 50 percent) was observed early in the
test, cause_, at least in part by an air leak in the baghouse, lt was also
noted that the conversion efficiency dropped each time the bags were cooled
and reheated; the cooling/reheating cycle occurred three times during the test
period when the baghouse was taken off-line to seal air leaks. SEM analyses
of a used bag revealed the presence of fibrils on the cloth surface that were
not observed on ti_e surface of fabrics with good activity. Further analysis
using x-ray diffraction (XRD) indicated the presence of sodium sulfite, which
probably condensed on the cloth as the flue gas cooled. Speculation at that
time was that the sodium sulfite covered the catalyst surface, reducing
activity. Both alkaline metal poisoning and deposition of ammonium bisulfate
have been reported to reduce the activity of SCR catalysts when rapid cooling

occurred in the presence of flue gas or ammonia and SOx (9,10). However, this
can be avoided by purging the catalyst prior to cooling. Recent work by EMRC

'_" " 'I_P' '_........



personnel has shown that silicone gasket material may have contributed to the
cause of reduced catalyst activity. This issue is discussed in more detail in
section 3.0, Accomplishments.

Later in the test, the original bags were removed and three new bags were
installed. The temperature was not changed during the course of this run.
Even though the air-to-cloth ratio was higher than in earlier tests (approxi-
mately 4 rather than 2 ft/min) and the baghouse temperature lower, NO×
reduction averaged about 77 percent. After two days of operation, NO_ removal
efficienty had not decreased, and equally important, no holes or teary were
found in the bags. These results indicate that good NOo removal and bag
durability were obtained, at least in a short test perlod. In addition,
temperature cycling in the presence of ammonia should be avoided, although it
is not expected to be a major obstacle, since conventional baghouses cannot
tolerate excessive temperature cycling without damaging the bags.

While NO_ removal is of major importance for the successful development
of the catalytic filter bag, also critical is the durability of tile bag.
Because of the higher (650°F) operating temperature of the bags, conventional
Teflon ® c&atings for abrasion resistance cannot be utilized. Therefore, other
high-temperature abrasion-resistant coatings had to be developed.

Nextel 312, manufactured by 3M Company, has been used in high-temperature
filtration applications, and its abrasion resistance appears acceptable
(11,12). Nextel was used as a standard against which OCF candidates for
abrasion-resistant cloth were compared. The method of comparison was the
room-temperature MIT flex test, in which a cloth is repeatedly folded until
failure occurs. Results are reported as the number of cycles to failure. For
comparison, Table 4 presents the MIT flex numbers for Nextel and a catalytic
cloth. Results are reported for both as-received samples and heat-treated (8
hours at 650°F) cloths. For both cases, the catalytic fabric appeared to
perform better than Nextel.

In an ongoing program at EMRC, Nextel fabric has been tested for over
16,000 hours in a nine-bag slipstream baghouse without a bag failure (13).
This shows that a high-temperature fabric can sustain long-term operation when
filtering coal fly ash. Since the catalyst-coated cloth performed bett_r than
the Nextel fabric in the MIT flex tests_ it is expected that the catalytic
fabric life would be at least as good as the Nextel fabric.

The initial work demonstrated the following with respect to the catalytic
filter bag concept:

i. Good economic potential.

2. Over 90% reduction of NOx in a flue gas stream.

3. Promising self abrasion characteristics.

Further study was determined to be needed in the following areas:

i. Although ammonia-slip does not appear to be a problem, it is
anticipated that excess ammcnia levels can be reduced by lowering the
ammonia/NOx molar ratio and by altering the catalyst composition.
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TABLE 4

MIT FLEX DATA FOR CATALYTIC AND NEXTEL CLOTHS
(Reported as Number of Cycles to Failure)

Heat-Treated

As-Received (8 hrs at 650°F)

Catalytic Cloth 140 135
Nextel 32 25

All tests were run at ammonia/NOX molar ratios of <i.0, with ammonia-
slip values ranging from 2 to 25-ppm. Continuous monitoring
techniques for ammonia would be very useful in the development and
commercialization of the technology.

2. Earlier tests showed that S02-to-S03 conversion due to the catalyst
was not a problem, but changes in coal type, catalyst composition,
temperature, and use of a better measurement technique could reveal a
potential problem.

3. Although the MIT fiex data indicated good abrasive characteristics,
and no degradation in catalytic activity has been measured in a 24-
hour period while filtering fly ash from flue gas emitted from a
coal-fired Furnace, an acceptable bag life has yet to be
demonstrated.

4. Parameters such as Fabric weave style, air-to-cloth ratio, and

ammonia/NOx molar ratio have not been optimized with respect to
filtration efficiency and NOX removal. The catalyst morphology,
composition, and operating temperature have been optimized in the
laboratory, but may need to be altered in response to catalyst or
filtration problems.

5. Pilot-scale development efforts Will have to address the effects of
coal type (sulfur content and ash characteristics), ammonia/NOX molar
ratio, air-to-cloth ratio (1.5 to 6.0 ft/min), temperature cycling
(250°-750°F), and fabric cleaning mode (reverse-gas and pulse-jet) on
catalytic fabric performance. Performance will be based on NOx
removal, ammonia-slip, S03 production, particulate control
efficiency, operating pressure drop, and catayst/bag durability.

6. Based on the results of the pilot-scale effort, a technical and
economic assessment of the technology will be necessary prior to
performance of a demonstration test. The demonstration test should
be at least one year in duration and at a scale of 1 to 10 MW.

2.0 GOALS AND OBJECTIVES

The U.S. Department of Energy, Pittsburgh Energy Technology Center (DOE-

PETC) Combined SOx/NOx Control Program, initiated as part of the Flue Gas
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Cleanup Program, has emphasized the development of novel approaches. The
objective of the program is to develop a combined SOx/NOx flue gas cleanup
technology throu{jh the proof-of-concept stage by Octdber-1992, at which time
the technology should be ready for private-sector commercialization. The
technology must b_ capable of reducing both S02 and NOx emissions by 90% at a
levelized cost of at least 20% less than the costs of conventional limestone
scrubbing and _elective catalytic reduction (SCR). Process by-products must
be saleable or' classified as nonhazardous wastes suitable for landfill
disposal.

The objective of the University of North Dakota Energy and Mineral
Research Center (EMRC) SOx/NOv Control Project is to develop a catalytic
fabric filter for NOx and parZiculate control that will provide high removal
efficiency of NOx an_ particulate matter, acceptably long bag and catalyst
life, and an economic savings over a conventional SCR system and baghouse.
Specific goals of the proposed work include development of a catalytic fabric
that will provide:

i. 90% NO. removal efficiency with <25 ppm ammonia slip.
2 ParticUlate removal efficiency of >99.5%.
3. Bag/catalyst life of >i year.
4. 20% cost savings over a conventional baghouse and SCR control

technology.
5. Compatibility with S02 removal systems.
6. A nonhazardous waste product.

2.1 Three-year ObjPctives

The experimental approach to meeting the stated project objectives
involves further fabric and catalyst development, testing of the product at
three levels, and selection of the best fabric for longer-term durability
testing, l'hework is divided into four tasks. Owens-Corning Fiberglas Inc.
will prepare and provide, at no cost to the program, catalytic fabric samples
and filter bags for use in the testing.

2.1.1 Task A, Cata___y_st_t_FabricDevelopment

Even though promising results have been obtained previously, a continued
effort was needed to devalop the product that will give the best combination

of high NOx removal cap{bility, low ammonia-slip, high particulate removal
efficiency, and long b_g life. Specific parametric tests were conducted in
which the fabric weave, coating composition, and coating process were adjusted
to develop acceptable fabrics for further testing. Task A, the First level of
screening, was employed to test the catalytic activity of the fabric in a
simulated flue gas environment using a slipstream sampler. Data generated
from the system included NO_ removal efficiency ammonia-.slip,S03 production,

. A. o

and particulate collection etflciency. Several Fabric samples from this
development effort have been chosen for further evaluation in Task B. Task A
was essentially complete at the end of the past program year (April 1988-June
1989), but a small effort is planned for each of the next three years to
support larger-scale development activities.
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2.1.2 Task B_ Fabric Screeninq Tests

Task B is designed to further evaluate samples developed in Task A while
filtering fly ash f:_om a pulverized coal-fired combustion facility. Fabric
samples will be tested under actual flue gas conditions (e.g., 650°F, fly ash
and SO× present) to determine the effect of coal type/fly ash on catalytic
activity, lt is critical that the fabric be tested in an actual flue gas
stream produced from the combustion oF coal since submicron particles,
volatile species, and trace elements are present which may affect the
catalyst. Testing in a simulated flue gas stream with reentrained fly ash
would not produce the same effect, since volatile species would not be
present, and submicron fly ash particles are not easily reentrained as
separate particles. Task B testing will include the use of four different
coals and measurement of NO× removal efficiency, ammonia-slip, and particulate
removal efficiency. Task B-will allow testing of a maximum number of fabric
samples in an actual flue g_s environment at a minimum §ost. Since the
slipstream sampler will test fabric swatches of <i.0 ft u in area, the cost of
making multiple sets of full bags is avoided. The best-performing fabric
samples will be selected from Task B results for further evaluation in full
bag tests. Task B will be initiated and completed in the program year
beginning July i, 1989.

2.1.3 Task C_ Bag Evaluation and Parametric Tests

Task C is the second level of fabric testing in the proposed work.
AI_proximately five of the best fabrics developed in Tasks A and B will be made
into bags and tested in a baghouse. The baghouse will filter fly ash from a
pilot-scale pulverized coal-fired combustor during lO0-hour tests. Test
parameters will include ammonia/NOx molar ratio, air-to-cloth ratio,
temperature, cleaning mode, and coal type. Four coals will be selected for
Tasks B and C at the beginning of the proposed work. lt is important that
several coals with different properties are included in the evaluation
process, since the level of submicron particles, volatile trace elements, and
S02/S03 ratio are highly dependent on coal type and may have varying effects
on the catalytic fabric (14,15,16). In addition, particulate removal
efficiency in a fabric filter is coal specific; therefore, tests of
particulate penetration must include several coals (17,18,19). At the
completion of Task C, an assessment of the technology will be made to
determine if longer-term durability testing of the fabric will proceed or if
further fabric development is needed. Task C will start in the program year
beginning July i, 1989, and will be completed as an add-on to the Cooperative
Agreement, or under a separate contract. Additional cost share on the part of
OCF and other commercial sources is likely for Task C.

2.1.4 Task D_ Bag Durability and Process Assessment

Task D will proceed if Task C results are satisfactory. Two fabrics,
based on results of Tasks A, B, and C, will be selected for 500-hour
durability tests. The primary purpose of these tests is to evaluate the
durability of the fabric and catalyst in longer-term testing with multiple
cleaning cycles and dust cake build-up on the fabric. Following the 500-hour
tests, an economic and technical assessment of the process, along with
recommendations for further development, will be completed as part of Task D.
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Task D will be performed as an add-on to the Cooperative Agreement, or under a
separate contract. Additional cost share on the part of OCF and other
commercial sources is likely for Task D.

EMRChas prepared and submitted a proposal entitled "Catalytic Fabric
Filtration for Simultaneous NOx and particulate Control," in response to a
DOE/PETC solicitation for proposals entitled, "Development of Advanced NOx
Control Concepts for Coal-Fired Utility Boilers." The proposal outlined a
three-year pilot-scale project that entailed the development activities
discussed briefly in Tasks C and D above. The proposed project includes a 46%
commercial cost share and, if selected for funding, c;hould begin in late 1989
or early 1990.

2.2 Changes to the Third-Year Project Plan

Several modifications and one significant change were made to the third-
year project plan. The first modification made to the SOx/NOx Control Project
in the third year involved the carryover of funds from the second to the third
year of the Cooperative Agreement. This carryover totaled $14,500 and was
distributed between the personnel ($8,200), operating ($4,600), and indirect
($1,700) cost budget categories. The change was approved by Modification AOI2
to the Cooperative Agreement, DE-FC21-86MCI0637.

The most significant change made to the project in the third-year was the
extension of the project year by three months. Originally, the project year
began April i, 1988, and was scheduled to end March 31, 1989. The purpose for
the proposed change was to match the Cooperative Agreement project year with
the University of North Dakota fiscal year. By making this adjustment,
changes in staff salaries and rates for fringe benefits and indirect costs
would be encountered at the beginning of the project year rather than after
the first quarter. This should simplify project planning and preparation of
budgets.

During the second and third quarters (July through December, 1988) of the
past year, poor NOx reduction results were observed during bench, scale tests
with several samples of catalytic fabric. These results were documented in
monthly and quarterly reports. In December, 1988, the reason for the poor
performance of the catalytic fabric during bench-scale tests was identified.
The catalytic reduction capability of the fabric was destroyed by thermal
decomposition products evolving from a silicone gasket material. As a result
of the problems encountered with the catalytic fabric and the proposed
extension of the Cooperative Agreement project year by three months, the EMRC
proposed to reschedule Milestones a.2, a.3, and a.4 and add Milestone b.l.
Milestone b.l involved modification and relocation of bench-scale equipment to
permit catalytic fabric screening tests to be performed using an actual flue
gas stream resulting from the combustion of coal in a pilot-scale pulverized
coal-fired combustion system. These changes were approved by Modification 88-
O07B to the Cooperative Agreement, DE-FC21-86MCI0637.

To accommodate the three-month extension of the project year and the
expanded work plan, EMRCrequested that $50,000 be added to the project budget
for the third year. This additional funding increased the project budget from
$238,600 to $288,600. The additional funding was placed in personnel
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($27,100), operating ($16,900), and indirect ($6,000) cost budget categories.
The budget change was also approved by Modification 88-007B to the Cooperative
Agreement, DE-FC21-86MCI0637.

Other less significant technical modifications mad_ to the project plan
were discussed with the project COTRand implemented as necessary. Specific
technical modifications made to the project work plan will be presented in
section 3.0, Accomplishments.

3.0 ACCOMPLISHMENTS

3.1 Task A - Catalyst/Fabric Development

The purpose of Task A, Catalyst/Fabric Development, was two-fold. First,
limited experimental work was to be completed to establish continuity between
the proposed project and previous work completed by OCF and EMRC. Second,
further development of the catalyst-coated fabric was deemed necessary to
achieve the best combination of high NO removal efficiency, low ammonia-slip,
high particulate removal efficiency, an_ long catalyst/bag life. To
accomplish these goals, Task A, as divided into three subtasks.

Task A.I, Project Planning and Equipment Acquisition/Assembly, began with
the preparation of the Annual Project Plan (APP-3) for the third year of the
Cooperative Agreement in January, 1988. In April, 1988, more detailed
planning was initiated to facilitate preparation of a project test plan and
permit the design, assembly, and shakedown of the Bench-scale test apparatus
to be used to evaluate catalytic fabric samples in Tasks A.2 and Ao3. The
project test plan documented experimental activitles that were to be completed
during the period April, 1988 through March, 1989.

The purpose of Task A.2, Bench-Scale Catalytic Fabric Screening, was
first, to verify that the operating conditions selected to evaluate the
catalytic fabric samples were appropriate, and second, to conduct screening
tests with up to 18 catalytic fabric samples. Initially, five independent
variables (NOx and S02 concentration, ammonia/NOx molar ratio, air-to-cloth
ratio, and temperature) were to be evaluated using a fractional factorial
experimental design and a catalytic fabric sample that had previously
demonstrated NOx reduction in excess of 80%. After further consideration,
temperature was removed from the list of independent variables to be
evaluated, since previous work by OCF and EMRChad already determined that
temperature had a significant effect on catalytic fabric performance. This
change resulted in a full factorial experimental design with four factors and
two levels.

Following completion of the experimental effort to verify operating
conditions, 16 separate catalytic fabric samples were evaluated during
screeni_,gtests using the bench-scale fabric filter sample holder, simulated
flue gas, and reinjected fly ash. Independent variables evaluated included
cloth type (textured versus nontextured), fabric undercoat (silica/titanium
versus silica/zirconium versus no undercoat), quantity of catalyst (one versus
two coats of 1.0 M 25% V + 75% Ti), and catalyst composition (V/TJ versus
V/Ti/Al versus V/Ti/Zr versus CuO).
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Task A.3, Bench-Scale Operating Parameter Evaluation, was performed
following completion of Task A.2. One catalyt_ic fabric sample was selected
from the 16 catalytic fabric samples screened to verify the impact of
operating conditions (NOx and S02 concentration, ammonia/NOX molar ratio, and
air-to-cloth ratio) on catalytic fabric performance. The full factorial (four
factors and two levels) experimental design was repeated with center points
and replicate experiments to evaluate curvature and increase degrees of
freedom, respectively.

In all cases catalytic fabric performance was based on overall NOx
removal efficiency and ammonia-slip. Other dependent variables measured

included SO3 production and particulate collection efficiency. Analytical
techniques used to interpret catalytic fabric pel'formance included BET surface
area and scanning electron microscopy (SEM).

3.1.1 Description of Facilities and Procedures

Construction of components and final assembly of the bench-scale fabric
filter holder/slipstream sample system was completed in August 1988. Figure 4
presents a schematic of the final system configuration. As a result of
initial shakedown tests, several minor changes were made to the system prior
to initiating the planned experimental effort. First, nitric oxide (NO) was
introduced to the simulated flue gas stream at a different location than the
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Figure 4. Schematic of fabric filter holder and slipstream sample system.
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other flue gas components to prevent excessive conversion of NO to nitrogen
dioxide (NO2) when coming in contact with pure oxygen (02) at ambient
temperatures. Secondly, a 1% sulfur dioxide/99% nitrogen calibration gas was
used instead of anhydrous sulfur dioxide (S02) to increase overall system flow
rate and improve control of the simulated flue gas flow rate. Finally, heat
tape was used to preheat the simulated flue gas entering the oven housing the
fabric filter holder rather than the tube furnace that had been originally
proposed.

After passing through the filter, the simulated flue gas was split into
two streams. Approximately 10 I/min (20 scfh) was pumped to the sample
conditioner and the gas analyzers, with the remainder entering a condenser for
moisture content reduction prior to being dumped into an exhaust hood
system. By shutting off the flue gas flow to the sample conditioner and
analyzers, the total flue gas flow was measured using a dry gas meter in the
exit stream.

The operating procedure for the bench-scale system involved heating the
oven to 650°F with nitrogen flowing through the flue gas lines and the fabric
filter holder. Once the oven was heated, concentrations of simulated flue gas
components were adjusted using precision rotameters. The carbon dioxide (C02)
and O_ concentrations were set at 15% and 5% by volume, respectively. The S02
and NO flow rates were then adjusted to achieve specific concentrations (300

. to 3qO0 ppm and 300 to 1000 ppm, respectively) depending on the specific test
condition required. Once all the flue gas constituent concentrations had been
stabilized, the ammonia was added at the desired stoichiometric ratio. Flue
gas constituent concentrations (02, C02, NO, NO2, and S02) were then recorded
every two minutes using a Kaye Data Logger. Each test condition was
maintained for a minimum of four hours to assure stability in the bench-scale

' system and data quality. Ammonia-slip and S03 values were determined using
wet chemistry techniques.i

• 3.1.2 Results and Discussion

| Task A.I - Project Planning and Equipment Acquisition/Assembly

Following completion of the initial project planning and assembly of
experimental equipment, a series of shakedown tests was completed to determine
operability of the experimental equipment and if NOx reduction results
previously observed by OCF and EMRCcould be duplicated. Initial shakedown
tests with the bench-scale fabric filter holder/slipstream apparatus and gas
sampling system were completed in September, 1988. Following completion of
these system tests and the minor modifications required, tests with a
catalytic fabric sample were initiated.

- The first catalytic fabric sample tested (HS #i) had not been previously
exposed to flue gas and had been originally prepared by OCF in 1985. The
purpose of this effort was to determine if results previously observed with
the catalytic fabric could be duplicated in the new bench-scale system.
Actual results with the historic catalytic fabric sample were poor, with 10%
to 32% catalytic NO_ reduction observed during three separate test periods. A
summary of the test^conditions and results For all the bench-scale experiments
completed through December, 1988, are presented in Table 5. A careful review
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of the new bench-scale system was completed to make sure that the poor results
were not caused by some characteristic of the new system. Once the bench-
scale system was checked out, the apparently unreactive (exposed) sample of
catalytic fabric and a sample of catalytic fabric that had not been exposed to
flue gas were submitted for SEMand BET surface area analysis.

Analysis by SEM showed that the morphology of the coated fabric surface
had changed, possibly as a result of overheating. SEMmicroprobe analysis
showed that the catalyst components (vanadium and titanium) were present and
did not indicate the presence of any material which could have caused catalyst
poisoning. Figure 5 presents four SEM micrographs that clearly show a change
in the surface morphology of the coated fabric that appears to have occurred
uniformly on and between the glass fibers. The catalytic coating on the
exposed fabric sample appears to have been shattered or crushed when compared
to the unexposed fabric sample.

The SEM results were discussed with OCF personnel to obtain their input
and suggestions. OCF personnel felt the change in fabric surface morphology
resulted from overheating the fabric. Similar results were observed in
previous work by OCF, although an inconsistency exists with respect to the
temperature at which the morphological change had been previously observed.
Early work by OCF showed that a sintering effect occurred at temperatures of
>800°F. The morphological change resulting from the first bench-scale
experiment would have had to have occurred at less than 700°F.

Surface area analysis of the unexposed (4.18 m_/g) and exposed (1.13
m2/g) catalytic fabric showed a significant reduction in fabric surface area
as a result of heating and exposure to a simulated flue gas. Again, OCF
personnel felt that the reduced surface area was a result of sintering due to
overheating. Table 6 presents surface area data For all fabric samples
analyzed through December, 1988.

A second unused historic catalytic fabric sample, HS #2, was tested on
two separate occasions with similar results (26% and 17% NO.. reduction).
Analytical results (SEM and BET surface area) For the secon_ fabric sample
were found to be similar to the first fabric sample. SEM analysis showed the
same morphological change to the fabric surface, and surface area analysis
showed that the fabric surface area was reduced to <I.0 m /g.

Since the historic fabric samples had been in storage for three years,
catalyst aging was considered a possible explanation. OCF prepared a new
catalytic fabric sample, TS #7, which was tested in early October. Fabric
sample TS #7 was heavily coated and expected to provide >90% NOx reduction.
In this case, the observed NO. reduction was only 26% with 950 ppm S02 in the
slmulated Flue gas, and 27_ without S02 _n the simulated flue gas. As with
the two previous fabric samples, SEM analysis showed a change in the
morphology of the fabric surface and a surface area reduction from 4.03 to
0.64 m_/g.

Previous work by OCF had shown that reductions in catalytic fabric
surface area were a result of sintering at temperatures exceeding BOO°F. To
determine if temperature alone was responsible for the reduction in catalytic
fabric surface area, a piece of catalytic fabric was placed in the oven
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Figure 5. Scanning electron micrographs of unexposed and exposed
catalytic fabric.



TABLE 6

SURFACEAREA DATA FOR CATALYST-COATEDFABRIC SAMPLES

Surface Area Surface Area

Unexposed ExpQsed
Fabric ____m_/g)_ (m_/g)

Blank 0,33 ---

HS #I 4.18 1.13

HS #2 --- O,85

HS #3 5,58 2.28

TS #7 4.03 0.64

Heat treated --- 5.41
TS #7

h_using the fabric filter holder during a 6-hour test period. The fabric
sample was not exposed to the simulated flue gas. Analysis showed that no
change in catalytic fabric surface area occurred due to simply heating the
fabric to 650°F. This demonstrated that sintering due to temperature alone
was not the cause of reduced catalytic fabric surface area or poor catalytic
fabric reactivity.

Fabric samples were analyzed using electron spectroscopy for chemical
analysis (ESCA) to determine if the catalyst was being physically removed from
the catalytic fabric. Results indicated that a small loss of catalyst may

have occurred in tileexposed catalytic fabric samples that showed poor NOX
reduction capability when compared with unexposed catalytic fabric. HoweVer,

this loss of catalyst was insufficient to explain the poor NOx reduction
observed.

At ti_ispoint the effort to identify the cause of poor catalytic fabric
reactivity focused on the simulated flue gas, the slipstream system, and the
Fabric filter holder. In November, six separate experiments were performed to
identify or eliminate possible contributors to the poor results. Each test
was performed using material from a third historic catalytic fabric sample, HS
#3, which had not been previously exposed to flue gas.

All of the original catalytic fabric characterization efforts performed
by EMRC for OCF had involved the use of actual flue gas from a pilot-scale
combustion system. Therefore, a test was completed using a slipstream sample
of flue gas from the particulate test combustor. The purpose of this test was
to address the issue of simulated versus actual flue gas. The pilot-scale
combustor was fired using natural gas. Anhydrous SO_ was added in the
combustion air to generate 1000 ppm S02 in the flue gas. The complete



composition of the flue gas stream is presented in Table 5 (November 22, 1.988
HS #3). Again, NOx reduction was poor (<20%), indicating that the simulated
flue gas prepared using relatively pure components was not the cause of poor
catalytic fabric reactivity. Also, the fact that the flue gas from the
combustor contained moisture (5.3% by volume), unlike previous tests with the
simulated flue gas, appears to have had no effect on NOx reduction.

From observations made during previous tests, the silicone gasket
material was known to off-gas acetic acid as it cured and during initial
heating. Therefore, EMRCspeculated that the off-gassing of acetic acid or
possibly another component (at 650°F) may have been responsible for the poor
NOx reduction observed Results from two tests, using a high temperature
gasket material as a replacement for the silicone gasket material, were
extremely positive with respect to NOx reduction. For ammonia/NOW molar
ratios ranging from 0.62 to 0.90, NO_-reduction ranged from 83% t_ 97%.A

Although these data strongly indicated that the sillcone gasket material was
responsible for the poor results observed, several additional experiments were
performed to verify the results.

Three additional experiments were performed using the simulated flue gas
system, equipment configuration, and operating conditions that had resulted in
poor NOx reduction during previous tests. Tile silicon gasket material was
again replaced with a gasket material typically used to seal high-temperature
pipe flanges. Results from these tests showed NO_ removal ranging from 73% to• A

96% for ammonia/NOv molar ratios ranglng from 0.7 to 1.0. A summary of the
5data is presented in Table ..

A single test (December 26, 1983, HS #3) was then performed using the
same catalytic fabric sample, equipment configuration, and operating
conditions. The only change was the addition of silicone gasket material to a
small area of the catalytic fabric. In this case, NOx reduction was about
13%, as shown in Table 5.

In an effort to identify the component of the silicone gasket material
responsible for destroying the reactivity of the catalytic fabric, EMRCstaff
contacted the manufacturer, Loctite Corporation. The manufacturer confirmed
that acetic acid is off-gassed when the gasket material is cured and that
extended use at 650°F could cause thermal decomposition. The decomposition
products are silicon dioxide and D3 and D4 siloxanes. Further discussions and
review of available references confirmed that siloxanes will react under
acidic conditions with vanadium to form a loose crystalline structure. This
structure develops stress points that result in considerable cleavage of the
crystals. The morphological changes seen on the surface of the catalytic
fabric using SEMwere consistant with this phenomena.

Further discussions with OCF personnel revealed that silicon dioxide was
a component of the catalytic coating applied to the fabric. In addition, OCF
and EMRCstaff speculated that poor NOx reduction results observed during a
pilot-scale test performed in 1985 may-have been caused by the same silicone
gasket material Only 50% NOx reduction was observed during a pilot-scale
test performed using bags made from catalytic fabric that had demonstrated

>80% NOx reduction during bench-scale tests. Early speculation by OCF was
that the bags had been overheated even though baghouse temperature data did
not sh,_w any temperature excursions. Unfortunately, the issue was not pursued
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due to funding limitations. Based on present information and the knowledge
that the same silicone gasket material had been used to seal access doors on
the pilot-scale baghouse it is very likely that the poor NO_ reduction.

experienced in the 1985 tests was caused by thermal decomposltlon products of
the silicone gasket material.

Task A.2 - Initial Bench-Scale Parametric Tests

Prior to initiating the Task A.2 experimental effort, the bench-scale
fabric filter holder was modified such that the silicone gasket material would
no longer be needed to obtain a good seal. During the Fourth quarter (January
through March, 1989), the full factorial experimental design shown in Table 7
was completed and a statistical analysis was performed on the resulting data
presented in Table 8.

During this experimental effort the simulated flue gas 02 and water
concentrations were approximately 5% by volume, the C02 concentration was
about 15% by volume, and the temperature at the filter was held constant at
650°F. Fly ash was not injected into the bench-scale experimental system
during these tests. A single catalytic fabric sample, designated as Sample
No. i by OCF, was used to perform all sixteen experiments. The fabric sample

TABLE 7

FULL FACTORIAL EXPERIMENTALDESIGN FOR PARAMETRICTESTS

NOx SO_ Air-to-Cloth
Concentration Concentration Ammonia/NOx Ratio

Ru____nn _ (ppm) __pm)_ Molar Rati_ _Ifr/m in)

i 300 300 0.8 1.5
2 I000 300 0.8 1.5
3 300 3000 0.8 1.5
4 I000 3000 0.8 1.5

5 300 300 i.I 1.5
6 i000 300 i.i 1.5
7 300 3000 I.I 1.5
8 I000 3000 i.i 1.5

9 300 300 0.8 4.0
i0 I000 300 0.8 4.0
II 300 3000 0.8 4.0
12 I000 3000 0.8 4.0

13 300 300 1.1 4.0
14 i000 300 I.i 4.0
15 300 3000 i.i 4,0
16 I000 3000 i.I 4.0
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TABLE 8

EXPERIMENTAL DATA RESULTING FROM PARAMETRIC TESTS

S02 NOx NOx Air-to-Cloth NOx Ammonia
Conc. Conc, In Conc. Out Ammonia/NO× Ratio Removal Slip

Testa _ ___Cp__m]__ jCpp_' Molar Ratio ______ . (%)

1 351 328 136 0.70 1.45 58.5 5
2 417 1037 151 0.78 1.48 85.4 71
3 2904 332 101 0.78 1.54 69.6 <i
4 3075 1042 226 O.82 1.52 78.3 88
5 331 316 44 1.01 1.72 86.1 65
6 340 1044 85 0.95 1.61 91.9 500
7 3074 300 43 1.38 1.32 85.7 114
8 3065 1019 164 0.98 1.62 83.9 361
9 311 328 104 0.81 3.90 68.3 151
10 328 1052 363 O.78 4.11 65.5 100
11 3063 325 117 0.80 3.89 64.0 108
12 3075 1045 445 1.04 4.09 57.4 451
13 318 315 74 1.05 4.15 76.5 329
14 329 1020 339 0.89 3.95 66.8 376
15 3028 310 92 1.26 4.04 70°3 198
16 3048 1055 429 1.02 4.10 59.3 495

Fabric Sample i was used for all of the parametric tests in this series.

had properties similiar to fabric samples used during the original OCF
tests. This same fabric type was tested again during the Task A.2 Fabric
screening experiments.

Based on the statistical analysis of the data in Table 8; the concentra-

tion of NOx in the flue gas, the air-to-cloth ratio, and the interaction
between these two parameters produce the greatest effect on NO_ removal. To a
lesser degree, the ammonia/NOx molar ratio, the S02 concentration, and the
interaction between the NOx and S02 also affect the ability of the catalytic
fabric to reduce NOx. Figure 6 graphically presents the results of the
parametric tests in terms of NOx removal efficiency versus air-to-cloth ratio
and ammonia/NO molar ratio. TSe data presented in Figure 6 shows NOW removal
efficiency generally increasing as the ammonia/NOX molar ratlo increased.
When air-to-cloth ratio was increased from about 1.5 to 4.0 ft/min, NOx
removal efficiency appears to have decreased.

The dependence of NOx removal on NOX concentration in the flue gas, air-
to-cloth ratio, and the interaction of the two was expected. The concentra-

tion of NOx in the flue gas would be expected to play a role in the rate of
gas phase mass transfer to the catalyst site. Air-to-cloth ratio was expected
to be important since it determines the contact time between the catalyst,
NO.o,and ammonia. Therefore the effect of the interaction of the NOx
concentratlon and air-to-cloth ratio is not surprising.
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Figure 6. Percent NO_ removal versus air-to-cloth ratio and
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ammonla/NOx molar ratio.

Ammonia/NO× molar ratio would be expected to have a substantial impact on
NOx removal for-values ranging from 0.0 to 0.9 simply because the free ammonia
would be the limiting factor, assuming a reactive catalyst and sufficient
contact time. For the range of ammonia/NOX molar ratios studied (0.7 to 1.38)
a small effect would be expected since th_ primary limiting factors would be

catalyst reactivity and theoretical NOx reduction.

The fact that $02 concentration in the flue gas was observed to have an
effect on NOx removal was not surprising, but the mechanism by which it
affects NOX Yemoval efficiency is unclear. A direct reaction between $0_ and
ammonia would not be expected at a flue gas temperature of 650°F. However,
the simulated flue gas temperature prior to the oven-housed fabric filter
holder was <430°F. Another possible explanation would be that the concentra-
tion of S03 in the flue gas was proportional to the $02 concentration. Sulfur

trioxide may have interfered with the catalytic reduction of NOx by limiting
the available catalytic sites or competing for available sites. The oxidation
of $02 to $03 is a concern with SCR catalysts in general, and may increase
with increasing flue gas $02 concentration. Whether the effect of $02/$03
concentration was real or an artifact of the bench-scale system will be
determined in subsequent experiments using actual flue gas from pulverized
coal firing during Task B.
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Statistical analysis of the data also showed an effect due to the
interaction of NOx and S02 in the flue gas, indicating the possibility of
competing reactions. For this series of parametric tests, the same fabric
sample was used throughout the test matrix. Toward the end of the test
series, NOx removal efficiency appeared to be decreasing. The oxidation ef
SO2 to SO_ may have resulted in the deterioration of the catalyst. This may
also explain the correlation observed between the NOx and S02 concentrations.
At the conclusion of the test matrix a BET surface area analysis determined
that the _atalytic fabric had undergone a reduction in surface area from 5.83
to 3.37 m_/g. Based on previous experience with the catalytic fabric, a
decrease in surface area comparable to that observed, always results in a
decrease of catalytic fabric reactivity and observed NOx reduction.

Due to the low ammonia concentrations required for these tests,
ammonia/NOX molar ratio was a difficult parameter to control. The small
precision flow meters that were used did not provide the stable/accurate flow
rates originally expected. Therefore, the flue gas constituent concentration!s
and resulting data Presented in Table 8 and Figure 6 were more variable than
was expected/desired. For the fabric screening tests and the second series cif
parametric tests performed for Task A.3, mass flow meters were acquired and
used to achieve more accurate control of flue gas constituent flow rates.
Further discussion of the results from the first set of parametric tests is
presented later in this report in combination with results from the second s_et
of parametric tests.

Task A.2 - Bench-Scale Fabric Screeninq Tests

Results of the initial parametric tests tend to support an optimal
ammonia/NOx molar ratio of 0.9. At the low value of 0.8, 85% NOx reductior_
was not achieved except for one test at a low air-to-cloth ratio (1.5
ft/min). At the high ammonia/NO molar ratios (>0.95), ammonia-slip was
observed to be unacceptably highX(>50 ppm) in all cases.

With the catalytic fabric used for the initial parametric tests, 90% NOx
reduction was not achieved at an air-to-cloth ratio of 4.0; however, >85% NOx
reduction was observed during several tests at an air-to-cloth ratio of 1.5.
Therefore, an air-to-cloLh ratio of 2.0 appeared Lo be a good baseline
condition from which to evaluate other catalytic fabric samples. Table 9
presents the approximate conditions at which the sixteen catalytic fabric
samples prepared by OCF were evaluated.

The catalyLic fabric samples evaluated in the fabric screening test_ are
identified in Table i0. Table i0 identifies each catalytic fabric sample by
number, the composition of the catalyst coating, the number of coating
applications, whether or not a refractory undercoat was applied, and whether
the weave had a textured or nontextured fill yarn. Fabric Samples i through 5
were all prepared using a O.2-molar solution containing 25% vanadium and 75%
titanium applied using seven duplicate coals. The differences in the first
five fabric samples had to do with the application of a refractory undercoat
(A or B), the application of no refractory undercoat, and the weave style
(textured or nontextured). Fabric Samples 6 through 12 were all prepared
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TABLE 9

OPERATINGCONDITIONSUSEDDURING FABRIC SCREENINGTESTS

Temperature 650°F

NOx inlet concentration 600 ppm

S02 inlet concentration 1000 ppm

Vol. % O_ 5%

Vol. % C02 15.0%

Vol. % H20 5%

Air-to-cloth ratio 2 ft/min

Ammonia/NOx molar ratio 0.9

using fabric with a nontextured weave. Variations in these fabric samples
were a result of changes in the catalyst composition, the number of coatings
used to apply the catalyst, and the use or nonuse of a refractory undercoat.
Fabric Samples 13 and 14 had the same catalyst composition, but 13 was
prepared using a refractory undercoat and a weave with textured fill yarns.
Fabric 14 did not have a refractory undercoat and used a nontextured fabric
weave. Fabric 15 was similar to Fabric 14 except that the quantity of
catalyst was increased by coating the fabric twice with the same solution.
Fabric 16 was unique in that it was coated with a solution containing copper
oxide rather than the vanadium/titanium catalyst. The fabric consisted of a
textured weave but did not have a refractory undercoat.

Prior to initiating the tests, the simulated flue gas system was modified
to include dust injection. The dry powder was injected during the fabric
screening tests with a Model 3410 powder disperser manufactured by TSl, Inc.
A calibrated piston pushes the dust onto a rotating brush, with a jet of air
carrying the dust to the filter. Fly ash injection was not used continuously
during all fabric screening tests, but was initiated at the beginning of each
test to develop a differential pressure across the fabric sample of between 2
and 4 inches of water. Fly ash injection was discontinued when differential
pressure reached 4 inches of water to prevent problems with the control of
flue gas flowrate. The fly ash used during the fabric screening tests
resulted from the combustion of a western subbituminous coal in a pc-fired
utility boiler. Continuous measurement of flue gas constituent concentrations
(NOx, 02, C02, and S02) were made during each test period along with periodic
measurements of S03 and ammonia.

Table 11 summarizes the data and Figures 7 and 8 present NOx removal and
ammonia-slip data for each of the sixteen fabric samples tested. Figure 7
illustrates percent NOx removal for eight catalytic fabric samples that
demonstrated NOx removal efficiencies and ammonia-slip values ranging from <5%
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TABLE 10

DESCRIPTION OF CATALYTIC FABRIC SAMPLESEVALUATEDDURING SCREENINGTESTS

Catalyst Composition a Refractoryb Weavec
Fabric
Sample A B C D E A B C A B

1 X X X
2 X X X
3 X X X
4 X X X
5 X X X
6 X X X
7 X X X
8 X X X
9 X X X

I0 X X X
Ii X X X
12 X X X
13 X X X
14 X X X
15 X X X
I d6 X X

a Catalytic Composition:

A -- 7 coats of 0.2 M 25% V + 75% Ti
B -- I coat of 1.0 M 25% V + 75% Ti
C -- 2 coats of 1,0 M 25% V + 75% Ti
D -- 7 coats of 0.2 M 20% V + 5% AI + 75% Ti
E -- 7 coats of 0.2 M 20% V + 5% Zr + 75% Ti

b Refractory Undercoat:

A -- I coat of 0.5 M 50% Si + 50% Ti
B -- I coat of 0,5 M 50% Si + 50% Zr
C -- No Refractory Undercoat

c Weave:

A -- 14 oz. Nontextured fill
B -- 14 oz. Textured fill (Style 454)

d Fabric Sample 16 was prepared using CuO instead of the V/Ti catalyst.
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TABLE 11

EXPERIMENTALDATA RESULTINGFROMFABRIC SCREENINGTESTS

Inlet Inlet Outlet Ammonia/ SO_ Conc. a
S02 NOx NOx NOx Air-to- NOx W/O With Ammonia

Fabric Conc. Conc. Conc. Molar Cloth Removal Dust Dust Slip
Sample ._ (ppm) _ R§ti0 Ratio (%)_ _ _p_ (ppm__)_

I 1060 625 113 0.90 1.95 81.9 38 64 56
2 1048 631 47 0.89 1.95 92.6 173 158 35
3 1040 642 94 0.88 1.92 85.4 133 116 53
4 1058 636 149 0.90 ]..92 76.6 55 55 24
5 1026 624 I01 0.77 1.95 83.8 --- 79 2
6 1035 620 106 0.85 2.04 82.9 132 107 90
7 1051 603 74 0.91 1.97 87.7 183 207 9
8 1027 637 391 0.89 1.91 38.6 171 105 331
9 1058 647 420 0,84 1.96 35.1 217 46 341

i0 1031 634 252 0.90 2.08 60.3 --- 5 156
11 1028 632 229 0.90 2.10 63.8 --- 121 104
12 1102 670 367 0.88 2.01 45.2 94 --- 259
13 1030 603 231 0.95 1.91 61.7 ]15 163 8
14 1037 633 55 1.06 1.04 91.3 126 --- 25
15 1053 630 63 0.91 1.98 90.0 --- 4 44
16 1025 631 613 0.90 1.95 2,9 61 --- 301

a S03 measurements were made prior to fly ash injection (clean fabric) and
during fly ash injection for several Fabric samples. Ammonia injection was
off during all S03 sampling periods.
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Figure 7. Percent NO,, removal and ammonia-slip data for Fabric SamplesA

4, 8 through 13, and 16.
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Figure 8. Percent NOx removal and ammonia-slip data for Fabric Samples
i, 2, 3, 5, 6, 7, 14 and 15.

to about 77%, and 8 to 34]. ppm, respectively. Fabric Sample 16, prepared
using copper oxide as the catalyst, was observed to reduce NOy by only 3%.
This result should not have been surprising since the quantit_ of copper oxide
in contact with the flue gas was small and the filter temperature (650°F) was
lower than the temperature (750°F) at which copper oxide has been used to
simultaneously remove S02 and NOx (20).

Figure 8 presents NOx removal and ammonia-slip data for eight additional
fabrics. Values for NOu removal and ammonia-slip ranged from 82% to 93%, and
3 to 90 ppm, respectively. Fabric Sample 2 demonstrated the highest NO.
removal efficiency (93%), but Fabric Samples 5 and 7 demonstrated the l_west
ammonia-slip (3 ppm and 9 ppm, respectively).

Upon evaluation of the data resulting from the catalytic fabric screening
tests, several general observations can be made with respect to the impact of
catalyst composition, the quantity of catalyst, the use of a refractory
undercoat, and the use of a weave with textured or nontextured fill yarns.
First, the addition of refractory components, specifically alumina and
zirconium, to the original catalyst substantially reduced the catalytic
reactivity of the fabrics prepared using these materials. Fabric Samples 8
and 9 were prepared using seven coats of a catalytic composition with 5%

alumina added. Removal of NOx with the two fabrics ranged from 35% to 40%.
Three fabric samples (i0, Ii, and 12) prepared using seven coats of a
catalytic composition with 5% zirconium added, resulted in NO. removalX

efficiencies ranging from 45% to 65%. In both cases, to accommodate the 5%
alumina and zirconium additions, the vanadium content of the catalyst was
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reduced from 25% to 20%. Since experiments performed by OCF using a 20% V/80%
Ti catalyst did not show a decrease in NOx.removal, it appears that the
addition of the refractory component (alumlna or zirconium) to the catalyst
was responsible for the reduced catalytic activity of the fabric samples.

The original objective of adding refractory components to the catalyst
was to evaluate the impact of varying the V/TJ ratio and the potential for
expanding the operating temperature range. A few additional experiments may
be performed with temperature as the independent variable, although present
data would not support expectations of increased NOx removal as a result of an
increase or decrease in operating temperature.

Fabric Samples 3 and 6, illustrated in Figure 8, were prepared by
applying seven coats of a 0.2 M 25% V + 75% Ti solution and one coat of a 1.0
M 25% V + 75% Ti solution, respectively, to individual fabric samples. Both
fabric samples had a refractory undercoat applied to a nontextured weave using
a 0.5 M 50% Si + 50% Ti solution_ Results show that NOu removal was slightly
higher for Fabric 3 (85% versus 83%) and that ammonia-s_ip was lower (53
versus 90 ppm). Although this data indicates that Fabric 3 performed better
than Fabric 6, the small differences are not sufficient to draw a conclusion
concerning tile effect of multiple coats of low concentration catalytic
solutions versus a single coat of a high concentration solution. OCF
experience has shown that multiple coats of a low concentration catalyst
solution results in a more uniform catalyst coating on the fabric when
compared to a single coat of a high concentration catalyst solution.
Theoretically, seven coats of the O.2-molar solution should have resulted in a
higher catalyst content per square foot of fabric than a single coat of the
1.0-molar solution. Analytical techniques are being considered to quantify
the amount of catalyst (V/Ti) bonded to the surface of the fabric.

Similar results were observed for Fabrics 5 and 13. Fabrics 5 and 13
were similar to 3 and 6, respectively, except that a textured fabric was
used. Although NO. removal was significantly higher foF Fabric 5 (84%) than
13 (62%), both fabrics showed low ammonia-slip values (3 and 8 ppm,
respectively). Assuming the ammonia-slip data is accurate, NOx removal for
Fabric 13 may have been low due to a calculation or equipment error, resulting
in a smaller actual ammonia/NOx molar ratio than the 0.95 value reported. One
possible advantage of the multTple-versus single-coat approach may have to do
with catalyst durability or loss from the fabric. This issue will have to be
addressed during longer-term tests evaluating filter bags made from the
catalytic fabric.

Comparison of Fabric Samples 6 and 7 is a direct evaluation of two fabric
samples prepared using the same catalytic solution composition {1.0 M 25% V +
75% TJ), the same refractory undercoat (0.5 M 50% Si + 50% Ti), and the same
fabric weave (nontextured fill yarns). The difference between the fabric
samples is the number of coats of catalytic solution applied to each fabric.
Fabric 6 was prepared using one coat and Fabric 7 was prepared using two
coats, theoretically doubling the amount of catalyst on Fabric 7. Although
Fabric 7 demonstrated greater NO_ removal than Fabric 6 (88% versus 83%), the
difference was not as great as mlght have been expected. The real advantage
observed for Fabric 7 when compared to Fabric 6 was the reduced ammonia-slip
(9 versus 90 ppm). Although a quantitative determination has not been made as
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to the amount of catalyst on each fabric, it would appear that coating Fabric
7 twice, increased the amount of catalyst on the fabric, which improved its

overall catalytic performance in terms of NOx removal and ammonia-slip.

The purpose for putting an undercoat on the glass fabric prior to the
catalyst is to improve the abrasion resistance of _he glass fibers and produce
more surface area. Fabric samples were tested using one of two undercoats and
no undercoat at all. The two undercoats tested were composed of silica/
titanium (I coat of 0.5 M 50% Si + 50% TJ) and silica/zirconium (I coat of 0.5
M 50% Si + 50% Zr). The abrasion resistance of the two undercoats has been
characterized as good and fair, respectively, for silica/titanium and
_ilica/zirconlum, based on MIT flex test data generated by OCF personnel.
Bench-scale fabric screening tests focused on the impact of the undercoats on
the reactivity of the catalytic fabric samples and measured surface area.

Comparing results for Fabric Samples i, 3, and 4 does not indicate a
substantial difference in catalytic Nerformance. Each fabric sample was
prepared using the same catalytic composition (7 coats of 0.2 M 25% V + 75%
Ti) and fabric weave (nontextured fill yarns). Fabric i was prepared without
an undercoat while 3 and 4 were prepared with undercoats (i coat of 0.5 M 50%
Si + 50% Ti and i coat of 0.5 M 50% Si + 50% Zr), respectively. The NO_
removal data does not show a significant difference between Fabric Samples i
and 3 (82% versus 85%) and the ammonia-slip numbers were almost identical (56
vc._"_sus53 ppm). Fabric Sample 4 provided a slightly lower NO.. r̂emoval. (77%)
but its measured ammonia-slip was only 24 ppm. A similar observatlon can be
made between Fabrics 2 and 5, where Fabric 2 resulted in higher NO_ removal
than Fabric 5 (93% versus 84%), but ammonia-slip was less for Fabrlc 5 (2 ppm
versus 35 ppm for Fabric 2). Therefore, the impact of using or not using a
refractory undercoat on fabric performance in terms of catalytic reactivity
does not appear to be significant. The use of a refractory undercoat would be
preferable if the undercoat increases fabric durability,

The use of textured fabric definitely improved the catalytic performance
of the catalyst-coated fabrics tested. Fabric Samples i and 2 were prepared
without a refractory undercoat and the same catalytic composition ( 7 coats of
0.2 M 25% V + 75% TJ). The difference between the two fabric samples was that
Fabric i was prepared with a nontextured fabric and Fabric 2 was prepared with
a textured fabric. Fabric 2 resulted in higher NO<,removal (93% versus 82%)
and lower ammonia-slip (35 versus 56 ppm). Fabric_Samples 3 (nontextured) and
5 (textured) showed similar results. Although NOx removal for Fabrics 5 and 3
were essentially idencical (84% versus 85%), ammonla-slip was significantly
less For Fabric 5, (2 ppm versus 53 ppm for Fabric 3). Based on these
results, the use of a fabric with textured fill yarns definitely improves the
catalytic performance of the catalyst-coated fabric.

Table 12 presents surface area data for all 16 fabric samples, BET
surface area was measured for fabric samples prior to exposure to flue gas and
after completion of reactivity tests. The use of a refractory undercoat did
not increase the measured surface area of the catalytic fabric as had been
hoped. When nontextured fabric samples were compared, the measured surface
a_ea of a fabric sample that had not been exposed to flue gas was a_out 6 to 7
m /g. 'Textured fabric samples had surface areas of about 9 to I0 m /g. In
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TABLE 12

SURFACEAREA DATA FOR CATALYST-COATEDFABRIC SAMPLESEVALUATED
DURINGSCREENINGIESTSa

Fabric Unexposed Exposed
Samp] e (m_/g) _ (mk/g)

I 6.67 4.21
2 9.58 4.41
3 6.15 4,35
4 2.60 5.76
5 9.01 7.93
6 9.73 4.01
7 5.91 4.98
8 4.40 3.64
9 4.38 2.95

i0 5.80 2.28
ii 5.27 3.53
1.2 3.94 2.52
13 10.73 8.64
14 3.88 1.21
15 6.47 4.58
16 1.01 0.48

Fabric samples were analyzed before and after' exposure to hot (650°F)
flue gas.

all cases but one, exposure of the fabric samples to flue gas resulted in a
decrease in the measured surface area. The one exception, the unexposed
Fabric 4 sample, is believed to be a data error.

Figure 9 presents BET suface area data for fabric samples exposed to flue
gas as a function of ammonia-slip. Data is presented for 14 of the 16 fabric
samples evaluated during bench-scale screening tests. Fabric 14 was excluded
from the data set because the air-to-.cloth ratio actually used was 1.0 ft/min
rather than 2.0 ft/min. Fabric 16 was excluded because the Fabric sample was
prepared using CLiOrather than the V/Ti catalyst. The data presented in
Figure 9 indicates that fabric samples having a surface area of 8 to 9 m2/g
after exposure to flue gas resulted ir_ low ammonia-slip values (<I0 ppm).
Surface area values between 5 and 8 m /g resulted in moderate ammonia..slip (i0
to 30 ppm). Below 5 m /g, ammonia-slip values increased exponentially.

Based on the results of the fabric screening tests, the only fabrics that
will not be considered for additional testing at this time are Fabric Samples
8, 9, 10, 11, 12, and 16. One or more of these fabric samples may be tested
again if questions arise concerning data consistency in future experiments.

Task A.3 - Bench-Scale Parametric Tests

A second full factorial parametric test matrix was completed using Fabric
Sample 2. Fabric Sample 2 had performed well in the screening tests,
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Figure 9. BET surface area versus ammonia-slip for fabric samples
after exposure to flue gas.

resulting in 94% NOx removal and 35 ppm ammonia-slip. The fabric sample was
prepared using seven coats of a O.2-molar solution of V/Ti catalyst. No
undercoat was applied and the fabric was not textured. Table 13 presents the
factors and levels that were tested in the experimental design.

The experimental design had four factors with two levels. In addition,
three center point experiments were performed to test for curvature. One
experimental condition (Test 15) was performed four times to increase the
degrees of freedom. To determine any change in the fabric reactivity with
time, one test condition (Test 9) was performed early in the matrix, repeated
toward the middle, and performed again at the end of the experimental
series. Table 14 summarizes the data and Figure 9 presents NO..removalA

efficiency as a function of air-to-cloth ratio and ammonia/NOx molar ratio.

Test 15 was repeated four times to determine data variability. Data in
Fable 14 shows that NO_ removal efficiency for Test 15 ranged from 73% to 76%

A .

and averaged 75%. Ammonla-sllp data for the four tests ranged from 106 to 144
ppm and averaged 122 ppm. NOx removal efficiency did not vary significantly
but ammonia-slip was variable, considering one of the process goals is to
operate at an ammonia-slip value of <25 ppm and most probably <10 ppm. Based
on the fabric screening tests, the catalytic fabric sample (Fabric 2) used for
these experiments demonstrated a moderate level of ammonia-slip (35 ppm), and
therefore may not be indicative of the ammonia-slip variability that will be
observed when using a more reactive fabric.
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TABLE 13

EXPERIMENTALDESIGN PARAMETERS

Factors Levels Center Point

NOx Concentration 300 ppm and 1000 ppm 600 ppm

S02 ConcentF_tion 300 ppm and 3000 ppm 1000 ppm

Ammonia/NOx Molar Ratio 0.8 and 1.1 0.9

Air-to-cloth Ratio 1.5 ft/rainand 4.0 ft/min 3.0 ft/min

TABL.E14

RESULTS FROM SECOND SERIES OF PARAMETRIC TESTS

S02 NOx NOx Air-to-Cloth NOx Ammonia
Conc. Conc. In Conc. Out Ammonia/NOx Ratio RemoVal Slip

Testa _ (ppm) (ppm)___ Molar Ratid (ft/minL.- (%) (ppm)

1 305 326 154 0.80 1.58 52.8 34
2 452 1031 185 0.80 1.52 82.i 24
3 3027 361 107 0.81 1.56 70.4 2
4 3035 1038 183 0.80 1.51 82.4 65
5 356 368 34 i. 11 1.59 90.8 27
6 333 1038 46 1.12 1.51 95.6 263
7 3025 348 60 1. I0 i. 53 82.8 9
8 3046 1009 120 1.09 1.54 88.1 229
9 338 311 68 0.91 3.97 78.1 15
9* 365 336 83 0.80 4.01 75.3 27
9 335 348 102 O.80 3.98 70.7 36

I0 394 1018 239 0.80 4.06 76.5 109
Ii 3037 337 117 0.79 3.94 65.3 41
12 3029 10,67 419 0.86 4.03 60.7 380
13 307 325 62 I. I0 4.02 80.9 80
14 361 1007 195 I. i0 4.01 80.6 401
15 2989 333 89 I. i0 3.88 73.3 113
15 3011 352 83 I. I0 3.96 76.4 106
15 3030 347 84 I. 11 3.97 75.8 127
15 304! 340 90 1.10 4.03 73.5 144
16 3028 1003 336 I. I0 4.02 66.5 580
CI 1036 617 112 0.90 3.07 81.8 245
C2 1065 603 114 0.90 3.01 81. i 92
C3 99 5 631 129 O. 88 3.07 79.6 91

a Fabric Sample 2 was used for all of the parametric tests in this series.



Test 9 was performed three times during the experimental series
(beginning, middle, and end) to determine if the reactivity of the catalytic
fabric sample decY'eased with use. Data presented in Table 14 shows that NOx
removal efficiency decreased from 78% to 75% and then to 71% for the three
tests. Ammonia-slip values increased from 15 ppm to 27 ppm, then to 36 ppm
for the three test periods, respectively. This data indicates that the
reactivity of the fabric decreased with use. What caused the decrease in
catalytic fabric reactivity is unknown. Assuming the data is correct and
fabric reactivity was reduced, factors that may have had an effect include
temperature cycling and flue gas S02/S03 concentration. Although temperature
cycling did occur, the range was minimal (350 ° to 650°F) and the fabric was
never cooled to room temperature between tests. The potential impact of
S02/S03 in the flue gas has been previously discussed and is a possible
explanation. Further investigation of this issue is under consideration with
respect to analysis of the fabric sample used during the parametric tests and
future experimental efforts.

Statistical analysis of the results agreed with those obtained from the
first parametric test series. The factors resulting in the greatest degree of
significance in determining NOX removal efficiency were the air-to-cloth
ratio, NOx concentration, and Zhe interaction between air-to-cloth ratio and
NOx concentration. To a lesser degree, the ammenia/NO× molar ratio, S02
coHcentration, and the interaction between NOx concentration and S02
concentration were significant.

Data presented in Figure i0 indicates that NO.. removal efficiencyA

decreased as air-to-cloth ratio increased from 1.5 to 4.0 ft/mln. When the
center point data are considered, the decrease irl NO.. removal efficiency
between air-to-cloth ratios of 1.5 and 3.0 appears t_ be small relative to the
decrease between air-to-cloth ratios of 3.0 and 4.0 ft/mino The impact of

air-to-cloth ratio on NOx removal will be studied Further in experiments
planned for the next project year (July, 1989 through June, 1990).

At an air-to-cloth ratio of 1.5 ft/min, data in Table 14 shows that an

increase in the NOx concentration from 300 to i000 ppm resulted in an increase
in NOx removal efficiency. However, at an air-to-cloth ratio of 4 ft/min, an
increase in the NO., concentration did not result in an increase in NO.. removal

• A .
efficiency. This observatlon is consistent with the statistical analysls of
the data that showed an interaction between the NO.. concentration and air-to-
cloth ratio. Therefore, at low air-to-cloth ratio_ (2 ft/min or less) and all
other conditions being constant, it appears that in this process scheme the
NOx removal efficiency is controlled to some degree by the concentration of
NOx in the flue gas due to gas phase mess transfer to the catalyst site. At
the moderate to high air-to-cloth ratios (4 ft/min or greater), the NOx
removal efficiency appears to be cont_'olled by the contact time at the
catalyst site.

Again, the degree to which ammonia/NOx molar ratio affected NO_(removalwas less than one might expect due to the limited range evaluated .8 to
I.i). However, the range of ammonia/NOx molar ratios evaluated is appropriate
with respect to the level of NOx removal desired.

The statistical significance of S02 concentration and the interaction of
S02 and NOx is consistent with the first series of parametric experiments.
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and ammonia/NOx molar ratio.

Although data presented in Table 14 indicates that in some cases NOx removal
efficiency decreased with increased SO_ concentration, in other cases no
effect was observed. This observation raises two questions. First, is the
observed effect actually caused by S02 or is S03 responsible? Second, is the
observed effect real or is the inconsistency in the data an indication that
the effect of S02/S0_ concentration is an artifact of the simulated flue gas
and/or the bench-scale system used during the experimental effort.

Fabric Sample 2 produced significant levels of S03 (>100 ppm) during
fabric screening tests. Therefore, SO_ may actually be responsible for
decreased NO_ removal rather than S02. If the observation is real the

• , A,

statlstlcal slgnificance observed For S0_/S03 concentration and the

interaction of S02/S0_ and NOx indicates the potential for competing reactions
at the catalyst sites and may explain the apparent decrease in fabric
reactivity with time observed in this series of experiments. This issue will
also be investigated further in future experiments u_ing actual flue gas from
pulverized coal firing. Measurement of _0_ '_or_centt'ationdownstream of the
catalyst-coated fabric will be necessary in future experimental plans to
better address this issue.

Although the bench-scale fabric filter holder/simulated flue gas system
was not amenable to routine particulate sampling, particulate measurements
were made using Fabric 15. The calculated particulate control efficiency was
99.8% with a measured inlet dust loading of 2.05 gr/scf. Since this data does
not represent performance as a result of long term operation or the impact of
cleaning cycles, it should be considered qualitative in nature. The filter



cake generated on the outlet filter was not uniform indicating that the
measured particulate emissions may have been high due to the release of
material from tubing walls downstream of the fabric. Also Fabric 15 was
prepared using a nontextured cloth. Textured fabric samples would be expected
to perform better with respect to particulate emissions control. Particulate
emissions measurements will be made during Task B, Fabric Screening Tests,
planned for the period July, 1.989through June, 1990. Task C, Bag Evaluation
and Parametric Tests, will specifically evaluate fabric performance in terms
of particulate emissions control.

4.0 CONCLUSIONS

Based on the results of work completed during the period April I, 1.988
through June 30, 1989, on the SO×/NOX Control Project sponsored by the U S.
Department of Energy under the Cdopefative Agreement iContract No. DE-FC21-
86MCI0637), several conclusions are presented.

4.1 Bench-Scale Fabric Screening Tests

Addition of a refractory component (Al or Zr) to the original V/Ti
catalyst substantially reduced the catalytic reactivity of the fabric.

The reactivity of the catalytic fabric was improved by increasing the
amount of catalyst on the fabric. Two approaches were tested with similar
results. The first approach involved increasing the catalyst concentration in
the coating solution and the second approach involved coating a fabric sample
several times using the same coating solution.

Application of a refractory undercoat prior to applying the catalyst
coating did not appear te significantly impact the performance of the
catalytic fabric.

The use of a textured cloth improved the performance of the catalytic

fabric in terms of higher NOx removal efficiency and lower ammonia-slip.
+

4.2 Bench-Scale Parametric Tests

Statistical analysis of the data indicated that the flue gas NO
concentration: the air-to-cloth ratio, and the interaction between t_ese two
parameters produced the greatest effect on NO,.removal efficiency. At a low
air-to-cloth ratio (1.5 ft/min) an increase in NOX concentration from 300 to
1000 ppm resulted in an increase in NOx removal efficiency. When air-to-cloth
ratio was increased to 4 ft/min, an increase in NO. concentration had no

effect on NOx removal efficiency. Increasing air-_o-cloth ratio from 1.5 to
4.0 ft/min resulted in a decrease in th=.NOx removal efficiency.

To a lesser degree, 'theammonia/NOx molar ratio, the S02 concentration,
and the interaction between NOx concentration and S02 concentration appear to
impact NO, removal efficicncy. As expected, increasing the ammonia/NOx molar
ratio fro_ 0.8 to 1.1 inc,'easedthe NOx removal. But due to the limited
range, the statistical significance of the effect was small.

38



Although there was inconsistency in the data, increasing S02 concen-

tration from 300 to 3000 ppm decreased NOx removal for most experimental
conditions. Whether the effect of S02 concentration was rea] or an artifact
of the bench-scale tests will be determined in future experiments. This will
require routine measurement of S03 concentration downstream of the catalyst-
coated fabric during future experiments.

5_0 RECOMMENDATIONS

Based on the results reported for Task A, Catalyst/Fabric Development,
EMRC believes that sufficient success has been achieved to warrant the

initiation of Task B, Fabric Screening Tests, as outlined in the Annual
Project Plan (APP-4) for the fourth year of the Cooperative Agreement. EMRC
will initiate Task B by preparing a detailed work plan and submitting the work
plan for review by the project COTR. The work plan will document proposed
activities for the time period of July, 1989 through June, 1990.

Athough EMRC personnel are not aware of documented evidence in the
literature showing the formation of N20 to occur as a result of conventional
SCR catalytic reactions, the reducing environment of an SCR system creates the
potential for N20 formation due to the role that N20 may play as a greenhouse
gas, concern with respect to its formation and emission from industrial and
utility combustion systems is warranted. To address this issue with respect
to the catalytic fabric filter concept, EMRC is evaluating two options that
could be implemented during Task C, Bag Evaluation and Parametric Tests. The
first option would involve purchasing a commerical instrument that would
provide EMRC with the capability to monitor N20 concentrations downstream of
the catalyst-coated fabric during all phases of the proposed pilot-scale test
program. The second option would involve paying a subcontractor to measure
N20 concentrations downstream of the catalyst-coated fabric during a one-week
test period. The estimated cost of the First option is $8,000 to $10,000,
versus $3,000 to $4,000 for the second option. A decision concerning this
issue is expected to be made in December, 1989.
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1.0 GOAt.SAND OBJECTIVES

Waste Management Project personnel are conducting research to
characterize waste materials from advanced coal utilization processes and to
develop innovative management practices for coal utilization by-products.

The purpose of the waste characterization work is to predict the
environmental impacts of wastes from several processes being developed at the
University of North Dakota Energy and Mineral Research Center (EMRC). The
project is currently evaluating the chemical and physical properties of
combustion wastes after treatment with a pressure.-hydratedlime injection
process designed to reduce S02 emissions_ and combustion wastes From a coal
slurry fired diesel engine.

Project personnel are also developing innovative uses for coal combustion
by-products. Current activities in this area include development of methods
for constructing fly ash liners at waste disposal sites and for reducing the
unburned carbon content of fly ash. The purpose of the liner study is to
assist utility companies to implement new environmental regulations in a cost-
effective manner, and the purpose of the carbon removal study is to increase
the utilization of fly ash as a replacement for portland cement in concrete.

2,,0 ACCOMPLISHMENTS

2.1 Waste Characterization Studies

Waste materials characterized during this reporting period included fly
ashes produced from combustion tests performed at EMRC in which pressure-
hydrated lime was injected into the flue gas for SO_ control, and a solid
waste from a diesel engine burning a coal-derived liquid fuel.

Three fly ash samples were obtained from combustion tests that used
pressure-hydrated lime injection for SO_ control. The fuel used for the
combustion tests was a Pittsburgh #8 bituminous coal. The fly ash samples
were collected in an electrostatic precipitator installed on a 500,O00-BTU/hr
pulverized coal combustion unit. "Thesamples were obtained from baseline
combustion runs during which no lime was injected, and From combustion runs
with lime injection, which caused either a 50% or a 90% S02 content reduction
in the flue gases.

The other waste material studied was a residual ash from a diesel engine

designed to burn coal-derived liquid fuels. The fuel used was a light coal
tar fraction obtained from the Great Plains Coal Gasification Plant. The
diesel waste was basically a high-carbon-content soot collected from the
engine exhaust gas.

Additional information about the wastes characterized is contained in
Table i.

The general test protocol used for the characterization studies consisted
of waste analyses For elemental, mineral, and trace organic content; waste
leachate analyses for trace metals and trace organic compounds; and tests of



TABLE i

LIST OF SAMPLESCHARACTERIZEDBY THE WASTEMANAGEMENTPROJECT

Sample No, Fuel Type Process Modification Sample Type

Hd_Y_d_[ated-Lim_ Injection Test Sam_L]e,s:

i. Pittsburgh #8 (Bit*) No Lime Injection ESP Fly Ash
(Baseline Test)

2. Pittsburgh #8 (Bit) Lime Injection - ESP Fly Ash
1.7:1 Ca-to-S02 Ratio
50% S02 Removal

3. Pittsburgh #8 (Bit) Lime Injection - ESP Fly Ash
4,1:1 Ca-to-S02 Ratio
90% SO_ Removal

Diesel Enqine Ash:

4. Great Plains Coal Tar Diesel Engine Modified Engine Ash
to Burn Coal Liquids

* Bituminous Coal

physical properties relevant to waste disposal. The waste characterization
protocol is listed in Table 2,

lt was not possible to perform the entire characterization protocol on
the diesel engine waste since only about ten grams of waste was obtained from
the combustion tests.

The results of the waste characterization activities are summarized as
follows:

* EPA-EP leachates produced from the combustion wastes ashes contained
trace metal concentrations well below the maximum allowable contaminant
levels specified by the regulations of the Resource Conservation and
Recovery Act (RCRA) for hazardous waste classification,

* No significant trace organic compounds were detected in leachates
produced from the hydrated lime injection wastes, lt appeared that some
organic material was extracted From the diesel engine ash, but the
materials could not be identified by routine GC/MC analysis.



TABLE 2

WASTECHARACTERIZATIONTEST PROTOCOL

A. Solid Waste Leachate Production

I. EPA-EP batch extraction and inorganic trace element analyses
2. ASTM D 3987-81 batch extraction and inorganic trace element

analyses
3. Trace organic analyses of waste leachates

B. Solid Waste Chemical and Mineral Analyses

i. Major and trace inorganic elemental composition
2. Mineral composition
3. Trace organic content

C. Solid Waste Physical Properties

i. Bulk density
2. Specific surface area
3. Loss on ignition
4. Hydraulic conductivity, as measured by permeability coefficient

(on selected samples)
5. Particle density (on selected samples)
6. Compacted dry density (on selected samples)

* The hydraulic conductivities of the 5_% and 90% SO_ reduction
flyashes were both well below the I0- cm/sec criteria generally
required for clay liner materials.

* The fly ash obtained from the 90% S02 reduction test contained a
significant amount of unhydrated calcium oxide that caused an
extremely exothermal reaction when the material was wetted.

2.2 Fly Ash Liner Accomplishments

The objective of the fly ash liner study is to develop cost-effective
liner technology for utility waste disposal sites. In the first year of the
study, a series of laboratory tests was performed to develop liner formulas
for six different types of fly ash wastes, and in the second and third years,
three 40 by 40 by 2-foot liner test sections were constructed at field sites
located in Texas, Indiana, and Minnesota.

The fly ash liner materials were produced by mixing coal combustion
wastes with appropriate amounts of portland cement, hydrated lime and water.
Each liner formula was selected so that the material would exhibit a hydraulic
conductivity (as measured by the coefficient of permeability) of less than
10--cm/sec and sufficient strength to withstand tile loading and weathering
stresses encountered in the field.
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During this reporting period, fly ash liner tests were completed at the
Texas, Indiana, and Minnesota field sites. To monitor the performance of the
fly ash liners, three sets of samples were collected from each field site over
a one-year period and sent to EMRCfor testing. The samples were tested for
permeability coefficient, unconfined compressive strength, tensile strength,
modulus of elasticity, Poisson's ratio, coefficient of thermal expansion,
porosity, and dry density. In addition to the laboratory tests, a double-
barrel infiltrometer test was conducted at each of tile sites to estimate the
permeability of the liner using an in-field method.

The Texas fly ash liner test was performed at the H. W. Pirkey Power
Plant, owned by the Southwestern Electric Power Company (SWEPCO). The SWEPCO
liner section was made with a Texas lignite fly ash. Approximately 5 wt%
portland cement, 1.5 wt% hydrated lime, and 18 wt% (dry weight) water were
added to the fly ash to produce the liner material.

The results of the SWEPCOfield test generally indicated that the Texas
lignite fly ash produced an acceptable liner material. Permeability
coefficients measured i_ the laboratory for 12 liner samples varied from 1.4 x
lO--cm/sec to 3.8 x lO-_cm/sec, and the permeability coefficient measured in
the field was estimated to be less than lO--cm/sec. The liner material
developed an unconfined compressive strength of approximately i000 psi after
curing in the field for one year. The only visible deterioration of the
SWEPCOliner section during the field test was the development of some cracks
on the liner surface. The cracks appeared to be limited to the top six inches
of the liner.

The Indiana fly ash liner test was performed at the R. M. Schahfer Plant,
owned by the Northern Indiana Public Service Company (NIPSCO). The NIPSCO
liner section was made with a 50/50 mixture of lllinois #6 fly ash and lime-
based scrubber sludge. Approximately 5 wt% portland cement, 3 wt% percent
hydrated lime, and 30 wt% (dry weight) water were added to the fly ash-
scrubber sludge mix to produce the liner material.

The results of the NIPSCO field test indicated that this liner material
did not meet the target permeability criteria. Permeability coefficients
measured in the laboratory for 12 Indiana liner samples varied from 8.0 x
lO-_cm/sec to 2.0 x lO-_cm/sec and the permeability coefficient measured in
the field was estimated to be _.8 x 10-7 cm/sec. The liner material developed
an unconfined compressive strength of approximately 700 psi after curing in
the field for one year. The only visible deterioration of the liner section
during the field test was some crumbling at the liner surface. The crumbling
extended about two inches below the surface Althou§h the _ermeability of the
NIPSCO liner did not meet the target level of less than lO--cm/sec, it may
still be useable for some liner applications, since Indiana regulations only

require that liners for coal combustion wastes have a permeability coefficient
less than i0- cm/sec.

The Minnesota fly ash liner test was performed at the Sherburne County
Power Plant, owned by the Northern States Power Company (NSP). The NSP liner
section was made with a dry scrubber powder containing Sarpy Creek, Montana,
subbituminous coal fly ash and a lime-based spray dryer residue.
Approximately 23 wt% (dry weight) water was added to the scrubber powder to
produce the liner material, No lime or cement addition was required for the
NSP liner.
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A problem occurred with the NSP liner material used for the field test
when shrinkage cracks developed during the initial stage of curing. The
shrinkage was reduced by decreasing the amount of water added to the liner mix
from 23% to approximately 20% of dry weight. Unfortunately, decreasing the
water content of the liner mix caused its permeability to increase. The log-
mean permeability coefficient of the liner material placed with 23% water was
5.9 x lO--cm/sec, while the log-mean permeability coefficient of the liner
material placed with 20% water was 3.7 x lO-_cm/sec. The _ermeability
coefficient estimated from the in-field test was 1.8 x lO-_cm/sec. The
unconfined compressive strength of the NSP liner material ranged between i000
and 2000 psi.

lt was not possible to determine from the results of the field test
whether the shrinkage cracks in the NSP liner were continuous. If the cracks
were continuous through the full depth of the liner, then, obviously, it is an
unacceptable liner. If the cracks are not continuous, then the material may
be useable as a liner.

Microscopic analysis of the liner materials indicated that the SWEPCO
liner was cemented mainly by point bonds between the fly ash particles, while
the NIPSCO and NSP liner materials, both of which contained scrubber residues,
were cemented by a continuous interparticle matrix. The principal
cementitious mineral phase identified in all three of the liners was
ettringite.

Chemical analyses were done for both the fly ashes and the liner
materials produced in the field. The results of the chemical analyses are
contained in Appendix A.

2.3 Fly Ash Carbon Reduction

An "off-the-shelf" electrostatic separation process was modified for use
to reduce the unburned carbon content of fly ash. A bench-scale separator
apparatus was constructed at EMRCand a series of test runs was performed to
optimize the process. After the process was optimized, a sufficient amount of
low-LOl fly ash was collected to determine its air entrainment character-
istics.

The fly ash used for the separation tests was obtained from the Allen S.
King power plant owned by the Northern States Power Company. The King plant
burns a mixture of Wyoming and Montana subbituminous coals and Illinois
bituminous coal. A chemical analysis of the King ash is shown in Table 18.

The separator apparatus operates by dispensing fly ash from a vibrating
pan through a slit onto a grounded, rotating steel drum. The high-LOI ash
fraction Falls off the drum due to gravity as it rotates. The low-LOI ash
fraction sticks to the wheel due to electrostatic forces and is scraped off at
a separate collection point. The off-the-shelf version of this separator uses
a high-voltage electrode to induce a negative charge on the particles being
classified. For tilefly ash separator, the electrode did not improve the
operation of the apparatus and so it was removed, lt appeared that the fly
ash had a sufficient electrostatic charge to stick to the drum without using
the electrode.
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The results of the separator tests showed that the apparatus was capable
of splitting the bulk fly ash, which had an LOI of 7.3%, into two physically
separate fractions. One fraction contained approximately 25 wt% of the ash
and had an LOI of 3.6 percent, while the other fraction contained 75 wt% of
the ash and had an LOI of 8.2 percent. Air entrainment tests performed on the
two fly ash fractions indicated that the low-LOI fraction required 13.2% less
air entraining agent than the bulk fly ash to produce an equivalent entrained
air level.

The goal of the study was to produce fly ash with an LOI of less than
three percent using the electrostatic separation process, lt was not possible
to achieve this level in the test runs performed. However, the ASTM C618 fly
ash specification for cement replacement only requires that fly ash have an
LOI of less than six percent, and the separation process easily achieved this
level.

Based on the results of the bench-scale tests, it appears that the
electrostatic carbon removal process has commercial development potential,
since it is mechanically quite simple and produces significant carbon removal
with a relatively low energy input. One drawback of the process is that only
about 25% of the bulk fly ash is recovered in the low-LOl fraction. However,
it may be possible to increase this recovery with further development of the
process. Furthermore, some power plants may not be able to sell more than 25%
of their fly ash for cement replacement due to market limitations.

3.0 WASTECHARACTERIZATIONSTUDIES

The test protocol for waste characterization consisted of leaching tests,
chemical and mineral analyses, and physical property tests. The
characterization data was used to evaluate the waste disposal requirements for
advanced combustion processes being developed at EMRC. The principal
abjective of the evaluation process was to identify any potential regulatory
problems that may develop from the disposal of these wastes when advanced
processes are implemented on a commercial scale.

3.1 Waste Characterization Test Methods

The methods used for the waste characterization studies are discussed in
this section. Well-documented and standardized methods were selected for each
of the characterization procedures.

Various leaching tests are used to evaluate the regulatory status of
solid wastes. The purpose of the EPA-EP batch leaching test is to determine
whether a solid waste could be classified as a hazardous waste under the RCRA
regulations. Generally, a solid waste may be designated as a hazardous waste
if its leachate trace metal levels exceed the maximum allowable contaminant
concentrations listed in Table 3 (I). Although coal combustion wastes are
exempted from hazardous waste classification under the current RCRA
regulations, the EPA-EP leaching test was performed as part of the waste
characterization protocol for possible future reference° The EPA-EP leaching
test uses a 20:1 liquid-to-solids ratio and acetic acid addition to simulate
representative municipal-waste landfill conditions. A detailed description of
the procedure for the EPA-EP leaching test is contained in Reference 2.
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The ASTMD 3987-81 batch leaching test was used for tile waste character-
ization protocol to evaluate trace metal extraction from the wastes under
alkaline leaching conditions. The ASTM procedure uses a 4:1 liquid-to-solids
ratio and no acid is added to the leaching solution. Generally, ASTM-type
leachates from western low-rank coal ashes have pH values ranging From I0 to
13. Tile data obtained from the ASTM leaching test is useful for estimating
the impact of coal combustion waste disposal practices on groundwater. In
this regard, the RCRAregulations specify that a disposal facility shall not
contaminate an underground drinking water source beyond the boundary of the
facility. To "contaminate" in this context means to cause trace metal
concentrations in the groundwater to exceed their primary drinking water
standards. The primary drinking water standards for regulated trace metals
are equal to i/i00 of the concentrations listed in Table 3.

The presence of trace organic compounds in solid wastes is becoming more
of a regulatory concern due to the 1984 amendments to the RCRAregulations.
In response to these amendments, the EPA has proposed the addition of phenol,
cresol, benzene_ and toluene to the list of regulated leachate contaminants.
For this reason, trace organic analyses were included in the waste
characterization protocol. Trace organic compounds in the waste samples and
their leachates were extracted and analyzed using methods developed at the
Morgantown Energy Technology Center (3). To perform the test, the waste
materials were extracted (a) directly from the waste solids with methylene
chloride in a soxhlet apparatus, and (b) from ASTM waste leachates with
methylene chloride to yield separate acid and base/neutral fractions.

The methylene chloride extracts were analyzed using a semi-quantitative
gas chromatography/mass spectrometry (GC/MS) scanning procedure. If
significant amounts of organics were detected in the samples by the GC/MS
scan, additional analyses using gas chromatography were done to quantify the
trace organics. The detection limit for organic compounds extracted directly
from the waste was 1.0 ug/gram ash, and the detection limit for organic
compounds extracted from the ASTM leachates was 20 mg/L in the leachate.

Information about the elemental and mineral compositions of a waste can
be used to evaluate relevant disposal properties such as leaching behavior,
exothermal hydration potential, abrasiveness, and self-hardening potential.
Compositional data can also be used to evaluate the by-product utilization
potential of the waste. Elemental analyses were performed on the waste
samples using energy-dispersive X-ray fluorescence. The mineral composition of
the waste samples were determined by powder X-ray diffraction.

The waste permeability coefficient, or hydraulic conductivity, is a
measure of the rate at which water passes through the material under a
specified hydraulic head, and thus indicates the amount of leachate that may
be produced after waste disposal. The permeability coefficient was measured
with a falling-head test apparatus (4).

The bulk density of a waste can be used to calculate volume requirements
for future disposal facilities. Bulk density was measured by a conventional
volume displacement technique.
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TABLE 3

MAXIMUMALLOWABLECONCENTRATIONSOF LEACHATECONTAMINANTS
FOR RCRAHAZARDOUSWASTECLASSIFICATION

.Element Maximum Concentration (mg/l)

Arsenic 5.0
Bari um i00.0
Cadmium 1.0
Chromium 5.0
Lead 5.0
Mercury 0.2
Selenium 1.0
Silver 5.0

The specific surface area of a waste may affect its leaching behavior.
In general, the greater the specific surface area, the higher will be the rate
at which soluble inorganic constituents leach from the waste. Specific
surface area was measured with a Quantachrome, single-point, monosorb
instrument, using the BET liquid nitrogen adsorption technique.

The loss-on-ignition test measures the unburned carbon content of a
waste. A high unburned carbon content generally reduces the by-product
utilization value of fly ash because it tends to adsorb the air-entrainment
chemicals added to concrete mixtures. Loss-on-ignition was measured using the
procedure specified in ASTM Method C 311-68.

3.2 Waste Characterization Results

3.2.1 Pressure-Hydrated Lime Injection Wastes

The results of tile EPA-EP batch leaching tests performed on pressure-
hydrated lime injection wastes are summarized in Table 4. The EPA-EP test is
used to determine whether a solid waste may be classified as a hazardous waste
under the regulations established by the Resource Conservation and Recovery
Act (RCRA). The maximum allowable leachate trace element levels, as specified
in the RCRAregulations, are shown in Table 3. Comparing Table 4 to Table 3
shows that the three fly ashes from the lime injection tests produced EP
leachates with trace element concentrations well below the RCRA limits.
Therefore, these wastes would not be classified as hazardous based on leachate
trace element content.

ASTM D 3987 batch leaching tests were performed on the lime injection
wastes to evaluate inorganic trace metal leaching behavior under alkaline pH
conditions. This type of leaching behavior is important because wastes
containing free lime generally produce alkaline leachates after disposal.
Furthermore, some states use the ASTM test to determine whether wastes may
eventually contaminate groundwater after disposal. A waste may be considered
to have a low potential for contaminating groundwater if the trace element
concentrations in its ASTM leachate are less than 10% of the RCRA limits shown
in Table 3.



TABLE 4

EPA-EP LEACHINGTEST RESULTSFOR FLY ASHES FROMPRESSURE-HYDRATED
LIME INJECTION TESTS USING PITTSBURGH#8 BITUMINOUS COAL

Ash From Ash From
Baseline Ash 50% S02 90% S02

Element* (0% S02 Removal) Removal Test Removal Test

Arsenic 0.9 0.0085 0.0023
Barium 0.06 0.38 0.32
Cadmium <0.I <0.I <0.i
Chromium (Total) <0.05 0.08 0.i
Lead <0.6 <0.6 <0.6
Mercury 0.0018 0.0008 0.0012
Selenium 0.0044 0.0026 <0.002
Silver <0.5 <0.5 <0.5

* Ali elemental concentrations measured for the EPA-EP leachates have
units of mg/L.

TABLE 5

ASTM LEACHINGTEST RESULTSFOR FLY ASHES FROMPRESSURE-HYDRATED
LIME INJECTION TESTS USING PITTSBURGH#8 BITUMINOUS COAL

Ash From Ash From
Baseline Ash 50% S02 90% S02

Element* (0% SO_ Removal) Removal Test Removal Test

Aluminum 0.6 <0.5 <0.5
• Arsenic 1.2 0.0046 0.0031
, Barium 0.16 0.34 0.31

Boron 41.0 3,0 4,4
Cadmium <0.i <0.i <0.i

' Calcium 680°0 1700.0 2000.0
i Chromium (Total) <0.05 <0.05 0.22

I Lead <0.6 <0.6 <0,6

Me_-cury 0.001 0.0015 0.001
Selenium 0.0093 0.0096 0.0059

- Sodium 39.0 8.4 8.1
Sulfate 2040.0 1720.0 1750,0
pH 5.9 12.5 12.5

•

• Ali elemental concentrations measured for the ASTM leachates have units
of mg/L.
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The results of the ASTM leaching tests are shown in Table 5. The only
trace element that exceeded 10% of its RCRA limit was arsenic in fly ash from
the baseline test. The arsenic concentration in the baseline leachate was 1.2
mg/L; the RCRA limit is 5.0 mg/L. lt is interesting to note that the arsenic
concentrations in the two fly ash leachates produced with lime injection were
both much lower than the concentration in the baseline leachateo Some of the
reduction in arsenic concentration is due to dilution of the fly ash with
spent lime, but dilution does not account for all of the reduction.

We have seen similar arsenic immobilization behavior in leaching studies
performed at EMRC. In these studies, 3.3 wt% lime added to an ash from a
North Dakota lignite caused the arsenic concentration of the leachate to be
reduced from 1.4 mg/L to 0.i mg/L (5). However, the chemical mechanism
responsible for the apparent arsenic immobilization was not clearly
understood. Canadian researchers have also noted a reduction in the
solubility of arsenic in the presence of lime, and they have postulated that
the formation of a calcium arsenate-lime complex is the mechanism causing tile
observed arsenic immobilization. These researchers suggested that the complex
may be represented by the formula 3Ca3(AsO,)2 Ca(OH)2 (6).

The lime injection fly ashes were tested for trace organic content using
a procedure developed by the Morgantown Energy Technology Center. No
significant amounts of trace organics were detected in any of the lime
injection fly ashes. The minimum detection limit for the analysis of orgarlics
in the leachates was 20 mg/L. The minimum detection limit for organics
extracted directly from the wastes was 2.0 ug/g.

The elemental and mineral analyses of the lime injection fly ashes are
summarized in Tables 6 and 7. The baseline fly ash frem the Pittsburgh #8
coal was composed almost entirely of oxides of silicon, aluminum, and iron.
The environmentally significant trace element that were present in highest
concentrations in the baseline ash were arsenic and barium. The most abundant
elements in the ashes from the 50% and 90% S02 reduction tests, however, were
calcium and sulfur. The altered compositions of the lime injection ashes is
due to the reaction of Ca(OH)2 with SO_ to form calcium sulfate. The effect
of lime injection on the mineral compositions of the fly ashes is also
apparent since the major mineral phases in the baseline ash are quartz (Si02)
and spinels while the major mineral phases in the ashes produced with lime
injection are anhydrite (CaSO,) and lime (CaO). The fact that lime was a
major mineral phase in both the 50% and 90% S02 reduction fly ashes indicated
that a significant amount of unutilized lime was present in both of these
wastes.

The elemental composition of the baseline Pittsburgh #8 fly ash indicates
that this is an ASTM "Class F" material, and therefore it should exhibit good
pozzolanic properties. Pozzolanic materials form strong interparticle bonds
when they react chemically with free calcium and moisture. Since the mineral
analyses detected the presence of lime in both the 50% and 90% S02 reduction
ashes, extensive interparticle bonding can be expected to occur in both of
these wastes after they have been deposited in a landfill. Interparticle
bonding will generally cause a decrease in the permeability and an increase in
the strength of a waste over a extended period of time.
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TABLE 6

ELEMENTALCOMPOSITIONSOF FLY ASHES FROMPRESSURE-HYDRATEDLIME
INJECTION TESTS USING PITTSBURGH#8 BITUMINOUS COAL

Ash From Ash From
Baseline Ash 50% SO_ 90% S02

Element* __0%_,SOzRemoval)_ Removal Test Removal Test

Si ] icon 23.5% 8.4% 3.4%
Aluminum 11..6% 4.4% 1.8%
Iron 14.7% 7.3% 3.4%
Calcium 1.75% 29.0% 42.8%
Magnesium 0.8% 0.5% 0.3%
Sodium <0.1% <0.1% <0.1%
Potassium 2.2% 0.7% 0.1%
Sulfur 0.6% 8.2% 7.1%
Phosphorus O. 1% O. 4% O. 3%
Titanium 0.7% 0.4% 0.2%
Arsenic 240.0 90.0 40.0
Barium 360.0 300.0 1.90.0
Copper 70.0 40.0 40.0
Chromium 140 60.0 20.0
Manganese 1300.0 150.0 80.0
Nickel 120.0 <i0.0 <i0.0
Stront i um 200.0 170.0 150.0
Zi nc 160.0 70.0 I0.0

* Elemental concentrations for the waste materials are in units of either %
of dry weight or microgramsgram of waste. Ali analyses were done by X-ray
Fluorescence.

TABLE 7

MINERAL COMPOSITIONSOF FLY ASHES FROMPRESSURE-HYDRATEDLIME
INJECTION TESTS USING PITTSBURGH#8 BITUMINOUS COAL

Baseline Ash:
(0% S02 Removal)

Major Phases: Amorphous Phases, Quartz (Si02), Spinels (Fe30,,)

Minor Phases: Hematite (Fe2OB)

Ash From 50% S02 Reduction Test:

Major Phases: Anhydrite (CaSO,) and Lime (CaO)

Minor Phases: Quartz (Si02) and Hematite (Fe203)

Ash From 90% S02 Reduction Test:

Major Phases: Anhydrite (CaSO,) and Lime (CaO)
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TABLE 8

PHYSICAL PROPERTIESOF FLY ASHES FROMHYDRATED-LIMEINJECTION
TESTS USING PITTSBURGH#8 BITUMINOUSCOAL

Ash From Ash From
Baseline Ash 50% S02 90% S02

Element (0% S02 Remo_ Removal Test Removal Test

Permeability Coefficient
(cm/sec) 1.3 x 10-6 2.5 x 10'.8 1.3 x i0 -_

Particle Density
(g/ml) 1.87 1.82 2.58

Compacted _ry Density
(Ib/ft _) 93.5 80.9 66.0

Optimum Moisture Content
(% Dry Wt) 22.5 23.0 25.0

Specific Surface Area
(m /g) 1.47 1.52 1.91

Loss On Ignition
(Wt%) 3.2 1.0 1.8

Exothermal Hydration None Slight Extreme

i

The physical properties of the lime injection fly ashes are listed in
Table 8. The most important physical properties relating to the management of
these wastes are compacted density, hydraulic conductivity, and exothermal
hydration behavior.

The maximum compacted d_y densities of the lime injection fly ashes
ranged from 93.5 to 66 Ib/ft-. The compacted densities were determined by
preparing a moisture-density curve for each ash using standard proctor
compaction. The compacted densities listed in Fable 8 were measured at the
optimum moisture addition levels which produced maximum dry densities.

Information about the compacted density of a waste is useful for
: predicting volume requirements for landfill design. Table 8 shows that the

compacted densities of the lime injection fly ashes decreased as more lime was
injected into the system. In practical terms, this means that a larger
landfill will be needed to hold a given mass of waste material if lime
injection is used to control S02 emissions, lt should be noted, however, that
there will not be a separate scrubber sludge stream requiring disposal when
lime injection is used.
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The hydraulic conductivities of the lime injection fly ashes were
measured by compacting ash cylinders at approximately the optimum moisture
content and then testing the cylinders using flexible membrane confinement in

a triaxia_ cell. The hydrauli_ conductivities of the fly ashes ranged from
1.2 x i0- cm/sec to 1.3 x lO-"cm/sec, and the lowest hydraulic conductivity
was measured for the 90% S02 reduction ash. Comparing the hydraulic
conductivities of the lime injection fly _shes to the common conductivity
specification for clay soil liners of lO--cm/sec, indicates that both the 50
and 90% S02 reduction ashes had hydraulic conductivities similar to liner
materials typically used for landfill construction.

An important feature of the lime injection fly ashes that was noticed
during the moisture-density tests was that the materials from both the 50 and
90% S02 reduction tests gave off significant amounts of heat when they were
initially mixed with water. The amount of heat released by the 50% S02
reduction ash was relatively small; the temperature of the waste increased by
approximately 50°F after the water was added. The amount of heat released by
the 90% S02 reduction ash, however, was quite large; in fact_ a noticeable
amount of steam was generated shortly after the water' was added. This heat
release is explained by the fact that both of these ashes contained lime,
which hydrated when the water was added. This type of exothermal hydration
behavior could make these waste materials difficult to handle during the
disposal process. The heat generated with the 50% S02 reduction ash could
probably be dealt with by some simple handling modifications, but the
excessive heat from the 90% S02 reduction ash might require special handling
procedures.

3.2.2 Diesel Enqine Waste

A solid waste sample was collected from a diesel engine designed to burn
coal-derived liquid fuels. The engine was operated at EMRC. The fuel used was
a light coal tar fraction obtained from the Great Plains Coal Gasification
Plant.

A relatively small amount of ash, approximately i0 grams, was generated
from the diesel test, and this was basically a soot. Since the was only a
small amount of material was available for the characterization, the test
protocol was modified to accommodate the small sample size.

A loss-on-ignition test performed on the diesel engine ash showed that
the material was approximately 95% combustible. This means that the waste
material has a high carbon content resulting from incomplete combustion of
fuel in the engine. The material will be referred to as an ash, but
technically it is more like a soot. The elemental composition of the
inorg_nic fraction of the ash was analyzed by x-ray fluoresence spectroscopy,
and the results of the analysis are summarized in Table 9.

A modified ASTM D3987 batch leaching test was performed on the diesel
engine ash. Since there was only about ten grams of the ash available, five
grams were leached with distilled-deionized water using a 4:1 liquid-to-solid
ratio. The results of the leachate analysis are listed in Table i0. An
insufficient volume of leachate was generated from the ash to analyze for
either arsenic or selenium.
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TABLE 9

ELEMENTALCOMPOSITIONOF THE DIESEL ENGINE ASH

Element Wt% of Ash
_._

Silicon 0.4%
AI umi num O. 05%
Iron 1.4%
Titanium 0.2%
Phosphorous O. 2%
Calcium 2.0%
Magnesium <0.1%
Sodi um <0. i%
Potassium <0. i%
SuI fur 2.0%

TABLE 10

LEACHING TEST RESULTSFROMDIESEL ENGINE ASH

_E_lement Leachate Concentration (rag/L_)_

Barium <5.0
Calcium 2(].0
Chromium 0.12
Iron O. 5
Magnesium 3,8
Manganese 0.2

pH 6.0

lt does not appear, based on the results in Table 10, that the diesel
engine ash would create any significant trace element leaching problems when
disposed of in a landfill.

The diesel engine ash was extracted with methylene chloride and the
extract was analyzed by GC/MS for trace organics. Significant amounts of
trace organics appeared to be extracted from the ash based on the dark color
of the methylene chloride fraction, but the extracted materials could not be
identified by the GC/MS analysis, lt is probable that the organics in the ash
extract were high molecular weight aromatic compounds produced from incomplete
combustion of the gasifier tar. These types of compounds are difficult to
identify because they cannot be separated by routine gas chromatographic
analysis.
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TABLE 11

PHYSICAL PROPERTYTESTS FROMTHE DIESEL ENGINE ASH

Bulk Density 1.5 g/ml

Specific Surface Area 21.3 m_/g

Loss On Ignition 99.5%

The diesel engine ash was analyzed by x-ray diffraction for mineral
composition, but no significant mineral phases were identified.

The diesel engine ash was tested for bulk density, specific surface area,
and loss-on-ignition. The results of the tests are listed in Table ii.

3.3 Waste Characterization Conclusions

The characterization data generated for the lime injection fly ashes
indicates that no major regulatory problems should be encountered for the
disposal of these materials. The results of the EPA-EP leaching tests clearly
show that the wastes would not be classified as hazardous based on trace metal
content under the existing RCRAregulations. The baseline Pittsburgh #8 fly
ash did produce an ASTM leachate with an arsenic concentration that exceeded
10% of the RCRA limit, but both of the lime injection fly ashes had much lower
arsenic concentrations.

The exothermal hydration behavior of the two fly ashes produced with lime
injection could require implementation of special handling procedures if this
S02 control process _vere implemented on a commercial scale. Facilities exist,
however, which are disposing of similar wastes products without serious
problems.

The diesel engine waste does not appear to pose any significant handling
or disl)osal problems based on its inorganic trace element content. Although
it was not possible to identify any specific trace organics, there did appear
to be a significant amount of non-.chromatographable material in the methylene
chloride extract from the diesel engine waste.

4.0 FLY ASH LINER FIELD TESTS

Three fly ash liner test sections were constructed in the field using the
SWEPCO,NIPSCO, and NSP fly ashes. For the field tests, liner sections having
dimensions of 40 feet by 40 feet by 2 feet thick were constructed at power
plants located in Texas (SWEPCO), Indiana (NIPSCO), and Minnesota (NSP). The
physical properties of the liner sections were monitored for approximately one
year to evaluate their performance.

The purpose of the field tests was to determine whether the liners could
be constructed using in-field mixing and compaction methods and to evaluate
their performance when exposed to outside weather conditions. The critical



weather related stresses of concern were expansion and contraction caused by
freeze-thaw conditions and thermally induced warping.

Field tests were conducted at each of the power plants where the ashes
were produced. The SWEPCOfly ash liner was placed at the H. W. Pirkey Power
Plant, located near Hallsville, Texas. The Texas liner section was made with
a Texas lignite fly ash. The NIPSCO fly ash liner was placed at the R. M.
Schahfer Plant, located near Wheatfield, Indiana. The Indiana liner section
was made with approximately a 50/50 mixture of lllinois #6 fly ash and lime-
based scrubber sludge. The NSP fly ash liner was placed at the Sherburne
County Power Plant, located near Becker, Minnesota. The Minnesota liner
section was made with a dry scrubber powder containing Sarpy Creek, Montana,
subbituminous coal fly ash and a lime-based spray dryer residue.

The three fly ashes for the field tests were selected so that one lignite
ash, one subbituminous coal ash, and one bituminous coal ash would be
represented in the study, and also so that the liner materials would be
exposed to a wide range of different weather conditions at the various test
sites.

Approximately 25% of the cost of the field tests was paid for by the
three participating utility companies.

4.1 Liner Construction Methods for the Field Tests

Each of the liner sections was located in a low traffic area adjacent to
the power plant's waste disposal landfill. The fly ashes used to construct
the liners were freshly produced materials transported directly from the ash
storage area to the test site.

The 40-foot lateral dimensions of the liner test sections were selected
to be large enough to permit the use of representative in-field construction
techniques and to permit maximum thermal warping stresses to develop at the
liner surface. The test sections were made two feet thick because this is a
typical design specification required by many states for clay liners.

The liner sections were installed so that the top surface was
approximately flush with the surrounding soil surface. This type of placement
exposed the test sections to ambient weather conditions throughout the test
period and represented a "worst case" scenario in terms of the potential liner
exposure.

The sections were installed in four vertical 6-inch lifts. Each lift was
compacted using a vibratory steel drum roller. Three passes were made with
the roller to obtain liner densities similar to those produced in the
laboratory. The liner material was compacted within two hours after the water
was added to ensure that it would set up properly.

At the SWEPCOand NIPSCO sites, each lift was placed by spreading
approximately a 7-inch layer of fly ash and then tilling in the lime, cement,
and water specified by the liner formulas. The SWEPCOfly ash was supplied to
the test site with about a 5% moisture content, which was just enough to
prevent a dusting problem. The NIPSCO fly ash was supplied to the test site
already mixed with scrubber sludge, and it had about a 20% moisture content.
At both sites, the lime and cement were added by laying the _roper number of



bags of material in an evenly spaced pattern, spreading the material by hand,
and then tilling it into the fly ash. A 5-foot tractor-mounted tiller was
used to thoroughly mix the additives into the fly ash. After the lime and
cement were mixed in, the required amount of water specified by the liner
formula was added to the liner material using a water truck.

In-place mixing was used to construct the SWEPCOand NIPSCO liner
sections because discussions with several contractors who had experience with
fly ash pavement construction, indicated that in-place mixing would provide
adequate control over the composition of the liner material and would cost
about 50 percent less than batch mixing to use for a full-size project.

Batch mixing was used to construct the NSP liner section because the fly
ash-scrubber powder is routinely conditioned in batch mixers at the plant, so
the necessary batch mixing equipment was already available. Since no
cementitious additives were required for the NSP liner material, the only
modification needed to the normal ash conditioning operation was to increase
the amount of water added. The NSP liner material was spread and compacted in
the same manner as the SWEPCOand NIPSCO liners.

After each of the fly ash liner sections was completed, a double-ring
infiltrometer apparatus was installed on the surface to perform an in-field
permeability test.

4.2 Problems Encountered During the Field Tests

Ali three of the liner materials were fairly easy to work with during the
field tests. The only problem encountered during the spreading and mixing
steps was a slight dusting problem that occurred with the lime.

The most difficult part of the construction process was adding the proper
amount of water to the liner material. In the field it was found that if a
few percentage points of water were added over the level specified by the
liner formula, it was impossible to compact the material because the roller
bogged down. Further, the laboratory work had indicated that if the water
addition level was more than a Few percentage points below the specified
level, the cured liner material would not be sufficiently impermeable to act
as a liner. Based on these considerations, it was concluded that an
acceptable moisture content for the liner materials ranged between about two
percent above or below the level specified by the liner formula. Even when
the moisture content was at the level specified by the liner formula, the
liner was moderately difficult to compact because it tended to "pump" when the
roller traveled over it, and the pumping action increased as more passes were
made with the roller.

Based on the experience gained during the liner construction activities,
a possible way to make the fly ash liner material workable over a wider range
of moisture contents would be to add some aggregate to the mixture. The
aggregate could be something as readily available as coarse bottom ash or
boiler slag, which would not significantly increase the cost of the liner
material. Adding aggregate would produce a stiffer liner mix to better
support the roller during compaction, and the material could be handled more
like a conventional roller-compacted concrete. The addition of aggregate to
the fly ash liner mix would be a good topic for future research.
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Both the SWEPCOand NIPSCO liners appeared to cure properly in the field
without any significant shrinkage or expansion. The SWEPCOliner section was
placed in August, and the afternoon temperatures were in the 90s. After the
last lift of material was placed, half of the section was covered with plastic
to retain the moisture. Both the covered and the uncovered portions of the
liner seemed to cure properly, and it appeared that the plastic may not have
been needed, lt should be noted, however, that it rained soon after the liner
section was completed and this additional moisture may have helped the
uncovered section to cure properly. The rain was qui_e hard, but it did not
appear to damage the freshly placed liner material.

The NIPSCO liner section was placed in September, and the afternoon
temperatures were in the 70s. The finished NIPSCO section was not covered
with plastic.

A serious problem occurred when the NSP liner material cured in the
field. Shrinkage cracks developed overnight on the surface oF the freshly
placed lifts. Two lifts had been placed during the first day of
construction, lhe cracks generally followed a three-foot-square grid pattern
where the edge of the roller had traveled. Some of the cracks were about an
eighth of an inch wide and one inch deep. This type of shrinkage behavior had
not been observed in the preceding laboratory work.

The moisture content used for the first two lifts of the NSP liner
averaged 24.5% of dry weight. The air temperature was about 95°F and the
freshly mixed liner material was about i0 to 20 degrees warmer than the air
temperature. The elevated temperature of the liner material was probably
caused by exothermal hydration reactions that occurred when the water was
added.

On the next day when the third and fourth lifts were placed, the moisture
content was reduced to 23% of dry weight in an attempt to eliminate the
shrinkage problem. At the lower moisture content, the liner material was
easier to place and compact than it had been for the first two lifts. The
weather conditions on the second day were similar to the day before. When the
fourth lift was finished, a coat of clear acrylic concrete sealer was sprayed
on the liner surface to prevent moisture loss.

After curing overnight, shrinkage cracks again developed on the surface
of the fourth lift. The cracking was not as severe as had occurred on the
second lift, however, and it appeared that reducing the moisture content had
helped.

On the third day of the test, it was decided that a fifth lift should be
constructed at a lower moisture content in a final attempt to overcome the
cracking problem. The moisture content of the fifth lift was 21% of dry
weight. At this moisture level, the liner material was noticeably dryer than
it had been for the previous lifts and it tended to dust slightly. The
material was easy to spread and compact, but it was so dry that some of the
material on the surface tended to flake off because it had not bonded very
weil. A coat of acrylic sealer was applied to the surface of the fifth lift.

The fifth lift also cracked slightly after it had cured overnight. The
cracking was less extensive than before but it was still significant.
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Despite the cracking problem, the NSP liner material developed strength
very rapidly as it cured in the field. After curing for only one night, the
liner was so hard that it was not possible to dig into its surface with a
small front-end loader.

Additional laboratory testing was done with the NSP liner material to
determine whether the cracking would still occur if the material was placed at
a lower ambient temperature. In early September, when the afternoon
temperatures were in the 70s, two 4-foot by 4-foot by 3-inch-deep liner
sections were placed in a yard beside the EMRClaboratory. One slab was
covered with plastic and one was left uncovered. Both slabs cured for
approximately two days without any cracks forming. On the third day, it
started to rain lightly° The rain continued for two days. When the rain
stopped, both liner slabs began to crack. These cracks however, appeared to
be caused by swelling rather than shrinkage. Based on the results of follow-
on laboratory-scale slab tests, it was decided that placing the liner material
in cooler weather would not necessarily eliminate the cracking problem.

A microscopic examination of the liner material that had swelled showed
that many large ettringite crystals had grown within the ash particle
matrix. Apparently what had happened was that the additional moisture added
to the liner material by the rain had caused more ettringite to form in the
liner than normally occurred when the material was cured under controlled
conditions. Tile results of these additional tests reinforced our belief that
simply placing the liner material at a lower temperature would not necessarily
eliminate the cracking problem.

4.3 Liner Physical Property Test Results

Samples of the fly ash liner sections from the three field test sites
were collected and shipped to EMRCto study their physical properties. Each
set of liner samples was tested for the properties listed in Table 12. The
dates when the liner sections were constructed and the various samples were
collected are shown in Table 13.

The results of the physical property tests performed in the laboratory on
the liner samples collected at the SWEPCOfield test site are summarized in
Table 14. The first two sets of samples were cut from the liner with a core
drill and the third set was collected by digging up two sections with a front-
end loader. Since it was not practical to sample deeper than about six inches
with the core drill, the first two sets of samples were taken from the top
lift of the liner. For the third set however, care was taken to obtain
representative samples from both the surface lift and the lower lifts.

The results of the laboratory tests indicated that the SWEPCOliner
material generally exhibited permeability coefficients less than I0- cm/sec.
A f_w of the liner samples exhibited permeabilities slightly higher than
10- cm/sec, but the log-mean permeability coefficients were all lower than the
target value.

The strength data from the SWEPCOliner samples show that after the liner
was placed in August of 1987, there was no significant increase in the
strength of the material through the following winter. A substantial increase
in the strength of the liner material did occur, however, between March and
July of 1988. This behavior is normal for a cemented fly ash because the



TABLE 12

LINER PHYSICAL PROPERTYTEST METHODS

Physical Property Test Method

Permeability Coefficient Falling head test with sample confined in a
triaxial cell

Unconfined Compressive ASTM D 1633 - 84
Strength

Modulus of Elasticity ASTMC 469 - 83

Poisson's Ratio ASTMC 469 - 83

Tensile Strength Test done with direct loading of specimen to
failure

Coefficient of Thermal ASTM E 228 - 71
Expansion

Dry Density Ratio of dry weight to volume

Porosity Ratio of volume of void moisture to total
volume for a saturated sample

' TABLE 13

CONSTRUCTIONDATESAND SAMPLE COLLECTIONDATES
FOR THE FLY ASH LINER FIELD TESTS

Sample Set I Sample Set 2 Sample Set 3
Constructed collected collected collected

on on on on

SWEPCO 8/22/87 10/05/87 3/01/88 7/26/88

NIPSCO 9/26/87 12/15/87 5/05/88 10/12/88

NSP 6/08/88 .. 9/06/88 10/19/88 3/31/89
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TABLE 14

LABORATORYTEST RESULTSFOR THE SWEPCOLINER SAMPLESCOLLECTEDIN THE FIELD

Sample Set I Sample Set 2 Sample Set 3
Permeabi I i ty Permeabi I i ty Permeabi I i ty
Coefficients Coefficients Coefficients

Sam__pI e No. (cm/sec) (cm/sec) ....(cm/sec)

I 7.6 x i0 -8 2.0 x i0 -8 1.4 x i0 -7
2 7 3 x i0-. _ 1.1 x 10-8 1.4 x 10-7
3 I I x 10-7 3.8 x 10-8 4.5 x 10-8
4 I.I x i0 -_ 6.7 x 10-8 3.8 x 10-9

Log-Mean
Permeability 5.1 x I0-8 2.7 x i0-8 3.9 x I0-8
Coefficient

ii i OTHERPHYSICAL PROPERTIES:

_il P_hysical Property Saag__leSet i Sam_m_leSet 2 Sample Set 3
"tl'

_) Unconfined Compressive
Strength (psi) 346 360 915o'I

. 5.6 x lOSi Modulus of Elasticity 2 3 x i0 s 7.9 x i0 s

Poisson' s Ratio NR* 0.35 0.31
I

<i Tensile Strength (psi) 61 60 130

Coefficient of Thermal
Expansion (in/°F) 3.5 x 10-6 5.2 x 10-6 6.9 x 10-6

Dry Density (Ib/ft 3) 112 113 112

Porosity (% of vol) 33.4 33.3 36.5

NR - Reproducible measurements of Poisson's ratio could not be obtained for
this sample.

pozzolanic reactions that produce long-term strength-gain tend to proceed at a
= much lower rate when the temperature is below 60°F.

• .

Generally, the permeability and compressive strength characteristics of
the SWEPCO liner material produced in the field were similar to the character-
istics observed in the laboratory development phase of 'theproject, lt should
be noted, however, that it took almost a full year for the liner material
placed in the field to achieve the same approximate level of strength that was
observed in the laboratory tests.
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The results of the physical property tests performed on the NIPSCO liner
samples are listed in Table 15. The first and second sets of samples were
obtained with a core drill, and the third set was obtained by digging into the
liner with a backhoe. As was the case with the SWEPCOliner, it was difficult
to obtain cores longer than about six inches using the core drill and so the
first two sample sets came from the surface lift of the NIPSCO liner. Care
was taken with the third set to obtain representative samples from both the
surface lift and the lower lifts.

The results of the laboratory tests indicated that the first two sets of
samples from the NI_SCO liner generally exhibited permeabilities less than the
target value of i0-" cm/sec, but the permeabilities measured for the third set
were mostly above the target value. The observed difference in permeability
between the first two sample sets and the third set was probably due to the
manner in which they were collected. With the first two sets, the weaker
samples tended to crumble during the coring procedure so that only the
stronger samples could be tested in the laboratory, lt is probable that if
the samples that crumbled could have been tested, they would have exhibited
higher permeabilities than the reported values. With the third sample set
though, care was taken to obtain intact samples of the weaker liner materials
as well as the stronger materials.

The strength of the NIPSCO liner material after curing for one year in
the field was slightly higher than the strength measured in the liner-
formulation phase of the study.

The results of the physical property tests performed on the liner samples
collected at the NSP field test site are listed in Table 16. The first set of
samples was taken from the surface lift using a core drill. The second and
third sets were obtained from the lower lifts using a power chisel.

Comparing the results from the three sample sets shows that the surface
lift of the NSP liner had a much higher permeability than the lower lifts.
This difference occurred because the surface lift was placed with a lower
moisture content (about 21% of dry weight) than the lower lifts to minimize
the shrinkage and cracking. The laboratory study performed last year with the
NSP ash indicated that when the moisture content of the liner material was
reduced below about 22%, the permeability of the liner material tended to
increase rapidly.

The unconfined compressive strength of the NSP lin_r material was higher
than the strengths of either the SWEPCOor the NIPSCO liner materials, but its
tensile strength was about the same.

The other physical properties measured for the liner materials are useful
for designing full-scale liner systems for waste disposal sites. Tensile
strength, Poisson's ratio, modulus of elasticity, and coefficient of thermal
expansion can be used to estimate the ability of the material to withstand
flexural stresses caused by point loading, subsurface settling, and thermally
induced lateral warping of the liner materials. The values measured for these
properties for the three liner materials are similar to other values reported
in the literature for cemented fly ash materials (9).
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TABLE 15

LABORATORYTEST RESULTSFOR THE NIPSCO LINER SAMPLES
COLLECTEDIN THE FIELD

PERMEABILITY COEFFICIENTS:

Sample Set I* Sample Set 2 Sample Set 3
Permeability Permeability Permeability
Coefficients Coefficients Coefficients

Sample No. (cm/sec) (cm/sec) (cm/sec)

I 1.8 x I0-_ 2.8 x 10-7 1.5 x 10-6
2 2 6 x I0 -_ 2,0 x i0 -9 6.6 x 10-9
3 1.7 x i0-_ 1.7 x i0 -8 8.0 x i0 -s
4 7 5 x i0 "_ 2.3 x 10-7 1.1 x 10-6

Log-Mean
Permeability 8.8 x 10-8 3.8 x 10-8 9.7 x 10-7
Coefficient

* Liner samples collected for the third sample set were more
representative of the entire liner section than the samples i
collected for the first two sets.

OTHERPHYSICAL PROPERTIES:

P_hysica_l P___r_o_ Sa__amRleSet I Sample Set 2 Sa_am__pleSet 3

Unconfined Compressive
Strength (psi) 200 336 489

Modulus of Elasticity
(psi) 9.6 x 104 1.6 x i0 s 1.2 x 105

° Poisson's Ratio 0.28 0.2 0.4

Tensile Strength (psi) 26 59 79

Coefficient of Thermal
Expansion (in/°F) 1.3 x I0 -s 2.7 x 10-5 1.5 x 10-5

Dry Density (Ibs/ft 3) 80 78 83

Porosity (% of Vol) 48.6 47.2 47.0
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TABLE 16

LABORATORYTEST RESULTSFOR THE NSP LINER SAMPLES
£OLLECTEDIN THE FIELD

Sample Set 1" Sample Set 2 Sample Set 3
Permeabi I i ty Permeabi I i ty Permeabi I i ty
Coefficients Coeff icients Coefficients

I e No. (cm/se_c_1__ _ (cm/sec) _ _ (cm/sec)

i 1.4 x 10-6 3.3 x 10-8 8.5 x 10-8
2 5.4 x i0 -6 2.2 x 10-9 8.2 x 10-8
3 3.6 x 10-6 3.9 x 10-9 5.4 x 10-8
4 4.2 x 10-6 3.9 x 10-9 4.8 x 10-8

Log-Mean
Permeability 3.7 x 10-6 5.9 x 10-9 6.5 x I0 -_
Coefficient

* Sample Set i was obtained from the surface of the liner section and Sample
Sets 2 and 3 were obtained from the lower liner lifts.

OTHERPHYSICAL PROPERTIES"

i

P__hysical Propert_ Sample Set i Sample Set 2 Sample Set 3

Unconfined Compressive 1045 2091 2860
Strength (psi)

Tensile Strength (psi) 48 59 90

Modulus of Elasticity 1.6 x i0 s 2.2 x i0 s 2.2 x I0 s
(psi)

Poisson's Ratio 0.28 0.25 0.47

Coefficient of Thermal 8.2 x 10-6 9.7 x 10-6 1.0 x I0 "'s
Expansion (in/in°F)

Dry Density (Ibs/ft 3) 85 99 99

Porosity (% of vol) 45 34.5 36.3
.,
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4.4 1_inerIn-Field Permeability Test Results

A double.-barrelinfi]trometer test was conducted on the liner sections at
each of the three field test sites. The purpose of this test was to estimate
the permeability coefficient of the liner sections using an in-field
procedure.

The infiltrometer test was done by placing two barrels with their bottoms
removed on the liner surface. A 30-gallon barrel was first inserted three
inches into the liner, and a 55-gallon barrel was inserted six inches into the
liner around the 30-gallon barrel. After the liner section had cured
thoroughly, both barrels were filled with ].8inches of water, and the lid was
placed on the 55-gallon barrel to limit evaporation.

The rate at ,vhichthe water level in the 30-gallon barrel dropped was
used to estimate the permeability coefficient of the liner. The purpose of
the 55-gallon barrel was to saturate the liner around the inner 30-gallon
barrel and thus direct the flow from the 30-gallon barrel vertically into the
liner. A third barrel which did not have its bottom removed was also placed
on the liner to serve as a control and measure how much water was being lost
to evaporation during the course of the test. Each barrel had an aluminum
yardstick mounted on the inside to measure the water levels. The water levels
were checked every few weeks and readjusted to 18 inches. The permeability
coefficient of the liner ,vascalculated based on the infiltrometer test data

using the following formula.

k = 2.3aL/At (log h_/h2)
where:

k is the permeability coefficient with units of cm/sec.

a is the cross-sectional area of the 30-gallon barrel (cm_).

L is the length (cm) of the flowpath of water from the
30-.gallonbarrel niovinathrough the liner.

A is the cross-sectional area (cm2) of the flowpath of water
from the 30-gallon barrel moving through the liner.

h_ is the hydraulic head (cm) in the 30-gallon barrel at the
beginning of the test.

h2 is the hydraulic head (cm) in the _!_..gallonbarrel after the test
has proceeded for time t (sec).

For the double-barrel infiltrometer test, the cross-sectional are_ of the

flowpath (A) is considered to be equal to the cross-sectional area of the 30-
gallon barrel (a). Since it was not possible to determine the exact flowpath
through the liner, it was assumed that the water From the 30-gallon barr_l
flowed directly down through the two-foot thickness of the liner, lt was only
possible to read the yardsticks in the barrels to the closest 1/16 inch, and
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i in the case of the SWEPCOliner the "_

, wa_.r level dropped at a rate that was
too small to measure. For this reason_ the permeability could not be
calculated as a discrete value but was estimated as a less-than value.

The water temperature in the infiltrometer apparatus influences the
permeability measurement because it changes the viscosity of tile water.
Permeability coefficients are usually measured in the laboratory at 70°F; if
the water temperature in the field deviates significantly from 70°F a
correction factor must be applied.

The results of the infiltrometer tests are contained in Fable 17. The

per_eabilities measured at the three liner t_st sites ranged from less than
i0-- cm/sec for the SWEPCOsite to 1.8 x i0- cm/sec for the NSP site.

Sinqe the initial target permeability for the fly ash liners was less
than i0-- cm/sec, the SWEPCOliner material displayed acceptable permeability
characteristics. The permeability of the NIPSCO site was 8.5 x i0-" cm/sec,
and it did not meet the target criteria. Liner regulations for coal
combustion waste disposal sites in Indiana, however, only require that the
liner have a permeability less than i0 -° cm/sec. Therefore, a fly ash liner
of the type tested at the NIPSCO site still could be useful for a coal
combustion waste disposal site.

The permeability measured for the NSP field test site was clearly too
high for a liner application. The high permeability measured in the field
resulted because the infiltrometer apparatus was inserted into the top lift of
the liner, and as was explained in Section 4.2, the top lift of the NSP liner
was constructed with a low moisture content to minimize shrinkage cracking.
Unfortunately, the low moisture content also increased the permeability of the
liner material. The laboratory tests performed on the liner samples collected
from the lower lifts confirmed that when the NSP liner material was _repared
with the proper moisture content its permeability was well below I0-- cm/sec.

4.5 Fly Ash Liner Field-Test Site Inspections

Each of the three field-test sites for the fly ash liners was inspected
by project personnel approximately one year after the liners were
constructed. The primary purpose of the inspection was to determine if the
liners had been damaged as a result of their exposure to fluctuating
temperatures, freeze-thaw cycles, and wet-dry cycles. When the site
inspections were made, parts of the liners were broken up to collect samples,
and this allowed the project personnel to examine the liners through their
full depth.

4.5.1 SWEPCOSite Inspection

The SWEPCOliner was inspected in july of 1988. The test site was
located in north-eastern Texas. The only noticeable damage observed was a
network of thin cracks onthe surface. The cracks were generally spaced
several feet apart and extended over the entire liner surface.

The cracks were probably caused by thermally induced expansion and

liner surface, causing it to expand relative to the cooler subsurface. Cracks
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TABLE 17

INFILTROMETERTEST RESULTS

SWEPCOLINER SECTION

Estimated
Date of Drop in Water Permeability

Measurement Time Interval Water Level Temperature Coefficient
(seconds)___ (cm) .......(°F) _Isec)

10/29/87 1.9 x 106 5.08 62 3.6 x 10-6

11/11/87 1.2 x 106 0.64 61 7.1 x 10-7

11/25/87 Io2 x 106 0.0 59 <1.0 x 10-7

12/09/87 1.2 x 106 0.0 58 <i.0 x 10-7

01/05/88 2.2 x 106 0.0 48 <i.0 x 10-7

NIPSCO LINER SECTION

05/18/88 6.05 x 106 1.9 66 3.8 x 10-6

06/13/88 1.7 x 106 i.i 90 8.5 x I0 -7

07/01/88 1.55 x 106 0.63 75 5.5 x 10-7

09/16/88 6.7 x 106 4.3 72 8.5 x 10-7

NSP LINER SECTION

09/27/88 1.0 x 106 18.18 68 2.4 x 10-S

10/04/88 6.1 x I0 s 8.10 61 1.8 x i0 -'s

occur when the tensile stress brought about by the expansion exceeds the
strength of the liner material.

When portions of the SWEPCOliner were dug up to collect samples, the
lower lifts were examined. No cracks were observed in the exposed sections of
the lower lifts, lt appeared as though the surface lift had protected the
lower lifts from the type of differential heating that may have caused the
cracks in the surface lift. The lower lifts also had a noticeably higher
moisture content than the surface lift.
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4.5.2 NIPSCO Site Inspection

The NIPSCO field-test site was inspected in October of 1988. The only
significant deterioration observed was some crumbling at the liner surface.
The crumbling appeared to have been caused by freeze-thaw exposure during the
winter months, and it extended a few inches below the surface.

Aside from the surface deterioration, the NIPSCO liner seemed to be well
cemented. This was apparent when a backhoe was used to break up parts of the
liner to collect samples for laboratory testing. To break up the liner, the
backhoe operator first tried to dig directly into the liner surface, but found
that the scoop could not penetrate more than a few inches. The operator
finally broke up the liner by digging under the edge and pulling it up.

4.5.3 NSP Site Inspection

The NSP field-test site was inspected in March of 1989. The only
observable deterioration was some crumbling at the liner surface. The
crumbling appeared to have been caused by fre_-thaw exposure during the
winter months, and it extended about a quarter of an inch below the surface.

Aside from the surface crumbling, the NSP liner seemed to be well
cemented. A power chisel was used to break up a section of the liner to
collect samples, and it was very difficult to cut through the material. The
results of the laboratory tests indicated that the unconfined compressive
strength of the liner material had not decreased over the winter months°

4.6 Conclusions and Topics for Future Research

This research project demonstrated that low-permeability liner materials
could be made from fly ash by adding relatively small amounts of hydrated lime
and portland cement and by carefully controlling the amount of water added to
the mixture. Bench-scale laboratory tests were performed on six different fly
ashes to determine the lowest total amounts of lime and cement required at a
specific water addition level to produce materials with permeabilities less
than lO-Tcm/sec and unconfined compressive strengths exceeding 400 psi.
Additional tests were performed in the laboratory on large-scale fly ash liner
specimens, which verified tnat their permeability and strength characteristics
were acceptable for a liner application.

Three of the six fly ashes tested in the laboratory were selected for
follow-on liner field tests. Texas lignite fly ash supplied by the
Southwestern Electric Power Company was used to construct a two-foot-thick
liner test section at the H. W. Pirkey Power Plant in Hallsville, Texas.
Laboratory tests performed un liner samples collected at the SWEPCOtest site
over a one-year period indicated that the field-placed material had a
permeability of less than lO--cm/sec and a relatively high unconfined
compressive st_Length. The only notable deterioration of the liner section
that occurred during one year of exposure to ambient weather conditions was
some cracking of the liner surface. The cracks did not appear to extend
beyond the top 6-inch lift of the liner. Overall, the results of the field
test indicated that the lime and cement-amended SWEPCOfly ash was a
potentially useful liner material.
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A mixture of bituminous coal fly ash and lime-based scrubber sludge
supplied by the Northern Indiana Public Service Company was used to construct
a liner section at the R. M. Schahfer Power Plant located irl Wheatfield,
Indiana. Laboratory tests performed on liner samples collected at the NIPSCO
test site over a oneuyear perio_ indicated that the field-placed material had
a permeability of less than lO-Vcm/sec and a moderately high unconfined
compressive strength. The only notable deterioration of the liner section
that occurred during one year of exposure to ambient weather conditions was
some crumbling in the top two inches of Tthe liner. The permeability of the
field-placed liner did not meet the I0- cm/sec target criteria; however, the
Indiana liner specifications for coal combustiQn waste disposal sites only
require that the permeability be less than lO-°cm/sec. Therefore, the results
of the field test indicate that the lime and cement-amended NIPSCO fly ash may
be a potentially useful liner material.

A mixture of subbituminous coal fly ash and lime-based dry scrubber
powder supplied by the Northern States Power Company was used to construct a
liner section at the Sherburne County Power Plant located in Becker,
Minnesota. Laboratory tests performed on liner samples collected at the NSP
test site over a one-year perio_ indicated that the field-placed material had
a permeability of less than i0- cm/sec and high unconfined compressive
strength. The most serious problem with the NSP liner material was its
tendency co shrink and crack when it was initially placed and cured in the
field.

An important topic for future fly ash liner research is to evaluate
cracking behavior and its impact on long-term durability. Cracks formed on
both the NSP and the SWEPCOliners during the field tests, but in each case
the cause of the cracks was different. The cracks in the NSP liner appeared to
be caused by material shrinkage that occurred in the early stages of the
curing process, while tile cracks that occurred in the SWEPCOliner appeared to
caused by thermal expansion and contraction.

Further field testing of the fly ash "liners should focus on commercial-
scale construction methods, the structural properties of large 'iner sections,
and the performance of a fully loaded landfill test cell.

5.0 ELECTROSTATICSEPARATIONOF UNBURNEDCARBONFROMFLY ASH

5.1 Introduction

The addition of fly ash to concrete mixtures to replace some of the
portland cement can exert a dramatic effect on the air-entraining properties
of the mixture. There are two important reasons for this type of behavior.
First, fly ash is normally finer than portland cement and the volume required
for addition to a concrete mix is usually greater than the volume of the
cement replaced. Thus, a larger amount of air entraining agent (AEA) is
required to produce the same surface concentration of the active agent in a
fly ash-containing mix. Secondly, the unburned carbon in the fly ash adsorbs
some of the AEA, further reducing its surface concentration (8).

The amount of unburned carbon in a fly ash is usually determined by the
loss-on-ignition test, which measures the amount of mass removed from the ash
when it is heated from I03°C to 750°C. lt must be recognized that for some



fly ashes, there is a significant difference between the measured loss-on-
ignition and the actual unburned carbon content. The maximum loss-on-ignition
of a fly ash to be used in an air-entraining concrete mix is 6.0% based on the
ASTM C 618 specification, and 5.0% based on the AASHTO(The American

,i_ Association of State Highway and Transportation Officials) M 295 specification
! (9 i0) Additionally a number of states have indicated that problems with

erratic air entrainment have been experienced with fly ashes having carbon
contents of less than 3.0%, and some states have specified loss-on-ignition
limits in this range (8).

In practical terms, a fly ash with a high unburned carbon content may
adversely effect the concrete mix to which it is added by requiring a higher
AEA dosage to attain an equivalent entrained air content, and perhaps more
importantly, by requiring that the AEA dosage be frequently changed to
maintain a constant entrained air content due to variations in the carbon
content. This type of behavior presents a major problem for both utility
companies and ash brokers trying to sell high-carbon fly ash because market
acceptance is greatly reduced.

In order to increase the marketability of high-carbon Fly ash, a study
was performed at EMRCto develop a cost-effective carbon separation process°
The objective of the study was to test a bench scale process that could reduce
the loss-on-ignition of the fly ash to less than 3.0 percent. Economic
constraints on the separation process based on the market value of fly ash
indicate that it must have relatively low equipment, operational, and
maintenance costs• The chief technical constraint for the separation process
is that it produce a dry separated fly ash fraction, since wetting the ash
usually reduces its commercial value for cement replacement.

An electrostatic carbon separation process was selected for this study
because of its mechanical simplicity and relatively low operational cost, and
because it produced a dry fly ash product• The approach used was basically to
take an "off the shelf" particle separation process and modify it to handle
fly ash. The results of the study are presented in the following sections.

5.2 Materials and Methods

The basic configuration of the electrostatic separation process evaluated
in this study is illustrated in Figure i (Ii). The operational principle of
the process is to separate differentially conducting particles based on the
rates at which they dissipate an induced charge. The process is performed by
placing the material to be separated in a vibrating feeder box and dispensing
it in a thin, even stream onto a rotating drum. The drum is a grounded
conductor. An electrode induces a charge on tle particles falling between the
electrode and tile drum. The particles thus obtain a charge opposite to that of
the drum and so are attracted by the drum.

When a conducting particle contacts the drum, it losses its charge by
conduction, becomes neutra!, and drops off the drum. Nonconducting particles
are also attracted to the drum; however, when a charged nonconducting particle
contacts the drum, it retains its charge and sticks to the drum. The
nonconducting particles can then be removed from the drum at a different point
in its rotation and collected in a separate hopper. When the electrostatic
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Figure I. Schematic Diagram of the Electrostatic Separator.

separation process was selected for this study it was expected that the carbon
particles would be better conductors than the fly ash particles and so the
carbon particles would fall off of the drum first.

The actual bench scale separator apparatus constructed for this study is
shown in Figure 2. The vibrating pan was made with a 1/16-inch.-thicksteel
bottom with a magnetic vibrator attached below the pan. The drum was a 1/16-
inch-thick stainless steel tube, seven inches long and six inches in
diameter. The drum was grounded by a contact brush. The drum was turned by a
geared-down electric motor that rotated at a rate of 0.55 revolutions per
second. The electrode was a thin copper strip attached to adjustable
positioning arms. The electrode was supplied with approximately a 45-kV
charge from a high-performance automobile coil. A rubber padded scraper bar
was attached across the length of the drum surface to remove the nonconducting
fly ash from the drum° The scraper bar was located approximately 270° from
the point where the fly ash was initially dropped onto the drum. The high-
and low-carbon fly ash fractions were collected in a pan placed below the
drum.

The experimental plan for evaluating the electrostatic separation process
consisted of a) constructing the bench-scale separator, b) performing an
initial series of separation runs to determine the best position for the
electrode, c) performing a series of follow-on runs to optimize the process,
and d) performing a final series of runs using the optimized conditions to
collect enough separated fly ash to characterize its air-entrainment
characteristics.
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Figure 2. Photograph of the Bench-Scale Separator Apparatus

A separator run was performed in the following manner. The fly ash was
heated to 100°C to be thoroughly dried, allowed to cool to room temperature,
and put into the separator pan. Two hundred grams of fly ash wa..s used for
each run. The vibrator, electrode, and drum motor were then turned on to
start delivering the fly ash to the drum. The time required to pass all of
the ash over the drum was recorded and used to calculate the drum loading r_te

• in units of grams of ash per square inch of drum surface. -[he high-carbon fly
ash fraction was collected below the front of the drum and the low-carbon
fraction was collected below the rear of the drum directly under the scraper
bar. The weight, moisture content, and loss-on-ignition (LI)I) of each of tile
collected fractions were measured to evaluate the performance of the
separator. The carbon content of the fly ash was measured by its LOI. lt is
recognized that carbon content does not always correlate directly with LOI,
but with most fly ashes [_OI is a good representative carbon content parameter.

For the follow-on runs, a plate was attached to the front of the
vibrating pan to form a thin slit through which the fly ash passed as it left
the pan. The slit helped to dispense the fly ash onto the drum in a thin,
even stream, lhe width of the slit was set between 0.015 and 0.063 inches to
control the rate of delivery of the ash to the drum. The slit also served to

° break up the larger fly ash clumps present in tile bulk ash.

For the first set of runs, the drum loading rate was kept approximately
constant and the _osition of the electrode was changed to determine which
configuration yielded the lowest LO[ and the highest weight fraction of
separated ash. In the follow-on runs, process variables such as loading rate
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and temperature of the ash were changed to determine which combinations
produced the best carbon removal. Once the process was optimized, a series of
runs was performed to collect enough ash to characterize its air entrainment
properties using the procedure specified in ASTM C311.

The fly ash used for the separation tests was obtained from the Allen S.
King Power plant which burns a mixture of Wyoming and Montana subbituminous
coals and Illinois bituminous coal. The fly ash was collected in an
electrostatic precipitator.

The King fly ash had a grey-brown color and its loss-on-ignition was
7.34%. The fly ash particle size distribution is shown in Figure 3. A
microscopic examination of the ash indicated t_latmuch of the carbon was
present as relatively large particles compared to the fly ash particles, while
the rest of the carbon was present as smaller particles of about the same
order of magnitude as the fly ash particles. Most of the smaller particles
were interspersed in small clumps of agglomerated fly ash. The LOI of the
various fractions collected for the particle size distribution are shown in
Figure 4. The figure illustrates the fact that most of the carbon was
contained in the larger particle size fractions. An elemental analysis of the
King fly ash is contained in Table 18.

5.3 Electrostatic Separator Test Results

The results of the test runs performed with the electrostatic separator
are discussed irlthis section. The data collected from the various test runs

is contained in Appendix B.
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TABLE 18

ELEMENTALCOMPOSITIONOF THE KING FLY ASH

Ash Component Weight Percent of Ash

Si02 22.4
, A1203 14.2

Fe20_ 7.3
=- Ti02 2.1
_' P205 1.4
| CaO 27.3

i MgO 5.7Na20 1.4
" K2 0.7

S03 6.9
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5.3.1 Electrode Placement Tests

The principal feature of the electrostatic separator apparatus is that
the position of the electrode used to induce a charge on the fly ash particles
can be readily adjusted. The basic electrode positions tested for this study
were I) directly under the edge of the ash delivery pan_ so that the ash moved
over the electrode before it fell on the rotating drum, 2) at an angle of 20
degrees from _he top of the drum, 3) at an angle of 45 degrees from the top of
the drum, 4) at an angle of 60 degrees from the top of the drum, and 5)
removed from the apparatus (i.e., no electrode used). The various electrode
positions are diagramed in Figure 5.

Additionally, at each of the angular positions, the electrode was tested
at two different heights above the surface of the drum (0.125 and 0.0625
inches), and with a rubber strip attached to part of the width of the
electrode to smooth out the ash on the drum before it passed under the charged
portion of the electrode. When the electrode was removed from the apparatus,
all of the other operational features were kept the same as when the electrode
was used.

The results of this first set of tests was surprising. The apparatus
performed as well without the electrode as it did with the electrode in terms
of the extend of LOI reduction and the relative percentage of fly ash
recovered in the separated fraction. Further, any attempt to spread out the
ash on the drum, with a rubber pad before it passed under the electrode tended
to reduce the efficiency of the separator.

Vibrating Pan Electrode

Position

\__a
Low -LOi High -I_Oi
Fraction Fraction

Figure 5. Diagram of the Various Electrode Positions Tested for the
Separator.



lt was concluded that the best mode in which to run the separator was
with the elctrode removed. Apparently the fly ash had a sufficiently large
static electric charge to adhere to the grounded steel drum without inducing
an additional charge, lt was also concluded that no attempt should be made to
disturb the ash after it falls on the drum, since this only tends to dislodge
some of the ash.

During the tests it was noted that a major factor in determining how well
the separator operated was the manner in which the ash was dispensed onto the
drum from the vibrating pan. The separator worked best when the ash was
sprinkled onto the drum in a thin even stream, lt was also noted that running
the vibrator too vigorously caused poor separation because it tended to cause
the ash to ball-up in the pan and fall onto the drum in large clumps.

5.3°2 Additional Process Optimization Tests

Once it was decided to remove the electrode from the separator, several
additional runs were made to determine the effect of fly ash temperature and
loading rate on the performance of the process.

Two separator runs were performed with the ash heated to I00°C and cooled
to room temperature to determine if the temperature difference affected the
process. The results of these tests showed that the hot ash performed about
the same as the cool ash in terms of both LOI reduction and the amount of ash
recovered in the separated fraction.

Next, a series of tests were done using different loading rates to
determine the effect on separator p_rformance. The loading rates used ranged
from 0.003 to 0.016 grams of ash/in- of drum surface. For this set of runs,
an aluminum plate was attached to the front of the vibrating pan. The plate
was attached to form a slit through which the fly ash passed before it fell
onto the drum. (See Section 5.2 for a more complete description of the plate
arrangement.) This arrangement made it easier to control the loading rate by
either increasing or decreasing the width of the slit. The plate also helped
to break up the fly ash clumps before they fell onto the drum and resulted in
a Finer stream of ash being delivered to the drum.

"_ The results of the variable loading tests are shown in Figures 6 and 7.
Figure 6 shows the LOI of the separated fly ash fraction as a function of the

_ drum loading rate, and Figure 7 shows the weight percent of the total applied
ash that was recovered in the low-LOl fraction as a function of the drum
loading rate. The figures indicate that at the lowest loading rate,

| approximately 37.5% of the fly ash was recovered with an LOI of 3.6% and that
at the highest loading rate, approximately 17% of the fly ash was recovered

with LOI of 4.4%.
5.3.3 Ash Collection Runs

For the final phase of the process tests, twelve separator runs were done
using similar loading conditions to collect enough fly ash to determine the

air entrainment p_operties of the low-LOl fraction. An average loading rate
of 0.009 grams/in was used for the collection runs. A total of 625 grams of
ash was collected from twelve runs (total applied bulk ash was 2400 grams)
with an LOI of 3.6% (the LOI of the bulk fly ash was 7.3%). The air
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entrainment properties of both the bulk fly ash and the low-L01 fraction were
tested with the procedure contained in ASTM C311 "Air-Entrainment of Mortar
Test."

The air entrainment test is done by preparing several fly ash-cement
mortar mixes using various doses of air entraining agent (a neutralized vinsol
resin). The test data is analyzed by plotting the entrained air content of
each mix as a function of the AEA dosage.

The results of the air entrainment tests showed that an AEA dose of 0.53%
was required to produce an entrained air content of 18% in the bulk fly ash
mortar mix. For the low-L01 fly ash mortar mix, an AEA dose of O.46% was
required to produce an entrained air content of 18%. Thus, the LOI removal
achieved by the electrostatic separation process reduced the AEA dosage
requirement of the low-LOl fly ash fraction by 13.2%.

In addition to removing carbon from the fly ash, the separation process
appeared to produce a finer fly _sh fraction than the bulk fly ash. A finer
ash is generally more chemically active for the pozzolanic reactions involved
in the cementing process than a coarser ash. Therefore, producing a finer ash
would be an additional benefit of the separation process.

To evaluate th_ relative fineness of the separated fly ash, the percent
ash retained on a #325 seive was compared to the percent retained for the bulk
ash. For the separated fraction of the king fly ash, 14.11% was retained on
the #325 sieve, while For the bulk fly ash, 22.55% was retained on the #325
sieve. Thus, the separation process actually did produce a finer ash, since a
lower percentage of the separated fly ash was retained on the #325 sieve.

5.4 Carbon Separation - Summary and Conclusions

An "off the shelf" electrostatic separation process was modified for use
to reduce the unburned carbon content of fly ash. A bench-scale separator
apparatus was constructed at EMRC and a series of test runs were performed to
optimize the process. After the process was optimized, a sufficient amount of
Iow-LOI fly ash was collected to determine its air entrainment
characteristics.

The separator apparatus operates by dispensing fly ash from a vibrating
pan through a slit onto a grounded, rotating steel drum. The high-LOI ash
fraction falls off the drum due to gravity as it rotates. The low-LOI ash
fraction sticks to the wheel due to electrostatic forces and is scraped off at
a separate collection point. The "off the shelf" versioh of this separator
uses a high-voltage electrode to induce a negative charge on the particles
being classified. For the fly ash separator, the electrode did not improve the
operation of the apparatus and so it was removed, lt appeared that the fly
ash had a sufficient electrostatic charge to stick to drum without using the
electrode.

..

The results of the separator tests showed that the apparatus was capable
of splitting the bulk fly ash, which had an LOI of 7.3%, into two physically
separate fractions. One fraction contained approximately 25 weight percent of
the ash and had an LOI of 3.6%, while the other fraction contained the other
75 weight percent of the ash. Air entrainment tests performed on the two fly
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ash fractior_s indicated that the low-LOl fraction required 13.2% less air
entraining agent than the bulk fly ash fraction to produce an equivalent
entrained air level_

The goal of the study was to produce fly ash with an LOI of less than
three percent using the electrostatic separation process, lt wa.s not possible
to achieve this level in the test runs performed. However, the ASTM C618 fly
ash specification for cement replacement only requires that fly ash have an
LOI of less than six percent, and the separation process easily achieved this
! eve I.

Based on the results of the bencl_-scale tests, it appears that the
electrostatic carbon removal process has some commercial development potential
since it is mechanically quite simple and it produced significant carbon
removal with a relatively low energy input. One drawback of the process is
that only about 25% of the bulk fly ash Is recovered in the low-LOl
fraction. However, it may be possible to increase this recovery with further
development of the process. Furthermore, some power plants may not be able to
sell more than _5% of their fly ash for cement replacement due to market
limitations.
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APPENDIX A

ELEMENTAL& MINERALOGICALCHARACTERIZATION
OF FIELD-PLACED FLY ASH LINER MATERIAL

Test Site: SWEPCO

Elemental Composition

Element Fly Ash* Liner Material

SiO2 46,5 39,9

AI203 16,4 14,4

Fe203 15.4 23.4

TiO 2 1.5 1.3

P205 0.0 0,0

CaO 13,6 15.0

MgO 3,0 I, 3

Na20 0.0 0.0

K20 0,8 i,i

SO3 2,1 3.6

Mineral Phases

_!_L_A.s__hh Liner Material

Quartz Quartz
Mullite Mullite
Ferrite Spinel Ferrite Spinel
Hematite Hematite

Ettringite
Calcite

*This is the composition of the fly ash used for the laboratory liner
development tests.



Test Site" NSP

Elemental Composition

Element Fly Ash-Scrubber Powder* Liner Material

SiO2 24.2 25,3

AI20 3 13.1 13.3

Fe203 3.2 3.7

TiO 2 0.9 1.0I

P205 1.0 0.9

CaO 32.3 27.9

MgO 3.0 3.3

Na20 1,3 1.4

K20 0.4 0.8

SO3 20.6 20.6

Mineral Phases

Fly Ash-Scrubber Powder Liner Material

Quartz Quartz
Ferrite Spinel Ferrite Spinel
Calcium Hydroxide Ettringite
Calcium Sulfite hemihydrate Calcium Sulfite hemihydrate
Gypsum Gypsum
Lime
Anhydrate
Periclase
Tricalcium Aluminate

*This is the composition of the fly ash used for the laboratory development
tests.



Test Site: NIPSCO

Elemental Composition

Element Fly Ash-Scrubber Mix* Liner Material

SiO 2 22°8 12.9

AI203 10.8 4.2

Fe203 i0.0 4.9

l'iO 2 1.0 0.4

P205 _ i.0 I.2

CaO 23.5 38.9

MgO i.2 i.4

Na20 2.1 0.0

K20 0.8 0.6

SO3 26.7 35.6

Mineral Phases

F_]l_Ash-Scrubber Mix Liner Material

Quartz Quartz
Mullite Mullite

Ferrite Spinel Ferrite Spinel
Me!ilite Calcium Hydroxide
Calcium Sulfite hemihydrate Calcium Sulfite hemihydrate
Gypsum Gypsum
Lime Calcite

Anhydrate Ettringite

*This is the composition of the fly ash-scrubber mix used for the laboratory
development tests. Based on the CaO contents of the two materials, it
appeared that the field-placed liner material contained a higher percentage of
scrubber sludge than the material used for the laboratory work.



APPENDIX B

Weight of LOI of

Loadin_ Electrode Bar Position Low-LOI Low-LOl
Run No. __ £__t above drum_]_ __I___)____ _%__(__)__

i 0.02 45°, i/8 inch 89 5.93

2 0.02 60°, i/8 inch 100 5.64

3 0.018 90o , i/8 inch 58 4.7

4 0.017 20o , i/8 inch 83 5.0

Optimization Runs:

5 0.017 No electrode 74 4.1

6 0.008 Electrode attached to pan 109 6.25

7 0 Oij 20o , i/8 inch, 88 6.23
rubber pad attached

8 0.002 20o , I/8 inch, 62 3.68
rubber pad attached

9 0.016 Electrode placed 54 4.78
directly under pan

10 0.008 No electrode, ash 39 3.75
temperature = lOO°C

ii 0.008 No electrode, ash 39 3.8
temperature = 20°C

Collection Runs:

12 0.0065 No electrode 70 3.96
13 0.0158 No electrode 35 4.44
14 0.0038 No electrode 50 3.58
15 0.0089 No electrode 45 3.94
16 0.0051 No electrode 58 3.52
17 0.0083 No electrode 53 ND*
18 0.015 No electrode 39 ND
19 0.013 No electrode 40 ND
20 0.0067 No electrode 62 ND
21 0.0028 No electrode 75 ND
22 0.0036 No electrode 32 ND
23 0.0043 No electrode 35 ND

*ND--No LOI Data was taken for these runs.
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Planned Actual

Milestone Completion Completion
_JD. No..__, Descrlption Date Date Con_nent_5___

C.2 Fly Ash Liner Field Slab Construction 06/30/88 06/30/88
( From
Year 2 )

C_3 Fly Ash Liner Slab Monitoring 09/30/_ 10/30/88
(Ftom
Year 2 )

A.1 Characterization of Pressure Hydrated Lime 07/30/88 08/30/88
Injection Wastes

A.2 Characterization of Ash frem Coal Slurry 02/28/89 05/30/89
Fired Diesel

A.3 Waste Characterization Report 03/30/89 06/30/89

B.I Evaluation of Fly Ash Liner Leachate Quality 09/30/88 09/30/88

B.2 Liner Monitoring Visit 02/28/89 04/30/89

B.3 Fly Ash Liner Study Report 03/30/89 06/30/89

D.1 LOI Reduction Tests 06/30/89 06/30/89

t
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TURBINE COMBUSTION PHENOMENA

1.0 INTRODUCTION

A coal/water slurry fuel has the potential of being injected and burned
directly in a gas turbine engine utilizing injection and fuel handling methods
similar to those employed with heavy petroleum fuels. Traditionally, gas
turbine fuels have been limited to clean fuels, such as natural gas or
distillate fuels, which minimize the interrelated degradation processes of
deposition, erosion and corrosion. Even with these fuels, traces of mineral
components present problems of erosion and alkali deposition on turbine blades
and slag accumulations in burners and nozzles. To take advantage of low-.cost
fuels, the major challenge is to reduce the ash content substantially,
preferably to less than 0.1% or modify the form of the ash or the turbine
system itself to allow for higher ash levels.

Burning coal in a gas turbine combustor is not a new idea, but com-
mercial success has not been achieved. The major technical problems
inhibiting commercialization are: i) deposits on the pressure and suction
sides of the turbine blades reducing the gas flow area and turbine
efficiency, 2) acceptable coal burnout given the short residence times
inherent with gas turbine combustors, 3) corrosion of turbine blades by
condensed alkali sulfates, 4) erosion of turbine blades and other components
by ash particles entrained in the products of combustion, and 5) emissions

control of NOx, S02 and particulates, lt is known that during combustion,
release of certain mineral matter species found in both raw and beneficiated
coals can lead to deposition of mineral matter on surfaces, regardless of the
ash content of the fuel. This deposition can then lead to corrosion, metal
loss, and ultimately to derating or unavailability of the power generation
system. Alkali metals and sulfur, which exist as impurities in coal, have
been identified as key components in the initiation of deposition and the
onset of corrosion.

Until recently, low-rank coals were not considered for coal/water
slurries because of their high intrinsic moisture level, lt is extremely
difficult to prepare a pumpable slurry of as-mined lignite with a dry solids
loading over 35 percent. However, with the advent of the University of North
Dakota's Energy and Environmental Research Center's (UNDEERC's) hydrothermal
treatment process, micronized lignite slurries have been produced with solids
loadings up to 50 wt% and heating values of 6000 Btu per pound of slurry.
Subbituminous coals also respond very well to hydrothermal treatment and
produce high-quality slurries. Availability of a slurry with a high enough
fuel value to sustain combustion makes it possible to take advantage of
desirable characteristics of low-rank coals, namely the higher reactivity of
its nonvolatile carbonaceous components. Thus, a low-rank coal slurry should
require less residence time in the gas turbine combustor for complete
combustion, or inversely, the coal would not have to be micronized as fine to
achieve the same level of burnout, thereby reducing fuel preparation costs.
Another potential advantage of low-rank coal slurries is their non-.
agglomerating tendencies relative to bituminous slurries, reducing the
importance of atomization to very fine droplet sizes.



2.0 GOALS AND OBJECTIVES

The overall objective of the Turbine Combustion Phenomena Program is to
expand the scientific and engineering data base for the combustion of low-rank
coal (LRC) fuels in advanced pressurized combustion systems such as those
found in gas turbine engine applications. Fundamental research on the use of
low-rank coal slurries for gas turbine engine applications will develop data
that will; i) quantify the potential advantages of low-rank coal's higher
reactivity and non-agglomerating tendencies, 2) help in determining fuel
specifications, and 3) indicate needed design modifications in the gas turbine
engines themselves. Research will be directed toward understanding the
effects of low-rank coal (LRC) and slurry properties (including ash level and
composition, moisture levels, and slurry rheology) on combustion efficiency,
vaporization and deposition of inorganics, and erosion of materials in
pressurized combustion systems. The intent of this research is to establish
the relationships between LRC properties and gas turbine engine operational
parameters and the comparison of these relationships with those established
for diesel fuel and bituminous coal slurries.

The investigation of turbine combustion phenomena at UNDEERC is a multi-
year program. Three-year goals have been established and are discussed in the
following text:

2.1 Three-Year Objectives

I. Technology and Market Assessment. To ensure that all sources of
information to the project are thoroughly researched, UNDEERC has
performed an extensive survey of all published information concernin5 the
use of coal and coal slurries in gas turbine applications. This
information provided an understanding of the concerns and needs for the
use of coal-.derivedfuels in these applications. The state-of-the-art
for these technologies has been determined and used to provide the proper
direction For this prograrnand limit duplication of effort. This effort
has built upon a similar assessment of the market and technologies that
was performed as a part of the Low-Rank Coal Slurry Combustion program.
This objective was accomplished during the first year.

2. Reactivity of Fuel in Pressurized Systems. The reactivities of dry and
slurried low-rank coals are higher than those of bituminous coals, but
the magnitude of these differences is not well documented. The
reactivity of the fuel can also be improved with the use of additives to
the slurry, such as methanol. Fast, simple, inexpensive experiments in a
modified combustion bomb will provide very basic information about the
pressurized combustion behavior of LRC and slurries. This information
will be critical in determining the fuel specifications of slurries for
use in heat engine applications. Data collected during these tests will
include the heat of combustion (calorimetry) of the sample, the sample
burning time/reactivity (from pressure sensors), and the analysis of the
products of combustion after combusting the test fuel under various
conditions. Parameters to be varied include coal type, particle size
distribution, gas composition (percent oxygen), combustion bomb
conditions at fuel injection, and system pressure. This testing will
provide semi-quantitative information in a fast and inexpensive manner.



3. Investigate the Fundamental Characteristics of Burning Low-Rank Coal
Slurries in a Turbine System. A bench-scale gas turbine simulator will
be designed to measure the pressure, temperature, conversion, gas
composition, vaporization of inorganics, deposition on simulated turbine
blades and other system components, fuel reactivity, and ash particulate
size distributions resulting from the combustion of LRC slurries. These
fundamental studies will demonstrate the impact of various fuel proper-
ties on the combustor and turbine blades, and lead to the development of
fuel specifications for the successful operation of low-rank slurries in
a turbine application. This task will continue throughout the first
three years of the program.

4. Hot-Gas Cleanup. This effort has assessed available technology to
determine specific needs with respect to the removal of undesirable
constituents fr_m gas streams derived from high temperature/pressure
combustion of LRC slurries, with emphasis on coal-specific problem
areas. Initial work has been devoted to a review of the literature on
the removal of contaminants from the coal-derived gas streams. Processes
that are capable of removing >90% of sulfur and/or nitrogen oxides, >99%
of particulates, and which reduce alkali vapors in the gas stream to <25
ppm are desired. The reported work has been evaluated to establish
applicability to LRC slurry utilization. A summary of reviewed papers
and reports has been prepared to identify processes according to overall
performance, thermodynamics, economics, and environmental considerations.
Special consideration has been given to gas cleaning methods that produce
a salable product or zero discharge of waste, and are cost-effective.
Work toward this objective will continue the first three years of the
program.

2.2 Third-Year Objectives

Specific objectives for the Turbine Combustion Phenomena project during
the third year of this program include:

i. Perform reactivity tests using bituminous and low-rank coal slurries and
correlate data to document differences (where available) in heat engine
performance. Use data to select coals for testing in turbine simulator
and correlate the results with those collected in Task 3.

2. Perform tests with a suite of coal-based slurries on the gas turbine
simulator. Parameters to be varied include pressure, temperature,
residence time, and equivalence ratios. Correlate the results of the
tests with the coal slurry properties to determine the fundamental
reactivity and extent of reaction. Areas to be investigated include coal
particle agglomeration, ash formation, transportation and deposition,
alkali deposition, and gaseous and particulate emissions.

3. Test performance of hot-gas cleanup devices for S02 control. Investigate
the use of air staging for NO_ control Evaluate the effect of fuel
properties, S02 cleanup methods and staging on the particulate control
requirements.



3.0 REACTIVITY OF FUEL IN PRESSURIZEDSYSTEMS- COMBUSTIONBOMBSTUDIES

Preliminary calibration and baseline testing work was performed under the
two projects, Diesel Utilization of Low-Rank Coal and Turbine Combustion
Phenomena. After system development and baseline testing was completed, both
projects used the same test plan. The initial H2/O2/N2 concentration and
pressure was adjusted from the diesel experiments to provide, as closely as
possible, the higher temperatures and lower pressures seen in a gas turbine
combustor. With the understanding that the pulsed high pressure atomization
process seen with a diesel injector is different from the continuous
atomization at lower pressures obtained from a conventional turbine nozzle
(usually in the presence of atomizing air or steam), it is expected that
injection of fuels in the combustion bomb will still give a valid measure of
the reactivity of a fuel under turbine combustion conditions. Results from
the combustion bomb studies are reported in the Diesel Utilization of Low-Rank
Coals Annual Report (i) and are not repeated here.

4.0 CHARACTERISTICS OF BURNING COAL SLURRIES IN A TURBINE SYSTEM

To meet the objectives of the program, a pressurized combustion vessel
was built to simulate the operating parameters of a direct-fired gas turbine
combustor. One goal in building this equipment was to design the gas turbine
simulator as small as possible to reduce both the quantity of test fuel needed
and the test fuel prepar'._ioncosts while not undersizing the combustor such
that wall effects have _ significant impact on the measured combustion
performance. Based on computer modeling, a rich-lean, two-stage non-slagging
combustor has been constructed to simulate a direct-fired gas turbine. This
design was selected to maximize the information that could be obtained on the
impact of the unique properties of low-rank fuels and various hot gas cleanup
techniques (such as Ca.-basedsorbent injection for S02 control) on the gas
turbine combustor and its turbomachinery.

4.1 Gas Turbine Simulator Description

A description of the gas turbine simulator has been presented in other
reports (2,3), but will be given here for clarification of test results.
Figure 1 is a photograph of the UNDEERC gas turbine simulator. Figure 2 shows
some of the internal details of the gas turbine simulator combustion vessel
and deposition sections. The head section of the turbine consists of an 8-
inch, 300-1b blind flange that has a horizontal flat-bladed 45° air swirler
and a Delavan Swirl-Air nozzle with a 50° spray angle° The combustion vessel
itself is made from sections of 304 SS 8-inch schedule 40 pipe while the
deposition section is fabricated from sections of 304 SS 4-inch schedule 40
pipe. These sections are jacketed to provide water-cooling of the external

• pressure vessel wall. The rich zone in this combustor is fabricated from four
8-inch long sections originally lined with 1.25 inches of castable refractory
rated to 3400°F. Later in the program these modules were recast with 1.5
inches of refractory for heat loss and residence time reasons, lt was felt a
rich zone diameter smaller than the current five inches would probably
introduce significant wall effects on the combustion performance° These
modules allow the length of the rich zone to be varied from 8 to 32 inches.
The lean zone is fabricated from two lO.-inch long modules lined with I inch of
a castable refractory (rated to 3000°F). The lean zone has since been

4



Figure I. Photograph of UNDEERC 1MM Btu/hr Gas Turbine Simulator.
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Figure 2. Schematic of the UNDEERC1MMBtu/br Gas Turbine Simulator.



relined with 2 inches of refractory. The removal of some of these modules
allows the effect of residence time to be investigated under similar flow
conditions. The variable geometry of this combustor also is beneficial in
extending the range of slurry flow rates that can be feasibly run in the
combustor by reducing the external surface through which excessive heat losses
can occur. The gas turbine simulator is nominally designed to combust i00 to
150 Ibs/hr of slurry, but flow rates from approximately 200 down to 50 Ibs/hr
(I.5MM to 300,000 Btu/hr) can be burned in this combustor. A Moyno progres-
sive cavity pump is used to pump the coal/water slurry fuels into the turbine
while a high pressure gear pump is used to pump the start-up diesel fuel and
other distillate fuels into the turbine simulator. A Micromotion mass flow-
meter is used to measure the flow rate of the slurry fuels into the combustor.

The quench zone of the simulator originally was a 3-inch ID metal walled
section with concentric air passages encircling the inner wall with sixteen
0.4" x 0.15" slots machined through the inner wall. This allowed the rapid
mixing of the secondary air to minimize the occurrence of localized "hot
spots" and the formation of thermal NOx. The quench zone has since been cast
with the sixteen slots passing through a half inch of refractory. This
refractory was installed to decrease the amount of ash deposited around the
quench by increasing the velocity of the gas passing through the throat of the
quench zone and eliminating a relatively cold metal _urface for the asn and
slag to deposit on. A rotary control valve and a high temperature guided seat
control valve are used to'control the flow of combustion air entering the air
preheater and the distribution of air between the rich and lean zones,
respectively. The combustor is designed to operate at pressures up to 250
psig and lean zone exit temperatures of 2000°F with temperatures in the rich
zone up to 2700°F.

A reduced flow area in the deposition section is used to increase the gas
velocities up to those typically seen in the expander section of a gas turbine
(400 to 800 ft/sec). This reduced area was obtained by lining the 4-inch
schedule 40 pipe with refractory to form a 1.25-inch square duct. Four air-
cooled probes with various contact angles were machined from thick-walled
tubing and installed to simulate the leading edge of turbine blades. Figure 3
is a photograph of a set of deposition probes with a 45° contact angle
machined irlthe exposed portion of the probes. Additional cooling air is
added after the first two probes to cool the exit gas stream up to 200°F so
that gas temperature as well as metal temperatures can be investigated for
their effects on deposition/erosion/corrosion (DEC). These probes are made of
different high temperature alloys such as Hastelloy X and Haynes 556 to
evaluate their potential to resist DEC. A spray water quench zone is located
after the deposition section to spray high pressure water into the combustion
gases to cool the gases to less than 750°F before passing through the rotary
control valve used to back pressure the turbine simulator.

A natural gas-fired fluidized-bed preheater is used to preheat the high
pressure combustion air to temperatures as high as lO00°F. Figure 4 is a
photograph of the fluidized-bed air preheater and Figure 5 is an exploded view
detailing its construction. This vessel has a 34-inch OD with a 13-inch
square combustion zone cast in the refractory lining. A fluidized-bed
preheater was selected for its flexibility in providing preheated air over a
wide range of temperatures, pressures and flow rates. Heat input to the air
can be controlled by a combination of variables, including the bed depth,



superficial gas velocity, and bed temperature. The use of a fluidized-bed
reduces the amount of heat exchange surface required due to the higher heat
transfer coefficients resulting from the intimate contact of the heat transfer
surface with the dense bed of hot particles that are continuously circulating
within the combustion zone. The use of 20 vertically suspended heat exchange
tubes is unique and offers a number of advantages including relative ease of
construction, a more compact in-bed tube bundle configuration, and reduced
ercsion potential of the tube surfaces. The tubes are in a bayonet configura-
tion in which air is first preheated as it enters an inner tube and travels
downward. The final heat transfer occurs as the air moves back up the outer
tube. Manifolds are used on both the cold and hot air sides of the preheater
to provide an even air flow distribution through all the tubes. The natural
gas and low pressure combustion air distribution system into the preheater
are integrated together in a sparger system (a series of horizontal pipes with
vertical nozzles attached). The natural gas is mixed with the combustion air
inside the nozzle before entering the fluidized-bed where it is ignited. A
small pilot burner is first ignited with a spark plug and the flame detected
by a flame safety system before flow of the primary natural gas is permitted
to the main burners.

Combustion efficiencies of the test fuels fired in the turbine simulator
are calculated from gas and isokinetic particulate samples taken from both the
rich and lean zones of the combustor. Gas and particulate sampling probes
have been made from progressively smaller concentric tubes so the probes can

PRE-RUN TUR-B-28

front view

Probe #2

Probe #3

Probe #4

Figure 3. Photograph of Gas Turbine Simulator Deposition Probes.
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Figure 4. Photograph of Natural Gas Fired Fluidized-Bed Air Preheater.

8



i

II
II

II
II

I
I
I
I

Figure 5, i!.xplo_]ed Vie,,_ _)f _,_at_;ra] Gas Fired Fluidized-Bed Air Preheater.

9
i



be water..cooled. In the particulate sampling probes an extra tube is used in
addition to the cooling jacket to inject an inert gas through small holes in
the inner wall of the sampling probe. This quenches the particulate samples
and prevents further oxidation of unconverted char particles. These particu-
late samples originally were transported a few feet through heat-traced lines
to high pressure filter holders with O.3-_m borosilicate glass or ashless
cellulose filters. Subsequent testing indicated that some of the particulate
being sampled _vas retained in the heat-traced lines. Therefore, the high
pressure filter holders were located right after the particulate sampling
probes. Gas samples are also transported through heat-traced lines to a
sample conditioner where the combustion gas moisture is removed before being
analyzed by on-line gas analyzers. These analyzers include NO_ and S02
analyzers (0-i0,000 ppm), C02 and CO infrared analyzers (0-20 _oI% and 0-5
mol%, respectively, and 02 analyzers (0-25 mol%). Rich zone gas samples can
also be analyzed for unconverted light hydrocarbons by on-line gas
chromatography.

Temperatures in the rich zone have been measured with alumina sheathed
type B thermocouples inserted in molybdenum disilicide thermowells while the
lean zone and deposition section temperatures are measured with Inconel
sheathed type K thermocouples. The combustion air and water jacket exit
temperatures are measured with standard SS sheathed type K thermocouples.
Combustion zone, preheated air, fuel and atomizing air pressures are all moni-
tored with pressure transducers. Flow and pressure control are accomplished
using pneumatic and electronic controllers. A 32-channel programmable
recorder and an 84-channel ADAC Microbasys data acquisition system are used to
monitor process conditions. The data acquisition syst_a and the recorder both
communicate with an IBM XT for data averaging, storage, logging and display.
The recorder also supplies eight alarm relay contacts that are used to
establish safety interlocks for shutting the turbine down in the event of an
alarm condition.

4.2 Gas Turbine Test Matrix

A screening test matrix was designed for investigating the effects of
certain variables on the combustion effici_ncies obtained from a coal-water
fuel in the turbine simulator. Table i shows the high and low levels of the
process variables to be investigated. These variables include atomizing air
Flow rate, fuel flow rate, and combustion air temperature and pressure, all of
which are varied during a single combustion test. The particle size and
residence time variables were investigated between separate combustion tests.
At any given set of test conditions, an approximate rich zone equivalence
ratio of 1.4 is run since previous work indicated NO emissions are minimized
at this ratio. Variables not being investigated include the primary air swirl
number, recessing of the atomization nozzle, solids loading of the slurry, and
atomizing air and fuel temperatures, although any of these parameters could be
studied in a subsequent test matrix. Currently, these variables are being
held constant with a primary air swirl number of 1.7, the atomizer recessed
one-half inch, solids loadings of 50 wt%, and atomizing air and fuel
temperatures held at approximately room temperature_

Other test matrices will include tests using a Beulah-Zap North Dakota
lignite and Kemmerer subbituminous coals and an Otisca Industries-cleaned
Taggart seam bituminous coal to investigate the effects of fuel dependent
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properties on the combustion efficiency and DEC experienced in the turbine
simulator. These test matrices will also look at the effects of the
combustion air temperature, pressure, fuel flow rates, and atomizing air flow
rates on combustion efficiency and DEC for each fuel. Tables 2 through 6
detail the test conditions utilized in the final parametric test matrix.
These test matrices correspond to the variables listed in Table 1.

4.3 Gas Turbine Simulator Results

4.3.1 Slurry_Fuel Preparation

During the year, several production runs of LRC coal/water fuel were
undertaken in conjunction with the DOE LRC beneficiation program at the UND
Energy and Environmental Research Center. Beulah lignite from North Dakota,
and Kemmerer subbituminous coal from Wyoming, were selected for pilot-scale
processing because of their ability to be physically and chemically cleaned to

TABLE 1

TEST MATRIX FOR COMBUSTION TESTS ON THE GAS TURBINE SIMULATOR

Variable __ ___Cz]__

Fuel Firing Rate (MM Btu/hr) 1.0 0.7
Atomizing Air-to-Fuel Ratio 1.25 0.75
Combustion Air Temperature (°F) 800 400
Combustor Pressure (atm) 12 6

Fuel Particle Size (vm) 10 20
Residence Time (ms) 100 50

All test conditions run at a rich zone equivalence ratio oF approximately 1.4

'TABLE 2

TEST MATRIX FOR LONGRESIDENCETIME COMBUSTIONTESTS
USING 4.6-MICRON OTISCA TAGGARTSEAM BITUMINOUS COAL/WATERFUEL

Fuel Flow Atom. Air Flow Combustor Comb. Air

Test No. Rate_]b/hr) .Rat.e(Ib/hr)_ Press.(psig) Te_em_p_

43-I 130 98 74 800
43-2 130 163 74 800
43-3 80 98 74 800
43-4 80 60 74 800
43-5 80 60 74 400
43.-6 80 98 74 400
43-7 130 163 74 400
43-8 130 98 74 400
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TABLE 3

TEST MATRIX FOR SHORTRESIDENCETIME COMBUSTIONTESTS USING
4.6-MICRON OTISCA TAGGARTSEAMBITUMINOUS COAL/WATERFUEL

Fuel Flow Atom. Air Flow Combustor Comb. Air

Test No. Rate (Ib/hr) .Rate_e_l__r_)__ Press._Cp._L_ Tem.____

44-1 I_0 163 74 800
44-2 130 98 74 800
44-3 90 113 74 800
44-3 90 68 74 800
44-5 90 113 162 800
44-6 90 68 162 800
44-7 130 98 162 800
44-8 130 163 162 800
44-9 130 163 162 400
44-10 130 98 162 400
44-11 90 113 162 400
44-12 90 68 162 400
44-13 90 113 74 400
44-14 90 68 74 400
44-15 130 98 74 400
44-16 130 163 74 400

TABLE 4

TEST MATRIX FOR SHORTRESIDENCETIME COMBUSTIONTESTS USING
lO.I-MICRON KEMMERERSUBBITUMINOUSCOAL/WATERFUEL

Fuel Flow Atom. Air Flow Combustor Comb. Air
Test No. Rate I]b/hr_ Rate _ Press. (psi_

45-i 160 200 74 800
45-2 160 120 74 800
45-3 ii0 138 74 800
45-4 Ii0 83 74 800
45-5 110 83 162 800
45-6 110 138 162 800
45-7 160 120 162 800
45-8 160 200 162 800
45-9 160 200 74 400
45-10 160 120 74 400
45-11 160 120 162 400
45-12 160 200 162 400
45-13 110 138 162 400
45-14 ii0 83 162 400
45-15 ii0 83 74 400
45.-1.6 ii0 138 74 400
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TABLE 5

TEST MATRIX FOR SHORTRESIDENCETIME COMBUSTIONTESTS USING
20.I-MICRON KEMMERERSUBBITUMINOUSCOAL/WATERFUEL

Fuel Flow Atom. Air Flow Combustor Comb. Air

Test No. Rate (Ib/hr) Rate (lm/br)__ Press. (psig) Temp.(°F)

46-I 160 200 74 800
46-2 160 120 74 800
46-3 ii0 138 74 800
46.-4 ii0 83 74 800
46-5 II0 83 162 800
46-6 II0 138 162 800
46-7 160 120 162 800
46-8 160 200 162 800
46-9 160 200 74 400
46-10 160 120 74 400
46-11 ii0 138 74 400
46-12 ii0 83 74 400
46-13 ii0 83 162 400
46-14 II0 138 162 400
46-15 160 120 162 400
46-16 160 200 162 400

TABLE 6

TEST MATRIX FOR SHORTRESIDENCETIME COMBUSTIONTESTS USING
15.9-MICRON BEUI_AH.-ZAPLIGNITE COAL/WATERFUEL

Fuel Flow Atom. Air Flow Combustor Comb. Air

Test No. Rate (Ib/hr) Rate (Ib/hr). P__ress_(psi(_. Tem______F_F__

47-i 166 208 74 800
47-2 166 125 74 800
47-3 117 146 74 800
47-4 117 88 74 800
47-5 117 88 162 800
47-6 117 146 162 800
47-7 166 125 162 800
47-8 166 208 162 800
47-9 166 208 74 400
47-10 166 125 74 400
47-11 117 146 74 400
47-12 117 88 74 400
47-13 117 88 162 400
47-14 117 146 162 400
47-15 166 125 162 400
47-16 166 208 162 400
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to less than 1 wt% ash on the bench-scale (4). Figure 6 shows the complete
scenario for pilot-scale production of deep cleaned LRCs. This treatment
scheme includes physical coal cleaning by dense media separation, wet
grinding, chemical cleaning by nitric acid leaching, hydrothermal treatment,
and wet micronizing.

The physical cleaning step uses a dense-media separation process that
consists mainly of classifying coal, feeding it into an air-actuated cone
separator system, followed by a washing and recycling section. The clean coal
was then pulverized and fed into a continuous acid-leaching column. This
chemical cleaning was conducted using a 30 wt% slurry mixed with a 4 wt%
nitric acid solution. The sample was concentrated using a solid-bowl
centrifuge, reslurried, and fed into the HWD Process Development Unit (PDU).

Figure 7 is a isometric diagram detailing the hydrothermal treatment step
used at the UNDEERCo The hot water-drying treatment forces inherent moisture
out of the coal structure using carbon dioxide formed during the carboxylation
of the coal, thereby increasing the heating value of the product fuel. Tars
are also exuded from the coal structure during treatment, sealing the micro-
pore structure, reducing the surface area, and increasing the hydrophobicity
of the coal. After hot water-drying coal product slurry was then concentrated
to 60 to 70 wt% in a centrifuge, reslurried, and micronized to a coal/water
fuel (CWF). An anionic dispersant, d319-2 (Ammonium Ligno Sulfonate), was
added to the Final CWF.

ium _P
I Diesel Engins_
\ CWF/

R,w
COAL .... ii" PROCESSING PRODUCTS

(-45 urn)_
6.35 mm j

by Physical (-200 urn) Chemical ] (-200 urn) (-200 urn.)
2.00 mm Cleaning Cleaning / Hot-Water Final

.... _ ---------li_ I ....... _ Drying ....... _ GrindingDense Media Nitric Acid

Separation Laaching Jl

I
I

(-45 urn)

@
Figure 6. Schematic of Low-Rank "oal Fuel Preparation Process.
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Figure 7. IsometricView of the UNDEERCHydrothermalTreatment
Process DevelopmentUnit (PDU).

By adsorbingto the particlesurface,the chargedadditivecreates
repulsiveforcesthat counteractthe Van der Waal forces present in the
coal. The strengthof the repulsiveforcesgovernsthe degree of flocculation
of the suspendedparticles. At a given viscosity,an increaseof 2 wt% can be
expected.

The rheologicalbehavior,especiallyfor Newtonianand non-Newtonian
nature of the CWF, is of great importanceto the qualityof the fuel. The
behaviorof a CWF at low, intermediate,and high shear rates essentially
determines its behaviorduringtransportation,pumping,and atomizing.
Rheologicalpropertiesof the hot water-driedCWFs were investigatedusing a
concentriccylinderHaake RVIO0 viscometerequippedwith an MVII-P profiled
rotor and sample cup (5,6). Shear stressversus shear rate rheogramswere
recorded over the shear rate rangeof 0 to 440 sec-1.

During this reportingperiod,17 successfulcombustiontests using CWF
were completed. These tests includedseven tests with a commercially
cvailableOtisca IndustriesproducedTaggart seam bituminousFuel and five
t_;_':;teach with physicallyand chemicallycleanedBeulah-Zapligniteand a
chemicallycleanedKemmerersubbituminousfuel. Table 7 shows the analysisof
the slurry fuels combustedin the gas turbinesimulatorduring the shakedown
and varia!)_,_optimizationtesting. Figure8 shows apparentviscosityof these
Fuels as a functionof shear rate up to 450 1/sec.
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"FABLE7

ANALYSISOF COAL-WATERFUELS USED IN GAS TURBINE
SIMULATORSHAKEDOWNTESTS

Supplier Otisca AMAX/UNDEERC UNDEERC UNDEERC
Coal Name Taggart Beulah-Zap Beulah-Zap Kemmerer
Coal Type Bitum. Lignite Lignite Subbit.
HydrothermalTest No. N/A 33 34 36

ProximateAnalysis (MF)
VolatileMatter 36.50 39.55 41.18 39°44
Fixed Carbon (by dif.) 62.42 57.09 56.38 57.71
Ash 1.08 3.36 2.44 2.85

UltimateAnalysis (MF)
Hydrogen 5.66 3.09 4.16 4.27
Carbon 84.35 70.68 72.15 73.28
Nitrogen 1.48 i.45 1.26 2.24
Sulfur 0.52 0.39 0.52 0.15
Oxygen (by dif.) 6.89 21.01 19.46 17.19
Ash 1.08 3.36 2.44 2.85

Heat. Value (Btu/Ib,MF) 15,401 11,687 11,852 12,543

Ash Fusion (Deg F-ReducingAtm)
Init. Deform.Temp. 2243 2060 2010 2146
SofteningTemp. 2300 2074 2059 2287
Hemisph. Temp. 2426 2143 2561 2500
Fluid Temp. 2644 2230 2563 2530

ParticleSize
Mean (micron) 4.6 11.0 10.6 15.4

Top (99%<) (micron) 15.2 45.5 36.3 53.5

Ash Analysis (XRFA)
(Wt% Ash, S03 free)

Si02 35.0 21_9 40.0 60.7
Al20_ 25.3 7.5 14.9 19.8
Fe203 18.8 65.7 38.0 9.0
Ti02 3.8 2.1 3.2 1.3

0.4 0 0 0.0 0.4P20s
CaO 11.8 2,1 2.9 5.8
MgO 2.5 0.0 0.5 2.6
Na20 0.8 0.0 0.0 0.0
K20 1.6 0.5 0.6 0.5
TOTAL 100.0 99.8 100.0 100.I
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Figure 8. Comparison of Gas Turbine Simulator Shakedown Fuels
as a Function of Shear Rate.

These analyses indicate that the ash fusion temperature for the bitumi-
nous fuel was higher than the lignite fuel primarily due to the high level of
iron found in the lignite fuel. These high iron concentrations resulted from
process piping contamination and from the heavy media gravity separation used
to physically clean the Beulah-Zap lignite fuel. In the case of the Amax-
cleaned, UNDEERC-hydrothermally treated fuel, the fuel was 2.6 wt% ash as
received from Amax, however, after hydrothermal treatment and micronization
the ash level had increased to 3.4 wt% ash due to contamination from carbon
steel process piping and carbon steel arms in the micronizer. Ali carbon steel
components were replaced with stainless steel before processing of the next
batch of Beulah-Zap fuel. As indicated by the analysis, the iron content was
reduced significantly but still is approximately twice that of the bituminous
fuel. Other results indicate the high ash levels and high iron concentration
is partially due to contamination of the feed coal with the magnetite used in
the heavy media separation. Because Kemmerer has a relatively low ash content
and to eliminate any chance for magnetite contamination, only chemical
cleaning was conducted on the Kemmerer coal. Thus, the iron content of the
ash is quite low, however, harder ash materials such as quartz that would be
susceptible to the effects of physic_l cleaning have been concentrated in the
coal ash. Modifications were made to the heavy media physical cleaning step
to reduce the amount of residual magnetite that remained with the float
product, resulting in a fuel with relatively low iron levels.

The best LRC fuels available to date were then selected for parametric
testing and statistical analysis (runs 43 through 47) in the gas turbine
simulator. A summary of solids concentrations versus apparent viscosity for
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four fuels, Beulah, two different particle size Kemmerer samples, and a
baseline Otisca Ind. produced bituminous fuel, is shown in Figure 9. Figure
10 shows the relationship of apparent viscosity versus shear rate for the four
fuels. Tables 8 and 9 indicate the final quality of the coal/water fuels.

There is some question about the rheological behavior of these fuels
under the high shear rates experienced in the Delavan atomizer and what effect
that might have on atomization and, consequently, on combustion efficiency.

4.3.2 Slurry Combustion Test Results

4.3.2.1 Shakedown Tests 27 Through 42

Tables 10 through 17 show the average turbine operating conditions for
the fu_Is used in the shakedown testing (7,8,9).

An examination of the results shown in Tables i0 through 17 indicates
that the Beulah-Zap lignite and Kemmerer subbituminous fuels burned out better
than the Otisca bituminous fuel despite using lower atomizing air-to-fuel
ratios. Combustion temperatures were similar for the different fuels and
tended to decrease in the rich zone as the rich zone equivalence ratio was
increased, while the lean zone combustion temperatures increased with a higher
rich zone equivalence ratio due to the increased burnout of the fuel in the
lean combustion zone. Lower fuel flow rates were needed with the bituminous
fuel to achieve the desired thermal input due to the higher heating value of
the bituminous fuel. Successful particulate samples were not collected during
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TABLE8

ANALYSISOF COAL/WATERFUELSUSEDIN PARAMETRICTESTS
ONTHE IMM BTU/HRGASTURBINESIMULATOR

Sample: Otisca Kemmerer Beulah-Zap
PDUTest No. N/A 38 40

Prox. Analysis (MF)
Vol. Matter 36.10 41.10 42.66
Fixed Carbon 63.07 56.62 54.78
Ash 0.83 2.28 2.56

Ult. Analysis (MF)
Hydrogen 5.39 5.03 4.29
Carbon 82.90 75.72 70.89
Nitrogen 1.59 1.30 1.20
Sulfur 0.78 0.26 0.78
Oxygen (by dif.) 8.49 15.40 20.26
Ash 0°83 2.28 2.56

Heating Value 15,060 12,925 12,014
(mf, Btu/lm)

Ash Fusion Temperatures (Deg F-Reducing Atm)
Init. Deform. Temp. 2119 2000 1942
Softening Temp. 2187 2095 1986
Hemisph. Temp. 2362 2140 2068
Fluid Temp. 2370 2201 2329

Part. Size-Mean (microns) 4.6 I0.i & 20.1 15.9
Top Size (99%<) (microns) 15.2 34.9 & 73.6 59.6
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TABLE 9

X-RAY FLUORESCENCEANALYSIS OF COAL/WATERFUELS USED IN
PARAMETRICTESTS ON THE IMM BTU/HR GAS TURBINE SIMULATOR

High Temperature
Ash Results Otisca Kemmerer Beulah

(% of ash, S03-free) Fuel Fuel Fuel

Si02 37.0 49.0 25.2
A1203 28.8 22.0 20.5
Fe20_ 20.1 14.5 29.2
Ti02 4.4 1.2 1.8
P20s 0.4 0.4 1.5
CaO 5.7 9.1 16.3
MgO I. 6 3.5 4.8
Na20 0.0 0.0 0.0
K20 1.8 0.2 0.7

TOTAL 99.8 99.9 i00.0

all the test periods shown especially in earlier combustion tests due to
problems with particulate sample probes plugging or burning up due to
inadequate cooling. Future experiments used longer sampling times and better
sampling techniques to improve the scatter in the particulate sampling
results.

Particulate and gas samples were collected during these tests to
calculate combustion efficiencies. Due to the relatively low ash levels of
the potential turbine =uels, high levels of POCcarbon can be measured in the
particulate samples while still obtaining a high combustion efficiency. The
particulate and gas sampling methodology is the same as that used by Rosfjord
(i0,ii). Carbon burnout was also calculated using the equation given below by
Wenglarz, et al. (12) with reasonable agreement.

burnout fraction = (l-Wa/Wx)/(l-Wa) (I)

where Wx = weight fraction of ash in particulate sample
Wa = weight fraction of ash in the coal from whicEslurry was made

Figure ii plots the combustion efficiency against the atomizing air-to-
fuel ratio for the various fuels and combustor configurations in the shakedown
combustion tests. This figure indicates that the LRC fuels are burning out
better at lower atomizing air-to-fuel ratios and also do not appear to be as
sensitive to the atomizing air-to-fuel ratio as bituminous fuel. This figure
also indicates that the new atomizing nozzle tip has improved the combustion
efficiency of the bituminous fuel from 95% to 99% at the same atomizing air-
to-fuel ratio. This figure shows that combustion efficiencies comparable to
the LRC fuels were obtained for the bituminous fuel at the longer residence
time configuration.
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Figure 11. Effectof AtomizingAir-to-FuelRatio on MeasuredCombustion
Efficiencyfor VariousFuels in the Gas TurbineSimulator.

Figure 12 shows the effectsof combustionair stagingon NOx emissions
from both the LRC fuels and the Otisca bituminousfuel combustiontests. The
NOx emissionsdecreasedfrom 130 ppm to 90 ppm at 15% 02 for the long
residencetime bituminoustests while the short residencetime bituminous
tests showeda decreasefrom approximately200 ppm to 130 ppm (at 15% 02).
The higher NO. emissionsfrom the shorterresidencetime combustiontests is
consistentwi_h resultsreportedby Rosfjord(9) and has been attributedto

the reducedtime availablefor the nitrogencompounds(i_, NOx, NH3, HCNetc.) to form N2. The better atomizationachievedfrom new atomizingtip
for the Otiscarun also reducedthe NO× emissionsprobablyby reducingthe
quantityof unburnedcarbon particles_whichwould still containorganically
bound nitrogen)leavingthe rich combustionzone. With more of the fuel bound
nitrogenliberatedinto "thegas phasemore of the nitrogencompoundscan be

convertedto nitrogen. The Kemmererand Beulah-Zapfuelsgave NOx emissions
slightlyless than the short residencetime Otisca fuel despitepossessing
higher nitrogencontents.

Tables 18, 19, and 20 comparefly ash samplescollectedfrom the cyclone
pot locatedafter the controlvalve used to backpressurethe turbine simula-
tor. These analysesalso highlightthe superiorburnoutexperiencedby the
LRC fuels comparedto bituminousfuel even under a longerresidencetime
profilefor the bituminousfuel. While the LRC fuels are experiencingbetter
burnoutthan the bituminousfuels, it is possiblethat differencesin slurry
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TABLE 18

COMPARISONOF BEULAH-ZAP AND OTISCA COMBUSTIONTEST FLY ASHES

Fuel Beulah-Zap Beulah-Zap Otisca Otisca
Type Lignite Bituminous

Turbine Test No. 27 28 31 32
Avg. Residence Time (ms) 180 311 312 205
Proximate Analysis (MF)

Moisture N/A N/A N/A N/A
Volatile Matter 11.17 11.39 5.32 3.60
Fixed Carbon (Ind) 8.90 0.00 84.58 88.45
Ash 79.93 88.61 10.10 7.95

Ultimate Analysis (MF)
Hydrogen O.O0 O.34 O.30 0.18
Carbon 14.01 6.92 85.93 89.42

Nitrogen 0.25 0.28 I.04 0.99
Sulfur 0.30 0.08 0.53 0.58
Oxygen (Ind) 5.50 3.77 2.08 0.86
Ash 79.93 88.61 10.10 7.95

Carbon Burnout (%) 99.1 99.6 90.3 87.4
Fly Ash Particle Size
Mean (micron) 9.4 5.1 13.2 22.3
Top (99%<) (micron) 49.6 23.0 184.2 233.0
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TABLE 19

COMPARISON OF BEULAH-ZAP AND OTISCA COMBUSTION TEST FLY ASHES

Fuel Otisca Beulah-Zap Beulah-Zap Otisca
T_y_pe Bitum. __ Lignite Bitum.

Turbine Test No. 34 35 36 37
Avg. Residence Time (ms) 183 205 124 162
Proximate Ana_lysis (MF)

Moisture N/A N/A N/A N/A
Volatile Matter 4.56 8.16 8.66 7.13
Fixed Carbon (Ind) 86.80 0.00 0.56 56.84
Ash 8.64 91.84 90.78 36.03

Ultimate Analysis (MF)
Hydrogen 0,22 0.08 0.21 0.45
Carbon 88.04 7.84 7,97 58.95
Nitrogen 1,16 0.18 0.13 0.81
Sulfur 0.75 0.35 0.25 1.19
Oxygen (Ind) 1.17 -0.29 0.64 2,55
Ash 8.64 91.84 90.78 36.03

Carbon Burnout (%) 88.5 99.7 99.7 98.1
Fly Ash Particle Size
Mean (micron) 9.5 5.8 4.7 7.6
Fop (99%<) (micron) 45.2 28.5 15.9 32.6

TABLE 20

COMPARISONOF OTISCA AND KEMMERERCOMBUSTIONTEST FLY ASHES

Fuel Kemmerer Kemmerer Kemmerer Otisca
Type Subbi t. Subbi t. Subbi t. Bi turn.

Turbine Test No. 38 39 40 42
Avg. Residence Time (ms) 190 169 186 306
Proximate Analysis (MF)

Moisture N/A N/A N/A N/A
Volatile Matter 1.74 2.08 3.14 5.06

' Fixed Carbon (lhd) 0,14 0.81 1.13 70.35
Ash 98.12 97.11 95.73 24.59

Ultimate Analysis (MF)
Hydrogen 0.01 0.03 0.02 0.18
Carbon 1.50 2.48 3.20 72.36
Nitrogen 0.03 0.08 0.12 0.94
Sulfur 0.34 0.30 0.25 0.72
Oxygen (Ind) 0.00 0.00 0.66 1.19
Ash 98.12 97.11 95.73 24.59

Carbon Burnout (%) 99.9 99.9 99.9 96.7
Fly Ash Particle Size
Mean (micron) 9.3 6.2 4.5 8.7
Top (99%<) (micron) 27.6 46.9 21.6 40.8
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rheology (andthereforein atomization)might accountfor some of the
difference in the observedburnoutrather than differencesin fuel reactivity°
Future work will attemptto clarifythese differences. The LRC fly ash shows
a decrease in particlesize as comparedto the startingfuel while the
bituminousfuel showed an increasein particlesize comparedto the starting
fuel. This particlesize analysisprovidessome evidenceof the non-agglo.-
merating propertiesof low-rankcoal comparedto bituminousfuels.

Test 36 was the first shakedowntest to use a new, higher shear Delavan
Swirl Air nozzlethat shouldatomizethe CWF better. This atomizersupplied
better atomizationand carbon burnout(see combustiontests 37 and 42) at the
expense of needinga higherpressureratio across the atomizer. The new
atomizerdid not appreciablyaffectthe carbon burnoutof the LRC fuels,
possibly due to their higherreactivitiesand non-agglomeratingproperties.

4.3.2.2 ParametricTestingRuns 43 Through47

After the shakedowntestingphase was completed,the turbinesimulator
combustion systemwas modifiedby addinga knife-gatevalve to the bottom of
the cyclone locatedafter the back-pressurecontrolvalve. This change
enabled the fly ash to be collectedafter each test period insteadof at the
end of a run that consistedof severaltest periods. Tables 27 through31
show the particlesize, percentash, and carbon burnoutfor the cyclone ash at
the individualtest conditionsused for the parametrictesting.

Tables 26 through30 show the averageoperatingconditionsobtained at
each test conditionduring the parametriccombustiontests on the gas turbine
simulator. Tables26 through30 again indicatethat the LRC fuels are
experiencingmuch higher burnoutthan the bituminousfuel. Figure 13 shows
some typicaloperatingconditionsfrom a short residencetime combustiontest
(test 46-47)using 20-micronKemmerersubbituminousfuel. Not all of the
desired test conditionsin these tests were achievable. In test 45, a stable
flame could not be maintainedat the low atomizingair-to-fuelratio and low
combustionair temperatureset points (tests 45-10,45-11, 45-14, 45-15).
Test condition47-13 also was not obtaineddue to an unstableflame resulting

TABLE 21

COMPARISONOF CYCLONE FLY ASHES FOR COMBUSTIONTEST 43 USING OTISCA
BITUMINOUSCOAL/WATERFUEL

ParticleSize (_m) Percent Carbon
Test No. Mean Top (99%<) Ash Burnout (%)

43-I 7.3 27.5 8.88 91.4
43-2 7.9 26.6 31.89 98.2
43-3 8.8 45.5 18.84 96.4
43-4 11.1 55.3 11.82 93.8
43-5 10.0 73.7 6.43 87.8
43-6 11.3 140.0 6.42 87.8
43-7 7.1 22.1 13.05 94.4
43-8 8.8 64.4 8.08 90.5
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TABLE 22

COMPARISONOF CYCLONEFLY ASHES FOR COMBUSTIONTEST 44 USING OTISCA
BITUMINOUS COAL/WATERFUEL

Particle Size (_m) Percent Carbon
Test No Mean Top (99%<) Ash Burnout (%)

44-1 8.8 46,6 23,27 97.2
44-2 i0,0 43,2 9,55 91,9
44-3 11,7 73,9 13,08 94,1
44-4 14,4 65,1 7,58 89,8
44-5 11,5 31.7 9,34 91,9
44-6 22.5 148.8 9,69 92.0
44.-7 10,2 108.3 8.57 91,1
44-8 16,7 102,9 16,71 95,8
44-9 7,0 26,3 10,95 93,2
44.-10 9,1 74.5 4.19 80.9
44-11 ii,0 72_2 3,36 75,9
44-12 12,8 123,7 3,65 77,9
44-13 15,1 110.8 5.07 84.3
44-14 22,3 154.7 9,21 91,7
44-15 12,7 101.2 7,94 90,3
44-16 18,5 104,0 10.12 92,5

TABLE 23

COMPARISONOF CYCLONEFLY ASHES FOR COMBUSTIONTEST 45 USING IO-.MICRON
PARTICLE SIZE KEMMERERSUBBITUMINOUSCOAL/WATERFUEL

Particle Size (_m) Percent Carbon
Test No, Mean Top (99%<) Ash Burnout (%)

45-1 6.9 48,7 ND ND
45-2 5,6 54_5 90,57 99.76
45..3 5,6 33,5 91.86 99,79
45-4 7,8 75,7 83o 36 99,54
45-5 9,0 131,9 18.85 89,95
45-6 8.4 89,9 30.36 94,65
45-7 14.6 84.4 96.71 99,92
45-8 6.9 65,8 95,78 99,90
45-9 8,3 49.8 20,51 90,95
45-12 7,1 65,9 74.31 99,20
45-13 11,5 104,0 80,21 99,43
45-16 9,8 114.2 22°48 91.53

ND Not Determined
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TABLE 24

COMPARISONOF CYCLONEFLY ASHESFORCOMBUSTIONTEST 46 USING 20-MICRON
PARTICLESIZE KEMMERERSUBBITUMINOUSCOAL/WATERFUEL

Particle Size (_m) Percent Carbon
Test No. Mean Top (99%<) Ash Burnout (%)

46-i 7.9 86.8 91.43 99.78
46-2 6.7 60.0 69.48 98.97
46-3a 8.8 110.8 80.85 99.45
46-3b 9.9 89,9 86.29 99.62
46-4 6. i 65. i 92.03 99.80
46-5 8.6 115.3 83.57 99.55
46-6 10.7 116.8 72.99 99.13
46- 7 24.5 148.8 94.40 99.86
46-8 15.9 118.9 96.81 99.93
46-9a 5.3 55,7 96.24 99.91
46-9b 4.9 24.9 78.87 99.37
46-I0a 6ol 45.2 60.40 98,47
46-I0b 4.3 19,6 70.99 99.05
46-11 5.6 38.3 78.16 99.35
46-12 6.3 56. I 86.13 99.63
46-13 7.5 104.0 86.38 99.63
46-14 5.3 60.0 94.03 99.85
46-15 6.3 61.4 97.46 99.94
46-16 6.4 72.2 99.33 99.98

TABLE 25

COMPARISONOF CYCLONEFLY ASHES FOR COMBUSTIONTEST 47 USING BEULAH-ZAP
LIGNITECOAL/WATERFUEL

ParticleSize (vm) Percent Carbon
Test No. Mean Top (99%<) Ash Burnout (%)

47-I 8.8 66.9 99.90 99.99
47-2 6.0 37.1 80.06 99.35
47-3 7.5 55.7 98.84 99.97
47-4 9.1 75.7 85.16 99.55
47-5 8o4 57,:7 64.49 98.56
47-6 6.1 59.5 89°67 99.70
47-7 6.8 49.8 53.54 97.72
47-8 7.9 49.8 99.26 99.98
47-9 7.3 49.8 87.66 99.63
47-10 7.8 45.2 64.33 98.55
47-11a 4.9 30.9 96.45 99.90
47-11b 8.0 51.1 60.24 98,27
47-12 7.2 37.1 47.39 97.08
47-14 8.1 45.2 47.83 97.14
47-16 10.3 69.0 91.27 99.75

34



• • • • • • • • • w

35
i





37
|

=

m



38 "



3_



• • • • I • • o u • •







Figure 13. Typical Operating Conditions from a Short Residence Time
Combustion Test (46-7) Using 20-Micron Kemmerer
Subbituminous Coal/Water Fuel.

from the low combustion air temperature and poor atomization from a low
atomizer pressure ratio due to the low atomizing air-to-fuel ratio and high
combustor pressure.

Figures 14 and 15 plot the particulate sample carbon burnout against
atomizing air-to-fuel ratio and combustion air temperature, respectively.
Figures 16 and 17 show the cyclone ash carbon burnout as functions of
atomizing air-to-fuel ratio and combustion air temperature. The wider spread
in the data For the Otisca fuel indicates that the bituminous fuel appeared to
be more sensitive to the atomizing air-to-fuel ratio and combustion air
temperature.

Table 31 shows GC analyses of selected gas samples taken from the rich
combustion zone of the turbine simulator. As expected, the gases major
combustible constituents are CO and H_ with traces of methane, athane,
ethylene and propylene also being present. In general, no clear trend was
observed with the molar ratios of the product gas as a function of the rich
zone equivalence ratio. This unexpected result is probably due to some of the
secondary flowing back into the rich combustion zone. This results in an
actual equivalence ratio lower than that calculated from the fuel and air flow
rates. The calculated heat content of the combustion gases ranged from
approximately 20 up to 40 Btu/scf of product gas.

The gas analysis from the 10-micron Kemmerer fuel test (45-3) indicates
some of the secondary air was probably being pulled into the rich combustion
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TABLE 31

NORMALIZEDGAS CHROMATOGRAPHANALYSESOF RICH ZONEGAS SAMPLES
FROMSIMILAR TEST CONDITIONS

Test No. 43-3 44-3 45-3 46-3 47-3
Eq. Ratio 1.47 1.36 1.35 1.36 1.33

H2 5.59 1.23 3.26 5.96 3.71
C02 13.58 16.51 11.54 15.34 16.19
C2H_ 2.8e-3 0.00 4.3e-3 0.019 7.0e-3

C3H_ 6o7e-3 0.00 0.026 0.046 0.041
02 0.98 0.98 6.51 0.96 0.99
N2 72.61 74.75 72.80 71.33 73.02
CH4 0.19 0.00 0.29 0.34 0°22
CO 7.03 6.53 5.57 6.00 5.83

To t aI 100. O0 100. O0 100. O0 i 00. O0 100. O0

Calculated
Heat. Val 40.0 24.4 30.2 40.2 32.0

(Btu/scf)

zone. Also, the higher 02 levels detected by the on-line oxygen analyzer and
the higher combustion temperatures in the rich zone indicates that more oxygen
was present in the rich zone than the equivalence ratio indicates. The
equivalence ratio calculated for the rich zone should have resulted in
significantly higher CO, H_ and C02 emissions.

4.3.2.3 Statistical Analysis of Parametric Tests 43 through 47

A statistical analysis of parametric combustion tests 43 through 47 was
completed. Since not all test conditions were able to be achieved, one
statistical analysis was performed on tests 44 and 46 which were two complete4
2 factorlal designs.

These analyses were also run on all the successful tests in tests 43
through 47 even though all of these tests were not complete 2" test matrices.
The main variables examined were fuel type (XO), atomizing air-to-fuel ratio
(X3), combustion air temperature (X7), combustor pressure (X8), and fuel firing
rate (X29). The measured responses were lean zone carbon burnout as calculated
from the particulate sample, and the cyclone ash carbon burnout. One-way sta-
tistical analyses looked at the effects of the main variables on the responses
while the two-way analyses looked at the main variables and the interactions
between these variables. Two-way analyses provided higher R-squares with the
same number of model variables so these analyses are reported here. Two vari-
able interactions are noted by a - symbol between the number of each variable
(e.g., XO-7 is the interaction between the fuel type and the combustion air
temperature). Input values were coded to provide input numbers that ranged
between -I and 1. Coded variables were calculated using the equation:

Coded X = (X - CP)/(Xh - CP) (2)
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where X = measuredvariable
Xh = highestmeasured variable
CP = variablecenter point = (Xh+ Xl)/2
XI = lowestmeasured variable

This allows the magnitudeof parameterestimateto indicatethe relative
importanceof the statisticallysignificantvariables.

Table 32 indicatesthat fuel type (XO) and the fuel type/combustionair
temperatureinteraction(XO-7)were alwaysstatisticallysignificantand the
fuel type/fuelfiring rate interaction(X0-29)was statisticallysignificant
in the cycloneash carbon burnout. R-squaredranged from about 0.67 for the
lean zone ash carbonburnoutmeasurementsto approximately0.81 for the
cyclone ash carbonburnoutmeaningapproximately67 to 81 percent of the data
can be predictedusing two or three simpleparameters. Convertingthe coded
variablesback to the originaldata resultsin the followingmodels for
predictingcarbon burnout (CB):

Lean Zone CB = 98.2355- 25.406* XO + 0.03046* XO-7 (3)

CycloneAsh CB = 99.5833- 41o7465* XO +
0.02284* XO-7 + 2.104E-5* X0-29 (4)

where XO = fuel type, Otisca = 1, Kemmerer= O;
X7 = combustionair temperature,(°F);
X29 = fuel firing rate, (Btu/hr);
XO-7 = fuel type/combustionair temp interaction,XO * X7;
X0-29 = fuel type/fuelfiringrate interactionXO * X29;

TABLE 32

TWO-WAYINTERACTIONSFOR PARAMETRICTESTS 44 AND 46

Lean Zone Carbon Burnout

Parameter Standard Type II Sum
Variable Estimate Error of Squares F Prob>F

INTERCEP 98.23555 0.83588 173704.0387 13811.6 0.0001

XO -6.17146 1.22923 317.0110 25.21 0.0001

XO-7 7.08161 1.28269 383.3407 30.48 0.0001

Model R-Square= 0.6741

Cyclone Ash CarbonBurnout

Parameter Standard Type II Sum
Variable Estimate Error of Squares F Prob>F

INTERCEP 99.58333 0.71634 178503.12500 19325.4 0.0001
XO -9.16260 1.06175 687.87585 74.47 0.0001
XO-7 5.30939 1.12268 206.58103 22.37 0.0001
X0-29 4.80100 1.15547 159.46437 17.26 0.0002

Model R-Square= 0.8121
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This model indicates that the Kemmerer fuel resulted in a significant
increase in the carbon burnout under otherwise comparable operating conditions
(especially at lower combustion air temperatures and lower fuel firing
rates), lt should be remembered that this model is only valid between the
ranges studied for the combustion air temperature (400 to 800°F) and fuel
firing rate (0.7 to I,OMM Btu/hr). The carbon burnoutfor the Kemmererfuel
was not affectedby the combustionair temperatureand fuel firing rate in
these operatingranges while the Otisca bituminousfuel showed some increase
in carbon burnoutwith increasingcombustionair temperatureor fuel firing
rate.

Table 33 displaysthe importantdata from a statisticalanalysisof tests
43 through 47 even though not all test matriceswere complete.

Table 33 indicatesthat the model R-squarehas dropped approximately15
to 20% by performingthe regressionon all of the successfultest periods,
This drop in R-squareis partiallydue to analyzingincompletetest
matrices. The lean zone carbonburnoutcan be estimatedfrom the variables
fuel type (XO), and the fuel type/combustionair temperatureinteraction(XO-
7). The significantvariablesfor the cycloneash carbon burnout are again
fuel type (XO), the fuel type/combustionair temperatureinteraction(XO-7),
and the fuel type/fuelfiringrate interaction(X0-29). The models for
estimatingthe carbon burnout (CB)as calculatedusinguncoded data are as
follows:

TABLE 33

TWO-WAY INTERACTIONSFOR PARAMETRICTESTS 43 THROUGH 47

Lean Zone Carbon Burnout

Parameter Standard Type II Sum
Variable Estimate Error of Squares F Prob>F

INTERCEP 97.43790 0.54074 408248.26578 32469.3 0.0001
XO -4.39296 0.90934 293.43283 23.34 0.0001
XO-7 5.26065 1.02112 333.71445 26.54 0.0001

R-Square= 0.4677

CycloneAsh Carbon Burnout

Parameter Standard Type II Sum
Variable Estimate Error of Squares F Prob>F

INTERCEP 98,67883 0.49214 418713.05525 40202.5 0,0001
XO -7.33964 0.84056 794.09003 76.24 0.0001
XO-7 4.64148 0.95814 244.40577 23.47 0,0001
X0-29 3.82Q21 0.98285 157.34616 15.11 0.0002

R-Square = 0.6783

NOTE: The model was not of full rank. A full rank subset of the model was
chosen°
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Lean Zone CB = 97.4379 - 18.6816 * XO+ .022626 * XO-7 (5)

Cyclone Ash CB = 98.6788 - 34.3989 * XO+
0.01996 * XO-7 + 1.674E-5 * X0-29 (6)

where XO = fuel type, Otisca = I, Kemmerer = O, Beulah-Zap = O;
X7 = combustion air temperature, (°F);
X29 : fuel firing rate, (Btu/hr);
XO-7 = fuel type/combustion air temp interaction, XO* X7;
X0-29 = fuel type/fuel firing rate interaction XO* X29;

These models again indicate that fuel type has a significant effect on
' the measuredcarbon burnout. The LRC fuels have high carbon burnouts,97.5 to

98.7%, and appear to be relativelyunaffectedby other operatingparameters
(i.e.,all interactionsgo to zero), however,the bituminousfuel was
significantlyaffectedby combustionair temperatureand fuel firing rate. In
both models,bituminousfuel carbonburnoutscomparableto LRC fuels can be
achievedbut only under the most optimumconditions.

4.3.3 Ash and Slag Deposi__ttAnalysis

As might be expected with the relatively high ash in the Beulah-Zap coal
and repeated reports from other coal-fired gas turbine researchers, signifi-
cant ash deposition and slagging occurred in the turbine simulator. Four
samples of combustion ash were collected during each of these slurry combus-
tion tests in the turbine simulator. These samples were comprised of slag
taken from the refractory-lined wall in the rich zone; a slag sample taken
from the quench zone; a sample of ash taken off the refractory-lined wall of
the lean zone, a sample of ash collected in the cyclone after the back
pressure control valve, and sometimes a sample was collected off the deposi-
tion probes if an adequate sample could be obtained. Tables 34 through 40
show the chemical composition of the coal ash and slag or fly ash samples from
the cyclone for the combustion tests completed during the shakedown testing.

Table 34 indicates that the Taggart-seam bituminous coal ash was origin-
ally high in Quartz (Si03),Alumina(A1203),and Iron (Fe203). In general,
the collectedash samplesfrom the LRC fuel tests were low in S03 indicating
its releaseas S02 into the combustiongases. The bituminousfuel ash (espec-
ially the cyclone ash) containedsignificantquantitiesof S03, primarilydue
to the largequantityof unburntcarbon still in the fly ash. The composition
of the other constituentsdoes not indicatethe preferentialdepositionof any
componentin a single area of the turbine. The X-ray diffractionmineralogy
shown in Table 34 again indicatesthat the ash'smajor constituentswere not
concentratedin a particulararea of the turbinesimulator.

Figures18 and 19 are picturesshowingdepositsthat formed in the rich
zone and immediatelyafter the quenchzone, respectively,for turbinetest 34
using the Otisca Bituminouscoal/waterfuel.

Figures20 and 21 are picturesshowingsimilardepositsformed in the
rich zone and immediatelyafter the quench zone, respectively,for turbine
test 35 using the Beulah-Zaplignitecoal/waterfuel. When comparedto the
picturesfrom the bituminousfuel it is obviousdepositionand slaggingare
more of a problemwith the low-rankfuels.
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Figures 22 and 23 are pictures showing deposits formed in the rich zone
and immediately after the quench zone, respectively, for turbine test 37 using
the Otisca Bituminous coal/water fuel.

Figures 24 through 27 are pictures showing deposits formed in the rich
zone and immediately after the quench zone, respectively, for turbine tests 38
and 40 using the Kemmerer subbituminous coal/water fuel.

These analyses indicate the rich zone ash samples from the combustion
test using Otisca and Beulah-Zap fuels were concentrated in alumina oxide,
possibly due to contamination from the refractory while combustion tests using
Kemmerer fuel showed a small concentration of quartz in the rich and quench
zones. The ash samples from the short residence time combustion test (test
35) using the AMAX-cleaned Beulah-Zap lignite slurry indicate a small
concentration of quartz in the ash while the iron concentration remains
relatively constant. XRD analysis suggests that the residual magnetite from
the physical cleaning process remains as magnetite in the reducing atmosphere
of the rich zone but is converted to hematite when it reaches the highly
oxidizing atmosphere encountered in the lean combustion zone. As indicated by
these photographs, the low-rank slurries had significantly larger deposits
than the Otisca slurry, primarily due to its high ash content and lower ash
fusion temperatures.

TABLE 34

CHEMICAL COMPOSITIONOF OTISCA COAL ASH AND SELECTEDASH SAMPLES
FOR COMBUSTIONTEST 34

Wt% S03 Free Rich Depos. Cyclone
Otisca _ Probe Ash

Si02 35.0 40.5 37.3 37.2

A1203 25.3 40.7 28,7 33.8

Fe_03 18,8 10.1 20.5 17.6

Ti03 3.8 2.2 4.2 3.4

P20s 0.4 0.I 0.0 0.4

CaO 11.8 4.2 6.3 4.8

MgO 2.5 1.4 1.7 1.5 •

Na20 0.8 0.0 0.0 0.0

K20 io6 0.7 1.2 1.3

TOTAL i00.0 99.9 99.9 I00.0

5O



X-Ray Diffraction Analysis

Coal Ash: Gypsum/Anhydrite and Quartz (Major)

Rich Zone Slag: Sillimanite and Mullite (Major), Corundum (Minor), Unknown
(trace)

Deposition Probe Ash: Albite and Iron Oxide (major}

Cyclone Fly Ash: Hematite (Major), Corundum and Powellite (Mino_'), Mullite

(Trace)

TABLE 35

CHEMICAL COMPOSITIONOF BEULAH-ZAPCOAL ASH AND SELECTEDASH SAMPLES
FOR COMBUSTIONTEST 35

Wt% S03 Free
Beulah- Rich Quench Lean Depos. Cyclone

Za___._ S_la_laq SI__ Ash Probe Ash

Si02 21.9 28.0 25.5 27.7 16.3 25.2

A1203 7.5 7.2 6.8 13.0 8.0 6°3

Fe203 65.7 60.7 63.6 53.1 70.6 64.2

Ti02 2.1 2.0 2.1 2.6 2.4 2.0

P20s 0.0 0.0 0.0 0.0 0.0 0.0

CaO 2.1 1.7 1.6 2.8 2.2 1.8

MgO 0.0 0.0 0.0 0.i 0.0 0.0

Na20 0.0 0.0 0.0 0.0 0.0 0.0

K20 0.5 0.5 0.4 0.6 0.5 0.4

TOTAL 99.8 i00.I 100.0 99.9 i00.0 99.9

XRD Analysis

Coal Ash: Magnetite (major), Quartz (minor)

Rich Zone Slag: Magnetite (major), Hematite and Quartz (minor), Noselite
(trace)

Quench Zone Slag: Magnetite (major), Hematite (minor), unknown (trace)

Lean Zone Ash: Hematite (major), Quartz (minor), magnetite (trace)

Deposition Probe Ash: Hematite (major), Calcium Aluminum Ortho Silicate
(trace)

Cyclone Fly Ash: Hematite (major), Quartz and Magnetite (minor), Noselite
(trace)
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TABLE 36

CHEMICAL,COMPOSITIONOF BEULAH-ZAPCOALASHANDSELECTEDASHSAMPLES
FORCOMBUSTIONTEST 36

Wt% S03 Free
Beulah- Rich Quench Lean Depos. Cyclone
Zap._ S_cI Slag_ Ash Probe Ash

Si02 40.0 36.6 42,0 35,6 34,8 42.3

Al203 14.9 18.4 10,1 12.5 10.2 11.8

Fe203 36.5 39,9 42.5 46.8 49.8 40.4

Ti02 3,1 2.0 3.2 2,6 2.8 3.0

P20 5 0.0 0.0 0.0 0.0 0.0 0.0

CaO 2.8 2.2 1.8 1.9 2.0 1.8

MgO 0.5 0.3 0.0 0.I 0.0 0.3

Na20 0.0 0.0 0.0 0.0 0.0 0.0

K20 0.6 0.4 0.4 0.4 0.4 0.4

TOTAL 100.1 99.8 100.0 99.9 100.0 100.0

TABLE 37

CHEMICAL,COMPOSITIONOF OTISCACOALASHANDSELECTEDASHSAMPLES
FORCOMBUSTIONTEST 37

Wt% S03 Free
Beulah- Rich Quench Lean Depos. Cyclone
Zap _ __Sl_ Ash Probe Ash

Si02 35.0 22.0 38.3 29°6 30.9 34,5

Al203 25.3 54.2 27.9 23,5 24.2 27,4

Fe203 18,8 13,5 20,9 24.4 16.9 22.1

Ti02 3.8 1.0 3.7 3.7 4.0 3.9

P20 s 0.4 0.0 0.0 0.4 0.2 0.2

CaO 11.8 7.0 6.0 15.9 20,9 9,3

MgO 2,5 2.0 1.5 1.4 1,5 1,4

Na20 0.8 0,0 0.0 0.0 0,0 0.0

K20 1.6 0.3 1.8 1.1 1,2 1,5

TOTAL 100.0 1.00.0 100.1 100.0 99,8 100.3
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TABLE38

CHEMICALCOMPOSITIONOF KEMMERERCOALASHANDSELECTEDASH SAMPLES
FORCOMBUSTIONTEST 38

Wt% S03 Free Rich Quench Lean Depos. Cyclone
Kremmerer Slag _ Ash Probe Ash

Si02 60.7 74.6 67.6 56.3 56.6 59.6

Al z03 19.8 12.6 16.8 23°6 23.2 21.2

Fe203 9.0 6,2 7.5 9.1 9.0 8.7

Ti02 1.3 0.9 i.I 1.6 1.5 1.4

P20s 0.4 0.2 0.2 0.I 0.2 0.I

CaO 5.8 3.6 4.6 6.2 6.5 6.2

MgO 2.6 1.5 1.9 2.5 2.5 2.3

Na20 0.0 0.0 0.0 0.0 0.0 0.0

K20 0.5 0.3 0.3 0.5 0.4 0.4

TOTAL i00. I 99.9 I00.0 99.9 99.9 99.9

TABLE39

CHEMICALCOMPOSITIONOF KEMMERERCOALASHANDSELECTEDASH SAMPLES
FORCOMBUSTIONTEST 39

Wt% S03 Free Rich Quench Lean Depos. Cyclone
Kemmerer _ S1aq_ Ash Probe Ash

Si02 60.7 74.4 68.6 66.3 ND 60.9

A1203 19.8 12.3 15.1 17.0 ND 19.8

Fe203 9.0 7.1 8.5 8.3 ND 9.3

Ti02 1.3 0.9 1.1 1.3 ND 1.4

P20s 0.4 0.2 0.2 0.1 ND 0.2

CaO 5.8 3.4 4.3 4,8 ND 5.7

MgO 2.6 1.3 1.9 1.7 ND 2.1

Na20 0.0 0.0 0.0 0.0 ND 0.0

K20 0.5 0.3 0.3 0.4 ND 0.4

TOTAL i00. i 99.9 ! _._0.0 99.9 ND 99.8

ND Not Determined
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TABLE40

CHEMICALCOMPOSITIONOF KEMMERERCOALASHANDSELECTEDASHSAMPLES
FORCOMBUSTIONTEST 40

Wt% S03 Free Rich Quench Lean Depos. Cyclone
Kemmerer _ _S__Ia_aq__ Ash Probe Ash

Si02 60.7 44.2 62.8 59.1 ND 60.7

AI 203 19.8 40.0 18.5 20.9 ND 19.6

Fe203 9.0 9.3 9.6 9.6 ND I0.i

Ti02 1.3 0.8 1.2 1.4 ND 1,4

P20 s 0.4 0.0 0.i 0.2 ND 0.i

CaO 5.8 3.9 5.3 6.1 ND 5.6

MgO 2.6 1.6 2.1 2.3 ND 2.1

Na20 0.0 0.0 0.0 0.0 ND 0.0

K20 0.5 0.3 0.4 0.5 ND 0.5

TOTAL 100.1 99.8 100.0 100.1 ND 100.I

ND Not Determined

Figure 18. Photographof Rich Zone Deposits Figure 19. Photographof Quench Zone
for Combustion Test 34 Using Deposits for Combustion Test
Otisca Bituminous CWF. 34 Using Otisca Bituminous CWFo

__
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Figure 20. Photographof Rich Zone Deposits Figure21. Photographof Quench Zone
for CombustionTest 35 Using Depositsfor CombustionTest
Beulah-ZapLigniteCWF. 35 Using Beulah-ZapLignite

CWF.

4_i',,

' ,;t

Figure 22. Photograph of Rich Zone Deposits Figure 23. Photograph of Quench Zone
for Combustion Test 37 Using Deposits for Combustion Test 37
Otisca BituminousCWF. Using Otisca BituminousCWF.
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Figure 24. Photograph of Rich Zone Deposits Fiqure 25. Photograph of Quench Zone
for Combustion Test 38 Using Deposits for Combustion Test 38
Kemmerer Subbituminous CWF. Using Kemmerer Subbituminous

CWF,,
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Figure 26, Photograph of Rich Zone Deposits Figure 27, Photograph of Quench Zone
for Combustion Test 40 Using Deposits for Combustion Test 40
Kemmerer Subbituminous CWF. Using Kemmerer Subbitl.iminous

CWF.
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Tables 41 through 44 show the chemical composition of the ash samples
collected from the parametric test matrices run in tests 44 through 47. The
concentration of alumina in the rich zone ash from test 44 is probably due to
contamination of the slag with the wall refractory. The composition of the
other constituents does not indicate the preferential deposition of any
component in a single area of the turbine.

Figures 28 through 35 are photographs of the rich zone looking toward the
quench zone and pictures looking at the first deposition probe for turbine
tests 44, 45, 46 and 47, respectively. As can be seen, the bituminous fuel
test had some deposition around the quench zone but the rich zone was
relatively free of slag. The deposition probe from this test was relatively
clean of deposits but did show some signs of erosion. The two subbituminous
fuel tests (tests 45 and 46) had significant slag deposits in the rich and

• quench zones and also had some deposits around the first deposition probe.
The Beulah-Zap lignite fuel test had very large slag deposits in the rich and
quench zones. The deposition probe in this test was not visible due to a
deposit completely covering the probe and blocking off half of the flow area
around the probe.

In Table 45, the weight of ash in was calculated from the total weight of
slurry feed to the turbine at the measured solids loading and ash content.
Weights of rich zone slag used to calculate the percentage of ash recovered in
that zone were typically contaminated with some refractory, giving inflated
percentages of retained ash. Table 45 indicates that the Beulah-Zap lignite
fuel had a much higher deposition potential as indicated by high levels of ash

TABLE 41

CHEMICAL.COMPOSITIONOF OTISCA COAL ASH AND SELECTEDASH SAMPLES
FORCOMBUSTIONTEST 44

Wt% S03 Free Rich Quench Lean Depos. Cyclone
Ot i sca _ __S1a]ag__ Ash Probe Ash

SiO 2 37.0 17.2 37.0 39.9 40.8 36.8

AI 20s 28.8 66.1 29.9 45.2 37,9 33.0

Fe203 20.1 8.4 21,5 5.8 10.9 19.4

Ti02 4.4 1.3 3.9 2.8 2,9 3.7

P20s 0.4 0.0 0.0 0.3 0.3 0.2

CaO 5.7 4.7 5.1 3.3 4.1 4,2

MgO 1.6 2.0 1.3 1.6 1.6 1.3

Na20 0.0 0,0 0.0 0.0 0.0 0.0

K20 1.8 0.4 1.3 1.0 1.3 1.4

TOTAL 99.8 i00,I i00.0 99.9 99.8 i00.0
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TABLE42

CHEMICALCOMPOSITIONOF KEMMERERCOALASHANDSELECTEDASHSAMPLES
FORCOMBUSTIONTEST 45

Wt% S03 Free Rich Quench Lean Depos. Cyclone
Kemmerer _ Slag Ash Probe Ash

Si02 49.0 57.5 56.3 48.8 48.9 51.4

Al20_ 22.0 24.5 18.8 25.9 22.7 22.1

Fe203 14.5 11.0 15.4 14.0 16.2 15.2

Ti02 1.2 0.8 1.2 1.5 1.2 1.2

P20s 0.4 0.0 0.0 0.0 0.0 0.0
CaO 9.1 4.4 6.0 6.9 7.9 7.1

MgO 3.5 1.7 2.0 2.4 3.0 2.8

Na20 0.0 0.0 0.0 0.0 0.0 0.0

K20 0.2 0.i 0.2 0.3 0.2 0.2

TOTAL 99.9 i00.0 99.9 99.8 100.1 100.0

TABLE43

CHEMICALCOMPOSITIONOF KEMMERERCOALASHANDSELECTEDASHSAMPLES
FORCOMBUSTIONTEST46

Wt% SOs Free Rich Quench Lean Depos. Cyclone
Kemmerer _ __Sla_aq_ As___h_h Probe Ash

Si02 49.0 57.3 53.5 54.6 47.0 43.7

Al203 22.0 19.1 20.0 20.1 23.9 24.5

Fe203 14.5 13.6 15.6 14.0 15.3 18.0

Ti02 1.2 1.0 1.1 1.1 1.3 1.3

P_Os 0.4 0.0 0.0 0.0 0.0 0.0

CaO 9.1 6.5 7.0 7.3 8.9 9.1

MgO 3.5 2.4 2.5 2.7 3.4 3.3

Na20 0.0 0.0 0.0 0.0 0.0 0.0

K20 0.2 0.i 0.2 0.2 0.2 0.2

TOTAL 99.9 100.0 99.9 100.0 100.0 100.1



TABLE44

CHEMICALCOMPOSITIONOF BEULAH-ZAPCOALASHANDSELECTEDASH SAMPLES
FORCOMBUSTIONTEST 47

Wt% S03 Free Rich Quench Lean Depos, Cyclone
Beulah-Zap _ Slag Ash Probe Ash

Si02 25,2 30,9 33,7 29,9 23,9 25,6

Al203 20,5 24.5 18.5 21.9 20,9 19.0

Fe203 29.2 29,9 32,3 31,6 33,7 37,5

TJ02 1,8 1,4 1,5 1,6 1,6 1,6

P20s 1,5 0,3 0,3 0,3 0,8 0,4

CaO 16,3 11.0 11.1 11,9 14,0 12,8

MgO 4,8 2,1 2,5 2,6 4,2 3,0

Na20 0,0 0,0 0,0 0,0 0,9 0,0

K20 0,7 0,i 0,i 0,2 0,0 0,2
t

TOTAL 100,0 1.00.2 100,0 100,0 100,0 100,1

., ,F ', Wr '',_
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Figure 28. Photograph of Rich and Quench Zone Figure 29. Photograph of Deposition Probe
Deposits for Combustion Test 44 #I Deposits for Combustion
Using 4.3-Micron Otisca Bituminous Test 44 Using 4.3-Micron
CWF. Otisca Bituminous CWF.
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Figure 30. Photographof Rich and Quench Figure 31. Photographof Deposition
Zone Depositsfor Combustion Probe #1 Depositsfor
Test 45 Using lO-MicronKemmerer CombustionTest 45 Using 10-
SubbituminousCWF. Micron Kemmerer Subbituminous

CWF.

f
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Figure 32. Photographof Rich and Quench Figure33. Photographof DepositionProbe
Zone Depositsfor Combustion #I Deposits for CombustionTest
Test 46 Using 20-MicronKemmerer 46 Using 20-MicronKemmerer
SubbituminousCWF. SubbituminousCWF.
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Figure 34. Photograph of Rich and Quench Figure 35. Photograph of Deposition Probe
Zone Deposits for Combustion #I Deposits for Combustion Test
Test 47 Using 15-Micron Beulah- 47 Using 15-Micron Beulah-Zap
Zap Lignite CWF. Lignite CWF.

FABLE 45

ASH MATERIA[ BALANCECALCULATIONSFOR THE TURBINE SIMULATOR
TESTS 43 THROUGH47

Test No. 43 44 45 46 47
Fuel Name Otisca Otisca Kemmerer Kemmerer Beulah

Wt. Ash In (gm) ].078 2137 4763 7615 6928

Percent of Ash In:

Rich Zone Ash (%) 0.35 7.8 4.4 4.5 33.2
Quench Zone Ash (%) 1.00 0.14 0.06 0.43 0.39
Lean Zone Ash (%) 1.00 0.21 7,8 8.3 36.0
Depos. Sect, Ash (%) ND 0.16 0.09 0.19 0.78
Cyclone Ash (%) 40.1 40,9 20.5 23.5 13.5

Ash Closure (%) 42.45 49.21 32.85 36.92 83.87
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recovered in the rich and lean zones and the overall high ash closure. The
Kemmerer also showed higher deposition levels than the Otisca fuel, especially
in the lean zone area. Most of the recovered Otisca ash was recovered in the
cyclone pot. This is probably the result of the cyclone ash containing high
levels of carbon (70% or greater), thus a large percentage of the fine mineral
grains is still tied up irl the char cenospheres and has not been released from
the char particle where it could contact internal surfaces to form deposits.
In addition, the agglomerating nature of the bituminous fuel tends to increase
the efficiency of the cyclone on the exhaust of the turbine simulator, thereby
collecting a higher percentage of particulate entering the cyclone.

4.4 Design and Construction of a Pressurized Atomization Spray Chamber

lt has been proposed to modify an existing pressure vessel to include
observation ports to perform atomization studies under typical turbine
operating pressures and air flows. The main objective of this work is to
determine if differences in atomization quality account for the improvements
in carbon burnout experienced with LRC fuels. The design of the spray chamber
involves an existing 11.25-in ID pressure vessel that will be modified to
provide optical access perpendicular to the direction of the atomized spray.
The optical access consists of two diametrically opposite 3"-sight ports for
the use of high speed photography. In addition, a 2"-sight port opposite a
I"-NPT port, through which a sight pipe can be inserted is also planned. The
use of a sight pipe reduces the length of spray the Malvern 2600 laser beam
must pass through and eliminates the potential for vignetting that could occur
if the beam were to pass through the complete spray cone. A honey comb
catalyst support will be used as a flow straightener to provide a laminar flow
of air around the atomizing nozzle. The height of the atomizer in
relationship to the optical ports will be adjustable from outside the pressure
vessel thus allowing the atomizer position to be changed during a single
atomization test.

The atomized slurry will be collected in a funnel at the bottom of the
spray chamber where it will be drained off periodically through a hand
valve. Pneumatic control valves will be used to control the air flow rate and
to back pressure the spray chamber. High speed photography will be
accomplished using a high speed strobe to back light the slurry droplets
during atomization. The use of high speed photography will allow droplet
sizes larger than 564-microns (the top size for a Malvern particle size
analyzer with a 30Ohm lens) to be detected and will also provide information
about the spray angle obtained under a given set of operating conditions.

4.5 Design and Construction of a Pressurized Drop-Tube furnace

The emergence of advanced coal combustion technologies such as coal
slurry-fired gas turbines requires fundamental knowledge of the fuel
combustion processes at elevated pressures. Of critical importance are the
basic combustion kinetics and the fate of coal mineral matter in such
systems. To address these issues, a pressurized drop-tube furnace is being
constructed. The pressurized drop-tube furnace (PDTF) will be capable of
operating under the following conditions:

Temperature: ambient to 1500°C
Pressure: ambient to 20.4 atm
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Oxygen: 0 - 20 mol%
Gas Flow: 0 to 20 I/min at 20 atm
Residence Time: 0 to .50 sec
- Optical access at any residence time
- Provisionfor char and ash collection
- Provisionfor ash depositionstudies

The design of the PDTF incorporatesseveralnovel features that will allow
the design goals to be met. A drawingof the PDTF facilityis given in Figure
36. The entire PDTF will be constructedof standard24"- and 6"-flangedpipe
sections. The large pressurevesselcontainsthe furnacesections of the
PDTF. The walls of the vesselare water-cooledto dissipatethe heat from the
furnaces. There will be a preheaterand two furnacesectionslocatedabove the
opticalsight ports and one furnaceafter the opticalsight ports to reduce the
temperaturegradient across the opticalaccess section. Optical access is
providedby four 3"-diameterports in the pressurevessel. Electricalpower is
suppliedto the furnacesby electricalfeedthroughsin the bottom blind flange
of the pressurevessel.

Above the large pressurevesselcontainingthe furnaceis the injector
sectioncontainingthe injectorassembly. The injectoris a one inch diameter
water cooled probe sheathed in high temperatureinsulation. Above the
injectorsection is the translatingmechanismfor raisingand loweringthe
injectorinto the ceramictube insidethe furnaceassembly. The injectormay
be retractedcompletelyout of the furnacewhen not in use or may be lowered
into the furnaceto give the desiredresidencetime between0 and 0.5
second. Small viewportsin the pipe crossesat the bottomand top of the
injectorsectionallow visual inspectionof the probe and sample feeding
behavior.

Below the large pressurevesselis a similarcollectionassembly and
transla_tionmechanism. The collectormay be raisedto the level of the
optical accessports and retractedcompletelyfrom the furnacefor the removal
of sampledepositsor when not in use. Two pipe crosseswith small sight
ports allow inspectionof the collectionprobe operationand the removalof a
blind flangeprovides accessfor the removalof sampledeposits. Cooling
water and samplingconnectionsare carried insidethe translationrods that
move the injectorand collectorassemblies. Both assembliesare
interchangeableto allow for specificfuel types or collectiontasks.

The sample feeder assemblyis a blank flanged6" pipe cross-pressurized
to slightlyabove the furnacepressurewith gas connectionsto the furnace
assembly. The design allowsthe actual samplefeederto be constructedof
liQhtweight material since it does not have to withstandmore than slight
pressuredifferentials. A small sight port allowsinspectionof the feeder
operation,and removalof a blind flange gives accessto the vessel for
fillingor adjustmentof the feeder. The lightweightfeeder can then rest on
a load cell in the pressurevesselto a continuousrecordof the samplefeed
rates. The gas compositionand flow rate of gas intothe PDTF is controlled
by oxygen and nitrogenmass flow controllers. Gas compositioncan be
controlledbetween0-20 mol% at flow rates up to 20 lit/min. The furnace
pressure is controlledby a let-downcontrolvalve at the exit of the furnace.
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A major expansion of the drop.-tube furnace facility to provide more space
for the PDTF has been completed. The furnace assembly, which is the item with
the longest lead time, has been ordered. Ali of the materials for the
construction of the pressure vessels have arrived and construction of the
major components is proceeding as the availability of certified welders
allows.

5.0 CONCLUSIONSAND FUTURE PLANS

The future plans for this project involve atomization testing of low-rank
coal water slurries to determine if their superior burnout is the result of
higher reactivity or just better atomization than bituminous fuels. In this
next quarter, construction of a pressurized drop-tube furnace will be
completed. This pressurized drop-tube furnace will be used to study the
mineral mattRr transformations of various beneficiated LRC fuels. This work
will lead to a better understanding o _ the role various beneficiation
processes play on the ash composition and its chemistry under high temperature
conditions. Next year's work will also include hot-gas cleanup work to finish
evaluating the effects of sorbent addition on SO2 control and to evaluate
potential hot gas cleanup techniques for the control of particulate emissions.
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EXECUTIVE SUMMARY (LIFS)

TASK 3.2A: LIFS PROJECT

The goal of this project is to define the variables that affect the
release of sodium atoms from coals and model compounds at temperatures similar
to those produced in full-scale boilers. Laser-induced fluorescence spectros-
copy (LIFS) was chosen for this task due to its high sensitivity for the
detection of gas-phase atoms. This task complements the drop-tube furnace
project (3.2B) in that the gas-phase species are examined as opposed to the
solid and liquid products.

Difficulties with feeding solid sodium salts were solved with the con-
struction of a spinning spouter solid feeder. This feeder was used to feed
all solids.

The system was moved from the University of North Dakota Chemistry
Department to the University of North Dakota Energy and Mineral Research
Center.

A study of the effect of sodium concentration on the fluo'Escence was
completed. At the leading edge of the flame the fluorescence signal was found
to be linearly dependent on the concentration of sodium.

Horizontal fluorescence profiles were obtained for a number of pure
sodium salts: benzoate, chloride, montmorillonite, sulfate, and carbonate.
Sodium benzoate, sulfate, and carbonate gave fluorescence signals similar to
those for solutions. Sodium chloride and sodium montmorillonite gave signals
much smaller than those for solutions.

Horizontal fluorescence profiles were obtained for a series of Beulah
lignites: plain Beulah lignite, demineralized Beulah lignite, and demineral-
ized Beulah reloaded with sodium. The fluorescence signals were much higher
for these solids than for sodium solutions and, at the leading edge of the
flame, were linearly dependent on the concentration of the sodium fed into the
flame.

Horizontal fluorescence profiles were obtained for a solid with sodium
deposited upon it. Like the lignites, this solid gave a fluorescence signal
much higher than that for sodium solutions.

The effect of sulfur and carbon dioxide on the sodium atom densities in
the flame was studied. For the conditions used, no significant differences in
the fluorescence signals were found.



Chars from Beulah lignite and solid sodium benzoate were analyzed to
determine the percent of sodium in the solids that was vaporized. Both solids
had some sodium remaining in their chars.

TASK 3.2B: DROP-TUBEFURNACEPROJECT

As part of the interim period research, original inorganic constituents,
char, and ash combustion products from the drop-tube furnace (DTF) were
examined for the Eagle Butte subbituminous coal from Wyoming. The purpose of
the research was to observe and characterize the inorganic transformations
that occurred during combustion under carefully controlled conditions.

Three size fractions and a bulk sample of Eagle Butte coal were analyzed
for mineral content using computer controlled scanning electron microscopy
(CCSEM). The major mineral phases observed were quartz, aluminosilicate, a
calcium-aluminum-phosphorus mineral (crandallite?), gypsum, and calcite.
Minor contents of apatite, K and Ca aluminosilicates and barite were also
observed. X-ray fluorescence analysis revealed high CaO contents in all of
the Eagle Butte coal size fractions, ranging from 23%-27% CaO. Chemical frac-
tionation revealed that most of the calcium was organically bound or in a
finely sized carbonate or phosphate form, for all three size fractions of the
Eagle Butte coal.

The most abundant phases observed in the Eagle Butte fly ash multicyclone
samples were calcium oxide followed by quartz and gehlinite. Fly ash that was
classified as less than 6.0 microns in the multicyclone showed very low
amounts of crystalline or chemically ordered phases. The amount of unclassi-
liable amorphous species seems to decrease with decreasing size of fly ash.
Iron in the Eagle Butte fly ash was more concentrated in the smaller size
fraction most likely because iron was associated in the coal as finely
dispersed carbonate or organically bound cations, or because iron particles in
the largest fly ash size fraction were being coated with calcium alumino-
silicates or other materials that mask the identity of an iron-bearing core
material. Other trends noticed were that Fe203 and S03 contents increased
with decreasing particle size, and Si02 increased with increasing particle
size. The SiO_ and AI_03 contents in the fly ash follow trends observed with
the other test coals.

Chars produced from the Eagle Butte 53-74-_m coal were all very high in
CaO. Other major phases produced during the combustion process were calcium
silicate, calcium aluminate, and calcium aluminosilicate. Quartz was drasti-
cally reduced in content in the chars due to reaction with calcium alumino-
silicate and CaO. Submicron calcium-rich minerals or organically bound
calcium is the source for ubiquitous CaO-rich inorganic ash droplets that
appear on the surface of early-stage chars. By 0°8 seconds of combustion, 95%
carbon burnout had been achieved. The early-stage chars show greater quanti-
ties of discrete phases that are iu2-8.0 vm in size, which is evidence for
initial fragmentation of mineral grains° By 0.8 seconds, the char shows
greater quantities of discrete phases or particles that are >8.0 _m in size,
which is evidence for coalescence of fly ash particles.

The major phases observed in the Upper Freeport coal by CCSEMwere
quartz, mixed aluminosilicate (illite), kaolinite, and pyrite. Minor amounts
of calcite and gypsum were also noted. The quartz grains were evenly



distributed in the various size ranges except for the 74-106-_m coal size
fractions, where there was a high level of >11-_m quartz, lllite and pyrite
were found most frequently in the >11-_m size fraction. The chars were
collected in the DTF at five different residence times for the Upper Freeport
coal. The general form of the mineral/phase particle size distribution
remained the same through 0.8 seconds of combustion. The coal mineral and the
char inorganic phases were bimodally distributed. Upper Freeport char
morphologies were examined using the scanning electron microscope (SEM) and
qualitative analyses were performed on selected particles to determine their
relative elemental compositions. Thermal gray}metric analysis (TGA) was
performed on the chars to monitor carbon burnout. Many of the Fe-rich
particles showed significant quantities of aluminosilicate in their composi-
tion and illite-derived particles commonly had high Fe203 contents, lllite in
the coal had lower Si/AI ratios than the illite-derived material in the
char. The data suggest that a depletion of Si in association with AI occurred
during the combustion process.

An additional DTF run was made to collect Upper Freeport O.05-second
char, whereby the char was quenched using the short residence time probe and
then collected in the multicyclone. The major phases present in the Upper
Freeport O.05-second char were montmorillonite, illite, kaolinite, calcite or
calcium oxide, anhydrite, plagioclase (anorthite-albite), quartz, and unclas-
sified material. When compared to the coal, the char revealed a depletion of
calcite, mixed aluminosilicate, illite, and pyrite; most likely because of
melting and interaction with other liquid- or gas-phase inorganic components.
The char showed an enrichment of quartz and kaolinite as compared to the coal.

Upper Freeport fly ash was generated from a 53-74-_m coal size fraction
and analyzed for inorganic phases using SEMPC. Illite-derived was the most
abundant phase recognized by SEMPC. Illite-derived is an amorphous K-
aluminosilicate derived from the clay mineral illite.

Analysis of Robinson coal size fractions by CCSEMindicated that quartz,
kaolinite, Ca-clay (montmorillonite) and pyrite were the most abundant mineral
grains. Quartz was found to be most abundant in the larger size categories
(>Ii-vm). The size distribution of pyrite and kaolinite was variable.
Overall, the majority of the mineral grains were greater than ii vm.

Short residence time combustion tests were conducted to produce chars
from the Robinson /4-I06-um coal. lt appeared that after 0.2 seconds of
combustion, extensive fragmentation of larger sized mineral grains occurred.
The mechanism for the fragmentation phenomenon in the first 0.2 seconds of
combustion was based on the break-up of aggregates of aluminosilicate clays.
At longer residence times of 0.5 and 0.8 seconds there was successive coales-
cence of Finer sized inorganic phases, lt is proposed that CaO, which was
very abundant in the organic fraction of the coal, reacted with alumino-
silicate clays that were abundant as discrete minerals. Calcium silicate
formed as a result of the assimilation of vapo_ or liquid-phase CaO into the
partially molten surface of quartz grains. Robinson char displays initial
inorganic ash droplet formation within the first 100 ms of combustion at
1300°C. The smallest sized inorganic ash particles that begin to form on the
surface of the coal char range from 0.1 to 3 microns in size. These initial
combustion products are high in Ca and some contain significant amounts of
Na. Robinson fly ash produced from the 53-74-_m coal had major phases of



quartz, amorphous kaolinite-derived, iron oxide, anhydrite, melilite, and
plagioclase. Melilite and anhydrite were concentrated in the smaller sized
fraction of the fly ash while iron oxide and quartz were concentrated in
larger size fractions. Kaolinite-derived phases were distributed evenly in all
size fractions. Average chemical compositions of the fly ash size fractions
showed greater CaO, Na20, and SO_ in the smaller sized fractions.

A 53-74-um sieve fraction of Beulah lignite was analyzed for inorganic
transformations. The major minerals identified in the initial coal were
kaolinite and quartz. Minor amounts of gypsum and Ca-aluminosilicate were
also observed. Quartz, kaolinite, and gypsum were most abundant in the 4.4 to
8.0-um size range, while Ca-aluminosilicate was more concentrated in the 2.1
to 4.4-_m range. Chars were produced for this lignite in the drop-tube
furnace and analyzed using CCSEM. The most common phases identified in the
chars were Ca-aluminosilicate, quartz, aluminosilicate, gypsum, and iron
oxide. Pyrite virtually disappeared from the chars after 200 milliseconds of
coal particulate residence time.

Distributions of major inorganic components in the chars and their com--
parisons to similar components in the original coal revealed some interesting
trends. The overall area percent distribution of the inorganic phases showed
a general decrease in material with combustion residence time in the lower
size ranges (<8.0-_m) and an increase in material with time in the higher size
ranges (>8.0-um). Quartz and kaolinite decreased in concentration with
residence time, and Ca-aluminosilicate increased dramatically with time. The
above data may be indicative of coalescence of finer-grained minerals and
interaction of organically bound inorganic constituents to form larger fly ash
grains. In the case of kaolinite (or aluminosilicate) particles, there is
strong evidence to suggest that these particles are undergoing a chemical
transformation from kaolinite to Ca-aluminosilicate particles of nearly the
same size. This inorganic transformation results in Ca-aluminosilicate
particles having nearly the same size distribution as the kaolinite particles
(4.4 - 8.0-_m). The infusion of calcium from organically bound sites, with
the mineral form of kaolinite, may have been the mechanism by which Ca-
aluminosilicate was formed.

The variation in composition and distribution of phases as a function of
particle size was determined for Beulah lignite fly ash. Each stage of the
multicyclone was analyzed using the SEMPCtechnique. The iron oxide and
quartz-derived particles were found in the larger sizes. Kaolinite-derived

: particles were found evenly distributed in Stages 2 through 5. Sodium calcium
sulfate was concentrated in Stage 6 (<1.2 _m).

The most abundant minerals found in the Monticello lignite consisted of
quartz, kaolinite, Ca-clay _nd mixed aluminosilicate. Very little pyrite was
found. Quartz, kaolinite, and Ca-clay had grain sizes that were largely in
the >11-um range for the 38-53-_m and 74-I06-_m fractions. Some of the
aluminosilicate clays occurred as aggregates of I-3-_m particles.

Comparisons between original mineral matter, inorganic phases in early
stage chars, and final fly ash show a progressive reaction of organically

, bound Ca with quartz and aluminosilicate species derived from kaolinite.
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Inorganic ash droplets on the surface of Monticello short-residence-time
char particles were very rich in CaO and consistently showed an alumino-
silicate component with an AI/Si ratio of I:I. These particles were generally
i-3 vm in average diameter and were often rich in Fe203.

Fly ash particle size distributions (PSD) were determined using the
multicyclone and impactor for Monticello, Beulah, Robinson, Upper Freeport,
and Eagle Butte ashes produced in the drop-tube furnace. The PSD data was
interpreted to note trends between original coal size and fly ash particle
sizes for the five coals of varying ranks.

A fly ash particle classification scheme is being developed based on
particle morphology and composition. Four general types of particles have
been initially classified for Beulah and Upper Freeport. Type I particles are
spherical with a relatively smooth surface and are usually composed of Fe-,
Ca-, and Na-rich aluminosilicates. Type 2 particles display complex
crystalline patterns at the particle surface, and are composed primarily of Fe
with minor amounts of Ca and Na. Type 3 particles are aluminosilicates with
AI/Si ratios similar to kaolinite and have irregular surfaces. Type 4
particles have angular shapes and are rich in Si.

Electron spectroscopy for chemical analysis (ESCA) was used to determine
the form of selected elements and the composition of the surfaces of particles
in the multicyclone size cuts for the Beulah Zap lignite ash produced in the
drop-tube furnace. The highest level of sodium was found on the surfaces of
the particles in Stage 6 (<l.2-_m). Aluminum and silicon levels were
relatively constant but dropped off in Stage 6. Sulfur levels increased with
decreasing particle size. The Forms of sodium, calcium, and sulfur were
determined for each stage of the multicyclone. Sodium was in a silicate form
in Stages i to 5 and a sulfate form in Stage 6 (<l.2-_m). Calcium was found
to be in a silicate form in Stage i and a sulfate form in Stages 3 through 6.

1.0 GOALS AND OBJECTIVES

The overall goal is to develop a unified picture of the physical and
chemical changes that occur in coal inorganic matter during combustion. The
research is centered on two main tasks. Task 3.2A deals with the use of
laser-induced fluorescence spectroscopy (LIFS) to study the release of sodium
from various model compounds and coal during combustion in a flame. The
vaporized or released sodium is considered to be an important factor in the
formation of ash-fouling deposits in full-scale utility boilers. Task 3.2B
will study changes in the morphology and chemical associations of inorganic
components in coals during combustion in a drop-tube furnace designed to
simulate the time-temperature profile of a pulverized coal-fired utility
boiler. The primary objectives of the drop-tube furnace task are to develop a
means to predict the size and composition of the fly ash and to provide
adequate information for development of ash deposition modeling efforts to
effectively predict deposit growth. The important information with regard to
ash deposition is the distribution of inorganic gases, liquids, and solids
(intermediate material) as functions of residence time and temperature in a
combustor. The partitioning of the inorganic components will influence the
particle size distribution of the fly ash.



The composition of the ash particles is needed to predict the quantity of
liquid phase present. In the initial stages of deposit growth (via the
inertial impaction transport mechanism), the ability of a particle to stick is
dependent upon the quantity and physical properties (viscosity and surface
tension) of the liquid phase on and within the particle. The latter stages of
deposit growth due to inertial impaction are primarily governed by the
quantity of liquid phase present at the surface of the deposit.

Task 3.2A: LIFS Project

The specified objectives of the LIFS project during this year were to:

i) Develop a technique for obtaining constant and reproducible feed
rates for sodium salts.

2) Integrate the detection system with a laser dedicated to LIFS and
optimized for atomic fluorescence work.

3) Investigate the parameters affecting the ability of the system to
quantitatively measure gas-phase atom concentrations, and define
conditions under which a linear response could be expected using
solution sources of sodium.

4) Complete the study of the model compounds (pure salts) to establish
the effect of anion identity on degree of volatilization.

5) Establish the ability of the system to quantitatively measure varying
sodium concentrations in a given solid matrix.

6) Study the volatilization of sodium from a lignite coal.

7) Develop a simple model system to probe effects of the carbon matrix
on sodium release.

8) Determine the effect of sulfur and carbon dioxide on sodium release
from the model salts.

9) Begin using char analysis to independently determine degree of sodium
evolution from solids in the LIFS burner.

Task 3.2B: Drop-Tube Furnace Project

The specified objectives of the drop-tube furnace project during this
year were to:

i) Determine mineral content (CCSEM analysis) for three size fractions
of Beulah, Robinson, Monticello, Upper Freeport, and Eagle Butte
coals.

2) Produce chars at short residence times in the drop-tube furnace using
Beulah, Robinson, Upper Freeport, and Eagle Butte coals and analyze
these chars using CCSEM.



3) Document the transformation of original minera, ls and organically
bound inorganics with time during combustion in the drop-tube furnace
for the five coals mentioneo ebove.

4) Produce fly ash from the Beulah, Upper Freeport, and Eagle Butte
coals and analyze for crystalline and amorphous species using SEMPC.

5) Determine the particle size distribution of fly ash prnduccG in the
drop-tube furnace for the five coals mentioned above using the
multicyclone and impactor.

6) Determine speciation and surface chemistry of Beulah fly ash using
Auger and ESCA techniques.

2.0 TASK 3.2A: LIFS PRr)JECT

2.1 Introduction

Ash fouling of hea.ttransfer surfaces is the rnostserious operational
problem in boilers fired on low-rank coals. Fouling can cause a serious loss
of boiler efficiency and, in extreme cases, make it necessary to shut a boiler
system down. The costs, therefore, associated with fouling are high. This
has led to the call for much research in this area. lt is the goal of 'the
research presented here to add understanding to the mechanisms causing
fouIirig.

Much has already been done to control fouling in the area of boiler
design (I_2,3). By adding blowers inside the boilers, incorporating large
furnace volumes, and carefully controlling the gas temperatures, the coal
particle size and the gas composition inside the boiler, it is possible to
minimize fouling (4).

Changing the design of the boilers, however, does not attack the root of
the problem. Developing an understanding of mineral matter transformations
should provide a basis for reducing fouling and corrosion in combustors. Some
work has been dome in this area. Gronhovd et al., (5) performed a series of
field tests, the results of which enabled relating fouling to the sodium con-
tent of the lignite used. Sondreal et al., (6) derived an expression for the
fouling rate of a coal, I)ut again the rate was found to be largely rel_ted to
the sodium content of the coal. Tufte and coworkers (7) also found a correla-
tion of fouling tendency with the sodium content of the ash. A possible ex-
planation of these observed correlation_ lies in the flame behavior of sodium-
containing species. Flame-volatilized alkalies can condense on the surfaces
of entrained fly ash particles, forming low-melting layers that enhance the
adhesion of ash particles to heat transfer surfaces (8, 9). Sodium sulfate
particles were shown to form the initial layers of the fouling deposits (i0).

; More current research has focused on the use of additives to reduce
fouli,qg. Shadman and Punjak studied the use of additives to absorb vaporized
sodium (II)o Logan and Richards studied additives for their ability to reduce
the sticking coefficient of coal and ash deposits (I.2). Decreased fouling has
been related to the calcium content of a coal (7). However, Sondreal and
coworkers (13) mixed calcium into a lignite but observed r_,odecrease in

_- fouling.
=
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Although ash fouling has been ','elated to the sodium content of a coal,
much work needs 'to be done before an understdnding of the mechanism of fouling
is gained, lt is believed that the volatilization of sodium is an important
step in the fouling process. Since volatilized sodium has been shown to
contribute to fouling, the work presented here focuses on factors effecting
volatilization of sodium from solids.

Laser-induced fluorescent, -_-spectroscopy (LIFS) was the method chosen for
the study. LIFS has severa_ advantages over other methods for measuring
volatilized sodium. First, it permits an in situ measurement of t_,e gas-phase
sodium, eliminating the need to infer the concentration of the volatilized
sodium in the flame from the end products of the combustion reaction, as is
typically done. lt is highly selective and very sensitive. Calculations ,_one
by Daily (14) snowed that it is possible to obtain detectability limits of
down to i0 -° (mole fraction). LIFS is readily adaptable to high temperature
systems such as flames and, since it provides good spatial and temporal
resolution, LIFS permits the measurement of atom concentrations across the
flame. Laminar-flow burners are typically used, but Wrobel and Pratt (1.5)
measured laser-inouced sodium fluorescence in turbulent flames. LIFS systems
such as the one described below, which uses a flash lamp pumped.-dye lasFr, are
readily adapted to monitoring other species, both atomic and molecular.
Winefordner, using a pulsed N2 dye laser, obtained the best linear dynamic
ranges and detectability limits obtained so far for a wide variety of species
(16).

An LIFS system, however, sees only the single species it was set up to
see. The cu_'rent instrument can observe gaseous atomi_ sodium, but will miss
any molecular or ionic forms of sodium, lt is possible, too, that quenching
reactions compete with fluorescence to such a degree that atomic fluorescence
can not be monitored. The effect of chemical decay can be el imir=.ted by using
the leaJing edge of the flame and only the peak fluorescence value.s (17), and
by saturating the fluorescence signal. Other potentially serious interference
may come from molecular fluerescence of species formed 'in the flames by
concomitants and flame gases, and by Rayleigh and Mie scattering (18).

'The primary focus of this study is on the volatilization of sodium from
solids. Before the solids studies were begun, a number of solution studies
were done to characterize the LIFS system. After completing this work, the
fluorescence signals from a series of solid sodium salts, three Beulah lig...
nites_ and one synthetic sodium solid we_^e studied. The combustion products
from two of these solids were collected and analyzed. Finally, the effect of
sulfur and carbon dioxide gas on 'the fluorescence signals were also studied.

2.2 E×perimental

2,2.1 Laser-lnduced Fluorescence Spectrometer

The study was started using a Phase-R-DL2100b laser and continued with a
Candela SLL-250. In order to narrow the band width of the laser light, each
laser used a system of Schott prisms. The Candela laser also used an etalon
tuned to 589.0 nm. The bandpass of the Candela laser is 0.2 to 0.4 _. with a
power of 150.-350 mJ, and that of the Phase-R laser's is 2 to 3 % with a power
of approximately I J. For the fluorescence measurements the lasers were tuned
to 58_.0 nm, one of the sodium D lines. The output of the Phase-R laser was



already largely horizontally polarized. To obtain horizontally polarized
light from the Candela laser, the laser was turned on its side.

Diagrams of the optical layouts used with the two lasers are shown in
Figures i and 2. In each case the layout consisted of a focusing lens, beam
splitter, photodiode trigger, sample path, and a reference path. The focusing
lens focused the laser beam down to a diameter of 2 mm in the region above the
burner head. The beam splitter, a CaC03 polarizing beam splitter (Ealing no.
34-5595), directed the vertically polarized light to the reference path and
passed the horizontally polarized light through the flame across the burner
head. For the Phase-R laser, the ratio of the intensities of the horizontally
polarized light to the vertically polarized was estimated to be I000:I. The
sample path is made up of two focusing lenses, a polarizer, a neutral density
filter, a monochromator, and a photomultiplier tube (Hamamatsu no. R374) in an
amplifier/socket assembly. The focusing lenses give a solid angle of col'lec-
tion of 0.14 sr. The reference path is made up of a series of neutral density
filters and a photomultiplier tube (Hamamatsu no. R374) in an amplifier/socket
assembly. The photodiode trigger was used to trigger the electronic system, a
diagram of which is shown in Figure 3. A Stanford Research Systems' SRS gated
integrator and boxcar averager (SRS 250) was used to collect the signal from
each optical path. The sample and reference signals were transferred to an
IBM PC/XT computer via an SRS 245 computer interface.

The monochromator (Oriel model 77250) was set at 589.3 rim, and its slits
were set to a height of i mm (front) and 12 mm (back) and widths of 1.400 mm
(front and back). These slits gave a band width of 8.8 nm and allowed the
collection of emission from both of the sodium D lines. The monochromator was
turned on its side so that the slit height was parallel to the laser beam.

For all of the solution measurements the polarizer was set to pass hori-
zontally polarized light. For solids measurements the polarizer was set to
pass vertically polarized light, except for the sodium benzoate and sodium
chloride solid studies. For the latter studies it was set to pass herizontal-
ly polarized light. Neutral-density filters were placed in front of the
monochromator as necessary to keep from saturating tile photomultiplier tube
with light.

2.2.2 _le Introduction

The burner set-up is shown in Figure 4. lt consisted of a O.5-inch
diameter capillary burner head, of the type described by K.M. Aldous and
coworkers, mounted in a Perkin Elmer stainless steel burner body (19). The
capillary head is made up of 75, 1/32-inch capillary tubes. A propeller was
glued under the capillary tubes of the burner head to distribute the solids
more evenly throughout the flame. Better results were obtained when the
propeller was placed lower in the burner body than when it was closer to the
capil_aries. With one exception, the same reducing methane/oxygen flame
sheathed in argon gas was used for the col l,._ction of all data. The components
for this flame were methane, oxygen, and argon supplied at gas flow rates of
1.23, 1.96, and 3.65 L/min respectively. Argon gas flowing at a rate of 2.39
L/min was used to sheath the flame. For the work done with carbon dioxide,
the flame components were methane, oxygen, and 70% Ar/30% C02 (I_inde
Speciality Gases)_ which were supplied at gas flow rates of 1.23, 1.96, and
1.55 L/rain, respectively. Horizontal temperature profiles of these flames
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Figure 4. Burner design for the introduction of solids or solutions into a
flame.

were obtained using a Pt/Pt-lO% Rh thermocouple with a O.03-inch diameter. No
correction for radiative heat "losswas made. Figures 5 and 6 show the I_ori.-

zontal temperature profiles of these flames at 0.41.5and 1.915 inches above
the burner head, the vertical positions used when horizontal fluorescence
profiles were obtained. The corresponding residence times for these vertical
positions are 0.008 and 0.035 seconds.

Solutions were aspirated into the burner using a Perkin-Elmer adjustable
nebulizer. The flow rate of solution into the nebulizer was typically between
1 to 3 mL/min, and 6.1.%of the nebulized solution was actually introduced into
the flame. Solids were fed into the burner using a spinning spouter solids
feeder described in the section on solid Feeder design. The exit tube from
the feeder was connected to the I/8-inch-diameter stainless steel tube fitted

up into the bottom of the burner. Measurement of the solid accumulated irltne
burner body demonstrated a 70% to 98% efficiency of solids delivery to the
flame, depending on the solid introduced.

Solution studies used water as a blank. When a background signal for
solids was measured, it was done by detuning the laser to approximately 580 nm
(a shorter wavelength, out of resonance with the sodium absorption line) and
collecting the light scattered by the flame when it was illuminated by pulses
of the same intensity used to generate sodium emission signals.

For the horizontal fluorescence profiles taken initially--the solid
sodium benzoate, one of the solid sodium chlorides, and the sodium benzoate
and sulfur solid mixture--each point on a graph is the average of five laser
shots. For those done after these, the number of shots was increased to 10 to
15 in order to increase our confidence in the data.
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2.2.3 Solid Preparation

Solid samples with particle sizes between 200 and 325 mesh (45-75-_m in
diameter) were prepared by grinding and sieving the solid salts. The pure
solids were mixed with decolorizing carbon of the same size fraction to
improve their feeding characteristics, and then dried over night. Table I
shows the percent salt by weight and the percent sodium by weight for the
salts used. For the sample of solid sodium benzoate mixed with sulfur, the
sized salt was mixed with elemental sulfur that had been ground and sized and
with sized decolorizing carbon so that the solid mixture was 1.7% sodium by
weight, 10.5% salt by weight, and 6.7% sulfur by weight.

The demineralized coal was prepared by stirring 25 g Beulah lignite with
i00 ml of concentrated HCl for I hour at 50°C. The suspension was filtered
using a Millipore vacuum filtration apparatus with HVLP filter paper. The
filtrate was discarded and the residue washed once with I00 ml of distilled
water. The residue was then stirred with I00 ml of concentrated HF for i hour
at 50°C. The suspension was filtered as before. The resulting residue was
stirred with 100 ml of concentrated HCI for 1 hour at 50°C, filtered, and
washed with 100 ml washes of distilled water until a test of the filtrate with

pH paper indicated that no residual HCI was present. The resulting solid was
either air dried or dried under mild vacuum in a vacuum desiccator.

To prepare the sodium-loaded coal, 50 g of the demineralized Beulah
lignite was placed in a plastic beaker with 5 ml of 0.100 M sodium acetate and
sufficient water to permit easy stirring, and stirred over night. Tileslurry
was vacuum filtered. The resulting solid was dried in a heated vacuum
desiccator for 24 hours.

The sodium-loaded decolorizing carbon was prepared by stirring 50
decolorizing carbon of the desired size range (45-_m to 75-_m) with 1.75 L of
a solution of 11.4 mM sodium benzoate in ethanol over night. The suspension
was then filtered using a Buchner funnel and dried in a vacuum desiccator.

The sodium content of the sodium montmorillonite was analyzed using X-ray
fluorescence (see Table 2). The sodium contents of the three coals, the sodi-
um benzoate loaded on to the decolorizing carbon, and of the chars were ana-
lyzed by atomic absorption. Table 3 shows the results of the atomic absorp-
tion analysis of the Beulah lignite. The sodium content of the demineralized
Beulah lignite and the sodium-loaded Beulah lignite were measured to be I00
and 1400 _g/g respectively. The sodium-loaded decolorizing carbon contained
2400 _g/g sodium.

2.2.4 Char Analysis

For the study of the Beulah lignite and the solid sodium benzoate char,

i char was collected using a water cooled, nitrogen quench probe designed by
= McCollor (20). The probe consists of a series of four concentric steel tubes

in a ceramic sheath (Figure 7). The outer shell is for introducing the quench
gas, the innermost shell removes the combustion gases and the char, and the
remaining shells carry the cooling water. The probe is lowered over the flame
so that the flame is quenched at the desired residence time. Char was col-
lected with a heated cyclone. To estimate the percentage of carbon matter

• lost, both the original sample and the char were analyzed using thermogravi-
metric analysis (TGA)° The sodium content of the original sample and the cI1ar
were measured by atomic absorption.
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TABLE 1

SOLID SODIUM SALT MIXTURES

Sodium Percent oF salt Percent of sodium

__S_a_l_t_ __by weight by weight

Benzoate 10.0 1.6

Chloride 4.] 1.6

MontmoriIlonite 77.8 1.7

Sulfate 5.2 1.7

Carbonate 3.] 1.7

TABLE 2

X-RAY FLUORESCENCEANALYSIS OF SODIUMMONTMORILLONITE

% of Ash
% of Ash (Normal i zed)

Oxide % Elemental % of Ash _Normalized)__ S03.-Free

Silica, Si02 27,96 59.82 63.71 64.18

Aluminum Oxide, A1203 11.37 21.48 22.88 23.05

Ferric Oxide_ Fe_03 2.761 3.95 4.20 4.24

Titanium Oxide, Ti02 0.126 0.21 0.22 0.23

Phosph. Pentoxide, P20s 0.000 0.00 0.00 0.00

Calcium Oxide, CaO 1.083 1.52 1.61 1.63

Magnesium Oxide, MgO 1.772 2.94 3.13 3.15

Sodium Oxide, Na20 1.988 2.68 2.85 2.88

Potassium Oxide, K20 0.502 0.60 0.64 0.65

Sulfur Trioxide, S03 0.277 0.69 0.74 0.00

Totals 47.84 93.89 100.O0 100.O0
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TABLE3

ANALYSISOF BEULAHLIGNITE BY ATOMICABSORPTION

Element _E.q_

Sodium 5700

Calcium 9700

Potassium i00

Iron 6000

Magnesium 2600

Aluminum 3500

Figure 7. Collection Probe.
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2.3 Calculations

Equation 1 was used to calculate the total sodium densities (gas, liquid,
and solid) in the sample region of the flame from the solution aspiration
rates. This equation was reported by Winefordner and Vickers (21) and used by
Smith et al. (22).

C N298 B@ETRT K
Nta = (i)

NTTQ

Nta = the total atom density in the flame (atoms/mm 3)

C = the concentration of sodium in the aspirated solution (ug Na/n_l) or the
weight percent of sodium in the solid in (vg Na/g)

= the aspiration rate of the solution (ml/min) or the feed rate for the
solid (g/mi n)

Q = the flow rate of unburned gases (L/min) at the introduction temperature
(25°C)

E = the sample introduction efficiency = 1.0

B = the reactivity/ionization coefficient = 1.0

N298 = the moles of flame components at the introduction temperature
(moles/min)

NT = the moles of combustion products at T (moles/min)

TRT = room temperature (K)

T = the flame temperature (K)

K = a constant of conversion = 2.619 x 1034 _g atoms Na mm3
2 !

g L

The sample introduction efficiency is a measurement of the efficiency of
• the drop desolvation for solution in the flame. This was assumed to equal 1.0

(100% efficiency) based on the results of Winefordner et al., (23) who showed
100% efficiencies for all aspiration rates at or below 0.15 ml/min. Decreased
efficiencies were not reported until the aspiration rate was increased to 0.5
ml/min. The aspiration rate used for the present solution studies was 0.076
to 0.18 ml/min. The sample introduction efficiency was left as 1.00 for the
solids.

The reactivity/ionization constant is the parameter used to adjust for
reactions or ionization of sodium atoms after excitation by the laser pulse.
Such phenomena would decrease the fluorescence intensity measured from a given
initial concentration of sodium atoms. Muller et al., (24) reported that the
ionization of excited-state sodium atoms is not fast enough to significantly
decrease atomic fluorescence in a hydrogen/oxygen/nitrogen Flame. They also
reported that reactions of sodium atoms with H20 may be significant. Irl the
present study, this coefficient was assumed to be unity.



The SOLGASMIXcomputer code was used with the NaSSi data base to calcu-
late the percentage of atomic sodium of the sodium introduced into the flame.
This program is designed to calculate the distribution of compounds in multi-
component systems by free energy minimization. The values so calculated will

be referred to as Rth values.

The gas-phase sodium atom densities can be calculated (14) from the
fluorescence measurements through the use of Equation 2. This equation is
valid for a three-level system in which saturation has been achieved.
Equation 2 was modified (25) to allow the calculation of the sodium atom
density from the total irtensity of fluoresced light_ producing Equation 3.
The Einstein _oeffici_nt for spontaneous emission was assumed to be the same
for both the :P½ and LP3/2 energy levels (14)

Ntf = (1 + (g,/g3)) 13 + (2)
hu (A37#;)_cV c hu (a2/m_)_cV c

0 331
Ntf = (1 + (gl/g3)) 0"671t + • t (3)

hu (a3/4_)_cVc h_, _A'2/4_)_cVc

The equation symbols and employed values are listed below.

gl = the degeneracy of the 2S½ = 2

g2 = the degeneracy of the 2P½ = 2

g3 = the degeneracy of the 2P3/2 = 4

13 = the fluorescence intensity of 2P3/2 level

12 = the fluorescence intensity of 2P½ level

I t = 12 + 13

h = Plank's constant = 6.63 x i0 -_" Js

= the frequency = 5.09 x 1014 s-1

7 _I
A3=A2 = Einstein coefficient for spontaneous emission = 6.28 x i0 s

_c = the solid angle cut by the collection optics = 0.14 sr

Vc = the sample volume (mm3)

Ntr = the atom density calculated from fluorescence (atom/mm)

Four values were calculated for each solid" N_R_ Nt_, Rf. Rt . The Ntavalue is a calculation of the total sodium density ,_.s, _iqul_i an_ solid) in
the sample region. The Ntr value is a measurement of the concentration of
gas-phase atoms. Dividing Ntr by Nta yields Rra, the mole fraction of total
sodium present as gas-phase atoms, lhe Rth value is this same fraction
calculated using SOLGASMIXfor a condition when all species have equilibrated.
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Note that the symbolism for the various calculated and derived values
used in this report differs slightly from that used previously. What was

formerly called Ntf/Nta is now referred to by one symbol: _ (ratio offluorescing sodium to aspirated sodium). For consistency, fraction of
gas-phase atoms predicted by calculations is now referred to as Rth (thermo-
dynamic ratio, formerly Ntt ). The symbol Ntt is now reserved for-_tom concen-
trations projected from Nta and calculated Rth values (see Section 2.4.4).

For the study of the chars from Beulah lignite, the percent sodium lost
and the carbon lost from the Beulah lignite was calculated from Equations 4
and 5, respectively. Ash is used as a tracer. McCollor used Equation 4 in
his study of the coal chars (20).

I - RC OA x i00 = %C (4)
OC RA

1 - RNa OA x 100 = %Na (5)
ONa RA

Where

OA = % Ash in original sample

RA = % Ash in the residual sample

OC = % original carbon

RC = % residual carbon

ONa = % original sodium

RNa = % residual sodium

2.4 Results and Discussion

2.4.1 Solution Studies

After optimizing the optical alignment and the laser output, work with
solutions was started. The first question to be addressed was whether it was
possible to achieve saturation with our system, since there are several advan-
tages in operating under saturated conditions. Saturation occurs when the
upper state density, Nk, is related to the lower state density by the Factor
gl/gk, where gn is the degeneracy for the state. For a two-level system at
saturation, the fluorescence intensity is independent of the quenching rates
and the laser intensity (26). Here the quenching rates are those for colli-
sion deactivation and for chemical reactions. Figures 8 and 9 show the
fluorescence signal of sodium benzoate solution minus a blank, water, versus
the reference reading in volts (which is a measure of the relative laser
intensity) for the Phase-R and Candela systems. In the case of the Phase-R
laser, saturation occurred around 3.0 volts, and for the Candela laser, around
0.5 volts.
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Next, horizontal fluorescence profiles of sodit_m solutions were studied°
Figures i0 and 11 show the results obtained using a 1500-_g Na/ml sodium
benzoate solution at vertical positions of 0.415 and 1.915 inches above the

burner. The results are. reported in. terms of Rf_a = Ntf/Nt-_ where Ntr is the
measured gas-phase sodlum atom denslty and Nta is the tota_ sodium oensity
(gas_ liquid, and solid) in the same region.--This v_lue gives the ratio of
the fluorescing sodium atoms to tI_e total sodium introduced, and corrects for
slight differences in the introduction rates,

To determine thc fraction of the total signal that was due to scattered
and reflected light, the signal for water was measured and subtracted, This
was done for all solution studies, In order to determine if water was an
appropriate background, the signals from a solution of potassium chloride and
water were compared. No significant differences were observed.

In order to decrease che amount of scattering in our signal we adopted
the technique used by Daily (25), The laser light was horizontally polarized

: by the series of Schott prisms. Since the laser light was polarized, the
scattered light is horizon_ally polarized and lower in intensity than what
would be scattered from an unpolarized laser beam. The fluorescence, however,
is not polarized. By placing a polarizer in the sample path such that it
passes vertical light, it is possible to decrease the ratio of scattered light
to fluorescence light that is collected by the monochromator, since the
scattered light is effectively totally cut out by the polarizer while the
unpolarized fluorescenc_ light is reduced by 50%. Daily achieved a fluores..
cence signal of 2 x i0"- times that of the scattered signal (25). For the
LIFS system, the fluorescence signal for a 1500-_:g/ml solution was typically
I0 to 15 times that of the signal for water.

A horizontal fluorescence profile for a 3dOO-_g Na/ml sodium chloride
solution (Figure 12) differs little from that for the sodium benzoate. This
result is in agreement with the work of Sweeney and coworkers (27), who had
measured the fluorescence from five differing sodium solutions (NAC1, Na2C03,
Na2CO_, Na2S._03, NaCO2C6Hs, and NaOH) using an LIFS system. They found that
fluorescence intensity was independent of the sodium source when using
solutions.

These curves, along with all of the fluorescence profiles done so far,
show a high degree of asymmetry about the flame center. This is attributed to
self-absorption. As is expected, the solution of higher concentration shows a

o greater slump on the far side of the Flame .....the side opposite the optics.
(See Figures i0 and 12). This is consistent with the work of Dally and Chart
(17). As a result, only measurements taken from the flame center out to a

: horizontal position of 0,30 inches can be used for quantitative calculations.

To determine the effect of self.-absorptionon the fluorescence, the fluo-
rescence sigr',al was measured for a series of solutions with differing sodium
concentrations. The concentra, tions selected were those that would give total
sodium concentrations 'in the flame close to those we would obtain from the

solids Figure 13 shows the resul_,_of this w_ko lt is3clear from this
graph that in the region of 1.0xi0-- to 3.0xlO atoms/mm , that Nif is lin-
early related to Nt-. lt is also clear that at these concentrations, N f has
fallen off from tha_ of lower concentrations. However, as long as a ca_ibra-
tion curve like Figure 13 is available it is possible to obtain quantitative
data from an LIFS system.

" ' ,i ,, _h . .
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The distribution of sodium species in the flame was calculated (28) using
SOLGASMIX, which predicted that 39.8% of the sodium introduced would be
present as atomic sodium. The measured value is, however, 7.0%. The results
of the SOLGASMIXcalculation are shown in Table 4. The temperature used for
the calculation, 1548 K, is that seen at about 0.30 inches from the center of
the burner.

Possible reasons for the difference between the predicted value and the
measured value are:

I. The sample introduction efficiency is incorrect.

2. The data base for the calculation is incomplete or incorrect.

3. The system has not achieved a minimum free energy.

4. Not all of the necessary parameters have been accounted for irl the
equation for Ntf.

lt is possible that the sample introduction efficiency is incorrect,
since it was difficult to measure accurately because the introduction rates
used are so low. The efficiency, however, is at most, double that used. lt
is also possible that the value calculated for N f is in error, since the
efficiency of the photomultiplier tubes were nottcalibrated; instead the
response was calculated from the equations and graphs supplied by Hamamatsu in
their catalogue. However, the most likely cause of the difference is that the
flame has not reached a thermodynamic minimum.

2.4.2 Solids feeders

Before any solids work could be done, a reliable solids feeder had to be
built. Several models were built and tested before one was settled upon. The
first model was a spouting bed feeder (Figure 14). This feeder consisted of a
sealed cone with a circulation pump attached to it. The pump pulled the cir-
culating gas, which was argon, out of the top of the feeder into the bottom,
where some of the gas was sent through the bed of solid and the rest was sent

TABLE 4

DISTRIBUTION OF SODIUM IN THE FLAME

Compound Mole %

Na(g) 39.8

NaN(g) 0.1

Na2(g) 2.7 x I0 -s

NaOH(g) 60.1



gas in

deflector

-----_ coal/gas mixture
out to burner

air-tight
funnel

coal

vlb rator prope Iler
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Figure 14, Spouting Bed Feeder.
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up a pipe through the center of the cone. This gas would carry the solid out
the exit tube on the side of the feeder. This feeder would feed solids evenly
but not for the times needed for this study. As Figure 15 shows, when the
solids feeder had just been filled, the feed rate was relatively slow and
even, but as it emptied out, the feed rate decreased. Also, in order to get
it to feed solids that were difficult to feed_ it was necessary to place a
vibrating rod against it. lt was possible to get the feeder to feed fairly
evenly for a long period of time by filling it very _ull (Figure 16). How-
ever, since this feeder required a vibrating rod to run properly, which made
it very noisy and annoying to use, and since it needed many grams of sample to
fill it, the use of this feeder was abandoned.

The second feeder built is shown in Figure 17. lt consisted of a plastic
cone with a tube, which was turned by a stepper motor at the top of the cone,
down tilecenter of the cone. Attached to the tube was a series of stirring
wires and, inserted into the bottom of the tube was another tube with holes
cut into it. The solid would be agitated by the stirring wires and fall into
the holes in the bottom tube. A carrier gas fed into the top of the feeder
would flow down the center tube and pick up any solid in the tube, and exit
out the bottom of the feeder. This feeder fed solids relatively evenly for a

long period of time, but not over short periods of time, since for every step
turn of the motor it fed a pulse of solid. This meant that a microsecond
laser shot might miss the pulse altogether.

The third feeder (Figure 18) built was the one used for all of the solids
work. Again, the solids feeder consisted of a plastic cone with a metal tube,
which was turned by a stepper motor, down its center. A series of propellers
for stirring the solid was attached to the center tube, and another tube with
three holes cut into it was inserted into the bottom of the center tube.
Attached to this bottom tube was a solids trap and the gas line for the
carrier gas. The gas would carry any solid that had fallen into the bottom
tube out of the top of the center tube, where it would create a cloud of solid
irlthe top of the feeder. The gas with entrained solid would then exit out of
the exit tube in the side of the feeder. Solid feed rates obtained from this
feeder are usually between 0.010 and 0.050 g/min. Figure 19 shows how the
feed rate for this feeder typically varies with time. When this feeder was
used to obtain a fluorescence profile for a solid, the feed rate was checked
before and after the profile was taken to increase our confidence in the
measured feed rate for that profile. If any change in feed rate was measured,
the fluorescence profile was repeated.

2.4.3 Solids

Nine different solids were studied including a series of solid sodium
salts, a mixture of a solid sodium salt and elemental sulfur, a series of
three lignites, and a sample of decolorizing carbon with sodium deposited upon
it. Horizontal Fluorescence profiles were taken for all of the solids at
0.415 inches above the burner top, and for a few of the solids, profiles were
also taken at 1.915 inches above the burner top. Because the optical system
was sensitive to small changes, before a horizontal fluorescence profile was
taken for a given solid, the system was calibrated by measuring the horizontal
fluorescence profile of a 1500-_g Na/ml solution of sodium benzoate.
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As was discussed in the section on solids preparation (2.2.3), all of the
solids were sized by grinding and sieving. The resulting particle sizes were
determined with a Malvern laser scattering apparatus. Table 5 shows the
analysis results.

In these solids studies background signals can be measured by detuning
the laser to shorter wavelengths, out of resonance with the sodium absorption
line. However, even when the laser was detuned four nanometers it was found
that a large portion of the background signal was fluorescence caused by
continuum emission of the laser. For example, the off-resonance (continuum-
induced) signal for a 1000-_g Na/ml sodium benzoate solution was 143% and 170%
of that for deionized water at -0.145 and 0.145 inches from the geometric
center of the burner, respectively, and 0.415 inches from the top of the
burner. Under these circumstances, it is difficult to estimate the true
background (from scattering and reflection). The lack of a background
measurement is acceptable as long as the fluorescence signal is significantly
larger than the signal due to reflection and scattering, as is usually the
case. Figure 20 shows the fluorescence and background signal for solid sodium
benzoate. The sodium benzoate curve shown here is typical of the solids.
Background signals were measured for all of the solids except the sodium
carbonate, sodium sulfate, and sodium benzoate deposited on decolorizing
carbon. However, since a significant amount of off-resonance (continuum-
induced) fluorescence occurred for sodium solutions, and since the background
is small relative to the fluorescence signal, the horizontal Fluorescence
profiles of the solids are all graphed here without subtracting a background

: signal.
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TABLE 5

PARTICLE SIZE ANALYSESOF SOLIDS

Solid Mean Particle Size Range

Sodium benzoate 68 20-250

Sodium chloride 79 60-115
,,

Sodium carbonate 26 6-62
i

Sodium montmorillonite 69 5-100

Sodium sulfate 40 10-80

Plain Beulah lignite 20 6-60

Demineralized Beulah lignite 40 10-80

Sodium-loaded, demineralized
Beulah lignite 40 8-112

0,060

0,050 -I +

0,030 - " +I
4 + + 0

-- +

IX: + _

0,020 - .--

0,000 -.

- 0.0 10 - -------"-T_-T_T - I i T------" w i --V'-"'---[_
- 0.400 - 0,200 0.000 0.200 0,400 0,600 O.BO0

distance from geometric cent_ (in)

Figure 20. Horizontal Fluorescence profile of solid sodium benzoate. { I is
the fluorescence signal and is the background signal. The
vertical position was 0.415 inchg_ above th_ burner head. The Nta
at the flame center was 1.2 x I0 _" atoms/mm .
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The solids can be divided into three groups: those that give high sodium
atom densities in the flame, those that give densities similar to that of
solutions, and those that gave a density much lower than that for solutions.

2.4.3.1 The Low Sodium-Releasinq Solids

In this last group were two solids: sodium montmorillonite and solid
sodium chloride. Figure 21 is a horizontal fluorescence profile of solid
sodium montmorillonite. As Table 3 shows, this salt is siliconaceous in
content. The solid sodium chloride is the only simple salt solid in this
group. A horizontal fluorescence profile for solid sodium chloride was first
done with the Phase-R laser (see Figure 22). Because this was the only salt
that behaved in this manner, it was decided to repeat this profile using the

new system (see Figure 23). Again, the Rra for solid sodium chloride was
significantly lower than that for the sodium benzoate solution.

The fluorescence measurements agree qualitatively with the thermodynamic
calculations done for the solid montmorillonite and sodium chloride. The
results from thermodynamic calculations for these solids are shown in Tables 6
and 7. The SOLGASMI_ calculation for the sodium montmorillonite used the
NaAISSi data base ard the temperature was ].821K (28). SOLGASMIXwas modified
for the calculation of the distribution of the sodium from the solid sodium
chloride by adding chloride species likely to be in the flame to the data base
and deleting sulfur and silica species. The chloride species included were
the same as those used by Wibberly and Wall (8). The data base used to make
this calculation is listed in Table 8.

For both solids the percentage of gas-phase atomic sodium is predicted to
be lower than that for the sodium benzoate solution (See Tables 4, 6 and 7).
For the sodium benzoate solution, the predicted percentage of gas-phase sodium
was 40% of the total sodium. The percentage of sodium predicted to be present
in the flame as gas-phase atoms was 7.4% for the sodium montmorillonite and
only a trace percentage for the sodium chloride. Sodium chloride was
predicted to be present almost entirely as sodium chloride gas. The calcula-
tions were also done for two other temperatures (1225 and 1925 K); the results
differed little from those obtained at 1821K (Table 7).

2.4.3.2. The Moderate Sodium-Releasinq Solids

The solids that gave sodium atom densities similar to solutions were the
other simple sodium salts. Figures 24 and 25 are horizontal fluorescence
profiles for solid sodium carbonate and sulfate taken 0.415 inches above the
burner head. Also included in this group is the solid sodium benzoate (Figure

20). All of these salts have Rra peaks around 0.050. Figures 26 and 27 show
horizontal fluorescence profiles for solid sodium carbonate and sulfate at
1.915 inches above the burner head. These profiles have Rfa peaks roughly the
same as those lower in the flame.

The distribution of sodium calculated from SOLGASMIX (29) for the sodium
benzoate was nearly identical to that calculated for the sodium benzoate
solution, lhe NaSSi data base was used and the temperature used was 1821 Km
The results of this calculation are shown in Table 9.
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Figure 21. Horizontal fluorescence profile of solid sodiu_ montmorillonite.

The Nta value at the flame center was 2.4 x 10-_ atoms/mm a. A
horizontal position of 0.000 inches corresponds to the center of
the burner; the vertical position was 0.415 inches above the
burner.
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Figure 22. Horizontal fluorescence profile of solid sodium chloride, obtained
using the Phase-R laser at a vertical position of 0.415 inches

above th_ burner. The Nta value at the center was 2.0 x i0_
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TABLE 6

DISTRIBUTION OF:SODIUM FROMSODIUM MONTMORILLONITE

Compound Mole %

Na(g) 7.4

NaH(g) 0.02

NaOH(,_) 11.2

NaOH(1) 0.2

Na2Si2Os(1) 81.2

Na2Si03 0.09



TABLE 7

DISTRIBUTION OF SODIUMFROMSODIUM CHLORIDE

Co._ound Mole %

Na(g) 3.87 x 10-3

NaH(g) 1.42 x I0 -s

Na2Cl(g) 1.60 x i0 -l°

NaCl (g) -I00

NaOH(g) 1.38 x 10-3

TABLE 8

GASEOUSANU CONDENSEDSPECIES FOR THE
THERMODYNAMICCALCULATIONSON SODIUMCHLORIDE

Gaseous

Cl, CIO, ClO;, CO, CO2, H, H2, HCI, H20, -,
Na, Nail, Na;, NaOH, NAC1, O, 02, OH

NaOH, NAC1, Na;O

Solid

Na, Cl, C
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Figure 24. Horizontal fluorescence profile of solid sodium carbonate at a

vertical position of 0.415 inche_ above the b.urner head. The Ntavalue at the center was 3.1 x 10°_ atoms/mm3
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Figure 25. Horizontal fluorescence profile of soli_ sodium s_jlfate. The Nt
value at the flame center was 2.7 x 10 atoms/mm . A horizonta_
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Figure 26. Horizontal fluorescence profile of solid sodium carbonate at a
vertical position of 1.915 inches abo_e the burner. The Nta value
at the center was 3.7 x i0 _ atoms/mm .
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Figure 27. Horizontal fluorescence profile of solid sodium sulfate at a

vertical position of 1 915 inches abo_e the burner. The Nta value
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TABLE 9

DISTRIBUTION OF SODIUMFROMSODIUM BENZOATE

Compound Mole %

Na(g) 39.5

NaN(g) 0.1

Na2(g) 4.3 x 10-s

NaOH(g) 60.5

2.4.3.3 The Hiqh Sodium-Releasing Solids

The group of solids that gave high sodium atom densities in the flame
includes the lignites and the decolorizing carbon with the sodium deposited
upon it. Figures 28 through 32 are horizontal fluorescence profiles for the
solids: plain Beulah lignite, demineralized Beulah lignite, and demineralized
Beulah lignite loaded with sodium acetate. Figures 33 and 34 are horizontal
fluorescence profiles of the decolorizing carbon with sodium deposited upon it
at 0.415 and 1.915 inches above the burner. These solids give a greater
percentage of atomic sodium in the flame. The fact that they have the ability
to generate a reducing environment around the vaporizing sodium may explain
these larger percentages. The mole fraction of atomic gaseous sodium has been
previously predicted (30) to be 0.82 from thermo-dynamic calculations on a
Beulah lignite using SOLGASMIX. Note that this is approximately twice as much
as calculated for solution sources nr for solid sodium benzoate (see Table 4
and 9).

The Beulah lignite and the decolorizing carbon with the sodium benzoate
deposited upon it were the only two solids that gave R _ values at 1.915•

inches significantly different from those at 0.415 inc_es above the burner.
The change in temperature, which decreases approximately 200°C going from
0.415 to 1.915 inches above the burner, is not responsible for this decrease,
since no similar decrease is seen for the simple solid salts, and SOLGASMIX
does not predict such a significant drop for a decrease in temperature of
200°C at these temperatures. Instead, the difference is likely due to tile
differences in the solid matrix. For the Beulah lignite at 1.915 inches (a
residence time of 35 msec) approximately 73% of the combustible material has
burned away, but 70% of the sodium originally in the solid is still present.
At 1.00 inches (a residence time of 17 msec), 67% of the combustible material
has burned away, but 65% of the sodium originally in the solid is still
present. (See Section 2.4.4 on the analysis of the char from Beulah lignite).
The difference, then, between the Beulah lignite at 0.415 inches and 1.915
inches is in the reducing environment present around the solid at 0.415
inches. This reducing environment is responsible for the high concentration
of sodium at 0.415 inches. At 1.915 inches, the bulk of the combustible
material has burned away and the sodium environment approaches that of the low
sodium-releasing solids. Sodium benzoate and organically bound sodium are
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Figure 28. Horizontal fluorescence profile of Beulah lignite at a vertical
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Figure 34. Horizontal fluorescence profile of sodium-loaded decolorizing
carbon at a vertical position of 1.915 inches above the burner

The Nta value at the center was 4.5 x 10}° atoms/mm3.

thought to decompose in a flame by similar mechanisms (31). That the sodium
atom concentrations at 1.915 inches are not like those of the simple solid
sodium benzoate, but more similar to the solid sodium chloride and sodium
montmorillonite, suggests that the form of the sodium has changed; i.e., the
sodium is no longer present as sodium benzoate or organically bound sodium.
This is not an unreasonable proposition since the form of sodium i_ sodium
benzoate itself changes during the combustion process. (See the discussion of
the analysis of char from sodium benzoate in Section 2.4.4).

2.4.3.4 Summary of Solids Data

Figure 35 is a summary of the horizontal fluorescence profiles for
solids. What is immediately apparent from this graph is thatthe matrix
supporting the sodiulais important in det;;_rminingthe amount of the gaseous
atomic sodium measured. The solids with the sodium irlcontact with a carbon
matrix (the Beulah lignites and the decolorizing carbon with the sodium

benzoate deposited upon it) gave the highest Rra values. The sodium
montmorillonite, which has its sodium in an inorganic matrix, gave the lowest
signal, lt is unlikely, then, that sodium bound in clay matter is responsible
for the fouling or for volatilized sodium in utility boilers. It)general, the
simple sodium salts all gave Rf. values close to those of the solutions. The
one exception is the solid sodium chloride, which gave a signal much lower
than that for a solution.
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The solids, unlike solutions, show an anion effect; that is, a particle
size effect. (Consider the sodium chloride solution and solid). How large is
the sphere of influence of a particle? Note that calculations show that for
the feed rates used, four percent of a particle is in the sample volume during
one shot of the laser. This suggests that a gaseous environment is being
observed for the solids, just as it is for solutions. This leads us to ask
how much must the particle sizes be reduced before no anion effect is
observed.

The reaction of potassium carbonate with a supporting carbon matrix also
clearly shows a matrix effect (32). Potassium carbonate was deposited on two
different carbon matrices--carbon black and graphite; then heated. On the
carbon black, the potassium was found to decompose to potassium oxide and
carbon dioxide, as in Reaction 6.

K2CO 3 -* K20 + CO_

The potassium oxide reacted with the carbon matrix to form metallic potassium
on the surface of the carbon black. The metallic potassium was found to
migrate in to the carbon black matrix and was stabilized against
evaporation. The potassium carbonate on the graphite decomposed to metallic
potassium and carbon monoxide. However', the metallic potassium was not
stabilized against evaporation and did not migrate into the graphite carbon
matrix.

K2C03 + 2C -. 2K + 3C0 (7)=
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The fluorescence signal measured for the Beulah lignites was linearly
related to the amount of sodium in the solid (see Figure 36). This is of
interest since all of these solids have the same carbon matrix, although it is
not clear that the form of the sodium is the same for all three coals, nor is
tile mineral content the same in all three lignites, since some of the minerals
in the demineralized lignites were most likelywashed away when the lignite
was washed with hydrochloric acid. The amount of sodium present as atomic gas
in the flame is determined by the carbon matrix and not by any mineral matter

present in the solid. Calcium and magnesium, two minerals which at times
decrease fouling, originally in the lignite, should have been washed away.
lt appears, then, that the loss of the calcium and magnesium has not
influenced the percentage of gas-phase atomic sodium in the flame.

Chemical fractionation of the Beulah lignite showed 26% of the sodium by
weight was water soluble, 66% was extracted by NH,OAc, and 1% was extracted by
HCI (see Table i0). The selective extraction of the minerals in the coal
describes how the minerals are associated with the coal (33). The first
extraction with water removes water-soluble elements, the second extraction
with ammonium acetate removes elements that are associated as salts of organic
acid groups, and the last extraction with hydrochloric acid removes organic
coordination complexes, hydroxides, oxides, and carbonates° The inorganic
components in the residue after all three extractions are assumed to be
associated in the lignite with the insoluble clays, quartz, and pyrite
minerals.

Chemical fractionation was not done on the demineralized lignite loaded
with sodium. The sodium in the solid is either associated with the anionic

• sites on the lignite or present as a thin layer of sodium acetate on the
surface of the solid (sodium acetate, since that was the salt used to reload
the coal). The little sodium that remains in the demineralized Beulah lignite
is most likely tied up in inert mineral matter.

Again, the fluorescence signal measured for the Beulah.lignites was
linearly related to the amount of sodium in the solid (See Figure 36). This
is of interest since all of these solids have the same carbon matrix, although
it is not clear that the form of the sodium is the same for all three coals,
nor is the mineral content the same in all three lignites. The fact that a
non-zero response was observed from the demineralized material demonstrates
the sensitivity of the LIFS measurements.

2.4.4 Char Analysis

As is frequently done with most coal studies, we too found it beneficial
to analyze the products from the combustion in the LIFS burner. To date, the
chars from two solids have been studied.

The results of the char analysis for plain Beulah lignite are shown in
Table Ii. lt is clear from these results that the sodium is not completely
released from either solid for the residence times used. The percent sodium
released from the Beulah lignite is 30%. For this calculation it was assumed
that none of the ash residue in the original sample was lost when it was
burned in the LIFS burner. In order to estimate the amount of carbon matter

lost during the combustion process, the ash content of the original sample and
the char were measured by thermogravimetric analysis, and the percentage ash
was used as a tracer for the amount of carbon matter lost during the
combustion process (see equations 4 and 5).
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TABLE 10

CHEMICAL FRACTIONATIONRESULTSFOR BEULAH 53-74-_m LIGNITE

Wt% Extracted by Each Solvent
Wt%

Initia]._g/g HzO0 NH.OAc HCl Remaining

Na 6900 26 66 1 7

Mg 3870 i 73 22 4
_

Al 9460 i 0 10 89

: Si 15400 i 2 I 96

K 168 16 53 3 28

Ca 14200 i 45 22 32

Fe 11500 0 0 22 78
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TABLE 11

ANALYSESOF BEULAHLIGNITE CHAR

Residence % %
Time % % % % % % Combust. Na
(sec)____ OA OC ONa RA RC RNa Loss Loss

0 13.10 78.10 0.55 ................

17 13.10 78.10 0.55 27.87 55.56 0.765 66.6 34.6

35 13.10 78.10 0.55 33.46 54.26 0.985 72.8 29.9

OA = % Ash in original sample
RA = % Ash in the residual sample
OC = % original carbon
RC = % residual carbon
ONa = % original sodium
RNa = % residual sodium

The results from the char analysis of the simple salt, sodium benzoate,
proved more difficult to interpret than those for lhe lignite. A comparison
of our results to those of Stewart and Chakrabarti (31), who analyzed the
thermal decomposition of sodium benzoate by thermocravimetric analysis (TGA)
and differential thermal analysis (DTA), provides some insight into the
reactions of the solid sodium benzoate in the flame. Stewart and Chakrabarti
showed that the solid sodium benzoate decomposes when heated, according to
Reaction 8 (31).

C6HsCO2Na --_ NAC03 + organics + C(s) + C02 (8)

The resulting sodium carbonate decomposed analogously to the potassium carbon-
ate in Reaction 7. Their data showed weight loss in two regions: 450°-550°C
and 750°-900°Co The region between 550 ° and 750°C was shown to correspond to
the stable product sodium carbonate. TGA analysis of our solid sodium
benzoate mixture also showed two weight loss regions: one at 418°-762°C and
the other above 900°C. Neither the char collected at 1.915 inches above the
burner nor the char collected at 1.00 inches above the burner showed a weight
loss between 450°-550°C. TGA analysis of plain, unburned decolorizing carbon
was also done. lt showed a weight loss beginning at 532°C. Therefore, the
sodium that remained in the char is likely not present as sodium benzoate.
Table 12 summarizes the TGA data for these solids.

In an attempt to calculate the amount of sodium and combustible matter
lost from the sodium benzoate, the same equations (_sed to calculate the
percent sodium vaporized and the percent combustibles lost for the Beulah
lignite were applied. This, however, gives rather peculiar results. The
percent sodium lost is 70% to 85% and the percent combustibles lost is -33% to
-34%; this means that the solid gained carbon matter during the combustion
process. But it is unclear whether the assumption that no ash is lost during
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the combustion process is valid for this pure salt. The ash residue from the
TGA analysis of the sodium benzoate solid is most likely similar to the ash of
the decolorizing carbon, sodium benzoate, and sodium carbonate. But the
sodium benzoate and sodium carbonate are vaporized in the flame. Table 13
shows the results of the calculation for the percent vaporized sodium and lost
combustibles for the sodium benzoate, without using ash as a tracer. About 67
to 81% of the sodium is thought to be vaporized.

TABLE 12

SUMMARYOF THERMOGRAVIMETRICDATA FOR THE SOLIDS
OF THE SODIUMBENZOATECHAR ANALYSIS

% WEIGHT LOST BY:

Sodium Benzoate Decolorizing Char at 1.00 Char at 1.915
Loss Type -Carbon Mix Carbon inches inches,

Water 2.81 4.88 2.93 2.97

Volatile matter 12.14 a I0.45 b 6.60 5.00

Combustible matter 78.85 81.38 85.51 86.92

Residue 6.19 3.28 5.03 5.08

a Temperature range was 418°-763°C
b Temperature range was 532°-891°C

TABLE 13

ANALYSESOF SOLID SODIUM BENZOATECHARS

Residence % %
Time % % % % % % Combust. Na
(sec) OA OC ONa RA RC RNa Loss Loss

0 6.1.9 78.85 1.74 ..........

17 6.19 78.85 1.74 5.03 85.5] 0.570 -8.4 67

35 6.19 78.85 1.47 5.08 86.91 0.320 -i0 82

OA = % Ash in original sample
RA = % Ash in the residual sample
OC = % original carbon
RC = % residual carbon
ONa = % original sodium
RNa = % residual sodium
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These results could account for some of the difference between the sodium
atom ratio calculated from the fluorescence measurement, Rf., and the sodium
atom ratio calculated using SOLGASMIX, Rth. Using the valQ_ calculated from
the char analysis for the percentage of _dium vaporized, a new density for
sodium atoms in the flame can be calculated:

Ntt = Rth x Nta x (fraction lost) (9)

where the fraction lost is I00 tiTTles the % Na resulting from Equation 5. For
example, for the Beulah lignite, since the maximum amount of sodium lost is

and the SOLGASMIXcalculations typically predict that 80% of the
0.3 x Nta'easedlsodium re is present as sodium gas, the maximum sodium atom density,

_t' in the flame is predicted to be 0.24 x N Table 14 shows the resultssuch a calculation for Beulah lignite and _r the solid sodium benzoate.
Table 14 also shows the corresponding Nif peaks for the Ntts. For the Beulah
lignite, the agreement is quite good beZween Ntr and Ntf,-Sut for the sodium
benzoate solid it is not. In any case the char-analysTs has shown that the

Rtb values are 30 to 70% in error, since the mole fraction values input to
calculate Rth are that much in error.

lt is significant that more sodium was vaporized from the solid sodium

benzoate than from the Beulah lignite, but a higher Rf_. value was measured for
the Beulah lignite than for the sodium benzoate; that is, the Beulah lignite
has a greater ability to reduce the sodium to its atomic form, although the
sodium 'is not as readily released from the lignite as it is from the organic
solid salt. Note that the chemical fractionation results suggest that 8% of
the sodium in the Beulah is present in inert mineral matter, which is not
expected to release sodium readily.

2.4.5 Other Solid Studies

The effect of other flame constituents on the release of sodium was also
studied, the first of which was sulfur, lt was hoped some understanding of
the interaction of sodium and sulfur would be gained, since sodium sulfate is
often a major constituent in ash deposits in boilers, along with calcium
sulfate and eutectics of calcium, sodium and sulfate (13, 34). Sulfur irl
coal, both organic and pyritic, is thought to be released as S02, which reacts
with alkaline constituents in the fly ash at lower temperatures (34). To
determine the effect of sulfur on the release of sodium from sodium benzoate,
solid elemental sulfur was mixed with solid sodium benzoate, and again with
decolorizing carbon to enhance the feed characteristics of the solid. (Solid
sulfur was used instead of sulfur dioxide gas because the LIFS system is not
equipped to handle toxic materials such as sulfur dioxide. However, it is
expected (35) that the sulfur does react with the oxygen in Lhe flame to form
sulfur dioxide.) Little difference was observed between the solid sodium
benzoate and solid sodium benzoate mixed with sulfur (see Figure 37).

This is in agreement with the thermodynamic calculations done on the
system using SOLGASMIX. The calculations show that for the concentrations of
the sulfur used (0.005% of the total gas stream) the gaseous sodium atom
concentration was not significantly affected until the temperature dropped to
lower than 927°C. Temperatures lower than 927°C are only produced at the
extreme outer edges of the flame where comparison of the data is difficult
(36). If we are to observe an effect on the sodium atom concentration by



TABLE 14

A COMPARISONOF Ntr AND Ntf

Solid _x_m_,.m___z_m=._L _a_oms/mm )

Beulah
Lignite 7.9 x I0 _° 1.9 x 10I° 7.6 x 109

Sodium
Benzoate 1.5 x i0 II 4.2 x I0 _° 7.38 x 109
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Figure 37. Horizontal fluorescence profile of solid sodium benzoate mixed
with elemental sulfur. The profile was taken at a vertical
position of 0.415 inches _bove the burner head. The Nta value
at the center is 1.0 x _0 atoms/mm .

sulfur, i_ is likely that a new flame would have to be characterized and
used. lt was not practical to explore the effect of increasing the sulfur
concentration.

Carbon dioxide is postulated to inhibit the release of sodium from sodiumJ

carboxylates. Chakrabarti found that decomposition of alkali carbonates
occurred at 300°C higher" in an atmosphere of carbon dioxide than in air (37).
Carbon dioxide was added as a flame constituent in order to see if it would
have any effecL on the amount of sodium vaporized, In selecting a flame for
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this study, gas flow rates were selected that would minimize changes in the
flame. The gas flow rates of methane and oxygen were kept constant, and flow
rate of the argon-30% carbon dioxide was adjusted so that a steady flame was
achieved. A temperature profile of this flame is shown in Figure 6. Horizon-
tal profiles of a standard sodium benzoate solution were obtained before and
after changing the flame. The first profile was for checking the optical
alignment, as is always done before taking a horizontal fluorescence profile
of a solid; the second was for checking the effect of changing the flame on a
well characterized system. Although there is some difference in the predicted
major flame constituents (as Table 15 shows), the horizontal fluorescence
profile for the sodium benzoate solution differs little from that taken using
the standard flame. This result is in agreement with SOLGASMIXcalculations,
which predict the mole fraction of gaseous atornic sodium in the standard flame
and the flame with the added carbon dioxide to be 0.0035 and 0.0031, respec-
tively. Figure 38 shows the horizontal fluorescence profile for the solution
at 0.415 inches from the burner. Figures 39 and 40 show the horizontal
fluorescence profiles for decolorizing carbon with sodium deposited upon it in
the new flame.

2.5 Conclusions

Laser-induced fluorescence spectroscopy is a valuable tool in the study
of sodium volatilization from solids in flames. With an LIFS system, sodium
fluorescence can be observed from solids. Different solids did give different
sodium atom densities in the flame. This difference is related to the matrix
supporting the sodium. The solids that gave low sodium-atom densities in the
flame include sodium montmorillonite and sodium chloride. The montmorillonite
results suggest that sodium tied up in aluminosilicates is not responsible for
fouling in boilers. Solids that gave high sodium-atom densities were those
which had their sodium supported by a carbon matrix, including the Beulah
lignites and the sodium benzoate on decolorizing carbon.

The sodium released from the Beulah lignites was linearly related to the
sodium atom densities resulting in the flame from sodium benzoate and the
sodium benzoate on decolorizing carbon.

The addition of elemental sulfur and carbon dioxide had no effect on the
sodium atom densities resulting in the Flame from sodium benzoate and the
sodium benzoate on decolorizing carbon.

The analysis of the char resulting from burning a solid in the LIFS
burner also proved to be a valuable technique for analyzing the fluorescence
data. The Beulah lignite was found to release approximately 30% of its
sodium, while the solid sodium benzoate released 70%. These results emphasize
the importance of the carbon matrix in reducing sodium to its atomic state.

With an L!FS system, it is possible to observe differing sodium atom
concentrations in a flame. This LIFS study has shown the effect of different
supporting matrices on the concentration of gaseous atomic sodium observed in
a flame.
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TABLE 15

PERCENTAGESOF THE MAJORFLAME CONSTITUENTS
AS PREDICTEDBY SOLGASMIXAT 1830 K

Flame At(g) CO(g) CO_.(g) H2(g) H20(g)

Standard 49.8 7.6 9.1 5.8 27.7

With C02
Added 35.0 i0.I 21.57 3.4 29.7
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Figure 38. Horizontal fluorescence profile of soSium benzeate solution at a
vertical position of 0.415 inchps above th_ burner head. The N
value at the center is 1.2 x i0 T_ atoms/n_ . The methane/oxygen)
argon-30% carbon dioxide flame was used.
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Figure 39. Horizontal fluorescence profile of decolorizing carbon with sodium
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2.6 Future Work

Future work for this project includes further studies into the eFFects of
the matrix supporting the sodium species. Further studies like the study of
the decolorizing carbon with the sodium benzoate deposited upon it will be
done. Srinivasacher et al. (39) proposed the following reaction for sodium
chloride:

NaCl + coal/volatiles -+ Na(g) + HCl(g)

If such a reaction occurs, the signal from a solid of sodium chloride
deposited on some sort of carbon matrix should give an enhanced signal over
that For the simple solid sodium chloride.

In order to gain some understanding of what sodium is vaporized, a Beulah
lignite char is being prepared in a drop-tube furnace so that it would have
approximately the same percent volatiles as a char prepared from burning the
lignite in the LIFS burner. This char will be sent through the burner in
order to see if additional sodium volatilization can be observed from the
char.

3.0 TASK 3.2B: DROP-TUBE FURNACE PROJECT

3.1 Introduction

Coals contain a complex suite of inorganic species that include signifi-
cant quantities of both organically associated cations and discrete minerals.
Problems associated with inorganic constituents in coal combustion systems
include ash deposition, fine particulate formation, and corrosion and erosion
of boiler parts. Of specific interest are the interactions between those
inorganic constituents that result in the formation of low melting-point
phases during combustion and gas cooling. These phases are often the cause of
ash deposition problems on boiler heat transfer surfaces. The formation of
these low melting-point phases is a result of a combination of complex physi-
cal and chemical transformation of inorganic components associated in and with
the coal during the combustion process. This task will study changes in the
morphology and chemical associations of inorganic components in coals during
combustion in a drop-tube furnace designed to simulate the time-temperature
profile of a pulverized coal-fired utility boiler. The chemical and physical
transformations of the inorganic constituents depend upon their association in
the coal and upon combustion conditions. Volatilization and condensation of
sodium 'isone of the key transformations that the drop-tube furnace project is
investigating to gain insight into the Formation of liquid phases in and on
the surfaces of entrained ash particles. The primary objectives of the drop-
tube Furnace task are to determine the Factors that affect _he size and
composition of the fly ash.

3.2 Equipment and Procedures

3.2.1 Drop-Tube Furnace System

The drop-tube Furnace is a laboratory-scale, entrained-Flow tube Furnace
with the ability to combust coal and produce ash under closely controlled
conditions. Combustion parameters such as initial hot zone temperature,
residence time, and gas cooling rate can be closely controlled and monitored.
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The furnace system is housed in a three-floor laboratory specifically
designed for clean and efficient operation of the system, as shown in
Figure 41. The furnaces are mounted on furnace bars extending through all
three levels. The furnaces can be moved to accommodate specific applica-
tions. The adjoining control room provides a clean, climate-controlled
environment for the electronic equipment associated with the drop-tube system.

The furnace assembly consists of a series of vertically oriented tube
furnaces illustrated in Figure 42. These furnaces possess a total of five
independently controlled, electrically heated zones. Each of these furnaces
can be used separately or in conjunction with the other furnaces. This allows
for maximum flexibility and precise control over combustion conditions.

Coal, primary air, and secondary air are introduced into the furnace
system by means of a preheat injector. This system injects ambient tempera-
ture primary air and coal into the furnace from a water-cooled probe assembly
at the center of the tube. Secondary air is typically heated to 1000°C and
introduced into the furnace through a mullite flow straightener. Thus, the
material to be combusted is introduced into the top of the furnace along with
preheated secondary air, and travels down the length of the furnace in a
laminar-flow regime.

The coal feed _ystem is designed to feed particles of various sizes at
rates of 0.1 to 0.5 grams per minute and at primary carrier gas rates of
approximately i liter per minute. The basic apparatus shown in Figure 43
consists of a pressurized plastic cone, a stepper motor, and a feed tube. The
cone acts as the coal hopper. As the motor rotates the feed tube, the coal
falls through the small holes in the tube and is carried out by the gas into
the injector.

Fly ash is cooled by means of a fly ash-quenching probe shown in
Figure 44. This system is reliable and versatile. Several collection devices
can be added to the probe to collect the fly ash.

Size-segregating methods of fly ash collection are being employed. The
Environmental Protection Agency Southern Research Institute Five-Stage Cyclone
(EPAFSC) is being used on a routine basis to collect fly ash. The EPAFSC is
designed to make five equally spaced particle size cuts (D50) on a logarithmic
scale within the range of 0.i-I0 micrometers. The advantage of this system is
its capability of collecting the relatively large sample amounts needed for
subsequent chemical and morphological analyses.

In addition to the EPAFSC, the University of Washington Mark 5 Source
Test Cascade Impactor (STCI) is used during selected combustion tests. The
STCI was developed as a means of measuring the size distribution of particles
in stacks and ducts at air pollution emission sources. The Mark 5 impactor
produces even-size cuts of fly ash particles by inertial separation. These
data will be used for comparison with the EPAFSCdata, and to provide more
detailed information concerning the effects of combustion conditions on the
size distribution of the fly ashes.

A short-residence-time probe was designed and constructed to collect ash
samples at any residence time. The probe consists of a series of four concen-
tric, water-cooled, steel tubes. The outer shell is for introducing the
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Figure 41. Drop-tube furnace laboratory.
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quench gas at the top of the probe. The innermost shell removes the combus-
tion gases and the remaining shells carry the cooling water. The probe is
covered with an alumina insulating cylinder two inches in outside diameter.
This probe is illustrated in Figure 45.

The probe is inserted in the bottom of the furnace a set distance that is
calculated from the desired residence time. The quench gas and the vacuum are
turned on. The coal is Fed through the preheat injector and collected with a
cyclone or with the multicyclones. The samples collected are analyzed by SEM.

3.2.2 Characterization of Coai_ Char_ and Fly Ash

'Thecoals are carefully sized using a sonic sieving device into three
size cuts and characterized. These cuts include 38-53, 53-74, and 74-106
micrometers. Once sized, the coals are characterized by a variety of tech-
niques to determine the abundance, size, and association of their constit-
uents. In addition to conventional ashing followed by determination of the
ash components, chemical fractionization and computer-controlled scanning
electron microscopy are used to determine abundance and distribution of
inorganic components as well as the size and type of mineral grains.

Chemical fractionation (1) is used to selectively extract elements from
the coals based on how they are associated in the coal. Briefly, the tech-
nique involves extracting the coal with water to remove elements that are
water soluble, followed by extraction with I M ammonium acetate to remove
elements that are associated as salts of organic acid groups. The residue
from the ammonium acetate extraction is extracted with 1M HCI to remove acid-
soluble species in the form of organic coordination complexes, hydroxides,
oxides, and carbonates. The inorganic components in the residue after all
three extractions are assumed to be associated in the coal with the insoluble

clays, quartz, and pyrite minerals.

Computer-controlled scanning electron microscopy (CCSEM) is being used to
characterize coal, char, and ash samples and inorganic combustion products. A
computer program is used to locate, size, and analyze particles. Because the
analysis is automated, a large number of particles can be analyzed quickly and
consistently. The main component of the CCSEM analysis system is an annular
backscattered electron detector (BES). The BES system is used because the
coefficient of backscatter (the fraction of the incoming beam that is back-
scattered) is proportional to the square root of the atomic number of the
scattering atoms. This permits a high degree of resolution between sample
components based on their atomic numbers. This means that minerals can be
easily discerned from the coal or char matrix, and fly ash particles can be
easily discerned from epoxy in polished sections. Brightness and contrast
controls are used to optimize threshold levels between the coal or char matrix
and mineral grains or fly ash particles. When a video signal falls between
these threshold values, a particle is discerned and the particle center is
located. A set of eight diameters about the center of the particle is
measured, and the particle's area, perimeter, and shape are calculated. The
beam is then repositioned to the center of the particle and an X-ray spectrum
is obtained. The information is then stored to a Lotus® transportable file
for data reduction and manipulation. The CCSEM data provides quantitative
information concerning the discrete mineral species or noncrystalline
inorganic phases present, and their size and shape characteristics. Since the
same analysis can be performed on the initial coal, char, and resultant fly
ash, direct comparisons can be made and inorganic transformations inferred.
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Figure 45. Short-residence-time probe for drop-tube furnace.

In addition to the CCSEM analysis of coals to determine size and type of
minerals, the technique has recently been expanded to determine the juxta-
position of minerals; i.e., how minerals are associated witJleach other, and
whether mineral grains are associated within coal particles (inherent) or
associated extraneous to coal particles. This information is extremely
important with respect to understanding the transformations of inorganic
constituents during combustion. In order to perform such an analysis, each
frame analyzed by CCSEM was photographed, and the coordinates of the particles
were located. Inherent and extraneous associations, and associations with
other minerals were determined by visually examining each photograph.

Characterization of fly ash was performed using scanning electron
microscopy and electron microprobe analysis. A technique was developed at the
Energy and Mineral Research Center to determine the relative abundance of
phases present in ashes and deposits (2). The technique is called SEM point
count or SEMPC. The method involves microprobe analysis of a large number of
random points in a polished cross-section of a sample. The quantitative
analysis of each point is transferred to a computer file for data base
analysis. New fortran software is used to calculate molar and weight ratios
for each point. Using these ratios, the points that have compositions of
known phases (common to ashes and coal minerals) are identified and counted.
The software then finds the relative number of unknown phases. The unknown
phases are those for which there are no known phases corresponding to the
chemical composition. For this study, it was assumed that these points were
amorphous. In addition, the average chemical composition of all the points in
the sample were calculated.
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X,ray photoelectron spectroscopy (XPS) and Auger spectroscopy were used
to characterize the surface of the fly ashes. The XPS technique determines
the binding energy of an electron removed from the outer 50 angstroms of the
surface due to the impingement of beam x-rays. The binding energy of the
electrons is a function of the elements present and their electronic environ-
ment, Thus, XPS can be used to determine both the chemical composition of,
and the chemical species present on a surface. The Auger technique uses the
electron beam as the ionization source and the Auger electrons that come from
the secondary electron emission are measured. This technique can provide
chemical composition data for very small areas on the order of i square
micrometer. Thus, the Auger technique can be used to examine the first 20-
to 50-angstrom depths of surface layers of individual fly ash particles.

SIMS is a surface analysis and depth profiling technique that utilizes an
ion beam to bombard the sample. This produces emission of positive and nega-
tive secondary ions from the surface. These ions, both individual and clus-
ters of atoms, are mass-analyzed with an energy-filtered quadrupole mass
spectrometer. The technique is used for trace impurity analysis and offers
extremely high detection sensitivity for many elements, full elemental detec-
tion capability (including hydrogen detection), and the ability to provide
isotopic and molecular information.

3.2.3 Production and Characterization of Chars

Short-residence-time combustion tests were conducted to produce chars
from the Monticello, Beulah, Robinson, Upper Freeport and Eagle Butte coals.
The short-residence-time probe was inserted in the bottom of the drop-tube
furnace at a distance from the tip of the injector that would give the appro-
priate residence time. The chars were analyzed for inorganic phases using
CCSEM. Three types of inorganic phases were included in the CCSEMoutput:
discrete mineral phases; thermally altered mineral phases that lack crystal-
line mineral structure but hold true to chemical compositions of known
minerals; amorphous phases that have a consistent chemistry such as amorphous
calcium aluminosilicate; and unknown amorphous compounds that do not have a
chemical composition that matches known phases. Comparisons were made between
the original coal minerals and the inorganic phases in the chars on an area-
percent basis.

The 74-106-micrometer size fraction of Monticello coal was subjected to
the combustion conditions shown in Table 16. The selected residence times
were 0.i, 0.2, 0.5, and 0.8 seconds. The length of each test was five to
seven minutes. The collected char samples were submitted for morphological
and chemical analysis.

The 53-74-_m size fraction of Beulah was subjected to the combustion
conditions shown in Table 17. The selected residence times were 0.I, 0.2,
0.5, and 0.8 seconds. The length of each test was five to seven minutes. The
collected char samples were submitted for morphological and chemical analysis
using scanning electron microscopy and CCSEM, respectively.

A 74-I06-_jm size fraction of Robinson coal was subjected to the combus-
tion conditions shown in Table 18 to produce four chars at 0. i, 0.2, 0.5, and

...... O.8-second residence times. The coal was combusted at an initial temperature
of approximately 1300°C and the chars were quenched in the short-residence-
time probe at about 1200°C.
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TABLE 16

DROP-TUBEFURNACERUNCONDITIONS USEDTO PRODUCECHARS
FROMTHE MONTICELLOLIGNITE

Residence Time, sec 0.1 0.2 0.5 0.8
Coal Size, pm 74-106 74-106 74-106 74-106
Primary Air, L/min 1.0 1.0 1.0 1.0
Secondary Air, L/min 3.0 3.0 3.0 3.0
Collection Probe

Quench Gas, L/min 23.6 23.6 23.6 23.6
Coal Feed Rate, g/min 0.313 0.138 0.136 0.470
Distance From Injector

Tip To Quench Probe, cm 7.1 ].4.1 35.3 56.5
Secondary Air

Temperature, °C 956 956 976 976

Mullite Tub Temp., °C
TI (14 cm_) 1295 1302 1306 1302
T2 (28.6 cm) 1302 1311 1313 1312
T3 (43.2 cm) 1284 1280 1279 1270
T4 (61.6 cm) 1256 1249 1258 1222

* Distance from tip of the injector

TABLE 17

DROP-TUBEFURNACERUNCONDITIONSUSED TO
PRODUCECHARSFROMTHE BEULAHLIGNITE

Residence Time, sec 0.1 0.2 0.5 0.8
Coal Size, pm 53-74 53-74 53-74 53-74
Primary Air, I/min 1.0 1.0 1.0 1.0
Secondary Air, I/min 4.0 4.0 4.0 4.0
Collection Probe

Quench Gas, I/min 3.0 3.0 3°0 3.0
Ccal Feed Rate, g/min 0.131 0.168 0.119 0.429
Secondary Air

Temperature, °C I000 I000 i000 1000

Mullite Tube Temp., °C
TI (6.35 cm)* 1500 1405 1423 1498
T2 (21.6 cm) 1444 1445 1460 1488
T3 (34.9 cm) 1465 1461 1471 1486

* Distance from tip of injector



TABLE 18

DROP-TUBE FURNACERUNCONDITIONS USEDTO PRODUCE
CHAR FROMROBINSONCOAL (74-i06-_m)

Residence Time, sec 0.1 0.2 0.5 0.8
Coal Size, vm 74-106 74-106 74-106 74-106

Primary Air, L/min 1.2 1.2 1.2 1.2
Secondary Air, L/min 3.0 3.0 3.0 3.0
Collection Probe

Quench Gas, L/min 23.6 23.6 23.6 23.6
Coal Feed Rate, g/min 0.].4 0.24 0.33 0.25
Secondary Air
Temperature, °C 928 952 976 974

Mullite Tube _emp., °C
TI (6.35 cm-) 1310 1307 1308 1321
T2 (21.6 cm) 1327 1320 1313 1310
T3 (34.3 cm) 1320 1312 1294 1285
T4 (58.4 cm) .... 1296 1277 1248

* Distance from tip of injector.

Chars were produced using a 53-74-_m sonically sieved fraction of Upper
Freeport coal. The chars were produced in the UNDEMRC drop-tube furnace at
five residence times under the conditions described in Table 19. The gas
temperature was approximately 1500°C and the chars were quenched at approxi-
mately 1200°C. Thermal gravimetric analysis (TGA) was performed on the chars
to monitor carbon burnout with time.

Eagle Butte short-residence-time chars were produced under the conditions
shown in Table 20. The initial combustion temperature was 1500°C and the
chars were quenched at approximately 1200°C. The 53-74-um coal size fraction
was used for the char production. The chars were also analyzed using a TGA to
determine carbon burnout at each residence time.

3.2.4 Production of Fl__Ash

Fly ash was formed in the drop-tube furnace and size-classified using the
multicyclone and impactor for Beulah, Robinson, Monticello, Upper Freeport,
and Eagle Butte coals. Three c_oal size fractions were combusted, with
particle sizes of 38-53 _m, 53-74 _Jm,and 74-106 _m. The combustion

i temperature was approximately 1500°C and quench temperatures were about
1100°C. The residence time for'the combusting particles was approximately I
second. Table 21 summarizes the drop-tube furnace run conditions for the five
•test coals.

,_ .

Fly ash was produced from the 53-7_-_m size fraction of coal at three
different temperatures for the Beulah, Upper Freeport, and Eagle Butte
coals. The different temperatures used _vere 1300, 1400, and 1500°C. The
Robinson and Monticello 53-74-um coals were combusted at 1300°C and 1500°C.

: Fly ash from these test runs was size.-segregatedusing the multicyclone and
impactor. The run conditions for these tests are given in Table 22.
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TABLE 19

DROP-TUBE FURNACERUNCONDITIONS USEDTO PRODUCE
ClIAR FROMUPPERFREEPORTCOAL (53-74 vm)

Residence Time, sec 0.05 0.10 0+20 0.50 0.80
Coal Size, _m 53+74 53-74 53-74 53-74 53-74
Primary Air, L/min 1.2 1.2 1.2 2.0 1.2
Secondary Air, L/min 3.0 3.5 3.5 2.5 3.0
Collection Probe

Quench Gas, L/min 5.0 5.0 5.0 5.0 5.0
Coal Feed Rate, g/min .... 0.064 --- 0.048 0.059
Secondary Air

Temperature, °C 982 982 983 982 992

Mullite Tube _emp., °C
TI (6.35 cm-) 1502 1498 1.497 1503 1499
T2 (21.6 cm) 1567 1565 1565 1564 1562
T3 (34.3 cm) 1572 1570 1563 1552 1545
T4 (58.4 cm) 1567 1568 1562 1547 1531

* Distance from tip of injector.

TABLE 20

DROP-TUBE FURNACERUNCONDITIONS FORCHAR FORMATION
FROMEAGLE BUTTE COAL (53-.74 _tn)

Residence Time, sec 0.05 0.i 0.2 0.5 0.8
Coal Size, um 53-.74 53-74 53-74 53.-74 53-74
Primary Air, L/min 1.0 1.0 1.0 1.0 1.0
Secondary Air, L/min 3.0 3.0 3.0 3.0 3.0
Collection Probe

Quench Gas, L/min 4.0 4.0 4.0 4.0 4.0
Coal Feed Rate, g/min 0.25 0.18 0.31 0.31 0.095

Secondary Air °CTemperature, 960 960 960 960 960
Mullite Tube,Temp., °C

TI (6.35 cm ) 1503 1505 1506 1503 1507

* Distance from tip of injector.



TABLE 21

DROP-TUBEFURNACERUN CONDITIONS FOR THE FORMATIONOF FLY ASH
FROMCOAL SIZE FRACTIONS

Coal Size, vm 38-53 53-74 74-106
Primary Air, L/min 1.0 1.0 1.0
Secondary Air, l_/min 4.0 4.0 4.0
Col lection Probe

Quench Gas, L/min 3.0 3.0 3.0
Coal Feed Rate, g/rnin 0.183 0.316 0_13
Secondary Air

Temperature, °C 840 849 i000

Mullite Tub_ Temp., °C
TI (14 cm ) !498 1507 1498
T2 (28.6 cm) 1514 1521 1515
T3 (57.8 cm) 1513 1521 1533

* Distance i rom tip of the injector•

TABLE 22

DROP-TUBEFURNACERUNCONDITIONS FOR MIDDLE SIZE CUIS
AT THREEDIFFERENT TEMPERATURES

Coal Size, um 53-74 53-74 53-74
Primary Air, L/min 1.0 1.0 1.0
Secondary Air, L/min 3.0 3.0 3.0
Quench Gas, L/,in 3.0 3.0 3.0
Coal Feed Rate, g/min 0.291 0.451 0.314
Secondary Air

Temperature, °C 933 930 930
Furnace Temperature, °C 1300 1400 1500

4.0 RESULTS AND DISCUSSION

4.1 Characterization of Eagle Butte Coal, Char, and Fly Ash

4.1.1 Eagle Butte Coal Characterization

Three coal size fractions, including the 38-53-_m, 53-74-_m, and
74-10(;_m fractions of Eagle Butte coal were characterized using XRF, XRD,
chemical fractionation and CCSEM. The different size fractions are very
similar in bulk ash composition. Composition of the ASTM ashes for the size
fractions reveal high CaO and S03 levels, as shown in Table 23• Sodium
content was fairly low at 0.9% in the bulk ash. Ash concentrations were
determined for the samples and are listed in Table 23. The average ash
content for'the three size fractions (5.96%) is almost identical to the bulk
coal ash content (5.99%)
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TABLE 23

ASH COMPOSITIONOF EAGLE BUTTE COAL AND SIZED FRACTIONS
(NORMALIZEDOXIDE WT%)

Elemental Bulk
Composition Coal 38-53 um 53-74 um 74-106 l_m

Si02 26.1 28.9 24.8 21.6
A1203 13.3 13.3 13.5 13.8
Fe203 5.7 5.4 5.8 6.1
Ti02 1.3 1.3 1.2 1.2
P20s 1,3 1.2 1.3 1.3
CaO 24.4 23.8 24.9 26n6
MgO 5.7 5.6 5.6 6.3
Na20 0.9 1.6 1.2 1.2
K20 0.i0 0.20 0.i 0.i
S03 21.30 18.70 21.7 21.7

% Ash 5.99 6.46 5.86 5.55

Chemical fractionation results show similar values for all three size
fractions (Table 24). A high level of calcium is associated in the coal as a
carbonate, since close to 60% was dissolved in HCI. A significant portion,
however, is also organically bound (34%-37%). Fairly high amounts of Fe and
AI were removed by HCI. inis suggests that the elements are associated either
as a coordination complex or an acid-soluble mineral. These may be, in part,
associated with a calcium aluminum phosphate compound, possibly crandallite,
which was observed using CCSEM. The small amounts of Na in all size fractions
were either organically bound or associated as water-soluble salts.

The major mineral phases observed using CCSEMin the three si2e fractions
and the bulk coal were quartz, aluminosilicate, a calcium aluminum phosphorus
mineral (crandallite), gypsum, and calcite. Minor contents of apatite, K- and
Ca-aluminosilicates, and barite were also observed (Table 25).

Table 26 summarizes the size distribution of the minerals for the four
coal size fractions. The bulk fraction shows a fairly even distribution of
quartz and kaolinite (aluminosilicate) in all of the size categories except
for the <l.2-_im range. Crandallite is most abundant in the 2.1-4.4-_m
category for this size fY-actionn Overall, the 2.1-4.4-_m category shows the
highest amount of mineral matter, with total mineral content equaling 1.64 wt%
of the coal.

The 38-53-_m fraction showed a bimodal distribution of quartz. Most of
the quartz was either >ii _m or between 2.1-4.4 _m in diameter. No kaolinite
mineral grains were observed in the >ll-_m range. The total mineral size
distribution was also bimodal due to the distribution of the dominant quartz
content, and the mineral content was 2.82 wt% of the coal.
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TABLE 24

CHEMICAl.FRACTIONATION RESULTSFOR EAGLE BUTTE COAL SIZED FRACTIONS

Eagle Butte 74-106-_m Coal

Initial Removed by Removed by Removed by Unextracted
__g/g_mf coal) __._HH20(%) N_.HH,_O_Ac(%) MC1 (%___ ..... (%)

Silica 10100 0 0 0 i00

Aluminum 6800 0 0 37 63

Iron 4000 3 0 83 15

Calcium 17900 7 34 58 2

Magnesium 3500 11 57 26 6

Sodium 900 67 33 0 0

Potassium 200 50 0 0 50

Eagle Butte 53-74-_m Coal

Initial Removed by Removed by Removed by Unextracted
._g/g mf ocoal) _H20__.%__ N__HH4OAc(%_ ....MC1 (%)_ %_]_____

Silica 10500 0 0 0 I00

Aluminum 6700 0 0 37 63

Iron 4000 8 0 78 15

Calcium 17700 7 34 58 2

Magnesium 3300 9 55 30 6

Sodium i000 60 40 0 0

Potassium 400 75 25 0 0

Eagle Butte 38-53-_m Coal

initial Removed by Removed by Removed by Unextracted
(,g/g mf coal_ __2__.__ NH,,OAc (%) HCI (%]_ _(%) .....

Silica 13500 0 0 0 I00

Aluminum 7700 7 0 22 71

Iron 4200 5 0 79 2

Calcium 18600 5 37 57 2

Magnesium 3700 8 60 24 8

Sodium 800 13 88 0 0

Potassium i00 0 I00 0 0

Sulfur 9900 16 20 62 2
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TABLE 25

MINERAL CONTENTFOR EAGLE BUTTE COAl. SIZE FRACTIONS
(Wt% Mineral Basis)

Wt%

Mineral-Basis Bulk Coal 38-53 _m 53-74_!!m__ 74-106

Quartz 39,54 49,16 46,88 44,21

Aluminosilicate 27.83 14.81 26.28 19.95

Fe-Aluminosilicate 0,15 0,23 0,44 0,01

K-Aluminosilicate 1,40 3,28 1.88 1,07

Ca-Aluminosilicate 1,35 2,12 2.16 2.68

Iron Oxide 0,65 0,34 2,44 4.68

Alumina 0,00 0,00 0.00 0,00

Pyrite 1,75 2,68 2,24 6,11

Gypsum/Barite I.,08 0,90 1.02 1,00

Calcite 2,16 3,22 1.51 0,73

Rutile 0,35 1.74 0,54 2.50

Barite 1,96 i,ii 1.62 1.49

Gypsum 4,83 2,62 3,33 0,63

Apatite 1,62 0,21 0,00 0,30

Crandallite 10.64 8,00 3,32 8,84

AI-Sil/Gyp 0.08 0.67 0.37 0.21

Ankerite 0.03 0.22 0.03 2.16

Unknown 4.59 8.75 5,94 3.42

Wt% Total Minerals

(Coal Basis) 1.64 2,82 1.36 1.93
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TABLE 26

MINERAL SIZE DISTRIBUTION IN EAGLE BUTIE BULK AND SIZED FRACTIONS
(WT%MINERAL BASIS)

Eagle Butte Bulk Coal
Particle Size Categories (microns)

Totai

Mineral/Phase <1.2 1,2-2.1 2.1-4.4 4.4-8.0 8.0-11 >11 Area %

Quartz 0.84 4.18 10.50 8.36 6.73 8.30 38.90
Aluminosilicate 0.56 3.15 7.15 5.23 6.71 4.58 27.38
Fe-aluminosilicate 0.00 0.10 0.05 0.00 0.00 0.00 0.15
K-aluminosilicate 0.04 0.24 1.09 0.00 0.00 0.00 1.37
Ca-aluminosilicate 0.21 0.68 0.13 0°30 0.00 0.00 1.32
Iron Oxide 0.11 0.17 0.36 0.00 0.00 0.00 0.64
Alumina 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Pyrite 0.10 0.15 0.62 1.42 0.00 0.00 2.28
Gypsum/Barite 0.21 0.71 0.14 0.00 0.00 0.00 1.06
Calcite 0.12 0.92 0.86 0.21 0.00 0_00 2.12
Rutile 0.06 0.18 0.ii 0.00 0.00 0.00 0.35
Barite 0.23 1.59 0.75 0.00 0.00 0_00 2.57
Gypsum 0.01 0.27 0.29 0.93 0.00 3.25 4.75
Apatite 0.00 0.19 0.61 0.79 0.00 0.00 1.59
Crandallite 0,16 1.89 6.06 2.14 0.00 0.00 10.25
Aluminosilicate/Gypsum 0.06 0.02 0.00 0.00 0.00 0.00 0.08
Ankerite 0,00 0.03 0.00 0.00 0.00 0.00 0.03
Unknown 0.48 1.95 1.92 0.80 0.00 0.00 5,15

Total (and PSD)* 3,19 16.42 30.64 20.18 13.44 16.12 I00,00

38-53 _m Coal Particle Size Cateqories (microns)

Total

__Mineral/Phase <1.2 1.2-2.1 2.1-4.4 4.4-8.0 8.0-11 >1! Area %

Quartz 0.43 4.17 9.49 10.16 1.03 22.78 48.06
Aluminosilicate 0.32 2,28 4.30 4.86 2.72 0.00 14.48
Fe-aluminosilicate 0.01 0.14 0.07 0.00 0.00 0.00 0.23
K-aluminosilicate 0.06 0.39 0.82 1.20 0,74 0.00 3.21
Ca-aluminosilicate 0o15 1.05 0.86 0.00 0.00 0°00 2.07
Iron Oxide 0.00 0.14 0.19 0.00 0.00 0.00 0.33
Alumina 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pyrite 0.00 0.24 0.II 3.13 0.00 0.00 3.48
Gypsum/Barite 0.00 0.42 0.46 0.00 0.00 0.00 0.88
Calcite 0.01 0.77 2.37 0.00 0.00 0,00 3.14
Rutile 0.00 0.13 0.44 1.13 0.00 0.00 1.70
Barite 0.02 0.75 0.09 0,59 0o00 0.00 1.44
Gypsum 0.00 0.I0 0,50 0.00 0.00 1.92 2.52
Apatite 0.00 0.09 0oli 0.00 0.00 0.00 0.20
Crandallite 0.02 0.65 3.30 3.68 0.00 0.00 7.65

i Aluminosilicate/Gypsum 0.09 0.37 0.20 0.00 0.00 0.00 0.66
Ankerite 0.00 0,12 0.09 0.00 0.00 0.00 0,21

: Unknown 0.59 4.09 4.33 0.75 0.00 0.00 9.75

Total (and PSD) 1.70 15.90 27.72 25.50 4.48 24.69 I00.00



TABLE 26 (CONTINUED)

53-74 um Coal Particle Size Cateqories (microns)
Total

Mine__._____ral/Phase <1,2 1,2-2,1 2,1-4,4 4,4-8,0 8,0-11 >11 Area %

Quartz 0,53 3,68 9,75 9,52 7,81 14,64 45,95
Aluminosilicate 0,23 2,31 5,82 3,77 4,18 9,44 25,75
Fe-aluminosilicate 0,00 0,16 0,27 0,00 0,00 0,00 0,43
K-aluminosilicate 0,03 0,34 0,89 0,57 0,00 0,00 1,84
Ca-eluminosilicate 0,20 0,93 0,82 0,17 0,00 0,00 2,12
Iron Oxide 0,00 0,23 0,08 0,00 2,09 0,00 2,40
Alumina 0.00 0,00 0,00 0,00 0,00 0o00 0,00

Pyrite 0,00 0,09 0,88 0,86 1,09 0,00 2,92
Gypsum/Barite 0,06 0,35 0,60 0,00 0,00 0.00 1,00
Calcite 0.08 0.53 0.87 0.00 0.00 0.00 1.48
Rutile 0.04 0.15 0.34 0.00 0.00 0.00 0.53
Barite 0.09 0,41 1.02 0.59 0.00 0.00 2.11
Gypsum 0,02 0.24 0.22 0.20 1.57 I..02 3.26
Apatite 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Crandallite 0.I0 0.74 1.73 0.61 0.00 0.00 3.19
Aluminosilicate/Gypsum 0.04 0.18 0.15 0.00 0.00 0.00 0.37
Ankerite 0.00 0.03 0.00 0.00 0.00 0.00 0.03
Unknown 0.39 2,05 1.55 0.66 0o00 1.98 6.64

Total (and PSD) 1.80 12.42 25.00 16.95 16.74 27.09 I00,00

74-106 _m Coal Particle Size Cateqories Imicrons__

Total

Mineral/Phase <1.2 1.2-2.1 2.1-4.4 4.4-.8,0 8.0-11 >Ii Area %

Quartz 0.21 2.46 7.21 8.07 2.38 22.69 43.01
Aluminosilicate 0.13 1.35 6.00 6.14 1.48 4.31 19.41
Fe-aluminosilicate 0.00 0.01 0,00 0.00 0,00 0.00 0.01
K-aluminosilicate 0,02 0.08 0.61 0.33 0.00 0.00 1.04
Ca-aluminosilicate 0.08 0.58 0.26 0.00 0,00 1.69 2.61
Iron Oxide 0.04 0.15 0.09 0.00 2.62 1.65 4,55
Alumina 0.00 0.00 0.00 0.00 0.00 0.00 0,00
Pyrite 0.02 0.26 0.95 0.98 0.84 4.85 7.90
Gypsum/Barite 0.03 0.42 0.52 0.00 0.00 0.00 0u97
Calcite 0,03 0,37 0,32 0,00 0,00 0,00 0,71
Rutile 0_03 0.00 1,97 0,44 0,00 0,00 2,44
Barite 0,01 0,17 0,76 0,00 0,99 0,00 1,94

Gypsum 0,00 0,06 0,41 0,14 0,00 0,00 0,61
Apatite 0,02 0,18 0,09 0,00 0,00 0,00 0,30
Crandallite 0,12 1,46 4,95 1,89 0,00 0,00 8,42

Aluminosilicate/Gypsum 0.01 0.06 0.14 0.00 0.00 0.00 0.20
Ankerite 0.00 0.00 0.00 0.00 0.00 2.10 2.10
Unknown 0.I0 1.50 1.50 0.69 0.00 0.00 3.79

Total (and PSD) 0,85 9.12 25.78 18.66 8,31 37.29 I00.00

* PSD = particle size distribution_



In the 53-74-um fraction, quartz and kaolinite were again fairly evenly
distributed irl all the size fractions except for the two lower ones (<1.2 _m
and 1.2-2.1 _m). The overall total mineral size distribution was slightly
bimodal, and the total mineral content was 1.36 wt% of the coal.

The largest size fraction of 74-106 vm had a large percentage (53%) of
the quartz grains in the >ll-_m size range. Kaolinite was mostly distributed
in the 2.1-8.0-_m size range and the >ll-_m size range. The total particle
size distribution was bimodal and the total mineral content was 1.93 wt%.

Figures 46 and 47 summarize the particle size distributions of quartz and
kaolinite, respectively, for the three size fractions and the bulk coal. The
size distributions for quartz and kaolinite are very similar for all size
fractions of coal except for the >II-vm category, where there is a 10%-15%
variance in content. The distributions are bimodal, showing a peak between 2
and 8 microns and >ii microns. The size distribution for all minerals in the
bulk and sized fractions, as shown in Figure 48, was bimodal, showing approx-
imately 10% variance between quantities at different size ranges.

X-ray diffraction analysis of LTA samples from each of the four coal size
fractions were exactly identical and confirmed the presence of the quartz and
calcite, which were observed in the CCSEManalysis. The mineral crandallite
was not found in any of the XRD analyses. The only other mineral observed was
bassanite (CaSO,.5H20), which is notorious for forming in LTA environments
where there is abundant Ca and S in the coal (3).

Additional microprobe analysis of the Eagle Butte bulk coal was performed
to discern the morphology of the calcium-aluminum-phosphorus mineral, lt is
assumed that this mineral is crandallite (CaAIPO4"5H20) or a mixture of
various Ca-AI-P-rich minerals, although XRD did not confirm their presence.
Backscatter electron imaging and microprobe analysis revealed 2-3-_m rounded
particles and fine coal structure infillings of crandallite in certain Eagle
Butte coal grains. Microprobe analyses of selected crandallite particles are
given in Table 27. An average composition u_ crandallite minerals detected by
CCSEMis also given in the last column of Table 27. Basically, the aluminum
and phosphorous components of this mineral remain fairly consistent but the
calcium and iron levels vary drastically.

4.1.2 E_a_le Butte Char Characterization

Five chars were produced in the drop-tube furnace at 0.05, 0.I, 0.2, 0.5,
and O.8-second residence times. Changes in the inorganics were noted from the
initial coal to the O.8-second char using CCSEManalysis.

Figure 49 compares the particle size distribution of discernable phases
in the chars and original coal. During the first 0.5 seconds of combustion
there are more 2.1-8.0-_m sized particles in the chars than in the coals. At
0.8 seconds a dramatic change occurs where the finer sized particles decrease
drastically and particles irl the >ll-um size range increase. The O.8-second
char shows more larger sized phases than the original coal. A possible expla-
nation for these particle size distributions is that at the onset of combus-
tion the large organically bound and finely disseminated calcium component
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Figure 48. Particlesize distributionfor all mineralsin the Eagle Butte
bulk coal and sizedcoal fractions.

TABLE 27

COMPOSITIONOF CRANDALLITEMINERALS IN EAGLE BUTTE BULK COAL (WT%)

AverageAnalysis
Oxide Compositionof SelectedGrains From CCSEM

Na20 1.49 0.00 5.65 0.57
MgO O.O0 O.O0 1,70 O,57
AI203 41.91 44.58 39.35 38,45
SiO_ 0.00 0.00 0.00 0.58
P20s 25.93 23.12 21.22 21.73
S03 1.76 1.87 2.99 1.66
ClO 1.39 0.00 0.58 1.73
K20 0.87 1,68 0.68 1.37
CaO 19.60 19.45 16.28 31.43

Fe203 5.40 6.93 9.91 1.30
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Figure 49. Particle size distribution of inorganic phases detected by CCSEM
in Eagle Butte chars and original coal.

forms tiny 1-5-micron particles, which coalesce further as combustion
proceeds. By 0.8 seconds of combustion, coalescence of the finer sized and
more reactive particles has occurred, as evidenced by greater quantities of
larger inorganic particles.

The major phases identified in the chars and coal are compared in
Figure 50. Some very pronounced changes that occurred during combustion
include: 1) quartz and kaolinite were drastically reduced, 2) calcium oxide
and calcium aluminosilicate increased dramatically, with calcium oxide being
the dominant phase in all of the chars, and 3) calcium silicate and calcium
aluminate (not shown in Figure 51) were produced during combustion.

Particle size distributions for individual inorganic phases are presented
for each Eagle Butte char in Table 28. Direct comparisons of the particle
size distributions of certain phases in the different chars were performed.
Quartz, for example, showed a sharp reduction in content, especially in the
>11-_m size category, where it was most abundant in the coal (Figure 51).
Kaolinite showed a similar sharp decrease in content in ali size ranges from
the onset of combustion, as depicted in Figure 52.

CaO appears to be dominating the overall particle size distribution of
the chars. Figure 53, which shows the CaO distribution curves in the coal and
chars, is very similar in appearance to the total char and coal inorganic
phase distribution curves in Figure 49. The initial chars show large

73



'°I 7 7
50 F/ '_,f, ._ .#

// f,

k; "-',.. /, ,4

f-/

,.. /, 7.,_ ¢

II _ I__ .. /,._ v
O- i i " '

0 SEC ,05 SEC ,1 SEC .2 SEC ,5 SEC ,8 SEC

Residence Time In Drop-Tube, Furnace (Seconds)

QUARTZ _ KAOL [_7".._ CALCITE _ CA-AL-SIL _ GYP 17"_"] CAL-SIL

Figure 50. Major inorganic phases and minerals in Eagle Butte original coal
and successive chars.

TABLE28

PARTICLESIZE DISTRIBUTIONFORINDIVIDUAL INORGANICPHASES
IN EAGLEBUTTECHARSAT DIFFERENTRESIDENCETIMES (AREA % BY CCSEM)

a. Eagle Butte 0.05 Second Char

Particle Size Categories (pm)

Total
Mineral/Phase <1.2 1.2-2.1 2.1-4,4 4.4-8.0 8.0-11 >Ii Area %

Quartz 0.0 0.0 0.5 0.7 0.7 0.0 1.9
Aluminosil icate 0.0 0.0 0.i 0.0 0.0 0.0 0.I
Fe-aluminosil icate 0.0 0.0 0.0 0.6 0.0 0.0 0.6
K-aluminosi licate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ca-aluminosil icate 0.0 0.5 3.6 2.5 0.8 0.0 7.5
Iron Oxide 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Alumina 0,0 0.0 0,0 0.0 0.0 0.0 0.0
Pyrite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum/Barite 0.0 0.1 0.3 0.0 0.0 0.0 0.4
CaO-Rich 0.2 3.6 21.5 17.4 5.1 2.0 49.9
Rutile 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Barite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Anhydrite 0.0 0.5 3.0 2.6 1.2 0.0 7.3
Apatite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Dolomite 0.0 0.0 0.4 0.0 0.0 0.0 0.4
AI uminosi I icate/Gypsum 0.0 0.1 0.0 0.0 0.0 0.0 1.9
Ankerite 0.0 0.0 0.I 0.5 0.0 0.0 0.6
Calcium Aluminate 0.0 0.2 0.8 0.6 0.9 0.0 2.6
Calcium Silicate 0.0 0.4 3.6 5.8 0.0 0.0 9.8
Unknown 0.0 0.9 5.3 4.9 1.6 4.4 17.1
Total 0.4 6.3 39.8 36.8 10.3 6.4 i00.0
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TABLE 28 (CONTINUED)

b. Eagle Butte 0oi Second Char

Particle Size Cateqories (vm)

Total
Mineral/Phase <1.2 1.2-2.1 2.1-4.4 4.4-8.0 8.0-11 >Ii Area %

Quartz 0.0 0.0 0.5 0.4 0.0 0.0 0.9
Aluminosilicate 0.0 0.0 0.0 0.0 0.0 0.0 6.1
Fe-aluminosilicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
K-aluminosi I icate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ca-aluminosi I icate 0.i 0.9 3.4 2.4 1.0 2.4 10.3
Iron Oxide 0.0 0.0 0.I 0.0 0.0 0.0 0.I
Alumina 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pyrite 0.0 0.0 0,0 0,0 0.0 0.0 OoO
Gypsum/Barite 0.0 0.0 0.0 0.4 0.0 0.0 0,4
CaO-Rich 1.6 14.2 29.1 9.2 3.4 0.0 57.5
Rutile 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Barite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Anhydrite 0.i 0.7 1.1 0.4 0.0 0.0 2,3
Apatite 0,0 0.0 0.0 0.0 0.0 0.0 0.0
Dolomite 0.i 0.3 0.2 0,0 0.0 0.0 0.6
Alumi nosi I icate/Gypsum OoO 0.i 0.0 0.0 0.0 0.0 Ool -
Ankerite 0.0 0.0 0.2 0.3 0.0 2.4 3°0
Calcium Aluminate 0.0 0.3 0.6 0.0 0 0 0.0 0.9
Calcium Silicate 0.i 0.9 3.0 3.5 0.0 0.0 7.5
Unknown 0.4 2.6 6.3 0.3 0.8 0.0 10.3
Total 2.4 19.9 44.7 16.9 5.2 10.9 I00.0

c. Eaqle Butte 0.2 Second Char

..... ParticleS!ze_Cat_ories (_m)

Total

Mineral/Phase <1.2 1.2-2.1 2.1-4.4 4.4-8.0 8.0-11 >11 Area %

Quartz 0.0 0.0 0.6 1.9 0.0 0.0 2.6
Aluminosilicate 0,0 0.0 0.0 0.3 0.0 0.0 0,3
Fe-aluminosilicate 0.0 0.0 0,0 0.0 0.0 0.0 0.0
K-aluminosilicate 0.0 0.0 0.1 0.0 0.0 0.0 0.1
Ca-aluminosiIicate 0.1 0.6 3.5 2.1 0.0 0.0 6.3
Iron Oxide 0.0 0.0 0.1 0.0 0.0 0,0 0.1
Alumina 0.0 0,0 0,0 0.0 0.0 0.0 0o0
Pyrite 0o0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum/Barite 0.0 0.0 0.1 0.0 0.0 0,0 0.1
CaO-Rich 0.8 8.2 27.5 17.3 0.7 0.0 54.4
Rutile 0.0 0.0 0,0 0.0 0.0 0.0 0.0
Barie 0.0 0.0 0.1 0.0 0.0 0.0 0.1
Anhydrite 0.1 1,0 2.6 2.] 0.0 0.0 5.8
Apatite 0,0 0.0 0.0 0.0 0.0 0.0 0.0
Dolomite 0.0 0.0 0,1 0_0 0.0 0.0 0.1
AluminosiIicate/Gypsum 0.0 0.1 0,6 0.5 0,0 0.0 1.2
Ankerite 0.0 0,1 0.1 0.0 0.8 0.0 0.9
Calcium Aluminate 0,1 0.1 0.7 1,0 0.0 0.0 2.0
Calcium Silicate 0.1 0.3 3.8 2.7 0.7 0,0 7.5
Unknown 0.3 1,9 8.0 6.4 2.1 0.0 18.7
Total 1.4 12.3 47.8 34.3 4,2 0.0 100.0

75



TABLE 28 (CONTINUED)

d. Eagle Butte 0.5 Second Char

Particle Size Cateqories (pm)

Total

Mineral/PI1ase <1.2 1.2-2,1 2.1-4.4 4.4-8.0 8.0-11 >11 Area %

Quartz 0,I 0.3 3,0 6.9 1.7 0.0 12.0
Aluminosil icate 0,0 0.3 0,6 0.4 0,0 0,0 1,2
Fe-aluminosi I icate 0,0 0,0 0,0 0,0 0.0 0.0 0,0
K-aluminosi I icate 0.0 0,I 1,2 0,5 0.0 0,0 1.8
Ca-aluminosi I icate 0,5 2,8 i0,0 6,7 0,0 0,0 20,0
Iron Oxide 0,0 0,0 0,0 0.0 0,0 0,0 0.0
Alumina 0,0 0,0 0,0 0.0 0.0 0.0 0.0
Pyrite 0,0 0,I 0,0 0,4 0,0 0,0 0,5
Gypsum/Barite 0,0 0,2 0,2 0,0 0,0 0,0 0,5
CaO-Rich 1,0 9,7 13,1 11.4 1,5 0.0 36,7
Rutile 0,0 0,0 0,3 0,0 0.0 0,0 0,3
Barite 0.1 0,0 0,0 0,0 0.0 0,0 0.i
Anhydrite 0,i 0,6 i,I 0,0 0,0 0,0 1,8
Apatite 0,0 0,0 0,0 0,0 0,0 0.0 0,0
Dolomite 0,0 0.0 0,0 0.0 0,0 0,0 0,0
AI uminosi I icate/Gypsum 0,2 0,6 1,0 0,9 0,0 0.0 2,6
Ankerite 0.0 0,0 0,3 0.0 0.0 0.0 0.3
Calcium Aluminate 0,0 0, I 1,0 0,0 0,0 0.0 I.i
Calcium Silicate 0,3 2.6 5,0 2.6 0.0 0,0 10.5
Unknown 0.7 2_9 5,7 1.2 0.0 0,0 10,5
Total 3.0 20.3 42,5 30.9 3.2 0,0 i00,0

e. Eaqle Butte 0.8 Second Char

Particle Size Categories _!Jm)
Total

Mineral/Phase <1,2 1.2-2.1 2,1-4,4 4,4-8.0 8,0-11 >11 Area %

Quartz 0,0 0,0 0.0 0.7 0,8 4.8 6,4
Aluminosilicate 0,0 0.0 0.0 0.2 0.2 1.1 1.6
Fe-aluminosi I icate 0,0 0.0 0,0 0,0 0,0 0,0 0.0
K-aluminosi licate 0,0 0.0 0,0 0.0 0,0 0,0 0,0
Ca-aluminosi I icate 0,0 0,2 0,7 3,4 2.7 4,3 11.3
Iron Oxide 0,0 0,0 0.0 0.0 0.0 0.3 0,3
Alumina 0.0 0.0 0.0 0,0 0.0 0_0 0.0
Pyrite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum/Barite 0.0 0.0 0.0 0,0 0.0 0,0 0,0
CaO-.Rich 0,0 0.4 4,2 12.6 15,0 21.7 53,8
Rutile 0.0 0.0 0.0 0,0 0.0 0.0 0.0
Barite 0.0 0.0 0.0 0.0 0o0 0.0 0.0
Anhydrite 0.0 0.0 0.i 0.0 0.0 0.0 O. I
Apatite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Dolomite 0.0 0,0 0.0 0.i 0.1 2,5 2.8
AI umi nosi I icate/Gypsum 0.0 0.0 0.i 0.0 0oi 0,0 0.2
Ankerite 0.0 0.0 0.i 0.2 0.4 0,8 1.4
Calcium Aluminate 0.0 0.0 0.2 0.4 0.3 0.6 1.5
Calcium Silicate 0.0 0.1 0,9 3.4 3.9 8.0 16.3
Unknown 0,0 0.2 0.5 i,i i_4 1.2 4.4
Total 0.0 0.8 6.7 22.2 24.9 45.3 100.0
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Figure 51. Transformation of quartz particle size distribution in Eagle Butte
coal and chars.
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Figure 53. Transformation of CaO particle size distribution in Eagle Butte
coal and chars.

quantities of CaO in the 2.1-8.0-_m range; however, by 0.8 seconds, the
majority of the phases are greater than 8 vm in diameter. This may be an
indication that the abundant small sized CaO particles that are initially
produced, coalesce with time to form large particles The Ca-rich particles
were probably in a molten liquid form.

Calcium silicate formed initially as smaller sized particles; however, by
0.8 seconds, most of the calcium silicate was >8.0 urn in diameter, as shown in
Figure 54. The calcium silicate material that formed in the first 0.5 seconds
of combustion may have been the result of reaction between the abundant CaO
derived from the organic fractions and the abundant 2.1-8.0-_m quartz
component.

J

4.1.3 Eagle Butte Char and Ash Droplet Morpholo_z

Eagle Butte 53-74-_jm coal char morphologies were examined using the
scanning electron microscope (SEM) and microprobe system. Qualitative
analyses of phases in the char and the char matrix were acquired using the
energy-dispersive spectroscopy capabilities of the SEMmicroprobe system. TGA
was performed on the chars to note the degree of carbon burnout.

|
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Figure 54. Production and transformation of Ca-silicate particle size
distribution in Eagle Butte chars (no Ca-silicate was detected in
the coal ).

After 0.05 seconds of combustion, the Eagle Butte char showed extensive
formation of pore structures in the organic matrix and extensive development
of inorganic ash droplets as coatings on the surface of the char particles.
Figure 55 shows the hetereogeneity of the char particle chemistry with
calcium-aluminium-rich, sulfate-rich, calcium-iron-rich, and ca,lcium-
aluminium-silicate-rich areas on the s.ame llO-um char particle. The matrix of
the char particles was typically high in Mg_ S, and CaO. The smallest
recognizable particles on the surface of the char were usually CaO-rich with
minor amounts of Fe20_ and MgO. Carbon burnout at this residence time was
about 51% and the ash content about 39%, as shown in Figure 56.

The O.l-second char was very similar to the O.05..second char in appear-
ances and chemistry. Tiny O.l-5.-_m CaO-rich inorganic ash droplets were
observed coating the "honey comb': porous structure of partially burned char
particles. The carbon burnout for the O.l-second char was approximately 55%
and the ash content was 4],%, as depicted in Figure 56.

Char formed at O.2.-second residence times shows similar phases as the
lower residence-time chars. Calcium-rich particles were very abundant as were
calcium aluminates, calcium aluminosilicates, and calcium silicates. Examples

L
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EDS Qualitative Analysis From Selected Areas

In SEM Photograph
Elementa I

Oxide 1 2 3 4

Iqa20 0 0 9 0 3 3 0 0
MgO 6 8 0 0 5 7 13 7
_1209 _8 7 0 0 8 0 25 7
Si02 7 9 0 0 3 6 4 3

P20_ 05 0 0 1 7 0 0
SO_ 1 4 83 0 3 6 0 9
CIO 0 4 0 0 1 4 0 5
K_O 1 3 0.0 2 3 1 4
CaO ag 3 8.0 54 4 47 2
TiO_ _ 5 0.0 ! 9 0 8
Fe203 _.1 7 0.0 !4 1 5 5

Figure 55. SEM micrograph of O.05.-second Eagle Butte char particle with
compositions of selected areas.
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Figure 56. Thermal gravimetric analysis of Eagle Butte chars. The 0.5-second
residence time char did not burn out properly; therefore it does
not appear to fit the trend.

of particles with these chemistries are shown in Figure 57, along with their
compositions. The calcium-bearing particles were most abundant in the l-6-_m
size range. Mo_t of the Ca-bearing phases show a significant Fe203 component
ranging from 3%-15%. Carbon burnout and ash content at this residence time
were 66% and 50%, respectively (Figure 56).

The 0.5-second char was not formed properly in the drop-tube furnace due
to an unknown problem. The result was that the carbon burnout, given in
Figure 56, was only 38%, which is less than the O.l-second char and is
obviously not consistent with the trend of increasing carbon burnout with
combustion residence time. This test will be repeated. Nonetheless, the
results are reported here for the value of observing inorganic transforma-
tions. An interesting SEM micrograph of char produced at this residence time
shows the reaction between CaO and quartz. In Figure 58 a calcium silicate
bridge has been formed between high CaO and high Si02 particles. As further
proof of the hetereogeneity of these Ca-rich systems, the Si02-rich particle
also has a molten interface with a calcium aluminosilicate-rich particle
(Figure 58).

The longest residence time char was generated at 0.8 seconds. This char
showed 95% carbon burnout as shown in Figure 56. Morphological analysis
revealed mostly spherical fly ash particles, which were "larger in size
relative to the previous chars. Calcium-bearing particles still dominated the
ash.
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EDS Oual_Lative Analysis of Inorganic Ash Particles

I 2 3
Elemental Calcium Ca-Alumlno-

Oxide Alum_nate CaO-r lth Silicat_e-ricl7

Na_O 0.0 0 0 0 0
MgO 8.8 10 B 6 4

A1203 34.4 14 5 10 7
Si02 0 0 3 3 23 3
P205 0 0 0 g 0 0
S03 0 0 2 2 0 7
C10 0 4 0 3 0 4

° K20 1 7 1 B 1 6
CaO 43 4 58 4 44 3

" T_02 0 0 0 0 5 5
Fe O_2 98 69 70

Figure 57. SEMmicrograph of 0.2-second Eagle Butte char particle with
composition of selected areas.
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E©S Oualztative Analysis of Areas Indicated

2 3 4
E!emental Ca-- Quartz or Ca-Al-

Oxide CaO Silicate Silica Silicate

Na20 0 0 0 0 0 0 0.0
I,,lgO O 5 0 0 O 5 0 8
AI_O_ 0 6 0 0 0 0 13 8
Si02 7 3 78 0 89 0 20 9
P20, O0 0 0 O0 0 0
S03 06 18 0 8 18
CI0 I 0 I 6 0 0 0 6

K_O 2 5 1 I 1 2 3 1
gaO 73 0 15 5 6 3 53 8
Ti02 I I 0 0 0 0 0 0
Fe203 9 5 2 1 0 0 5 I

Figure 58. SEM micrograph of O.5-second Eagle Butte char particle showing
reaction between CaO and quartz (silica).
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4.1.4 Eagle Butte Fly Ash Characterization

The Eagle Butte fly ash produced in the drop-tube furance was analyzed
for its inorganic constituents using SEMPC. Table 29 gives the phases and
elemental compositions for each of the multicyclone size cuts of the Eagle
Butte fly ash. The majority of the fly ash mass was contained in the >11-pm
size fraction (86%). Major phases identified by SEMPCwere gehlenite
(Ca2AlSi20?),anorthite,pyroxene((Ca,,_g,Fe)Si206),quartz,calciumoxide,
dolomite, and kaolinitederived. Minor amountsof akermanite(Ca2MgSi20?),
calcium aluminate,and amorphousillite_verealso observed. The most abundant
phase was calciumoxide followedby quartzand gehlenite. The size fractions
that were less than 4.4 vm showedvery low amounts of crystallineor
chemicallyorderedphases. The _mountof unclassifiableamorphousspecies
seems to decreasewith decreasingsizeof fly ash.

The chemicalcompositionsof the fly ash multicyclonesamples,given in
Table 29, were scrutinizedfor trendsin distribution. Except for Fe203, Mgo,
and K20, the compositionof the >11-_m fractionagreeswith the ASTM ash
analysisof the 53-74-_mcoal on a sulfurfree basis,as shown in Table 30.
The lower amountof iron in the >11-_mfractionof the fly ash is probablythe
result of: 1) iron being associatedin the coa_ as finely dispersedcarbonate
or organica'llybound cationswhich causes it to concentratein the finer frac-
tion of the fly ash or 2) iron particlesbeing coated with calciumalumino-
silicatesor other materialsthat mask the identityof an iron-bearingcore
material. There is more MgO and K20 in the fly ash than in the ASTM ash
probably due to these speciesbeingpart of surfaceor coatingmaterials,and
especially if these componentsare part of a vapor phase oxide. Other trends
noticedwere that Fe203 and SO3 contentsincreasedwith decreasingparticle
size, and Si02 increasedwith increasingparticle size.

The Si02 componentis derivedfrom the abundantquartz and clay minerals
in the coal_ Quartz and kaolinitecomprisednearly73 wt% of the total
mineral matter in the coal. The particlesize distributionof the quartz and
kaoliniteshowedgreater amountsof material in the >8.0-_msize range,which
explains the higher level of Si and Al in the >11-_jmsize range of the
mutlicyclone.

The multicyclonestages showfairlyconstantquantitiesof Al20_ which
compares well with the aluminosilicatedistributionobservedin the coal
relative to the size category. The coal, however,had more aluminosilicatein
the >11-_m size range, which agreeswith the char data presentedearlierwhich
showed that kaolinitecontentwas drasticallyreducedafter 0.8 seconds
combustionby reactingwith other inorganicconstituents.

The reasonfor the SO_ contentbeing low in the fly ash when comparedto
the ASTM ash is because it is in a vapor state and is not trappedby the
filter in the multicyclone. On the other hand, the ASTM ash retainsthe
sulfurduring the ashing procedure.
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TABLE29

PHASESDETECTEDBY SEMPCFOREAGLEBUTTEFLY ASH
(53-74 pm Coal)

Filter StaeL5 - St__aa_ Sta_ Stage 2 S_tage1

Particle Size
Cutpoints, _m <1,2 1.2-2,1 2.1-4.4 4.4-6.0 6.0-11.0 >Ii.0

Percent Mass 1.54 5,39 12.45 3.43 0,77 86.4

Phases _Number %)

Akermanite 0.0 0,0 0.0 0.8 0.5 0.8
Gehlenite 0.7 8,3 0.0 12.8 15.5 6,6
Anorthite 0.0 0.0 0.0 1.2 3.4 2.9
Pyroxene 0.0 0.4 0.0 1.6 1.0 4.1
Calcium Silicate 0.0 0.0 0.0 0.4 0.0 0,4
Dicalcium Silicate 0.0 0.0 0,0 0.4 0.0 0.0
Calcium Aluminate 0.7 0.8 0.0 3.3 6.8 1.6
Quartz 0.0 0,0 0.0 0.0 1.0 7,8
Iron Oxide 0.0 0,0 0.0 0.0 0,0 0.0
Calcium Oxide 0.0 0.4 0,0 2,9 5.3 8.2
Magnesium Oxide 0.0 0.0 0.0 0.0 0.5 0,0
Ankerite (Ca,Mg,Fe)C03 0.0 3.3 0.0 3.3 1.5 0.0
Dolomite 1,5 0,0 0.0 0.0 1.0 4.5
Pure Kaolinite (Amorp) 0,0 0.0 0.0 0,0 0.0 3.7
Kaolinite Derived 0.0 0,0 0.0 0.0 2.9 2,5
lllite (Amorp) 0.0 0.0 0.0 0.0 0.0 0.4
Unclassified 97,8 87.6 i00.0 76.5 68.0 58.0

Oxide Composition

Si02 8.6 11.6 15.1 19.2 22.9 31,5
A1203 8.8 19.4 19,5 17,7 20,6 16.0
Fe203 8.5 10.9 8.9 7.6 6.4 1,0
Ti02 0,7 1,4 1.4 i,i 1.2 1,0
P205 1.9 1.5 0.7 0.3 0.5 0.2
CaO 28.4 43.4 42,9 43,3 36.6 33.4
MgO 33.0 8.0 7.7 8.0 7.7 13.6
Na20 0.7 0.2 0.i 0.4 1.3 1.4
K20 1.7 1.6 1.8 1.3 1.4 1.2
S03 7.5 1.7 1,6 0°9 1,0 0.6
CIO 0.2 0.3 0.3 0.2 0.4 0. i
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TABLE 30

COMPARISONOF EAGLE BUTTE ASTM ASH AND >ll-_m MULTICYCLONEFLY ASH

ASTMAsh ASTM Ash (SO_-Free_)_ >ll-um Fly Ash

Si02 24.8 31.5 31.5
A1203 13.5 17.6 16.0
Fe203 5.8 7.5 1.0
Ti02 1.2 1.5 1.0
P205 1.3 1.6 0.2
CaO 24.9 31.5 33.4
MgO 5.6 7.1 13.6
Na20 1.2 1.5 1.4
K20 0.i 0.1 1.2
S03 21.7 0.0 0.6

4.2 Characterization of Upper Freeport Coal, Char, and Fly Ash

4.2.1 Upper Freeport Coal Characterization

The results of the ash analysis of three sized fractions of Upper
Freeport coal are summarized in Table 31. The XRF analysis was taken from an
ASTM ash and the XRD was performed on a low temperature ash of the coal. The
ashes were very similar in chemical composition and crystalline phases in all
three size fractions. The 38-53-_m fraction, however, had nearly triple the
ash content of the 74-I06-um fraction. Quartz, pyrite, and kaolinite
dominated the mineral content, and traces of calcite and anhydrite were also
observed.

Table 32 summarizes the mineral data obtained from CCSEManalysis of the
three size fractions of Upper Freeport coal. The mixed aluminosilicates for
all the coal size fractions were mostly illite, as determined from the molar
ratios of the elements analyzed by the microprobe.

Illite was most dominant in the 38--53-um size fraction, totaling 61% of
the total mineral content. Quartz, kaolinite, and pyrite were also
significant contributors to the mineral content. Most of the minerals had
average diameters of >ii _m. Mixed aluminosilicates, pyrite, and kaolinite
were more common in the highest size category, while quartz grains had sizes
most commonly in the 4.4-8o0-_m size range. The total mineral content in this
coal size fraction was 14.43 wt%.

The 53-74-um size fraction again showed the mixed aluminosilicates
(mostly illite) as the dominant mineral phase. Pyrite drastically increased
frnm 0.8 wt% in the 38-53 _m fraction to 5.1 wt% in this size fraction.
Together, the illite and pyrite comprised 72% of the mineral content. Calcite
and quartz were present in significant quantities as weil. The >ll-um size
category gave the highest concentration of minerals (71.37%). The total
mineral content for this coal was 16.8 wt%.
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TABLE 31

COMPOSIFIONOF ASTM ASHESAND DISTRIBUTION OF CRYSTALLINE SPECIES
IN THE LTA ASHES PRODUCEDFROMUPPER FREEPORTCOAL

(Normalized Oxide Wt%)
Coal particle size fraction, um

Oxide 38-53 53-74 74-106
....--...-.....

Si02 50.30 50.50 51.20

AI203 23.70 24.20 23.90

Fe203 11.90 12.80 12.80

TiO_ 1.20 1.30 1.30

P20s 0.20 0.i0 0.I0

CaO 4.50 3o10 3.20

MgO i. 60 i. 50 I. 60

Na20 0.00 0.00 0.00

K20 3.70 3.70 3.80

S03 3.00 2.70 2.1.0

% Ash 30.90 19.60 11.80

Crystalline
_ecies

Major Quartz Quartz Quartz

Mi nor Pyrite Pyrite Pyri te
Kaolinite Kaolinite Kaolinite

Frace Cal cite Cal cite
Anhydr i te Anhydr ite
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TABLE32

MINERALDISTRIBUTIONDATAFORUPPERFREEPORTSIZE FRACTIONS
(WEIGHT%)

38-53 pm Sized Fraction

Mineral/Coal Particle Slze Distribution (pm) Total Wt%

<1.2 1.2-2.1 2_1-4,4 4.4-8.0 8.0-11.0 >11.O % Min Coal

Quartz O.12 0.89 3.59 6.62 3.10 1.34 14.66 2.11

_aolinite 0.07 0.60 1.52 3,11 0.00 4.48 9,16 1.32

Ca-Clay 0.01 0.02 0.00 0,00 0.00 O.OO 0.04 0.01

Mixed Aluminosilicate 0.50 0.52 9.95 11.71 3.56 37.29 61.32 7.23

Pyrite 0.09 0.63 0.85 0.62 0.O0 3.93 5.72 0.83

Calcite 0.06 O.14 0.16 0.50 O.00 O.OO 0.82 O.12

Barite 0.00 0.00 0.06 0.00 0.00 0.00 0.05 0.01

Gypsum 0.01 0.00 0.38 0.00 0.00 0.O0 0.36 0.05

Coal 85.57

Total O.91 5.17 17.65 22.57 6.66 47.03 IO0.00 I00.00

53-74 pm Sized Fraction

Mineral/Coal Particle Size Distribution (IJm) Total Wt%

<1.2 1.2-2.1 2.1-4.4 4.4-8.O 8.0-II.0 >11,0 % Min Coal

Quartz 0.04 0.16 1.64 1.55 2.19 1,16 6,70 1.13

Kaolinite 0,01 0.18 0.95 0.68 0.30 0.O0 2.12 0.36

Ca-Clay 0.00 0.00 0.OO O.00 0,00 O.00 0.00 O.00

Mixed Aluminosilicate 0,IO 0.64 3.48 6.50 3.15 28.42 42.13 7.11

Pyrite 0.07 0.40 1.38 1.61 0.65 26.30 30.28 5.11

Calcite O.01 0.01 O.16 O.II 0.56 12,42 13.21 2.23

Barite 0.O0 0,00 0.00 O.OO 0.00 O.00 0.00 O.00

Gypsum 0.OO 0.01 0.03 O.00 0,OO O.OO 0.O3 O.O1

Coal 83.12

Total 0.23 1.51 7.8"1 10.84 8.18 71.37 100.00 IOO.O0

74-106 M Sized Fraction

Mineral/Coal Particle Size Distribution (pm) Total Wt%
<1.2 1.2-2.1 2.1-4,4 4.4-8.0 8.O-11.O >I1.0 % Min Coal

Quartz 0.02 0.33 1.43 2.16 1.17 4.3 9.41 1.87

Kaolinite 0,01 0.19 0.65 0.93 O.00 2.22 4.00 0.79

Ca-Clay 0.O1 0,01 0.04 0.11 0.00 0.82 0.97 O.19
Mixed Aluminosilicate 0.14 1,24 6.37 7,14 3.53 22,07 40,49 7.30

Pyrite 0.07 0.44 1.72 3,12 3.O4 8.09 16.49 3.27
Calcite O.00 O.II 0.3 0.85 0,27 16.92 18.45 3.66

Barite O.OO O.00 O.OO 0.OO O.OO O.OO O.OO O.OO

Gypsum 0.OO 0.01 0.07 0.19 0.00 O.00 0.26 0.05

Coal 80.14

Total 0.32 2.86 II.84 14.93 9.06 61.OO 100,OO 100.00
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Illite dominated the mineral components of the 74-I06-_m fraction,
totaling 40% of the minerals present. Most of this illite was in the >ii-pm
size category. Kaolinite, quartz, pyrite, and calcite were also present in
appreciable amounts. Kaolinite and illite were mostly distributed in the
>ll.O-_m range. The total concentration of mineral matter in this size
fraction was 19.86 wt%.

4.2.2 Upper Freeport Char Characterization

Five Upper Freeport coal (53-74-pm sieve fraction) chars were generated
in the EMRCdrop-tube furnace using a combustion temperature of 1500°C. The
residence times used for producing the chars were 0.05, 0.i, 0.2, 0.5, and 0.8
seconds. Each char was analyzed for inorganic phases using CCSEM. Table 33
shows the size distribution of the inorganic phases that were determined as
area percents. The original mineral distribution for the Upper Freeport
53-74-um coal is given in Table 34 for the purpose of making comparisons with
the inorganic contents of the chars.

The general form of the mineral/phase particle size distribution remained
the same through 0.8 seconds of combustion, lt is shown in Figure 59 that
coal mineral and the char inorganic phases are bimodally distributed.
Particles are most abundant in the size fractions of 2.1-8.0 pm and >11 pm.
The O.8-second residence time char showed the largest concentration of phases
>11 _m, at 73% (Table 33). This was expected due to coalescence of particles
with time.

Figure 60 displays the relative concentration of major inorganic phases
in the original coal and successive chars. The most abundant phase observed
in the coal and chars was K-aluminosilicate, probably derived from illite.
Most likely, the illite lost its crystalline character after exposure to the
high temperature environment; therefore, it became a derived illite component
or simply an amorphous K-aluminosilicate. Figure 60 shows the relative
stability of the K-aluminosilicate phase throughout the combustion process.
Kaolinite-derived also had a fairly stable distribution in the char (15-27%),
but showed only 3% in the coal.

Pyrite content was observed to decrease with time through 0.2 seconds of
combustion, then it disappeared altogether. Pyrite, when exposed to high
temperatures, will decompose first to pyrrhotite and then to iron oxide. The
only other mineral content that decreased significantly with time was calcite.
The original coal showed 14% calcite (Table 34) but no calcite or CaO was
observed in the early stage chars (Table 33).

New amorphous or crystalline phases that were produced were Fe-
aluminosilicate and iron oxide, which were derived from Fe in pyrite and AI-Si
in the clays.

4.2.3 Upper Freeport Char and Ash Droplet MqrphQlo_9]/_

Upper Fr_aeport char and ash droplet morphologies were examined using the
s_:anning electron microscope (SEM). Qualitative analyses were performed on
s_lected particles to determine their relative elemental compositions.
Thermal gravimetric analysis (TGA) was performed on the chars to monitor
carbon burnout. Figure 61 shows how the fixed carbon content (% C) decreased
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TABLE 33

DISTRIBUTION OF INORGANICPHASES IN UPPERFREEPORTCHARS

a. Upper Freeport 0.05 Second Char

Part lcle Size Catego[ies (Mm)
Tot a I

Mineral/Phase (Area %) <1.2 1.2-2.1 2.1-4.4 4.4-8.0 8.0-11.0 >II Area % Wt %

Quartz 0.0 0.2 1.0 0.9 0.8 15.0 18.0 15.9

Aluminosllicate 0. I 1.2 3.7 3.0 0.6 9.0 17.7 14.7

Fe-Alumlnosillcate 0.I 0.6 1.5 2.4 0.3 2.6 7.5 7.0

Potassium Aluminosilicate 0.2 1.9 6.1 4.2 4.2 12.0 28.5 26.1

Calcium Alumlnosillcate 0.0 0.1 0.2 0.I 0.0 0.0 0.4 0.4

Iron Oxide 0.0 0.I 0.4 0.2 0.0 3.9 4.6 8.1

Pyrite 0.0 0.2 0,5 1.2 2.1 15.5 19.5 24.4

CaO.-Rich 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Rutile 0.0 0.0 0.0 0.0 0.0 0.0 0. I 0.I

Aluminosilicate/Gypsum 0.0 O.l 0.0 0.0 0,0 0.0 0.I 0.I

Ankerite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Calcium Silicate 0.0 0.1 0.2 0.3 0.5 0.0 1.1 I.I

Unknown 0.I 0.3 0.7 0.8 0.4 0.0 2.3 2.1

Total 0.6 4.9 14.3 13.2 9.0 58.0 100.0 100.0

b. Upper Freeport 0.1 Second Char

Particle Size Cateqories (Mm)

Total

Mineral/Phase (Area %) <1.2 1.2-2.1 2.1-4.4 4.4-8.0 8.0-II.0 >II Area % Wt

Quartz 0.0 I.I 3.3 0.2 0.0 0.0 4.6 3,9

Aluminosilicate 0.7 3.9 5.2 2.6 0.0 5.3 17.7 14.1

Fe-Alumlnosilicate 0.3 1.2 1.6 0.3 0.0 9.6 13.1 11.7

Potassium Aluminosilicate 0.8 5.7 10.3 3.9 5.5 !2.1 38.3 33.7

Calcium Aluminosilicate 0.1 0.4 0.5 0.0 0.0 0.0 0.9 0.8

Iron Oxide 0.0 0.2 0.3 1.6 0.0 10.5 12.6 21.1

Pyrite 0.I 0.4 0.3 0.0 0.8 2.8 4.3 5.2

CaO-Rich 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Rutile 0.0 0.2 0.0 0.0 0.0 3.1 3.3 5.1

Anhydrite 0.I 0.I 0.8 1.2 0.0 0.0 2.2 1.7

Aluminosilicate/Gypsum 0.1 0.0 1.2 0.0 0.0 0.0 0. I 0. I

Ankerite 0,0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Calcium Silicate 0.0 0oi 0. I 0.0 0.0 0.0 0.3 0.3

Unknown 0.2 0.9 1.5 0.0 0.0 0.0 2.6 2.3

Total 2.4 14.2 23.9 10.0 6.3 43.2 100.0 100.0
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TABLE 33 (CONTINUED)

c, Upper Freeport 0.2 Second Char

....... I_article Size Categories (IJm)
To'f a I

Mineral/Phase (Area ii) <I.2 1.2-2,i 2,1-4.4 4.4-8.O 8.0-1_.O >11 Area _ Wt

Quar":z 0.0 0.! I.I 2.2 0.2 14,5 18.2 17,7

Aluminosi I icale 0.2 1,0 4.0 5.2 1,9 3.1 15,4 14,I

Fe-AI uminosi I icate 0.I 0,4 1_0 0.7 0.0 5.1 7.2 7.4

Potassium Aluminosilicate 0,1 1,0 3.6 4,1 3.3 31,9 44,0 44.4

Calcium Aluminosilic_te O.1 0,3 0,5 0,7 O.O O.0 1,5 1,5

Iron Oxide O,0 O.0 0.2 0.4 O,O O,0 O.7 1.3

Pyrite O,O 0.O 0.2 0,3 0,O 0o0 0,5 0,7

CaO-Rich O.O O.0 O.3 1,3 0.5 7.2 9.1 9,4

Rui i le O.O O.0 0.O O.O O,O O.0 O. 1 O. I

AI umi nos i I t care/Gypsum 0.0 0,1 0.3 0,0 0.3 0.0 0.8 0,7
Ankeri te 0.0 0,0 0,0 0.0 0.0 0.0 O. I O. 1

Calcium Silicate O,O 0.0 0.O O.0 0.0 0,O O,1 O,l

Unknown O.O 0.2 0,5 0.8 0,4 0,4 2.3 2.4

Total 0.5 3.4 II.9 )5.7 6,5 62,1 I00.0 100.0

d_z.__pper Freeport 0.5 Second Char

Particle Size Cat._ories (_m)
Tot" a I

h_ineral/Phase (Area _) <1,2 1,2-2,1 2,1-4.4 4.4-8,0 8,0-11.0 >11 Area _ Wt

Ouarlz 0.0 0,3 2,2 1.6 0,8 2,7 7.7 7._

Aluminosi I icate 0,2 2,0 8,0 8,1 0.6 0.0 18.8 17.0

re-AI uminc$i I icate 0,1 1_0 4.2 4,1 0.0 _,2 10.6 I0.?

: Potassium _luminosiiicate 0.4 2.8 II.2 8,0 2,3 24.5 49,2 49,0

Calcium AIL_inosil icate 0.2 0,7 1.1 2.5 0.0 0.0 4.5 4.4

Iron Oxide £',0 0.0 0.5 0.7 0,0 1.1 2.3 4.5

: Pyr" i l'e O.0 0,0 O.O 0.0 0,O O.O O,O O_0

CaO_Rict_ O,0 0,1 O.I 1.8 0,0 1.O 2.9 3,0

Rut i le 0.0 0.0 0.0 0.0 0.0 0.0 0. I 0.1

Apart te 0,0 O,O 0.2 0.0 0,0 0,0 0.2 0.2

. A I um i nos i I i cale/Gypsum 0,O 0,0 0.1 O.0 O.0 O,O 0.2 O.}

Calcium Si! care 0.0 0,0 0.2 0.0 0.0 0.0 0,2 0.2

• Urlknown O. I 0,6 '_.6 1. I O.O O.O 3,3 3.3

rc,_a { 1. I 7.5 29.4 27.8 3,7 30,5 IOO.O 100.0



TABLE 33 (CONTINUED)

e. Upper Freeport 0.8 Second Char

Particle Size Cate_]ories (1_1)

To1 a I

Mineral/Phase (Area ;{) <1,2 1,2-2.1 2.1-4.4 4,4--8.0 8.0-11.0 >11 Area ;{ Wt

Quartz 0.0 0.0 0,4 1.0 0,6 5.8 7.8 7.4

Aluminosi I icate 0,0 0.3 2.2 3.1 3,0 18.0 26.7 23,8

Fe-Aluminosi I icate 0.0 0.2 0,9 1.8 0.8 8,1 11.8 11,8

Potassium Aluminosi I icate 0.0 0,2 1,8 3,0 2.2 33.3 40.6 39.9

Calcium Aluminosilicate 0o0 0.2 0.6 0.6 0.3 0.0 1.7 1,6

, Iron Oxide 0,0 0.0 0.2 0,3 0.2 3,9 4.6 8,6

Pyr ite 0,0 0.0 0.0 0.0 0.0 0.0 0,0 0.0
CaO-Ri ch 0,0 0.0 0.0 0,I 0.I 0,0 0,3 0,3

Rutile 0,0 0,0 0.0 0.I 0.0 0.0 0,I 0.2

A I um i nos i I i cate/Gy/)sum 0,0 0.0 0.0 0.0 0,0 0,0 0.1 0.I

Calcium Silicate 0.0 0.0 0.I 0.1 0.0 0.0 0,2 0.2

Unknown 0.0 O, 1 0.5 0.5 0,9 4,1 6.2 6,2

Total 0,1 1,1 6,8 10,7 8,1 73,2 100,0 100,0

TABLE 34

MINERAL DISTRIBUTION FOR UPPER FREEPORT53-74 l_mCOAL

Particle Size _Categories (Isn)
Tota I

Mineral/Phase (Area %) <1.2 1.2-2,1 2.1-4,4 4.4-8.0 8.0-11.0 >11 Area _ Wt ;_

= Quartz 0,04 0,18 1.89 1.79 2 53 1.34 7.77 6.08

Aluminosi I icate 0.01 0.22 1.17 0.84 0 37 0,00 2,61 1.92

Fe-Aluminosi I icate 0.00 3.19 0.82 0.56 0 ._I 7.50 9.38 7,76

K-AI uminosi I icate 0.11 0.53 3.04 6.68 3 19 24.02 37.56 30.5l

Ca-Aluminosi I icate 0,00 0.00 0,00 0.00 0,00 0.00 0,00 0.00

: Iron Oxide 0,00 0.02 0.09 0.23 0 77 122 2.34 3.63

Pyrite 0.06 0.32 1.13 1.31 0 53 21 39 24,73 36,67

Gypsum/Barite 0.00 0.00 0.00 0.00 0 O0 0 00 0,00 0.00

Calcile 0.01 0.02 0.17 0.11 0.61 13 44 14.36 12.00

- Ruti le 0.O0 0_O4 0,05 0.O0 0.O0 0 61 0.71 1.02

Barite 0.00 0o01 0.00 0.00 0.00 O O0 0.0i 0.01

: Gypsum 0.00 0.01 0.03 0.00 0,00 0 O0 0.04 0.03
Ankerite 0.00 0.00 0.00 0.00 0.00 0 O0 0.00 0.00

] I!nknown 0.O0 0.04 O, 18 0.27 0.O0 0 O0 0.50 0.37

Total (and PSI)) 0.23 1.54 8,39 II.51 8.31 69.53 I00.00 I0,0_00
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distributions.
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Figure 61. TGA analysis of Upper Freeport 53,-74-_m coal,

with residence time. The carbon conversion (% CC) was used to calculate car-
bon burnout. A steady decrease in carbon content was noted between combustion
residence times of 0.i and 0.8 seconds; at 0.8 seconds, 100% carbon burnout
was attained.

The O.05-second char revealed beginning stages of coalescence and fly ash
formation. Partially molten clusters of small spherical particles i-5 pm in
diameter were observed. Carbon loss at this stage was about 14% as shown in
Figure 61. Compositions of single coalesced particles were extremely variable
depending on the location of the electron beam, which corresponded to a
heterogeneous composition. For example, in Figure 62, a 65-_m particle is
sI_own that has already undergone extensive melting and is beginning to take on
a spherical shape. The more granular-appearing material toward the bottom of
the particle is mostly aluminosilicate, probably derived from illite. In the __
middle of the particle a more molten-appearing Fe-rich material was observed
(41% Fe203). The iron and sulfur in this material were derived from molten
pyrite or pyrrhotite and comprised the bulk of the middle region material in
Figure 62. Note the interaction that has taken place between the Fe.-S liquid
(80%) phase and molten Al-Si (]7%). Compositions of selected phases in the
O.05-second char are given in Table 35.

The O.l-second char showed a greater degree of fly ash formation and many
particles retained a heterogeneous chemical conlposition. Figure 63 shows a
spherical grain that had molten Fe-Si phases surrounded by a Mg.-Fe-Si matrix.
Selected phase compositions for _. O.l-second char are given in Table 35.
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Figure 62. Upper Freeport .05-second char (scanning electron micrograph and
EDS data).

TABLE 35

COMPOSITIONOF SELECTED INORGANICPARTICLES IN UPPER FREEPORTCHARS
(NORMALIZEDOXIDE WEIGHT PERCENT)

Char Particles at Specific Residence Times ISeconds 1

Oxide 0.05 0.i 0.5 0,8

Na_O 0 0 0 0 0 0 0 0 0 0
MgO 0 0 0 0 5 i0 0 0 0 0
AI 203 27 5 37 7 i 3 28 25 2 28
Si02 40 10 43 i0 36 44 40 28 2 48
P20_ 0 0 0 2 0 0 0 0 0 0
SOB i I 2 14 39 I 0 2 ] 0 i
ClO i i ]. 0 0 0 0 i 0 0

K20 6 3 i I ! i 12 16 0 5
CaO 0 3 0 I 3 3 i 0 0 I
Ti02 2 0 0 0 i I 4 4 0 4
Fe_OB 12 76 4 41 49 35 13 22 94 12

Si/Al 1,4 2,0 1,1 1,4 36,0 1.4,7 1,4 1,1 1,0 1,7
Ratio
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Figure 63. Upper Freeport O,1-second char (scanning electron micrograph and
EDS data).

At 0.5 seconds of combustion, more spherical fly ash grains were begin-
ning to develop in the smaller size ranges as displayed in Figure 64. Carbon
burnout at this stage was 57% as displayed in Figure 61. Figure 64 is a back-
scattered electron image; therefore, particles having higher average concen-
trations of heavier elements appear brighter. The brighter particles have
undergone nearly 100% carbon loss while the darker particles still retain
carbon in their matrix. Many of the very brightest particles are Fe-rich.
TI_e brightly shaded homogeneous sphere near the bottom of Figure 64 was
composed of K-Fe-a!,,minosilicate, most likely derived from abundant illite
clays in the Upper Freeport.

Char formed at 0.8 seconds revealed 100% carbon burnout (Figure 61) with
most of the particles being spherical or subspherical in form. Figure 65
snows that coalescence was still occurring, as evidenced by larger fly ash
particles, 60-80 vm in diameter, having numerous smaller particles sticking to
their surfaces and being assimilated. The backscattered electron image in
Figure 65 shows numerous bright Fe-rich particles that are 10-40 um in
diameter. Many of the Fe-rich particles show significant quantities of
aluminosilicate in their composition and illite-derived particles commonly
show high Fe20_ contents (Figure 65).

A comparison was made between normalized oxide weight percents of
elements in illite in the initial Upper Freeport coal and illite-derived or K-
aluminosilicate phases observed _n the chars (Table 36). lllite in the coal
had higher Si/Al ratios than the illite-derived in the char. The average
Si/AI ratio for the illite in the coal was 2.4, and for the illite-derived in
the char was i.4. The data in Table 36 suggests that a depletion of Si has
occurred during the combustion process, possibly due to the incorporation of
kaolinite particles.
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Figure 64. Upper Freeport 0.5-second char (scanning electron micrograph
obtained using backscattered electron imaging),

Figure 65. Upper Freeport O.8-second char (scanning electron micrograph
obtained using backscattered electron imaging).
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TABLE 36

COMPOSITIONOF ILLITE AND K-ALUMINOSILICATE
IN UPPER FREEPORTCOAL AND CHAR

_Normalized Oxide Weight Percent) ........

Oxide Coal Char

Na20 0 0 0 0 0 0 0 0
MgO 0 0 0 0 0 0 0 0
A1203 29 21 15 36 27 28 25 28
SiO_ 56 48 51 59 40 40 28 48
P_Os 0 0 0 0 0 0 0 0
S03 I I 3 0 II 2 I I
CIO I 0 0 0 i 0 i 0
K20 7 18 13 I 6 12 16 5
GaO 0 0 0 0 0 i 0 I
Ti02 I 3 2 0 2 4 4 4
Fe_02 4 9 13 2 12 13 22 12

Si/Al 0.5 0.4 0.3 0.6 0.7 0.7 0.9 0.6
Ratio

The Upper Freeport O.05-second char was analyzed in more detail using
SEMPC analysis. The major phases present in the Upper Freeport O.05-second
char were montmorillonite, illite, kaolinite, calcite or calcium oxide_
anhydrite, plagioclase (anorthite-albite), quartz, and unclassified material
(Table 37). Some of these phases may lack a true crystalline structure
because of thermal alteration. The large unclassified component (42-96%) in
all of the stages reveals that substantial melting and transformation of
mineral matter occurred even at a short residence time. The SEMPCchemical
composition of the fly ash in the >11-1Jm size fraction (Table 37) was similar
to that observed by x-ray fluorescence ash analysis of the bulk coal as shown
in Table 38.

Table 34 displays the original Upper Freeport 53-74 pm coal mineral
content as determined by CCSEM. About 71% by weight of the coal minerals were
greater than Ii pm in average diameter. The O.05-second char also had most of
its inorganic mass (-90%) in the >ll-_m multicyclone stage (Table 37).
Comparisons were made between the >II-pm fractions of the coal minerals and
0.05 second char phases on an area percent basis, as shown in Table 39. There
was a depletion of calcite, mixed aluminosilicate, illite, and pyrite; most
likely because of melting and interaction with other liquid-- or gas-phase
inorganic components. Pyrite content was reduced substantially (only 0.4%
remained in the char). The limited number of points analyzed by SEMPCmay
account for the low pyrite content. The O.05-secund char showed 24% pyrite
when analyzed using CCSEM, which analyzes 6 times as many particles as
SEMPC. Some phases were enriched, according to these results, including
quartz and kaolinite. Some of the illite or mixed silicates may have lost
alkali or alkaline earth elements during combustion to produce the kaolinite
phase detected in the char. Quartz may have been enriched by the melting of
clays to produce Si-rich glass, which would be categorized by SEMPCas quartz°



TABLE 37

PHASES DETECTEDBY SEMPCFOR UPPER FREEPORTO.05-SECOND CHAR
(FROM 53-74-_m COAL)

St_ta_e___! __22 Stage 3_ Stage 4 Stage 5 Filter

Particle Size >Ii.0 6.0 4.4 2.1 i_2 <1.2

Cutpoint (um)

Percent Mass 89.5 2.3 3.4 I.i 1.9 1.8

Phase (Number %_

Calcium Oxide/Calcite 1.5 0.4 0.0 0.0 0.0 0.0
Montmorillonite 5.7 i. I 10.2 0.0 8.2 0.0
III ite 25.7 14.3 16.1 50.0 3.6 3.7
Iron Oxide/Siderite 1.9 0.4 0.0 0.4 0.0 0.0
Kaol inite._derived 12.8 33.2 3.6 4.4 26.3 0.0
Anhydrite 1.5 0.8 7.2 0.4 0.0 0.0
Anorthite i.I 1.9 0.6 1.2 1.8 0.0
Albite 2.3 0.0 4.8 0.0 0.9 0.0
Quartz 3.0 6.0 7.2 0.8 0.0 0.0
Pyrrhotite 0.0 0.0 1.2 0.0 0.0 0.0
Pyrite 0.4 0.0 0.0 0.0 0.0 0.0
Spinel 0.0 0_0 0.0 0.0 0.0 0.0
Dolomite 1.5 0.0 1.2 0.0 0.0 0.0
Unclassified 42.7 42.3 48.4 42.8 59.9 96.3

Average
Co__om_position, wt%

Na20 0.3 0.3 0.6 0.2 0.6 1.2
MgO 0.5 1.4 0.6 0.6 0.9 0.7
AI 203 25.1 31.6 18.5 27.4 32.3 17.5
Si02 48.4 54.6 50.5 47.7 52.0 28.0
P_Os 0.i 0.0 0.5 0.4 0.0 0.4
S03 6.5 3.6 13.3 7.1 6.2 39.9
CIO 0.0 0.0 0.0 0.0 0.0 0.0
K20 4.9 3.9 3.8 5.6 3.9 6.5
CaO 3.8 1.3 3.7 2.1 0.9 1.7
TiO_ 1.2 0.6 0.8 1.3 On6 0.6
Fe_03 9.2 2.7 7.7 7.6 2.6 3.5

Average Si/AI
Molar Ratio 1.9 1.7 2.7 1.7 1.6 1.6 _

E
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TABLE 38

COMPARISONOF SEMPCAND XRF CHEMICAL COMPOSITIONFOR UPPER FREEPORT
(WT %)

XRF of Coal Ash* SEMPCChar Composition

Si02 50.5 48.4
AI203 24.2 25.0
Fe203 12.8 9.2
Ti02 1.3 1.2
P205 0,I 0.I
CaO 3.1 3.8
MgO 1.5 O.5
Na20 0,0 0.3
K20 3.7 4.9
SO3 2.7 6.5

* CIT Ninth Quarterly Technical Progress Report, 1988.

TABLE 39

COMPARISONOF SELECTEDUPPERFREEPORTO.05-SECOND CHAR PHASES AND
COAL MINERALSFOR >11-_m SIZE RANGE*

(AREA PERCENT)

Mineral Char Coal

Calcium Oxide/Calcite ].5 19,3
** Mixed Aluminosilicates 9.1 10.8

lllite 25.7 34,6
Iron Oxide/Siderite 1,9 1.8
Kaolinite/Aluminosil. 12.8 0.0
Pyrite 0.4 30.8
Quartz 3.0 1,9
Unknown/Unclassified 42.7 0.0

* Char phase percents from the >ll-_m multicyclone size cut and mineral
percents from the >ll.-_m size category.

** Includes Fe-aluminosilicate for the coal; and montmorillonite, anorthite,
and albite for the char.



4.2.4 Upper Freepor t Fly Ash Characterization

Fly ash was generated from Upper Freeport coal in the EMRCdrop-tube
furnace and analyzed for inorganic phases using SEMPC. SEMPCdata for each
multicyclone size fraction is presented in Table 40. The first multicyclone
stage (>11 vm) contained nearly 94% of the fly ash. The major phases
identified by SEMPCincluded illite-derived, iron oxide, kaolinite-derived,
anorthite, and an unclassified phase. Minor occurrences of quartz, albite,
montmorillonite-derived, calcium oxide, spinel, and calcium titanate were also
observed.

lllite-derived was the most abundant phase that was recognized by SEMPC.
lllite-derived is an amorphous K-aluminosilicate derived from the clay
mineral, illite° The original Upper Freeport coal showed 37.6% illite on a
mineral matter basis (Table 34). The illite-derived had a steady decline in
quantity with decreasing fly ash size (Table 40). The distribution of
kaolinite-derived was similar to that of illite-derived; Stage i showing the
largest quantity with successively decreasing quantities in the smaller size
fractions. Kaolinite was not very a)undant in the coal; therefore, the
derived kaolinite is coming from some of the other aluminosilicate clays by
volatilization of their loosely bound cations. This conclusion is supported
by the enrichment of K2 in the final filter (<1.2 _m). Quartz and iron oxide
have fairly even distributions in all of the stages except Stage 5 and the
filter.

The SEMPCchemical compositions of the multicyclone stages showed fairly
uniform Si/AI ratios except for the filter fraction, which had an excessively
high ratio of 18.9. The filter fraction had 57% Si02 and only 3% A1203.
Concentrations of Si02 decreased with decreasing fly ash size, and Ti02
increased, generally, with decreasing size.

4.3 Characterization of Robinson Coal, Char, and Fly Ash

4.3.1 Robinson Coal Characterization

The results of the chemical fractionation, ash, and proximate/ultimate
analyses of the Robinson 53-74-_m coal are given in Tables 41 and 42,
respectively. The majority of the sodium, magnesium, and calcium are
organically bound as shown by their removal by ammonium acetate. The ASTM ash
showed a moderate amount of Na20 at 3_5% and a very high CaO content of
19.7%. The sodium present was most likely in an organic salt form and c_Icium
was probably in the form of a salt of an organic acid group and carbonate
minerals.

The mineral distributions for Robinson size fractions are summarized in
Table 43. The 38-53-_Jm size fraction of Robinson coal had generally even
amounts of quartz, kaolinite, and pyrite, which made up 82% of the mineral
content. Additional minerals observed were Ca-clay (montmorillonite) and
gypsum. The >ll-um size category contained most of the minerals. Quartz,
kaolinite and pyrite had higher concentrations in the >11-_m size range, while
Ca-clays were most abundant in the 2.1-8.0-_m size range. The total mineral
content was 8.4 wt%.
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TABLE 40

PHASES DETECTEDBY SEMPCFOR UPPER FREEPORTFLY ASH
(FROM 53-74-_m COAL)

St__ta!le___11Stage2 Stage 3 Sta_le_4 _ Filter*

Particle Size

Cutpoints (vm) >11.0 6.0 4.4 2.1 1.2 <1.2

Percent Mass 93.9 1.0 1.9 0.7 1.3 1.2

Phase (Number %_

Calcium Oxide 1.1 .4 0.0 0.0 0.0 0.0
Montmorillonite 0.0 .4 0.0 1.9 0.8 0.0
Illite-derived 63.1 46.5 35.5 29,9 27.6 0.0
Iron Oxide 2.5 2.3 2,5 1.2 0.4 0.0
Kaol inite-derived 18.1 9.5 ' 3.7 1.2 0.0 0.0
Anhydrite 0.0 0.0 0.0 0.0 0.0 0.0
Anorthite 0.0 2.3 8.7 3.7 6.6 0.0
Albite 0.4 0.0 0.0 0.0 0.0 0.0
Quartz 1.1 1.5 1.2 1.2 0.8 0.0
Pyrrhotite 0.0 0.0 0.0 0.0 0.0 0.0
Pyrite 0.0 0.0 0.0 0.0 0.0 0.0
Spinel 0.0 0.4 0.0 1.2 0.0 0,0
Dolomite 0.0 0.0 0.0 0.0 0.0 0.0
Calcium Titanate 0.0 1 1 1 2 1 _• . .,. 3.7 0.0
Meli!ite 0.0 0.0 0.0 0.0 0.0 1.6
Unclassified 14.5 36.2 47.3 58.5 60.5 98.4

Average
Composition, wt%

Na20 0.14 0,35 0,20 0,24 0,28 0.0
MgO 0.46 0,44 0,50 0,59 0,60 O, i
AI _03 30,70 28,00 29,70 29,60 29,20 3,0
Si02 51,50 47,80 44,30 43,70 41.,80 56,8
P20s 0,00 0,19 0,28 0,19 0,28 0,1
S03 0.21 0,34 0,32 0.31 0,62 12,4
ClO 0,00 0.00 0,00 0.00 0,00 O. i
K20 5,96 4,69 4,08 4,07 3,97 8,2
CaO 1,81 3,29 4.36 3,67 4,83 5,8
Ii02 1,25 1,87 2,35 3°26 3.96 3,1
Fe203 7,85 12,90 13,80 14,20 14.20 10,4

Average Si/AI
Molar Ratio 1,7 1,7 i_5 1,5 1,4 18,9

* Previous SEMPC results reported in the 1lth Quarterly Technical Progress
Report were incorrect due to analytical error.
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TABLE 41

CHEMICAL FRACTIONATIONRESULTSFOR ROBINSONCQAL

Initlal % Removed % Removed % Removed %
._.gZ_.d,r_a_]. _b_._HH__ ___NH,,O_A_ _b__ HCl Reinai ni_n_

Na 1440 48 60 0 -8
Mg 730 I 72 7 20
AI 4420 0 0 13 87
Si 7030 i 0 i 98
Ca 4940 0 75 21 4
Ti ii0 0 0 7 93
Fe 3220 0 0 21 79
Sr 170 0 71 ]9 I0

TABLE 42

RESULTS OF ROBINSONCOAL AND ASH ANALYSISa

Robinson
_Montana Subbituminousl

Proximate_ Wt %

Moisture 22.0
Volatile Matter 35,]
Fixed Carbon 54.3
Ash 10.6

UI t imate,_!4t %

Carbon 66.6
Hydrogen 5.0
Nitrogen 0.9
Oxygen (dill) 16.4
SuI fur i. i

- s4_ s b
SiO_ 38.O
Al_O3 18.7

- Fe_O3 13.O
= Ti02 I .3

P20s 1,4
CaO 19.7

- MgO 3.5
• Na:<O 4.3

-: K20 0.1

a Results reported on a dry basis except for the moisture determination.
b free basis.SO; -,
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TABLE 43

MINERAL DISTRIBUTION DATA FOR ROBINSONSIZE FRACTIONS (WEIGHT %1

38-53 l_n S i zed Fract i on

Particle Size Distribution (pm)

Tota I WI%

Mi neral/Coa I <1,2 } .2-2. I 2.1-4,4 4.4-8.O 8.0-11,0 >11.O % Min Coal

I1

Quartz 0,04 0,05 I .52 3.27 j.81 20.21 28.09 2.37

Kaol inite 0,04 0,34 2.33 4.13 0.97 25.79 32.67 2.76

Ca-Cl ay O,07 0.45 2.45 2.83 0,00 1.74 7.32 0.62

Mixed Aluminosilicale O.02 0.09 0,43 0,50 0.O0 O,OO t.00 0.O9

Pyrite O.O0 0.19 0.92 0.97 0.85 19.60 21 ,,80 1.85

Calcite 0,O0 0,01 0.O0 0.38 0.00 0.O0 0.38 0.O3

Barite O.01 0,00 0.24 1.05 0.49 0.OO 1,74 0.15

Gypsum 000 0.04 O.30 0._3 1.17 O,OO 1.88 0.16

Coal 91.54

Total 0.20 1,35 9.49 7.28 67.34 100.OO IOO,00 100.OO

53-74 Un Sized Fraction

Particle Size Distribution (pm)

Total Wt

Mineral/Coal <1.2 1.2-2.1 2,1-4.4 4,4-8.0 8.0-11 .u >11.O % Min Coal

Quarl'z 0.08 0,69 4.18 9.59 6.67 21,66 42,73 1.20

Ka_l inite 0,,O1 0,66 6,18 6.29 2.06 2,85 18.O0 O.51

(;a-C I ay 0.08 0.69 2.51 2,25 O.9'1 O,O0 6.4"7 O, t8

Mixed f_lumi nos icate 0.00 0.03 0.46 0.74 0,00 O,O0 1.22 0.21

Pyrile 0,03 0,44 3,21 4.69 1,49 3.50 13.32 0.37

Calcite 0.00 0,07 0.32 0,00 0.00 0.00 0.38 0.01

Barite 0.OO 0_OO 0.21 0.44 0.00 4.27 4.90 0,14

Gypsum O.O7 O, 18 1.68 3.52 O.00 O.OO 5,44 O. 15

Coo _ 97. I

rotal 0,28 3.18 20.23 28,50 13.59 34.21 I00.00 I00.00

74-I06 IJnSized Fraction

" Particle Size Distribution (_n)

Total Wt

Mineral/Coal <1.2 1.2-2,1 2.1-4.4 4,4-8.0 8.0-11.0 >II.0 % Min Coal

_

Ouarl z O_O6 1 .O1 4.39 4.27 3,74 32.73 44.80 2.03

Kaol inite 0,07 0,72 2.88 3,94 2,18 20, 12 29,00 1,32

Ca-CI ay 0.02 0.22 0.93 O,O0 0.OO O.OO I, 13 0.05

Mixed Alumi nos i cal"e 0.02 0.O7 0,60 0.21 O.00 O.OC 0.87 0.04

Pyr i'/e O,05 0.57 2.86 3.35 0.78 6.33 13.52 O.51

Calcite 0.O0 0.05 O. 14 0.OO O.O0 O.OO O, 18 O,O1

Barite 0,00 0.05 O,14 1_38 0o00 0.00 1.53 0.07

Gypsum 0.01 0ol5 0.36 0.69 0.96 2.67 4.69 0.21

Coa I 95.46

Tola 0.25 3.07 12.86 14.32 7.66 61 °84 1OO.O0 100.00



The major minerals present in the 53-74-_m size fraction consisted of
quartz, kaolinite, and pyrite. Minor _pecies included Ca-cl_y, gypsum, and
barite. Quartz grains were most commonly >11 _m in size, while kaolinite,
pyrite, gypsum, and Ca-clay were most commonly 2.1-8.0 _m in size. The >Ii _m
size range contained the majority of the minerals; however, it did not
dominate as in the 38-53.._m coal size fraction. The total mineral content,
which was only 2.81 wt%, was much lower than the 8.46 wt% observed in the 38-
53-_m fraction.

Within the highest coal size fraction of 74-106 vm, quartz was most
frequently observed, followed by kaolinite, pyrite, and gypsum. Ali three of
the above minerals had grain sizes that mostly fell in the >ll-_m range. The
small amount of Ca-clays present were observed in the <1.2 to 4.4-_m size
range. A greater percentage of the minerals observed were 'inthe >ii vm size
category. Overall, this coal size fraction had a mineral distribution that
was very near to the 53-74-_m size fraction, except that its total mineral
content of 4.54 wt% was approximately 2 wt% higher.

4.3.2 Robinson Coal Char Characterization

The distribution of inorganic phases for Robinson chars produced at four
residence times are listed in Table 44. The quantities are expressed as area
percents, except for a column that converts bulk area percent to weight
percent by weighting the inorganic phases according to their specific
gravities.

The major phases shown in Table 44 included quartz, aluminosilicate, and
calcium aluminosilicate, with quartz being the most abundant. Minor
components were pyrite, calcium oxide or calcium carbonate (CaO-rich),
anhydrite, aluminosilicate/gypsum and unknown phases. Quartz and pyrite were
mostly concentrated in the >11-_m size category while aluminosilicate, calcium
aluminosilicate, pyrite, CaO-rich, anhydrite, and aluminosilicate/gypsum were
more distributed in the lower size categories (i.e., 2.1-11.0 um). The 2.1-
4.4-_m and >11-um size ranges comprised 64.1% of the phases in nearly equal
proportions.

In this char, calcium aluminosilicate was the dominant phase (Table 44).
Other major phases included calcium silicate and CaO-rich. Minor quantities
of aluminosilicate, iron oxide, aluminosilicate/gypsum, alumina, and calcium
aluminate were present. Quartz and calcium silicate were concentrated in the
>11 _m size category. Calcium aluminosilicate, as in the O.1-second char,
showed its highest concentration in the 2.1-4.4-_m range along with calcium
aluminate and the CaO-rich phase° The highest concentrations of CCSEM phases
were observed in the 2.1-4.4-_m and >11-i_m size ranges.

After 0.5 seconds of combustion, quartz, aluminosilicate, calcium
aluminosilicate and iron oxide were the major constituents (Fable 44). Minor
amounts of CaO-rich and calcium silicate and pyrite were also observed. TheZ

pyrite may actually have been a form of pyrrhotite or Fe-sulphate. A dramatic
change occurred with respect to the size distribution. Ali of the major
inorganic phases show larger concentration_ in the >ll-_m size range. The
>ll-_m size range totaled nearly 90% of the phase content.



TABLE 44

DISTRIBUTION OF INORGANIC PHASES IN THE RObiNSON CHARS

a. Robinson 0.i Second Char

Particle:Size Catec_ories (_m}

Tota I

Mineral/Phase (Area %) <I,2 1.2-2.1 2.1-4.4 4.4.8.O 8.O-II >11 Area % Wt %

Quartz O.I 0.4 3.1 2.3 2,1 24.3 32.3 31.2

Aluminosi Iicate O.O 0.8 3.6 0.7 2.8 5.0 13.O II.8

Fe-AI uminosi Iicate O.O O,0 1,4 0.O O,O O.O 1.5 1.5

Potassium aluminosi I icate 0.0 0.2 0.6 0.3 0.0 O.O 1.1 1,1

Calcium Aluminosilicate 0.7 4.9 7.8 0.7 I,O 1.5 16,5 16.2

Iron Oxide O.O O.1 O,7 O.4 O,O O.O 1.2 2.3

Pyrite O.O O.O O.8 I.2 O.O I.9 4.0 5.5

CaO-Ri ch 0.2 I,4 2.5 2.0 0,O O.O 6.2 0.3

Ruti le 0.0 O.O O.1 O.O O,O O.O O.1 0.2

Anhydr il'e O.1 0.9 1.6 I.I 1.O O.O 4.7 4.2

Apati te 0.1 0.0 O.3 O.O 0,0 0.O 0.4 0.4

Dolomite O.0 0.1 0.4 O.O O,O O.O 0.5 0.5

A Ium inos iIicare/Gypsum O.4 3.2 3.1 O.O O.O O.O 6.8 6.3

Ankerite O.0 0.3 0.6 0.7 O.O O.O I.6 I.7

Calcium Aluminate O.1 0.6 0.6 0.3 0.0 O.O 1.6 1,7

Calcium Silicate O.I 0.6 0.6 0.5 O°0 O.O 1.8 2,0

Unknown 0.3 3,0 3.5 O.O 0.O O,O 6,8 7.0

Total 2.2 16.6 31,4 10.2 6.8 32.7 IOO.0 IIO.O

b. Robinson 0.2 Second Char

Partic,!e Size Categories (IJm)

Tot a I

Mineral/Phase (Area %) <1.2 1.2-2,1 2.1-4.4 4.4-8,0 8.0-11 >11 Area % Wt %

Quariz 0.0 0.1 0.7 2.7 1,5 16.2 21.2 19,9

Aluminosi I icate O.0 0.O 0.2 1.8 1.8 2.2 4.4 3.9

Fe-AI uminosi I icate O.0 O.O 0.0 0.0 0.O 1.3 1.3 1.3

Calcium Aluminosi Iicate 0.2 3,1 I0_8 5.7 4.4 2.9 27.2 25.9

Iron Oxide O.0 O,0 O.I 0.6 O.O 1.3 _.9 3.6

Alumina 0.0 O.0 0.O O,3 0.5 0.7 1.5 2.1

Pyrite O.0 O.O O.O O.O O.O O.O O.0 O.O

CaO-Rich O.1 1.3 6.2 5.2 0.7 3.8 17.4 17.4

Ruti le O.O O.0 0,0 O.O O.O O.O O.0 O.O

Barite 0.0 O.O 0.O O.0 O,O O.O O,0 O.O

Anhydrite O,0 O.I 0.2 O.0 0,O O.O 0.3 0.3

Dolo_li te 0.0 0.0 0,1 0.2 0.O 0.0 0.4 0.4

A I umi nos i I i care/Gypsum 0,1 0.5 1,3 0.0 0.6 0.O 2.5 2.2

Ankerite O.0 O.1 0.0 O.5 0.O 0.O 0.6 O.7

Calcium Aluminate O.1 1.4 4.1 1.4 0.0 O.O 7.O 7.4

Calcium Si icate 0,0 0,6 2.1 2.4 0,4 6,3 11.8 12.5

Unknown O. I O. 4 I. I O. 3 O. 4 O.O 2.4 2,3

Total 0.7 7.6 26.9 19.5 10.5 34.8 I00.0 100.0



TABLE 44 (CONTINUED)

c. Robinson 0.5 Second Char

Particle Size Categories (1J_)
Tota I

Mineral/Phase (Area %) <1,2 1,2-2,1 2,1-4,4 4,4-8,0 8.0-11 >11 Area % Wt %

Quartz 0,0 0,0 0,1 0,3 0,4 14,0 14,8 12,9

Aluminosi I irate 0,0 0,0 0,0 0,1 0,4 33,9 34,4 28,2

Fe-Aluminos i I irate 0,0 0,0 0,0 0,0 0,0 0,2 0,2 0,2

Calcium Alumi osilicate 0,0 0,1 1,4 2,1 1,5 17,5 22,8 20,2

" Iron Oxide 0,0 0,0 0,0 0,0 0,0 13,9 14,0 24,1

Alumina 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0

Pyrite 0,0 0,0 0,0 0,0 0,0 3,8 3,8 4,6

CaO-Rich 0,0 0,1 0,4 0,5 0,5 2,1 3,6 3,4

Dolomi te 0,0 0,0 0,0 0,0 0,0 O, I 0,2 0,2

AI um i nos i I i care/Gypsum 0,0 0,0 0,2 0,2 0,0 0,0 0,4 0,4
Calcium Aluminate 0,0 0,I 0,3 0,5 0,0 0,4 1,3 1,3

Calcium Silicate 0.0 0.0 0.3 0.6 0.5 2.4 3.8 3.8

. Unknown 0,0 0,0 0,2 0,2 0,0 0,3 0,7 0.6

Total 0.0 0.4 3.0 4.6 3.3 88.6 100.0 100.0

_

d. Robinson 0.8 Second Char

Particle Size Cat_ecjories (Mm)
Total

Mineral/Phase (Area %) <1.2 Io2-2.1 2.1-4.4 4.4-8.0 8.0-11 >11 Area % Wt %

Quartz 0.0 0.0 0.2 0.4 I.0 7.3 8.9 8. I

Aluminosi I irate 0.0 O, I 0_3 0,4 I ,6 6,3 8,6 7,4

Fe-AI uminos i I irate 0,0 0,0 0,0 0,0 0,0 1,6 1,6 I ,6

Potassium Aluminosi I irate 0,0 0,0 0,0 0,0 0,2 0,5 0,8 0,8

Calcium Aluminosilicate 0,2 0,6 2,0 4,4 2,9 21,7 31,7 29.4

Iron Oxide 0,0 0.0 0,0 0,1 0,9 4,6 5.6 10,2

CaO-R i ch O,C O, I 0,7 1,8 1,7 8,8 13, I 12,7

Anhydrite 0,0 0,0 0,0 0,0 0,3 0,0 0,4 0,3

- Apatite 0.0 0,0 0.0 0.0 0.0 0.3 0.3 0.3

Dolomite 0.0 0.0 0.0 0.0 0.4 3.0 3.4 3.4

A I um i no.= i I i care/Gypsum 0,0 0,1 0,2 0,0 0,0 0,0 0,3 0,3

Ankerite 0.0 0.0 0.0 0. I 0.2 0.5 0.9 0,9

Calcium Aluminate 0.0 0. I 0,4 0,3 1.2 5.4 6.4 6.5

j Calcium Silicate 0,0 0,1 0,5 0,7 1,2 10,2 12,7 13.1

Unknown 0,0 0,2 0.2 0.3 0,9 3,6 5.2 5, I
=

Total ).2 1.3 4,6 8,5 II .5 73.9 I00,0 I00.0
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The O.8-second char showed high levels of quartz, aluminosilicate,
calcium aluminosilicate, iron oxide, calcium aluminate, CaO-rich and calcium
silicate (Table 44). Calcium aluminosilicate was the most abundant phase.
There were minor occurrences of Fe-aluminosilicate and dolomite phases. Ali
of the above constituents had greater concentratiot,s in the size range of >ii
um_ The bulk CCSEMparticle size distribution revealed that 74% of the
inorganic phases were in the >ll-_m range.

4.3.3 Discussion of Inorqanic Transformation

Since the Robinson chars were produced using differing residence times,
the transformations of specific inorganic phases were studied with respect to
time in the hot zone of the drop-tube furnace. In order" to directly compare
the initial coal content to the inorganic content of successive chars, the
quantities of the inorganic constituents were reported as area percents.
Table 45 reports the initial mineralogical content of the 74-I06-_m sieve
fraction of Robinson coal. The major phases observed were quartz, kaolinite,
and pyrite. Also present were minor gypsum and ankerite [(CaFe)2CO_}
phases. These were discrete mineral phases and did not include elements that
were organically bound in the coal matrix. Table 41 reported the chemical
fractionation results for the bulk Robinson coal. The results showed the
distribution of major elements in the coal, and were particularly useful for
identifying the distribution of organically bound elements. For example,
calcium, which comprised approximately 20% of the _,ilk ash, was mostly
distributed as salt of an organic acid group (Table _I).

Figure 66 compares the original Robinson mineral content with the
inorganic phase content of the chars produced at the four combustion times.
lt appears that after 0.2 seconds of combustion, extensive fragmentation of
larger size mineral grains occurred. Evidence for this conclusion is seen in
Figure 66, where the total mineral content in the >!I-_m category was less for
the 0.I- and O.2-second chars than for the initial coal. In comparison, the
total mineral content in the smaller size ranges, particularly between 1.2 and
8.0 microns, was greater for the 0.I- and 0.2-second chars than for the coal.

At longer residence times of 0.5 and 0.8 seconds, there was successive
coalescence of finer sized inorganic phases (Figure 66). Total inorganic
phase content was less for the 0.5- and O.8-second chars than for the coal in
the 1.2-8.0-_m size range, and the chars in the >ll-.um size range had
successively greater inorganic contents than the coal.

4.3.4 Kaolinite Transformation

Th_ mechanism for the fragmentation phenomenon in the first 0.2 seconds
of combustion was based on the break-up of aggregates of aluminosilicate
clays, which comprised 31.5% of the discrete mineral matter.

In Figure 67, the distribution of kaolinite (aluminosilicate in the char)
is seen for the initial coal and successive chars. After the first 0.2
seconds of combustion, there was a significant decrease in kaolinite content
in the >ll-_m range and an increase in the 1.2-8.0-_m range. This corre-
sponded to larger kaolinite grains undergoing fragmentation during early
stages of combustion. In the later stages of combustion (0.5 and 0.8 seconds)
the kaolinite content was nearly 100% contained in the >ll-_m size category.
The shift to larger sizes during late combustion was due to coalescence of the
finer kaolinite-derived aluminosi!icate particles, which were more molten at
this stage and more easily coalesced.



TABLE 45

MINERAL DISTRIBUTION DATA FOR ROBINSON74-i06-_m COAL SIZE FRACTION

.... Particle Size Categor'ies (Mm)
Tolal

Mlneral/Phase (Area _) <1.2 1.2-2.1 2.1-4,4 4.4-8.0 8.0-11 >II Area

Quartz 0.06 1.00 4.37 4,25 3.72 32.55 45.95

Aluminosilicate 0.07 0,76 3.04 4.15 2.30 21.21 31.53

Fe-Aluminosilicate 0.01 0.05 0.42 0.00 0.00 0.00 0.48

K-Alumlnosillcate 0.01 0,01 0.15 0.20 0,00 0.00 0.37

Ca-Aluminosilicate 0.02 0.22 0.90 0,00 0.00 0.00 1.14

Iron Oxide 0.00 0.02 0.06 0.00 0,00 0.00 0.09

Pyrite 0.03 0.40 2.00 2.35 0.54 4.43 9.76

Calcite 0.00 0.04 0.13 0,00 0.00 0.00 0.}8

Rutile O.Ol 0,03 0.00 0,18 0,00 0,00 0.21

Barite 0.00 0,04 0. II 1,08 0.00 0.00 1.23

Gypsum 0.01 G.16 0.39 0.74 1.04 2.87 5.21

Apatite 0.02 0,II 0.36 0.12 0.00 0.00 0.60

Aluminosilicate/Gypsum 0.00 0,02 0,13 0.11 0,00 0,00 0,27

Ankerite 0.01 0,01 0,00 0.00 0.78 2,20 3,00

Unknown 0.00 0,00 0,00 0,00 0,00 0.00 0.00

Total (and PSD) 0,23 2,88 12,06 13,18 8,38 63.27 100,00
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Figure 66. Particle size distribution of Robinson coal minera]s and char
inorganic phases as determined by CCSEM.
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Figure 67. Distribution of kaolinite or aluminosilicate in the Robinson coal
and chars.

Figures 68 and 69 show the form of in situ aluminosilicate clay in a
cross section of Robinson coal The aluminosilicate material occurred as
aggregates of 2-_m circular-shaped particles. This morphology is more charac-
teristic of halloysite, which is a hydrated form of kaolinite. Halloysite
commonly occurs as agglomerations of spheroidal or elongate tubular grains (4,
5). The halloysite-kaolinite aggregates were deposited authigenically in the
coal during coal deposition; thus, they were intimately associated with the
organic matrix (6, 7). Upon combustion, the loosely bound aggregates easily
fragmented to form separate small particles.

4.3.5 _uartz Transformations

Quartz underwent a uniform decrease in its content with time. Figure 70
reveals that quartz content, at successively longer residence times, had the
same general particle size distribution, but different quantities at each size
range. This was evidence For gradual interaction of the quartz particle
surface with alkali-earth elements and aluminosilicates during combustion.
Quartz probably interacted directly with CaO released from organic sites in
the coal matrix. Approximately 71% of the quartz in the original coal was >ii
_m in size. After 0.2 seconds of combustion, there was a calcium silicate
component in the char that totaled about 12% of the inorganic phases. Over
half of the calcium silicate was >ii um in size. The obvious conclusion is
that some of the CaO was reacting with the large quartz grains after about 0.2
seconds in the heat zone. The calcium silicate content gradually increased
with time as quartz decreased, as shown in Figure 71.
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Figure 68. Individual kaolinite or halloysite spherules separated by organic
coal matrix.

Figure 69. Aggregates of kaolinite or halloysite spherules in a coal
particle.
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4.3.6 Gypsum Transformation

The gypsum content in the coal was initially about 5% on a mineral basis
and the majority was >11 _m in size. Figure 72 shows that after 0.1 seconds
of combustion, the large gypsum grains disappeared and a more prominent
gypsum/anhydrite component was formed in the 2.1-4.4-_m ranges. With
increased time the gypsum/anhydrite component disappeared altogether. The
possible explanation for the transformation of gypsum is that initially the
larger gypsum minerals underwent fragmentation or reaction with other inorgan-
ic phases, much the same as did kaolinite. Gypsum is also an authigenic
mineral and is intimately associated with the coal organic minerals as larger
crystalline laths, platelets, or infillings of cavities and micropores in the
coal. The authigenic origin of gypsum causes it to be more susceptible to
fragmentation when the adjacent organic matrix is burned away and water was
released from hydrated gypsum crystals. The smaller sized gypsum fragments
would then account for the sudden increase in gypsum/anhydrite material at the
2.1-4.4-_m size range. Another explanation for the increase in gypsum/
anhydrite at 0.I seconds is that sulfation and coalescence of fine CaO
particles may have occurred as they were released from the organic structure
of the coal.

4.3.7 Formation of New Inorqanic Phases

As mentioned earlier, several new inorganic phases were formed during the
combustion process. These phases were more amorphous in nature, but their
chemical composition was consistent enough for CCSEMto identify them as
distinct phases.

Calcium was a major reacting element in most of the new phases that were
being developed. Fable 46 shows EDS compositions of selected inorganic phases
that formed during combustion. The aluminosilicate compositions in Table 46
were fairly pure, but still revealed interaction with Na and Ca. Typically,
kaolinite in the Robinson coal will show only trace amounts of extraneous
elements in addition to AI and Sio Aluminosilicate material in these parti-
cles provided a framework for interaction of alkali and alkaline earth
elements such as Na and Ca, as shown in Table 46.

The chemical compositions for the calcium a luminosilicates, calcium
silicate, and calcium oxides were fairly well defined as depicted in Table 46.
Phase diagrams reveal that the melilite-group mineral, gehlenite, may result
from the calcium aluminosilicate compositions observed in the Robinson chars,
given the correct temperature environment. The eutectic for crystallization
of gehlenite (-1500-1600°C) may have been attained on the char particle
surface even though the gas temperature was only 1300°C. Manual search for
calcium aluminosilicate crystals using the SEM microprobe in a backscattered
electron imaging mode did not prove a success. However, fly ash generated
from Robinson coal at app_'oximately 1500°C did reveal significant quantities
of melilite (25). The general conclusion is that most of the calcium
aluminosilicate phase is amorphous during the early combustion stage. A
similar explanation holds for the calcium silicate and calcium oxide at their
compositions shown in Table 46. Irl summary, the calcium-bearing phases that
were produced during Robinson char formation were mostly amorphous, but had
fairly consistent chemical compositions.
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TABLE 46

SELECTED INORGANIC PHASECOMPOSITIONSFORROBINSONCHAR*

Calcium Calcium Calcium

Composii;ion Aluminosilicate Silicate Oxide Aluminosilicate

Na20 0 4 0 0 0 0 3 3 i 9 6
MgO i 3 4 3 2 0 0 0 0 0 0
AI_03 18 25 24 i 4 8 5 41 37 32 44
Si02 31 30 33 32 37 3 4 50 57 51 45
P20s 0 0 0 0 0 0 0 0 0 0 0
S03 I 0 i 2 I i I 2 0 0 0
ClO 0 i 1 0 i 0 I 0 0 0 0
K20 0 0 0 0 0 0 0 0 0 0 0
CaO 42 37 32 59 51 82 78 3 3 7 4
Ti02 2 0 i 2 0 4 0 0 i 0 0 "
Fe203 5 0 4 i 4 I 8 i I I i

* EDS Normalized Oxide Weight Percents.
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Figure 73 shows the concentration of five phases that developed in the
chars at different residence times including: calcium aluminosilicate, iron
oxide, calcium oxide, calcium silicate, and calcium aluminate. None of these
constituents were observed in the original mineral analysis in significant
amounts (Table 45). Calcium aluminosilicate, calcium silicate, and calcium
aluminate showed increasing contents with residence time. The iron oxide and
calcium oxide contents were o_ly generally increasing with time. The avail-
ability of calcium was a major factor in the production of the calcium phases.
lt is proposed here that CaO, which was very abundant in the organic fraction
of the coal, reacted with aluminosilicate clays that were abundant as discrete
minerals, lt appears that aluminosilicate content decreased and calcium
aluminosilicate increased with residence time. This may have been the result
of melt phase CaO and aluminosilicate clay reacting at the char surface as the
organic matrix receded. Calcium aluminosilicate may have resulted from CaO
reacting with alumina or mullite derived from the collapse and melting o_
kaolinite at 950°F or I050°C. Some of the alumina may also be coming from the
13% of the total AI that was organically associated.

Calcium silicate formed as a result of the assimilation of vapor- or
liquid-phase CaO into the partially molten surface of quartz grains. The iron
oxide compone,_t was most likely a derivative of the breakdown of the 4.4%
pyrite in the original coal. At the 0.i- and O.b-second residence times there
was still about 4% pyrite (Table 44) in the char, but at 0.8 seconds, pyrite
was not detected (Table 44). Previous studies have established that at high
temperatures, pyrite (FeS2) decomposes to pyrrhotite (FeS) (8). With further
heating, the pyrrhotite melts (950-II00°C) and iron oxide will crystallize
first as magnetite (Fe30,) and then as hematite (Fe20,).

Finally, calcium oxide particles detected in the char were either
directly derived from organically bound Ca or crystallized out from Ca-rich
melts.

4.3.8 Robinson Char and Ash Droplet , Morphology

The SEM/microprobe system was used to examine the morphology and
composition of inorganic ash particles and char matrix in the Robinson chars.
The O.8-second Robinson char showed nearly complete char burnout upon visual
examination, since very few char particles remained. Char particles that

, still had organic matrix at this residence time showed CaO-rich and calcium
silicate-rich inorganic ash particles (i-i0 microns) in intimate association
with the char matrix, similar to the char particle shown in Figure 74. The
char matrix was fairly rich in calcium and sulfur. Selected EDS analyses of
the inorganic ash droplets and char matrix are given in Table 47.

More partially burned char particles were found with the O.5-second
residence time relative to the 0.8 second, run; however, most of the combustion
products consisted of fly ash. A char particle shown in Figure 75 reveals
that combustion has been extremely thorough on the coal grains, leaving a
heavy coating of fly ash over most of the surface area of the char particles.
Not all of the fly ash that is seen coating this particle has been derived
from the char. Some of the particles have been deposited onto the surface of
the char particle after collection. Typical of this run were particles rich
in Ca-aluminosilicate that had significant amounts of Na and Mg. Small 3-5-_m
particles had compositions that _re high in CaO; up to 80% CaO in some cases.
Table 47 summarizes the compositions of random fly ash particles that were
embedded in or were observed coating the surface of char particles.

=



30

28

24-26 //_'" "'---_...._._._.....

22-20-

18-

o Z/.__ 16- - "-

8 14- / I" \/ k

_ .

8

.../-
4"-1

0 ; I 1
0 SEC .1 SEC .2 SEC ,5 SEC ,B SEC

Residence Time

II Co-AI-Sil, + Ca0 o Co-Sil, & Ca-Alum, x Fe20_

Figure 73. Concentrations of major phases produced during combustion as a
function of residence time.

Figure 74. SEMmicrograph of a O.8-second char particle showing association
of inorganic ash particles and char matrix.
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TABLE 47

COMPOSITIONOF REPRESENTATIVEINORGANICASH PARTICLES
AND CHARMATRIX IN ROBINSONCHARS

(QUALITATIVE EDS NORMALIZE[)OXIDE WEIGHT PERCENTS)

InorQanic AsI_ Particles Char Matrix
Elemental

Oxicle 0,1 sec 0.2 sec 0.5 sec 0.8 sec 0.8 sec 0.5 sec 0. I sec

f'_a20 0 19 0 0 0 2 0 3 0 0 9 0 8 0
MgO 0 0 4 0 1 7 0 1 3 3 0 2 4 2

A1203 5 36 24 8 46 16 6 30 9 I 31 14 25 4

SiO2 9 39 35 3 23 24 5 38 6 32 50 9 19 37

503 l 1 l 1 0 4 0 0 2 2 0 24 7 I
C_O 0 0 _ 0 0 0 0 0 0 0 0 2 0

K20 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CaO 79 5 33 83 30 42 78 27 74 59 7 47 30 50

TiO 2 4 0 1 4 ! 1 0 0 2 2 0 0 3 0

re203 1 0 4 1 0 3 8 2 4 ! I 1 0 4

Figure Z5. SEM micrograph showing char burr, out of particle and the formation
of fly ash on surface (0.5 sec RT).
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There was a dramatic increase in the amount of uncombusted char particles
in the O.2-second char relative to the 0.5- and O.8-second chars, as revealed
in Figure 76. Still present, however, was a heavy coating of inorganic ash
droplets over the char particles. Figure 77 reveals small, l-3-_m fly ash
particles lining coal char structures. The intimate association of the
inorganic ash particles with the char reflect the derivation of the fly ash
from original inorganic constituents in the char. These particles are rich in
CaO. Similar trends of small CaO-rich ash particles on char grains were noted
in the "longer-residence-time chars. Table 47 lists the compositions of
randomly selected ash particles that were observed on the surface of char
grains.

Char particles with very high levels of unburned organic matrix were very
abundant in the O.l-second run, as illustrated in Figure 78. Figure 79
reveals the early stage of inorgar, ic ash droplet formation on the surface of a
char particle. The ash droplets are 0.i to i vm in diameter. Some of these
particles are high in Na, as shown in Table 47, and are intimately associated
with the char matrix. As the char combusts, it leaves behind the inorganic
matter in the form of the spherical particles that sometimes are aligned along
previous char ridges or structures. The inorganic ash particles had concen-
trations of CaO that were as high as 79%. Table 47 gives normalized oxide
values of randomly selected fly ash particles that were observed on the
surface of char particles.

4.3.9 Characterization of Robinson Fly Ash

Results from the SEMPCanalysis of Robinson fly ash are summarized in
Table 48. The major phases observed include quartz, an amorphous form of
kaolinite, iron oxide, anhydrite, melilite and plagioclase, (both are calcium
aluminosilicates) and hauyne. Hauyne (complex aluminosilicate containing
sulfur) melilite, and anhydrite were found only in the smaller sized fraction
of the fly ash. Iron oxide and quartz were concentrated in the larger size
fractions. Kaolinite-derived phases were distributed evenly in all size
fractions.

Average elemental compositions of the fly ash size fractions showed
greater CaO, Na_O, and S03 in the smaller sized fractions.

4.4 Characterization of Beulah Coal, Char, and Fly Ash

4.4.1 Beulah Coal Characterization

Three size _ractions of Beulah lignite were ashed using ASTM and LTA
procedures and the ashes were analyzed using XRF and XRD, respectively. Table
49 shows that the Beulah ash is moderately high in sodium and calcium. The
total ash content was nearly the same for all of the size fractions. XRD
analysis of the LTA ash revealed quartz as a major mineral and calcite,
pyrite, kaolinite, and calcium sulfate (gypsum or bassanite) as minor
constituents.

Chemical fractionation analysis was performed on a Beulah bulk coal
sample and a 53-74 _m sieve fraction. Table 50 summarizes the results of the
Beulah bulk analysis. The sodium and magnesium appear to be found primarily
as water-soluble and cation-exchangeable lone. The calcium is in the form of



Figure 76. SEMmicrograph of Robinson O.2-second char showing abundant
uncombusted char particles.

Figure 77. SEMmicrograph of small ]-3-_Jm inorganic ash particles lining coal
char structures in the Robinson O.2-second char.
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Figure 78. SEMmicrograph of Robinson 0.1-second char particles.

Figure 79. SEMmicrograph of minute (<1 Fm) inorganic ash droplets that
formed on the surface of a char particle. Spherical particles
in center of photo are high in Na.
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TABLE 48

PHASES DETECTEDBY SEMPC FOR ROBINSONFLY ASH

Bulk Sta_La_e_l Stage 2 Stage 3 S_ Stage 5 Filter

Particle Size
Cutpoints
D50 (_m) -- Ii.0 6.0 4.4 2.1 1.5 1.2

Percent Mass -- 74.3 5.3 2.1 3.5 10.5 3.9

Phase (Number %)

Hauyne 0.0 1.9 2.0 9.8 5.0 4.9 8.8
Calcium Oxides 0.0 1.9 0.0 0.0 0.0 0.7 0.0
Calcium Silicate 0.6 1.9 0.0 0.0 0.0 0.0 0.0
Iron Oxides* 5.5 15.5 0.0 0.9 0.0 0.0 0.0
Kaolinite + 18.4 19.2 12.6 23.2 14.4 12.6 20.8
Anhydrite 2.5 0.0 4.0 5.4 1.7 0.0 1.8
Plagioclase- 1.8 1.9 2.0 3.6 2.8 2.1 0.0
Quartz 17.2 26.9 26.0 2.7 7.2 5.6 0.0
Melilite** 4.9 0.0 0.0 9.8 2.8 12o6 1.3
Unidentified 49.1 34.6 54.0 44.6 66.3 61.5 67.3

Average
Composition, wt%

Si02 48.8 54.0 45.7 33.0 42.3 27.9 35.0
A1203 19.6 17.6 19.7 20.3 21.8 22.5 14.2
Fe203 7.3 12.8 3.6 2_5 2.1 2.3 5.0
Ti02 1.2 0.3 i.i 1.5 0.6 1.2 0.8
P20s 0.3 0.i 0.9 0.4 0.1 1.0 1.3
CaO 18.6 Ii.0 22.0 35.3 22.7 35.5 24.8
MgO 2.3 1.8 4.3 4.2 6.8 6.3 16.8
Na20 2.2 2.1 2.6 2.6 3.4 2.9 2.2
K20 0.2 0.2 0.2 0.2 0.i 0.i 0.0
(S03)*** 5.9 1.6 6.2 10.5 5.9 11.5 12.2

Average Si/AI
Molar Ratio 2.2 2.6 2.0 1.4 1.7 I.I 2.1

* Technique does not distinguish between polymorphs.
+ Points with Si/AI molar ratios equal to I.
- Plagioclase solid solution between albite and anorthite.
** Melilite solid solution between akermanite and gehlenite.
*** S03 is included for comparison purposes.
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TABLE 49

COMPOSITION OF ASTM AND LTA ASHES FROM BEULAH COAL
USING XRF AND XRD

(Normalized Oxide wt%)
Coal size fraction, um

38.-53 53-74 74-.106

Si02 23.30 21.50 20.90
A1203 14.10 13.50 13.20
Fe203 I0.i0 10.80 11.40
Ti02 1.30 1.00 1.00
P20s 0.90 0.90 0.90
CaO 15.50 16.10 16.60
MgO 4.50 4. O0 4. i0
Na20 6.30 6.20 6.80
K20 0.30 0.20 0.I0
S03 23.70 25.70 25.00

% Ash 6.8 6.9 6.6

XRD Results

Major Quartz Quartz Quartz

Minor Calcite Calcite Calcite
Pyrite Pyrite Pyrite
Kaolinite Bassanite Bassanite
Gypsum Kaolinite Kaolinite

TABLE 50

CHEMICAL FRACTIONATIONRESULTS FOR BEULAHCOAL

Initial % Removed % Removed % Removed %

(_gZg dry coal_)_ __bx__H_p_O- b_y NH,OAc _ HCI Remaininq

Na 5700 42 57 I 0
Mg 2600 I 97 2 0
AI 5180 0 I 22 77
Si 7230 I 4 2 93
Ca 11500 0 74 26 0
Fe 10650 0 i 27 72
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an ion-exchangeable cation and a carbonate mineral. The iron and aluminum may
be associated with the orgapic structure or as acid-soluble oxides or
hydroxides, but for the most part are insoluble. The insoluble portion of the
iron is likely to be in the form of pyrite and the insoluble portion of the
aluminum is associated with the clay minerals° The silicon in the insoluble
portion is in the form of clay minerals and quartz.

The Beulah 53-74-_m coal fraction had more calcium in a mixed association
than the bulk coal (Table 51). Sodium and magnesium were both removed mostly
by ammonium acetate, revealing their organic associati,a. Sodium was also
removed by water extraction, implying a possible association. Mg and Ca
showed a significant association with carbonates (22%). The HCI extraction
removed 22% of the Fe, which was probably in a carbonate form because the
remaining 78% of Fe was associated with pyrite.

Table 52 describes the mineralogic content of the three Beulah size
fractions. For the 38-53-_m fraction, pyrite, quartz and clay comprised 60%
of the mineral content in nearly equal quantities. Other significant
additions to the mineral content were Ca-clays, mixed aluminosilicates, and

: gypsum. The Ca-clays are probably a form of montmorillonite and the mixed
aluminosilicates in this case are probably illite and Fe-montmorillonite. The
bulk of the mineral matter was obse"ved in the >11-_m size range. The most
abundant minerals, quartz, pyrite, and kaolinite, were observed in the >11-_m
range. The total mineral content for this size fraction was 4.76 weight
percent (dry coal basis).

For the 53-74-_m Beulah size fraction, quartz and kaolinite were the most
commonly observed minerals, making up 71% of the minerals present (Table 52).
Kaolinite by far dominated all other mineral species, comprising 50% of the
mineral content. One considerable difference noted in this coal size fraction

was that the quantity of mixed aluminosilicates was much lower than in the 38-
53-_m size fraction. There was a definite shift of the occurrence of most of
the mineral types to the lower size categories. Quartz, kaolinite, and gypsum

TABLE 51

CHEMICALFRACTIONATIONRESULTS FOR BEULAH 53-74-_Jm COAL

Wt% Extracted by Each Solvent Wt%
" Initial _g/g _2_ NH4OA___cc H_C_ Remaining

o Na 6900 26 66 i 7
Mg 3870 1 73 22 4
A1 9460 1 0 10 89
Si 15,400 1 2 i 96
K 168 16 53 3 28

: Ca 14,200 I 45 22 32
F- 11,500 0 0 22 78

z

=

123

'_" " ' ' _, ' ,_,,,,, ,.......... ,,,,_i, _j;...._ ...._i,',.,,,,',,......,,,,'......



TABLE 52

MINERAL DISTRIBUTION DATA FOR BEULAHSIZE FRACTIONS (WT%)

38-53 ]am Sized Fraction

Particle Size Distribution (IJm)
Total Wt%

Mineral/Coal <1.2 1.2-2.1 2.1-4.4 4.4-8.0 8.0-I1.0 >11,0 % Min Coal

Quartz 0.00 0.04 1,46 5.02 2.21 I0.08 20.40 0.97

Kaolinite 0,00 0.01 0,39 3.22 2,16 16.13 16.13 0.77

Ca-Clay 0.01 0.08 0,89 2.20 2.54 2.18 8.55 0.41

Mixed Aluminosilicate 0,00 0.01 0.12 0.82 0.00 6.53 8,11 0.38

Pyrite 0.01 0.05 0,32 8.08 5.42 18.37 23.82 1.25

Barite 0.00 0.00 0.II 0.68 !.60 2.34 3.50 0.18

Gypsum 0.00 0.08 0,40 1.84 0.22 3.12 6.13 0.29
Coal 95.24

Total 0.03 0.26 3.81 24.84 16.99 54.07 I00.00 I00.00

53-74 lJmSized Fraction

Particle Size Dlstrlbution (lJm)

Total Wt%

Mineral/Coal <1.2 1.2-2.1 2.1-4.4 4.4-8.0 8.0-I1.0 >II.0 % Min Coal

Quar1"z 0.06 0.55 3.16 7,29 4.27 4.16 19.48 0.93

Kaolinite 0.44 2.80 9,18 17.97 5.62 15.63 51.64 2.48

Ca-Clay 0.22 1.75 3.57 0.73 0.00 0.00 6.27 0.30

Mixed Aluminosillcate 0.03 0.09 0.58 0.24 0.00 0.00 0.94 0.04

Pyrite 0.05 0.15 1.58 0.36 2.25 0.00 4.38 0.21

Barite 0.02 0.50 1.33 2,47 0.00 2.01 6.34 0.30

Gypsum 0.00 0.03 0_60 2.23 1.82 0.00 4.68 0.22
Coal 95.20

Total 1.06 7,10 21.77 33.54 14o73 21,80 I00.00 100.00

74-106 1JmSized Fraction

Particle Size Distribution (_)
Total Wt%

Mineral/Coal <1,2 1.2-2.1 2.1-4.4 4.4-8.0 8.0-II.0 >II.0 % Min Coal

Quartz 0.00 0.34 4.39 5.17 6.88 4.76 20.12 1.24

Kaolinite 0.02 0.40 4,04 8.62 4.43 10.19 25.88 1.60

Ca-Clay 0.05 0.54 4.73 5.80 0.92 2.02 13.13 0.81

Mixed Aluminosilicate 0.00 0.02 0.48 0.57 0.00 0.00 1.00 0.06

Pyrite 0,00 0,23 2.81 2.48 0.00 2.33 7.33 0.45

Barite 0.00 0.00 0.42 4.41 1.00 0.00 5,45 0.34

Gypsum 0.00 0.08 0.98 0.21 0.70 0.00 1.34 0.11
Coal 93.84

Total 0.08 1.66 22.79 30,43 13.93 31.12 I00.00 I00.00
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were most abundant in the 4.4-8.0-um size range, Ca-Clay, was more concen-
trated in the 2.1-4.4-um range, and pyrite was most abundant in the 8.0-Ii.0-.
_m range. The 4.4-8.0-_m size category had the highest amount of mineral
matter. Total concentration of minerals for this size fraction was 4.8 wt%.

In the 74-106-_m coal size fraction, quartz, kaolinite, Ca-clay, and
pyrite dominated the mineral distribution. The most aLundant minerals were
kaolinite and quartz, with kaolinite being slightly more abundant than quartz.
Quartz, pyrite, and kaolinite did not concentrate in any particular size
category but were fairly evenly distributed throughout the last four size
categories. Ca-clay was definitely more abundant in the 2.1-8.0-um size
range. This coal size fraction showed a mineral content of 6.16 wt%, which
was greater by only approximately i% than the two smaller size fractions.

The distribution and association of mineral grains in the Beulah coal are
summarized in Table 53. The mineral grains are listed as extraneous, inher-
ent, and associated with other minerals. For example, the mineral type
kaolinite/gypsum indicates that kaolinite and gypsum are associated together;
the table shows that 20% of these associated particles were within coal
particles and 80% were extraneous.

4.4.2 Beulah Char Characterization

The phase compositions of the four Beulah chars, expressed as area
percents, are shown in Table 54_ The phases represent thermally unaltered
discrete mineral phases, thermally altered derived phases, and amorphous
phases. The phases are classified by size, with the size ranges corresponding
to the six stages of the multicyclone.

The major phases present in the O.l-second char, as depicted in Table 54,
were Ca-aluminosilicate, pyrite, quarCz, aluminosilicate or kaolinite, iron
oxide, and Ca-oxide. Calcium-aluminosilicate and pyrite comprised 66% of the
char inorganic components. The pyrite content indicates that it has not been
thermally decomposed or assimilated with other inorganic components to a great
degree at this stage of combustion. The quartz, aluminosilicate, Ca-
aluminosilicate, and Ca-oxide particles were mostly 4.4..8.0_m in size, while
the iron oxide and pyrite were mostly >11.0 _m in size.

The O.2--second char, as shown in Table 54, revealed quartz, alumino-
silicate, Ca-aluminosilicate, iron oxide, pyrite, Ca-oxide, and alumino-
silicate gypsum as primary phases. Minor phases of gypsum and a gypsum-
aluminosilicate mixture were also present. "The Ca-aluminosilicate, Ca..oxide,
gypsum, and aiuminosilicate/gypsum particles were most abundant in the 2.1-
8.0-_m size range, whereas quartz, aluminosilicate, iron oxide, and pyrite
were most abundant in the >]l-_m range.

In the O.5-second Beulah char, the dominant phases were quartz, alumino-
silicate, K-aluminosilicate, Ca-aluminosilicate, Ca.-oxide, and gypsum. Only a
trace of pyrite was observed (0.13%). Quartz and kaolinite were found
primarily in the >Ii-vm size range. A large portion of the Ca-aluminosilicate
and Ca-oxide particles were either 4.4-8.0 vm or >11 um in size. The K-
aluminosilicate was mostly 8.0-11.0 _m in size and gypsum was mostly 2.1-4.4
vm in size.
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TABLE 53

MINERAL GRAINS PRESENTAS EXTRANEOUS,INHERENT,
AND ASSOCIATEDWITH OTHERMINERALS IN THE 53-74-MICROMETER

SIZE FRACTIONOF BEULAH LIGNITE

Mineral Types Extraneous, % Inherent,__%

Kaolinite 31 69

Kaol i ni re/gypsum 20 80

Barite 50 50

Bari te/kaol i ni te 0 i00

Calcite 0 i00

Calci ce/kaolinite 0 i00

Ca-c I ay/gypsum 0 i00

Ca-clay 33 67

Ca-c I ay/gypsum/bar i te I00 0

Fe-clay 44 56

Gypsum 33 67

Gypsum/quartz 50 50

Gypsum/barite 25 75

Gypsum/bari te/K-c Iay I00 0

Gypsum/bari te/kaol i ni te 0 I00

Iron oxide 0 i00

K-clay 0 100

Pyrite 36 64

Pyri te/kao I i ni te 0 i00

Pyri te/bari te 0 i00

Pyrite/quartz 0 i00

Quartz 51 49

Quartz/barite 67 33

Quartz/gypsum/bar i te 33 67

Quartz/ca Icite 0 i00

Quartz/pyr i te/gypsum I00 0

Ruti le 67 33

Ruti le/quartz 0 i00
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TABLE 54

DISTRIBUTION OF INORGANICPHASES IN THE BEULAH CHARS

Beulah 0.I Second Char

Particle Size Distributlon (_m)

Total

Mineral (Area Percent) <1,2 1.2-2.1 2.1-4.4 4.4-8.0 8.0-11.0 >11.0 Area % Wt %_M

Quartz 0,01 0.13 0.18 3.42 1.63 2.45 7.82 6.35

Aluminosillcate 0.01 0.16 0.15 2.34 1.48 0.00 4.14 3.17

Iron Alumlnosilicate 0.00 0.00 0.13 0,00 0.00 0.00 0.13 0.11

Potassium Alumlnosilicate 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00

Calcium Alumlnosilicate 0.07 0.98 8.13 , 14.84 6.93 2.95 33.90 28.03

Iron Oxide 0.00 0.00 0.00 (!_47 0,97 3.43 4.87 7.84

Alumina 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00

Pyrite 0.00 0.00 0.12 0.37 0.86 23.33 24.69 37.94

Gypsum/Barite 0.01 0.03 0.29 0.92 0.00 0.00 1.25 1.34

Calcium-Rich 0.07 0.38 1.36 3.05 0.67 1.59 7.13 6.18

Rutile 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00

Barite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Gypsum 0.04 0.45 0.83 0.23 0.73 0.00 2.28 1.71

Apatite 0.00 0.14 0.41 0.18 0.00 0.00 0.74 0.68

Dolomite 0.00 0.00 0.I0 0.00 0.00 0,00 0.10 0.09

Aluminosilicate/Gypsum 0.11 0.59 1.73 0.47 0.00 0,00 2.90 2.26

Unknown 0,05 0.57 2.97 3.29 2.21 0.97 I0.05 4.31

Total 0.37 3.44 16.39 29.59 15.48 34.72 I00.00 100.00

Beulah 0.2 Second Char

Particle Size Distribution (_m)

Total

Mlneral (Area Percent) <1.2 1.2-2.1 2.1-4.4 4,4-8.0 8.0-II.0 >11.0 Area % Wt %

Quartz 0.01 0.07 0.45 2.01 1.61 7.53 11.67 9.89

Aluminosilicate 0.00 0.12 0,79 1.97 0.44 10.37 13,69 10.95

Iron Aluminosilicate 0.00 0.02 0.00 0.00 0.55 0.00 0,57 0,51

Potassium Aluminosilicate 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Calcium Aluminosilicate 0.08 1.03 8.18 11.69 3.60 2.58 27,14 23.45

Iron Oxide 0.00 0.00 0.12 0.54 0.00 5.12 5,77 9.72

Alumina 0.00 0.00 0.03 0.00 0.00 0.00 0,03 0.04

Pyrite 0.00 0.01 0.11 0.13 0.00 16.74 16,99 27.29

Gypsum/Barite 0.00 0.02 0.11 0.15 0.00 0.00 0,28 0.31

Calcium-Rich 0.01 0.08 0.95 4.70 3.49 0.84 10.07 9.11

Rutile 0.00 0,00 0.00 O,O0 0.00 0.00 0,00 0.00

Barite 0.00 0.00 0.03 0.31 0.00 0.00 0.33 0.48

Gypsum 0.03 0.13 0.59 1.10 0.00 0.00 1,84 1,44

Calcium Silicate 0o00 0.00 0.00 0.00 0.00 0.00 0,00 0.00

Dolomite 0.00 0.00 0.03 0.00 0.00 0.00 0,03 0.03

Aluminosilicate/Gypsum 0.09 0.82 1.86 1.03 0.49 0.00 4.30 3.51

Unknown 0,09 0.36 I.]9 2.91 1.37 1,36 7,28 3.26

Total 0.30 2.66 14.43 26.53 11.55 44.54 iO0,O0 100.00
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TABLE54 (CONTINUED)

Beulah 0.5 Second Char

Particle Size Distribution (Um)
Total

Mineral (Area Percent) <1.2 _.2-___.2.___I2.1-4.4 4.4-8.0 8.0-II.0 >II,0 Area % Wt %

Quartz 0.00 0.00 0.10 0.88 0.66 12.33 13.98 14.02

Alumlnosilicate 0.01 0.05 0.I0 0.82 0.40 5.37 6.77 6.40

Iron Aluminosillcate 0.00 0.02 0.03 0.00 0.00 0.00 0.05 0.05

Potassium Aluminosilicate 0.00 0.03 0.31 1.10 2.39 0.88 4.71 4.90 .

Calcium Aluminostlicate 0.07 0.47 4.87 16.08 8.27 16.38 46.14 47.15

Iron Oxide 0.00 0.00 0.11 0.86 0.00 0.00 0.98 1.95

Alumina 0.00 0.01 0.00 0.21 1.t6 0.57 1.95 2.97

Pyrite 0.00 0.01 0.00 0.12 0.00 0.00 0.13 0.25

Gypsum/Barlte 0.00 0.00 0.07 0.00 0.00 0.00 0.07 0.09

Calclum-Rich 0.00 0.03 0.75 3.04 2.88 3.17 9.87 I0,57

Rut ile 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Barite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Gypsum O.O& 0.55 2.42 1.71 0.35 1.00 6.11 5.67

Calcium Silicate 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Dolomite 0.00 0.01 0.00 0.26 0.00 0.00 0.27 0.29

Aluminosilicate/Gypsum 0.04 0.32 0,86 0.95 0.00 0.00 2.17 2.09

Unknown 0.02 0.12 1.14 2.37 1.031 2.14 6.81 3.61

Total 0.22 1.62 10.77 28.40 17.14 41.85 I00.00 100.00

Beulah 0.8 Socond Char

Particle Size Distribution (IJm)
Total

Mineral (Area Percent) _1.2 1.2-2.! 2.1-4._____444.4-_____88.08.0-11.0 >II.0 Area % Wt %

Quartz 0.01 0.03 0.23 0.38 2.01 16.71 19.38 18.10

Aluminosilicate 0.00 0.03 0.27 0.51 0.00 8.01 8.82 7.78

Iron Aluminosilicate 0.00 0.02 0.08 0.13 0.00 0.00 0.22 0.22

Potassium Aluminosillcate 0.00 0.02 0.00 0.00 0.00 0.00 0.02 0.02

Calcium Aluminosllicate 0.07 0.48 3.00 10.48 6.66 19.12 39.81 37.89

Iron Oxide 0.00 0.02 0.12 0.47 0.00 4.19 4.80 8.90

Alumina 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Pyrite 0.00 0.01 0.50 0.10 0.00 1.01 1.63 2.88

Gypsum/Barite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Calcium-Rich 0.01 0.03 0.35 2.17 0.50 1.49 4.55 4.54

Rutile 0.00 0.00 0.(_ 0.00 0.00 0.00 0.00 0.00

Barite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Gypsum 0.10 0.56 2.36 2.34 0.86 0.00 6.22 5.37

Calcium Silicate 0.00 0.19 0.36 0.52 1.55 7.01 9.64 10.19

Dolomite 0.00 O.CO 0.00 0.00 0.00 0.00 0.00 0.00

Aluminos licate/Gypsum 0.07 0.59 1.18 1.10 0.48 0.72 4.15 3.73

Unknown 0.02 0.17 0.19 0.39 0.00 0.00 0.77 . 0.38

Total 0.28 2o14 8.66 18.60 12.05 58.27 100.00 100.00
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The O.8-second char showed two dominant phases: quartz and Ca-
aluminosilicate (Table 54). Other less abundant phases observed were alumino-
silicate, iron oxide, Ca-oxide, gypsum, calcium silicate, and an alumino-
silicate/gypsum mixture. Quartz, aluminosill_c_le, Ca-aluminosilicate, iron
oxide, and calcium silicate were all most abu_dant in the >ll-_m size
category. Calcium-oxide and gypsum were most common in the 2.1-8.0-_m size
range.

4.4.3 Discussion of Inorganic Transformations

The four Beulah chars were examined for trends and changes in phase
composition with respect to residence time. Several trends were noted that
provide information pertaining to the transformation of inorganic constituents
during combustion. Ali of the chars irl Table 54 share three aspects in
common: they reveal Ca-aluminosilicate as the most abundant phase; they show
the greatest area percent of their inorganic constituents in the >ll-_m range;
and they suggest a coalescing of finer-sized inorganic constituents.

Figure 80 shows the relative changes in abundance of inorganic phases
with respect to time. Aluminosilicate, or kaolinite, which was the dominant
mineral phase in the coal, decreased drastically in the first i00 milliseconds
of combustion and then remained stable through 800 milliseconds of combustion
residence time. In contrast, Ca-aluminosilicate started out as a minor
constituent of the coal, probably in the form of montmorillonite, and then
dramatically increased and stabilized after i00 milliseconds in the hot zone
of the drop-tube furnace. Quartz content dropped from 19% to 8% during the
first I00 milliseconds of combustion and then steadily increased through 800
milliseconds of residence time. Pyrite virtually disappeared after 200
milliseconds of combustion. The gypsum content remained fairly constant after
decreasing significantly during the initial 200 milliseconds of combustion.

Some of the changes in the distribution of phases with residence time can
be explained. The large amount of Ca-aluminosilicate may have resulted from
an incorporation of calcium (organically associated) into the aluminosilicate
material during combustion. The r_sulting Ca-aluminosilicate was most likely "
a derived phase composed of aluminosilicate from kaolinite and calcium from
the abundant source of organically bound calcium inthe coal. The increase of
quartz or silica with residence time may be attributed to a concentration
effect, whereby quartz is simply being concentrated as the organic char matrix
is burned away. The concentration of quartz may also be decreasing with time
due to interaction at its surface with alkali-alkaline earth metals and molten
aluminosilicate material.

Comparing the particle size distribution of the inorganic phases
contained in the coal and the four char phases gave strong evidence for the
concept of coalescence of inorganic constituents. Figure 8! reveals that the
concentration of inorganic phases in the <8.0-_m size ranges decreased with
residence time, while the concentration of phases greater than 8.0 vm
increased with time. This implies that the finer-grained inorganic constit-
uents -- such as clays, quartz, and organically bound cations -- coalesced
with time to form larger particles.
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Figure 80. Mineral and other inorganic phases present in original Beulah coal
and chars at set residence times.
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Figure 81. Particle size distribution of total minerals in original Beulah
lignite and in successive chars produced at set residence times.
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A closer look at what minerals are being assimilated revealed that quartz
and kaolinite are being incorporated into larger fly ash grains during combus-
tion. Figures 82 and 83 clearly reveal a significant initial drop in quantity
of quartz and kaolinite upon introduction to the hot zone. followed by a
successive depletion in quantity with time. This is true for all the quartz
particles except the >]l-_m size range, lt was shown earlier that both quartz
and kaolinite had most of their mass irl the 4.4 to 8.0-_m range. The small
sizes of these particles probably allowed them to be more readily assimilated
with other inorganic components. The pronounced decrease in kaolinite after
the first i00 milliseconds of combustion was an indication of destruction of
the kaolinite compositional structure by addition of other elements. The
CCSEManalytical program will not identify kaolinite if the Si/Al ratio
deviates from tha*: characteristic of kaolinite or if significant amounts of
other elements are incorporated into its structure or melt phase. The
phenomenon most likely _esponsible for' the decrease of kaolinite was the
addition of organically-bound calcium or other calcium-bearing minerals. By
comparing Figures 83 and 84, it was observed that the rapid decrease in fine
particulate kaolinite with time corresponds to the rapid increase of Ca-
aluminosilicate materials. The great increase in Ca-aluminosilicate is mainly
in the particle size range between 4.4 and 8.0 um (Figure 84), which is a size
range that showed abundant aluminosilicate or kaolinite in the coal.

4.4.4 Beulah FI_.Ash Characterization

A sized fraction of Beulah (53-74 urn)was combusted at approximately
1500°C and the fly ash produced was collected in a six-stage multicyclone.
lhe SEMPC results for the Beulah multicyclone samples are summarized in Table
55 and Figure 85. The iron oxides and quartz derived particles are concen-
trated in the larger size fractions. Kaolinite-derived particles are evenly
distributed in Stages 2 through 5 but are lower in Stage I and Stage 6. The
Stage 6 ash consisted mainly of sodium sulfate and calcium sulfate. The small
size of the particles irl this stage makes it difficult to discern various
types of ash particles due to limitations of the SEM/microprobe. The excita-
tion depth under the conditions used in this study is approximately I to 2
_m. As a result, the x-rays generated may originate from material adj,_rent to

= the beam spot.

The results of the SEMPCanalysis were compared with the particle size
distribution of various mineral components found in the coal. Figures 86-88
illustrate the comparisons made between the content of selected coal minerals
using CCSEMand the content of corresponding phases using SEMPC. Figure 86
shows that the quartz in the fly ash (SEMPC) follows the same general trend of

-. decreasing abundance with decreasing particle size as the quartz in the coal
(CCSEM). One of the reasons for the difference between the two plots is that
the SEM technique ignores the organically associated inorganic components.

° The chemical fractionation data infers that a significant level of the inor-
ganic constituents are associated organically. The quantity of organically
associat.edelements is approximately 40 to 50% of the total ash-forming
constituents in the coal. A second reason why the quartz content in the ash
is lower than that found in the coal is due to the interaction of quartz with
other ash forming species to produce some other material that is not identi-

: f'ied as quartz by the SEMPC technique (e.g,, calcium silicate). Figure 87
illustrates the distribution of kaolinite particles found in the coal and
kaolinite-derived particies found in the ash. The level of kaolinite-derived
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Figure 84. Distribution of Ca-aluminosilicate in Beulah coal and chars.

TABLE 55

SEMPCRESULTS FOR BEULAHFLY ASH MULTICYCLONESIZE FRACTIONS
(WT % VALUES)

STAGE # i 2 3 4 5 6

SIZE z__2mum >11 8o0-11 4.4-8.0 2.1-4.4 1.2-2.1 <1.2

CaO 3 0 0 0 0 0
Fe-oxides 7.2 2.3 0 0.6 0 0
Kaolinite* 36.2 50.4 63.5 60.2 60.1 I0
Anhydrite 0.4 0 0 0 0 5
Anorthite 5.1 3.1 2.9 6.4 1.2 0
Quartz 4.7 2.3 0.7 1.2 0.4 O.
Melilite 1.7 2.3 5.8 1.2 1.2 0
Na-Ca-Sulfate 0 0 0 0 0 76
Unclassified 41.7 35,7 34.3 33.9 36.6 8

* kaolinite-derived
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SEMPC RESULTS FOR BEULAH FLY ASH
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for Beulah fly ash.
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particles found in the ash is higher than what was found in the coal. Kaolin-
ite readily reacts with other components such as organically associated
calcium and iron components. The result of this interaction is most likely
the cause of the increase in the level of kaolinite-derived particles. The
distribution of iron in the coal as pyrite and iron oxide particles is
compared to the distribution of iron oxide particles in the ash, as shown in
Figure 88. The level of iron decreases with decreasing particle size for both
the coal and the ash. The differences in the size distributions between the
coal and the ash may be a result of the aerodynamic classification method used
to collect the fly ash. This effect will cause the smaller sized iron oxide
particles to end up in the larger sized fractions. In addition, the iron
particles have been found to readily react with other ash components and
become transformed into another type of fly ash particle not classified by the
SEMPC technique to be iron oxide,

X-ray photoelectron spectroscopy (XPS) was used to determine the composi-
tion of the surfaces of particles collected in the various stages of the
multicyclone. The XPS technique determines the binding energy of an electron
removed from the outer 50 angstroms of the surface of a material due to the
impingement of a beam of X-rays. The binding energy of the electrons is a
function of the elements present and their electronic environment ..... Thus, the
use of XPS provides both chemical composition and chemical species data.

The composition of the surfaces of the ashes collected in the multicy-
clone for Beulah lignite was determined using the XPS technique. The analysis
obtained witl_ XPS is an average for many particles in each2stage because the
area in which the x-ray beam excites is approximately 5 mm . A plot of the
major inorganic constituents present at the surfaces of the particles as a
function of ash particle size is illustrated in Figure 89. The elements are
expressed as their equivalent oxide normalized to 100%. The results show that
sodium is enriched on the surface of the particles relative to the level of

= sodium found in the ASTM ash. The sodium oxide content in the ASTM ash is
6.2%. The most significant increase in the level of sodium was shown in the
<l.2-um sized fraction. In addition to the chemical composition of the sur-
face, the chemical species were also identified. These results are summarized
in Table 56. The chemical species were determined based on shifts of the
binding energies of the electrons associated with each element. Sodium was
found to be associated mostly with silicates in Stages I through 5, but in the
final stage it is present as a sulfate. Calcium is present as a sulfate on
the surfaces of the particles in most of the stages, but in Stage i was
present with a silicate. The sulfur peaks showed that it was predominantly
associated as a sulfate, most likely calcium sulfate.

4.4.5 Surface Ana_al_zsisof Beulah Multicyc]on___e__FlZ Ash

Beulah coal, sized to 53-74 um, was combusted in the drop-tube furnace at
an average residence time of 2.3 seconds. The resulting multicyclone a_.....
samples were analyzed to determine surface chemistry of the fly ash particles
and element distribution with depth. The five cyclone size-fraction splits
and the final filter sample were analyzed by XPS to determine chemical species
present on the particle surfaces and by secondary ion mass spectroscopy (SIMS)
to determine a chemical depth profile of selected elements. These two surface
analysis techniques give an indication of the interaction between the fly ash

° particle and surrounding combustion gases.
_
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Figure 89. Surface composition determined by XPS of Beulah fly ash collected
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TABLE56

CHEMICALSPECIES IDENTIFIED IN BEULAHFLY ASHUSINGXPS ANALYSIS

MULTICYCLONESTAGE CUTPOINT,MICRONS

Stage # i 2 3 4 5 6
Size >11 8.0-11 4.4-8.0 2.1-4.4 1.2-2.1 <1.2

Na Silicate Silicate Silicate Silicate Silicate Sulfate
S CaSO, CaSO, CaSO, CaSO,
Ca Silicate CaSO, CaSO, CaSO, CaSO,
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A summary of the XPS results is given in Tables 57 and 58 and portrayed
graphically in Figures 90 and 91. The results are an average of two ESCA
survey scans from each stage. Carbon content on the surface of the particles
ranges between 35.8-43.9% through the first five cyclone stages and indicates
that complete burnout has not been achieved at this residence time. Particles
collected on the final filter, those less than 1.2 vm, show 6.1% carbon and
have reached complete burnout. The results calculated on a carbon-free basis
show that oxygen remains fairly constant over the size ranges at about 66%.
Sodium, sulfur, calcium, and barium show slight increases as the size of the
ash particle decreases. Aluminum and iron decrease slightly. The increases
in sodium, sulfur, and calcium in the Stage 5 and final filter samples may
indicate a volatilization-condensation process.

Table 59 is a summary of binding energies determined from XPS analysis
and can indicate chemical states of the elements of interest. The sodium
binding energy shift to a slightly higher value and the sodium auger parameter
value, suggests that sodium exists as an oxide and possibly as an undefined
silicate. Sulfur is found to exist as CaSO,. Silicon and aluminum appear to
be present as oxides.

The results of SIMS chemical depth profiling are shown graphically in
Figures 92A through 92F. Sodium decreases with depth in all of the size
fractions, as would be expected in a volatilization-condensation situation.
Other SIMS data on the remaining elements is inconclusive except that
fluctuations in concentration from the surface downward have generally reached
some constant value by ten minutes sputtering time. In most cases the
decrease in sodium to a constant value seems to occur at a greater depth than
other elements.

4.5 Characterization of Monticello Coal, Char, and Fly Ash

4.5.1 Monticello Coal Characterization

The chemical fractionation results for the Monticello coal are found in
Table 60. The large percentage of aluminum, silicon, potassium, and titanium
remaining after the extraction implies that these elements were mostly
associated with insoluble minerals as clays, quartz, and possibly rutile
(titanium oxide). The results suggest that significant amounts of the alkali
and alkaline earth elements are associated in the coal as salts of organic
acid groups. For example, most of the magnesium, c_Icium, and strontium were
removed by the ammonium acetate extraction° Potassium appears to be
associated with a c_ay _ineral. The iron was distributed as roughly half

7 acid-insoluble sulfides _probably pyrite) and half organically coordinated or
• acid-soluble minerals.

Coal and ash analysis results for the Monticello bulk coal are given in
Table 61. The Monticello coal had a relatively high ash content of 22%. The
53-74-um fraction, however, had an ash content of only 15%. The ASTM ash had
fairly high silica and calcium contents and a very low sodium content (Table
6z).

The mineral distributions for Monticello are summarized in Table 62. The
° 38-53-_m size fraction displayed quartz as the dominant mineral species by
= far, with kaolinite, Ca.-clay, mixed aluminosilicate, and calcite also present
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TABLE 57

XPS RESULTSON BEULAHASH FROMMULTICYCLONESTAGES
(WT %)

Sta_kaqe_ Stage 2 Stage 3 S_tt_ Sta_____e___55Fi Iter

Carbon 35.8 38.3 37.0 43.9 42.8 6.1

Oxygen 41.2 41.0 41.6 36.9 38.0 62.7

Sodium 2.1 2.4 2.3 1.4 2.7 4.7

Aluminum 5.6 4.2 4.3 4.1 3.5 4.4

Silicon 8.8 4.6 5.4 5.9 3.9 6.1

Sulfur 2.9 4.7 4.9 4.1 4.5 7.6

Calcium 2.7 3.9 3.8 3.2 3.8 7.1

Iron 0.4 0.3 0.I 0.0 0.2 0.2

Barium 0.2 0.4 0.3 0.2 0.4 0.9

Total 99.7 99.8 99.7 99.7 99.8 99.8

TABLE 58

XPS RESULTS ON BEULAHASH FROMMULTICYCLONESTAGES,
CARBON-FREECALCULATION (WT %)

St_._ Stage 2 S__t_ Sta___44 S_tage 5 Filter

Carbon 0.0 0.0 0.0 0.0 0.0 0.0

Oxygen 64.5 66.7 66.3 66.1 66.7 66.9

Sodium 3.3 3.9 3.7 2.5 4.7 5.0

Aluminum 8.8 6.8 6.9 7.3 6. i 4.7

Silicon 13.8 7.5 8.6 10.6 6.8 6.5

Sulfur 4.5 7.6 7.8 7.3 7.9 8.1

Calcium 4.2 6.3 6.1 5.7 6.7 7.6

Iron 0.6 0.5 0.2 0.0 0.4 0.2

Barium 0.3 0.7 0.5 0.4 0.7 1.0

Total i00.0 I00.0 100.0 I00.0 I00.0 I00.0
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Figure 90. XPS analysis of Beulah fly ash multicyclone stages: A) analysis
for C, O, AI, and Si, and B) analysis for Na, S, Ca, Fe, and Ba.
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A) analysis for C, O, Al, and Si, and B) analysis for Na, S, Ca,
Fe, and Ba.
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TABLE 59

XPS BINDING ENERGIESFROMDETAILED SCANSOF BEULAH FLY ASH
(ev)

Stage_l. _ __ Stage 4 S__taa_e_5Filter

<1,2 1.2-2.1 2.1-4.4 4.4-6,0 6.0-11.0 >11.0

Carbons uncorr. 288.66 288.44 289.00 288.70 288.80 288.30

Carbon, corr. 284.60 284.60 284.60 284.60 284,60 284.60

Charge c,f.* 4.06 3.84 4.40 4o10 4.20 3.70

Oxygen 1S 531.09 531.51 531,55 531,85 532.00 531,75

Oxygen 2S 23.99 24.21 24.60 24.80 24.95 25.10

Oxygen Auger 745.44 745.16 745.30 745.70 745,85 745.60

Sodium IS 1072.04 1072.46 1072.25 1072.70 1072.60 1072.85

Sodium Auger 263.89 264,01 264.00 264.40 264.25 264.40

Na Auger Param. 808.15 808.45 808.25 808.30 808.35 808.45

Na Auger & PE** 2061.75 2062.05 2061.85 2061.90 2061.95 2062.05

Aluminum 2S 117.84 118.11 118o00 118.50 118.55 119.15

Aluminum 2P 72,89 73.01 73.40 73.95 73.65 73.80

Silicon 2S 152.39 152.31 152,55 153.30 153.00 153.05

Silicon 2P 101.29 101.36 101.,65 103,50 101.95 102,20

Sulfur 2P 168,19 168.56 169.20 0.00 169,65 169.40

Calcium 2P I/2 350,54 350.66 350.45 351,00 351.10 351.05

Calcium 2P 3/2 346.84 347.11 374.15 347.60 347.60 347.65

Calcium diff. 3.70 3.55 3.30 3.40 3.50 3.40

* Charging correction factor.
** Photon Energy = 1253.6 eV for Mg anode.
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Figure 92. SIMS profiles of six elements in Beulah multicyclone fly ash samples,
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TABLE 60

CHEMICAL FRACTIONATIONRESULTS FOR MONTICELLOCOAL

Initial % Removed % Removed % Removed %
___glg dry coal_ __0__ by NH,,OAc _b__byHCl Remaininq

Na 315 31 51 0 18

Mg 11.80 0 70 4 26
AI 9110 0 0 5 95
Si 23600 0 0 I 99
K 335 21 5 0 74
Ca 7320 0 77 13 I0
Ti 395 0 0 15 85
Fe 2200 0 0 53 47
Sr 130 0 72 ii 17
Ba 100 0 52 26 22

TABLE 61

RESULTS OF MONTICELLOCOAL AND ASH ANALYSISa

Monticello

[Texas Li n_9__te_e_

Proximate_ Wt%

Moisture 34.1
Volatile Matter 41.2
Fixed Carbon 37.8
Ash 22.0

Ultimate_ Wt%

Carbon 56.5
Hydrogen 4.5
Nitrogen 1.0
Oxygen (by diff) 16.4
Sulfur 0.8

Ash Anal ysi s,Wt________f_b

Si02 56.1
Al203 17.2
Fe203 4.1
Ti02 1.9
P_O_ 0.I
CaO 16.8
MgO 2.5
Na_O 0.5
K20 0.5

a Results reported on a dry basis except for the moisture determination.
b SOB-free basis.
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TABLE 62

MINERAL DISTRIBUTION DATA FOR MONIICELLO SIZE FRACTIONS (WT%)

38-53 y_',lSized Fraction

Particle Size Distribution (l_a)

Total Wi%

Mineral/Coal <1.2 1.2-2.1 2.1-4.4 4.4-8.0 8.0-II.0 >II.O % Min C_al

Quartz 0.06 0.93 7,10 10.30 5.54 37.94 61.65 2,37

Kaol inite 0,03 0.28 2,69 3.31 3.68 5,89 15.82 0.61

Ca-Play 0.01 0.17 0.81 0.26 0.51 1.10 2.85 0.11

Mixed A:uminosi I irate 0.OO 0.08 0.75 O.55 0.80 5.03 7.19 0.27

Pyr lte O.OO 0.03 O.OO O.OO O.OO O.OO 0.03 O.O0

Calcite 0.00 O.OO 0.00 0.OO 0.00 9.54 9_51 0.37

Barite 0.00 0,()0 0,00 0,00 0.00 0,00 0,00

Gypsum 0,O0 0.O0 0.05 O.OO O.00 O.00 O.O5 0.00

Coa I 96.16

Total O. _ 1 1 .52 11.90 15.62 II .36 59.50 IOO.O0 100.O0

53-74 Lrn Sized Fraction

Particle Size Distribution (LJm)

Tot a i Wt_

Mineral/Coal <1.2 1.2.-2.1 2.1-4.4 4.4-8.0 8.0-11.0 >11.0 :{ f4in Coal

Quartz 0.39 2.82 10.47 8.16 2.09 55.4'1 79.35 4.34

Kaolinite 0 11 0.61 2.13 1.6 2.65 O.O 7.09 0.39

Fe-Aluminosilicate 0.02 0.14 0.25 0.O 0.0 0.0 1.40 0.02

K-Aluminosilic_te 0 03 0 27 ].26 1.05 0.0 0.0 3.04 0.17

Ca-Aluminosi I irate 0_4 0 58 0,68 0.0 0.0 3.42 4.82 0.26

Iron Oxide/Carbonate 0 0 0 I0 0,I0 0,0 0.0 0,0 0,9 0,01

Ruli le 0.03 0 12 0.32 0.0 O.0 O.0 0.48 0.03

Alumino.'_ilicale/Gypsum 0 03 0 13 0.07 0.37 0.0 2.7.3 3.34 0.18

Pyr'i _e 0.0 0 06 0.07 O.O O.0 0.0 0.13 0.01

Unknown 0 0 O 02 0.35 O.21 0.47 0.0 1.05 0.06

Coa_ 94,53

Tota_ 2 75 4.89 15.77 I1.40 5.63 61.56 fO0.O 100.00

74.-I06 _i_ Sized Fraction

Particle Size Distribution (la_)

Tot a I Wt_

Mineral/Coal <1.2 l .2-2.1 2.1-4o4 4.4-8.0 8.0-11 .0 >1I.O % Min Coal

Quartz 0.O5 0.'5., 6,86 10.85 6.09 37,53 61.46 4,12

Kaolinite 0.03 0.19 1.62 2.81 0,33 7.63 12.51 0 84

Ca-Clay 0.01 O.16 _,54 0.89 0,25 13.74 16.74 1 i0

Mixed A!uminos l irate 0.00 0,08 0.70 2.00 0.00 1.20 3.95 0 27

Pyr ire 0,00 0.00 0.00 0.42 0.00 2,07 2.47 0 17

Calcite 0.OO 0.O0 0,O0 0.21 0.32 0,O0 0.53 0 04

Barite 0,00 0.00 0,09 0.42 0.00 0.00 0.51 0 03

G).psum O.Ot) 0.01 0.13 0.00 0.00 0.O0 0.14 0 O1
C_a i 93 29

, U..t{; . v_ . , , ........

j

.

-" Ia5
_



in significant quantities. The above minerals, which comprised 60% of the
minerals observed, were concentrated in the >ii vm size category. The overall
mineral concentration within this coal size fraction was 3.85 wt%.

lhe major minerals observed in the 53-74 _m fraction included: quartz,
kaolinite, Fe-aluminosilicate, K-aluminosilicate, Ca-aluminosilicate, and an
aluminosilicate/gypsum mixture. The Fe and Ca-aluminosilicates were probably
a type of montmorillonite and the K-aluminosilicate was most likely illite.
Quartz was the most abundant mineral and was the dominant phase in all of the
size ranges except for the 8.0-11.0 um range, where kaolinite was the major
phase. Quartz and Ca-aluminosilicate (montmorillonite) show approximately 70%
of their mass in the >ii Fm size range. Kaolinite was evenly distributed in a
1.2-11.0 vm size range. The mineral content was calculated to be 5.5 wt% of
the coal.

The 74-106 _m coal size fraction revealed quartz as the major mineral
species with relatively minor amounts of kaolinite, Ca-clay, pyrite, and mixed
aluminosilicates. Pyrite was observed here, which was not seen in the
previous smaller coal fractions. Ali of the aforementioned minerals had a
higher frequency of mineral grain sizes that were >11 vm. The total mineral
content for this coal fraction was 6.71 wt%.

4.5.2 Characterization of Monticello Char

Monticello chars were produced at residence times of 0.I, 0.2, 0.5, and
0.8, seconds and were examined using SEM/microprobe analysis to determine the
morphology and qualitative elemental composition of early-stage inorganic ash
particles.

The O.8-second residence time char contained more fly ash than any of the
others; however, significant amounts of organic--rich char particles were still
observed. Table 63 lists compositions of selected inorganic ash particles and
char matrix.

Some of the ash particles in the O.8-second char have kaolinite-derived
compositions and aluminum-to-silicon ratios of _pproximately i. Abundant
submicron particles were observed in contact with the receding char surface.
These spheres contained relatively high levels of calcium, similar to analyses
shown in Table 63. Larger fly ash particles (15-30 micrometers) also showed
high levels of Ca. There is usually some Fe associatea with the higher-Ca
particles.

Partially combusted char matrix was more pronounced with the O.5-second
residence time. Figure 93 illustrates a char particle with very small
submicron ash particles exuding from the surface along with loosely attached
2-5-micron inorganic ash particles. Qualitative microprobe analyses of
several inorganic droplets are tabulated in Table 63. The inorganic ash
droplets are usually high in CaO, have a pervasive Si-Al content and a ratio
that is nearly i:i, and commonly show Fe203 quantities that are between I0-
20%. Figure 94 shows that the initial inorganic ash droplets are typically
0.i-I.0 um in diameter and form on the surface of the char as the organic
matrix is burned away.
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TABLE 63

COMPOSITION OF REPRESENTATIVE INORGANIC ASH PARTICLES
AND CHAR MATRIX IN MONTICELLO CtIARS

(EDS NORMALIZED OXIDE WEIGHT PERCENTS)

Inorqanic Ash Particles Char Matrix
Elemental

Oxide 0.I Sec 0.2 Sec 0.5 Sec 0.8 Sec 0.5 Sec 0.8 Sec

Na20 0 i I 3 0 0 0 0 0 0 0 0.0 0.0

MgO 5 I0 I 6 2 5 2 I i 2 0 3. i 3.4

AI_O 3 7 14 32 i0 12 13 9 27 6 4 42 8.4 9.5

Si02 7 ii 46 18 25 11 9 37 11 23 51 11.3 12.5

S03 15 16 i 17 6 7 13 5 5 2 0 19.8 20.7

CIO I 0 0 0 0 I 0 i 0 0 0 0.5 0.7

K_O 0 6 0 i 0 0 0 i 0 0 0 0.4 0.0

CaO 52 34 15 36 42 51 35 25 57 54 3 47.4 41.5

Ii02 3 0 I I 3 0 2 0 5 3 i 4.3 0.0

Fe203 i0 8 3 9 i0 14 31 5 15 13 3 4.9 11.7

Figure 93, Monticello char particle produced at, O.5-second residence time at
1300°C.



Figure 94. Monticello char particle produced at O.5-second residence time,
showing inorganic ash droplets on surface.

Very few large, isolated fly ash particles were generated in the 0.1
second char. However, the char particles were all nearly covered with small
ash particles. Smaller submicron fly ash grains lying in direct contact with
the char surfaces were rich in Ca, with moderate or low concentrations of the
other major elements, as summarized in Table 63. Larger fly ash particles (5-
30 micrometers) had higher AI, Si, and Ca levels. The fly ash was slightly
different from that produced in the previous longer-residence-time runs in
that Na was found in some of the fly ash analyses. This was the only
combustion run that showed any detectable amounts of sodium. Selected
particles listed in Table 63 gave sodium concentrations of i-3%.

4.5.3 Characterization of Monticello Fly Ash

The results of the SEMPCanalysis of Monticello fly ash are listed in
Table 64. The major inorganic phases in the fly ash were quartz, kaolinite-
derived, and the unclassified material. Quartz content varied markedly
between size categories. In the >ll-_m and 4.4-8.0-_m size fractions, 25.4
and 31.8% quartz were detected, respectively. Kaolinite-derived was observed
in significant quantities in all size fractions with the highest level (22.4%)
found in the 1.2-2.l-um range. Melilite was present in all of the multi-
cyclone stages except for the 2.1-4.4-um size range. Anhydrite was the major
component on the final filter (28%). Plagioclase in the form of solid solu-
tion phases between end members albite (NaAISiO,) and anorthite (CaAI_Si20,),
was observed at low levels, in the fly ash. Hauyne, which is a sodium-calcium
aluminosilicate with sulfur_ was observed in all of the samples except the
2.1-4.4-_m range. The highest content (11.2%) of hauyne was observed in tI_e
1.2-2. l-um range.
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TABLE 64

PHASESDETECTEDBY SEMPCFOR MONTICELLOFLY ASH

Filter Stage 5 S_ Sta__[9__e_,33St,t a__e 2 Stage i

Particle Size
Cutpoints (vm) <1.2 1,2-2.1 2.1-4.4 4.4-8.0 8.0-11.0 >ii,0

Percent Mass 2.0 2.4 i.i 1,6 2.0 90,9

Phase (Number %_

Hauyne 1.6 11.2 1.0 0°0 2.9 0,5
Calcium Oxide 0.0 0.0 0.0 0.0 0,0 0.5
Montmorillonite + 0.0 0,7 1.0 0.0 0.0 1.5
Calcium Silicate 0o0 0.7 1.0 0.0 0.0 0.0
lllite 0.0 0,0 0.0 0.0 0.6 0.0
Iron Oxide 0.0 0.0 1.0 0.0 1.7 0.0
Kaolinite + 1.2 22.4 13.0 18.2 16.6 12,2
Anhydrite 28,0 1.4 0.0 2.3 6.3 0.5
Plagioclase 0.0 1.4 1.0 0.0 1.2 1,0
Quartz 0.0 2.1 16.3 31.8 6.3 25.4
Melilite 0.4 2,8 0.0 2.3 I.i 2.0
Pyroxene 0.8 0.0 0.0 0,0 0o0 0.0
Unclassified 67.9 56.6 65,4 45.5 63.5 56.3

Average
Composition, wt%
(S03-Free)

Si02 29.5 37.7 51.5 51.7 43.5 64.0
A1203 10.2 18.2 15.2 11.6 17.5 15.1
Fe203 26°0 6,7 5.7 4.6 5.8 2.6
TiO_ 0.9 2.1 1.5 2.6 1.9 1.7
P20_ 0.2 0.3 0.5 0.4 0.4 0,5
CaO 15.8 27.4 19,9 23.1 23.7 12.6
MgO 16.0 5.6 3.7 4.0 4.6 2.3
Na_O I.I 1,6 1,7 1,6 2.0 0.8
K20 0.i 0.3 0.3 0.3 0,4 0.4
(S03)* 8.7 6.4 4,2 3.7 4,6 0,7

Average Si/AI
Molar Ratio 2,5 1.8 2.9 3.8 2.1 3.6

+ Derived phases resemble the original mineral in the coal.

* SO3 is included for comparison purposes.



The chemical compositions (on an S03-free basis) of each sample are
listed in Table 64 along with the Si/AI molar ratio. The most striking result
shown in Table 64 was the high level of Mg and Fe in the ash collected on the
final filter. The very high Fe and Mg contents in the final filter suggests
they may have vaporized and subsequently condensed to form submicron-size par-
ticles, or that they were organically associated, which can also produce very
small particles during combustion. The chemical fractionation results
revealed that approximately 53% of the iron was associated as either organ-
ically bound cations or as acid-soluble minerals such as Fe-carbonate. Since
the CCSEMdata showed only small quantities of Fe-bearing minerals including
iron oxide, Fe-carbonate (siderite), and pyrite, most of the Fe was probably
organically bound.

4.5.4 Discussion of Inorganic TransFormations for Monticello

Using the comprehensive inorganic data base of Monticello coal and
combustion products, some hypotheses can be made regarding the processes of
inorganic transformation. Three major stages will be used to explain the
transformation of Monticello inorganic constituents: i) initial distribution
of inorganic constituents in the coal; 2) early-stage combustion, which
encompasses the first few tenths of a second of combustion after a coal
particle enters the combustion chamber; and 3) late-stage combustion, which
includes processes that take place 1-1.5 seconds after a coal particle enters
the combustion chamber.

The initial di tribution of inorganic constituents in the Monticello coal
included major discrete mineral phases of quartz and aluminosilicate and large
organically bound Ca and Fe components. During early stages of combustion, Ca
was released from its organic bonding sites and formed liquid CaO-rich inor-
ganic ash droplets that often contained AI-Si-Fe constituents as weil. The
pervasive aluminosilicate component in these ash droplets came mostly from
clays that were concentrated in the finer fraction of the coal. The Fe
content in the ash droplets may have been derived from the approximately 50%
Fe that was associated with the organic fraction of the coal. Finely
disseminated organically bound elements are more likely to surface as small
sized ash particles upon combustion. In the later stages of combustion,
complete char burnout was attained, leaving only fly ash. The fly ash
consisted of a complex mixture of crystalline and amorphous liquid phases,
with the majority of the material being amorphous.

4.5.5 Fly Ash Particle Size Distributions as a Function of
Different Combustion Temperatures and Coal Sizes

Comparisons were made of fly ash particle size distributions for five
test coals. The fly ash was sized using multicyclone and impactor
aerodynamic-size-classification devices.

In the first set of comparisons presented here, the combustion temper-
ature was constant at 1500°C and three different sized fractions of each coal
were used to generate fly ash. Figure 95 presents the multicyclone and impac-
tor data for the smallest size fraction of coal used, which was 38-53 vm. The
Eagle Butte, Monticello, and Upper Freeport fly ash showed larger percentages
of i-5 micror_ sized fly ash, for both multicyclone and impactor runs, than the
Beulah and Robinson. Most of the fly ash for the coals was greater than i0
microns in average diameter.



Figure 95, Fly ash particle size distributions for multicyclone and impactor
runs as a function of coal size (38-53-um coal).
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The 53-74-nm coals produced fly ash that was again mostly greater than 10
microns in size as shown in Figure 96. Quantities of ash that was >i0 microns
ranged from 75-95% by mass. Of the five coals, the Robinson and Beulah showed
greater than 10% of their mass in the l-5-_m category.

The 74-i06-nm coal fly ash, displayed in Figure 97, was again mostly >i0
microns in diameter for al! the coals, with the Beulah and Robinson fly ash
having significantly more mass in the l-5-micron range.

In summary, fly ash from the test coals followed similar size distribu-
tion trends when different size fractions of coal were combusted at the same
temperature of 1500°C. The Beulah and Robinson fly ash seem to have more mass
in the l-5-micron size range than the other coals.

The 53.-74-um coal fraction from each test coal was combusted at varied
temperatures and the particle distribution of the fly ash was scrutinized.
Eagle Butte fly ash was generated at 1300, 1400, and 1500°C, and collected in
the multicyclone. The particle size distributions of the fly ash are shown in
Figure 98. The 1400°C fly ash showed the highest amount of material in the i-
6 _m range, followed by the 1500°C and 1300°C fly ashes.

The Upper Freeport fly ash particle size distributions at 1300, 1400, and
1500°C were very similar, having a mass percent variance of, at the most, 1%
at each cutpoint (Figure 99).

Fly ash particle size distributions generated from the Beulah coal, shown
in Figure i00, were slightly varied with the 1300°C fly ash showing greater
mass in the smaller l-6-um fraction, followed by the 1500°C and 1400°C fly
ashes.

Fly ash was generated at 1300°C and 1500°C for the 53-74-_m Robinson coal
and the particle size distributions are shown in Figure I01. The smallest
size Fraction in the 1500°C fly ash has more material than the 1300°C fly ash.

Monticello fly ash was produced at temperatures of 1300°C and 1500°C.
The 1300°C fly ash had more mass in the smaller l-6-um size fractions than in
the 1500°C fly ash, as shown in Figure 102.

In summary, examination of coal fly ash particle size distributions as a
function of initial combustion temperature, does not reveal any trends. All
of the coals tested had the majority of their mass in the >ii-vm size fraction
of the multicyclone, regardless of temperature. Particle temperatures were
probably much higher than the gas temperature in the drop-tube furnace.
Therefore, even at the 1300°C combustion temperature, the particles were
probably at temperatures above the melting points of organic constituents.

4.5.6 Fly Ash Classification Scheme

The fundamental mechanisms of fly ash formation are being investigated by
observing the interactions of inorganic constituents during coal combustion.
A scanning electron microscope/microprobe was used to determine the physical
and chemical interactions taking place during the initial stages of fly ash
formation. The SEM/microprobe system allows for morphological and chemical
analysis of the samples. Of particular concern were the composition of the
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Figure 96. Fly ash particle size distribution for multicyclone and impactor
runs as a function of coal size (53-74-um coal).
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Figure 98. Eagle Butte fly ash particle distribution as a function of
temperature.
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Figure 100. Beulah fly ash particle size distribution as a function of
temperature.
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Figure 101. Robinson fly ash particle size distribution as a function of
temperature.
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Figure 102. Monticello fly ash particle size distribution as a function of
temperature.

particles derived from organically associated Ca, K, Mg, and Na prior to
interaction with discrete mineral grains such as quartz and clays. A
classification scheme for fly ash particles is presently being developed. The
preliminary results are discussed.

In this part of the study, partially combusted coal produced from a 53-
74-_m sized fraction of Beulah coal was collected at 0.1, 0.2, 0.5, and 0.8-
second residence times at a combustion temperature of 1500°C in a drop-tube
furnace.

The fly ash and particles were grouped into several types based on
morphology and chemical composition. Figure 103 shows an example of the most
abundant fly ash type (Type i) found in the samples. Type 1 fly ash particles
display a distinctively spherical-to-ovoid morphology, a relatively smoother
surface, and are composed of Fe-, Ca-, and Na-rich aluminosilicates. A second
fly ash type (Type 2) also has a spherical-to-ovoid overall morphology, but
tends to display complex crystalline patterns on the surfaces of particles as
shown in Figure 103b and I03c. Type 2 particles are composed primarily of
iron with minor amounts of Ca and Na.

Fly ashes in the Type 3 category are aluminosilicates with Al/Si ratios
similar to those of the clay mineral kaolinite. The Type 3 particles consist
of irregular, partially molten or agglomerated particles as illustrated in
Figure i03d. These particles are probably derived from the agglomeration of
partially molten clay minerals. Type 4 fly ash particles are angular in
morphology and are rich in silica. These particles are derived from the
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Figure 103. Secondary electron images of fly ash particles produced from
Beulah lignite.
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mineral quartz and are shown in Figures 103e and 103f. Table 65 summarizes
the chemical compositions of randomly selected fly ash particles at all of the
residence times examined with reference to the fly ash types discussed above.
The compositions were derived using energy-dispersive spectrometry (EDS) on
unpolished fly ash mounts. The EDS results are at best semiquantitative, but
adequately reflect chemical compositions of the materials analyzed.

The longest residence time showed nearly complete combustion of the coal
as evidenced by the small amount of char present. The bulk of the 0.8-second
residence time sam.ple consisted of Type I fly ash particles ranging in size
from I to I00 _m; although all of the fly ash particies discussed earlier were
present.

Analysis of fly ash particles coating the few remaining char particles in
the O.8-second residence time, sample showed that these particles were rich in
calcium.

Samp]es collected a_ the O.5--second residence time consisted primarily of
r ly ash, indicating that combustion was nearly complete. Several analyses
were obtained from the char particle illustrated in Figure 104a. This parti-
cle was covered with protuberances, which are believed to reflect inorganic
materials exuding from the char as the combuction processes are occurring.
Analysis of these protuberances should reflect the compositions of organically
associated materials prior to their interactions with the discrete mineral
phases. Table 66 summarizes the analysis of these protuberances from the
residence times of 0.1, 0.2, and 0.5 seconds. Calcium is the dominant
constituent of the material intimately associated with the chars. Other

-_ common elements present in the protuberances include Al, Si, S, Fe, K, and Na.

The samples generated in the O.2-second residence time run showed many
more cba',' particles present than in either of the previous runs. Fly ash
particles appeared larger in size and more incompletely formed. Angular
quartz grains were more abundant showing less melting and interaction of the
inorganic components present. Figure 104b illustrates the interaction and
melting of aluminosilicate particles on the surface of an iron-rich particle

- derived from pyrite. Analysis of the particles interacting with the iron-rich
particle show (in order of abundance)major amounts of Al, Si, and Ca along
with minor amounts of Fe, Na, S, and Mg. Figures I04c and 104d also illus-

- trate a char particle from the O.2-second residence time and the calcium-rich
protuberances on the particle surface.

Char particles were the dominant constituent of the 0.1-secund residence
time sample with only a few fly ash particles formed. Type i fly ash parti-
cles had chemical compositions close to that of the clay mineral kaolinite and
were probably derived From the mineral kaolinite. Type 2 and Type 3 particles

=

were also present but were far less abundant than in the longer residence time
= samples.

Upper Freeport fly ash was used in addition to Beulah fly ash to develop
_- a general classiFiration scheme for fly ash. A 53-74-_m sized fraction of
-= Upper Freeport coal was combusted in the drop-,tube furnace at three combustion

temperatures (1300, 1400, and 1500"C). The resulting fly ash was collected
and aerodynamically classified by a nlulticyclone.

_=-
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TABLE 65

EDS ANALYSIS OF FLY ASH TYPES (WEIGHT PERCENTEXPRESSED
AS EQUIVALENT OXIDE)

Residence
Type Time, Sec Na20 MgO Al 203 Si02 S03 K20 CaO Ti02 Fe_O_

i 0.2 2 i 23 49 2 0 16 0 8
1 0.5 1 0 33 59 2 0 2 i I
I 0.8 3 0 39 53 0 0 5 0 i

2 O. I 0 0 i 1 0 0 i 0 96
2 0.I 0 0 0 I 0 0 2 0 97
2 0.2 0 0 0.3 i i 0 i 0 97
2 0.8 0 0 0.4 i 0 0 2 0 97

3 O. i 0 0 44 55 0 0 i 0 I
3 0.8 i 0 42 48 i i 4 0 3

Figure 104. Secondary electron images of char and fly ash particles produced
= IliA, Jill U_L_ I _.LI I I I _.,_I t I _._,, n

_m Lr
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TABLE 66

EDS ANALYSIS OF CALCIUM-RICH PARTICLES (WEIGHT PERCENT
EXPRESSEDAS EQUlVALENT OXIDE)

Residence
Time, Sec Na20 MgO A1203 Si02 S03 K20 CaO Ti02 Fe_O_

0.I 3 0 14 19 2 0 55 0 8
0.i 6 0 21 17 3 0 44 2 8
0ol 0 i 3 8 I 0 78 I 8
0. i 0 i 5 12 1 0 75 0 6
0.i 0 7 4 2 5 0 73 3 4
0.1 0 9 Ii 14 14 0 46 2 3
0.2 0 2 3 12 3 0 74 0 7
0_2 i 0 24 45 i I 21 0 8
0.2 0 i 4 7 3 0 79 0 7
0.5 0 I 4 8 34 0 49 0 4
0.5 0 5 15 21 17 I 32 I 8

Scanning electron microscopy and electron microprobe analysis were used
to determine the effects of the various combustion temperatures on the
morphology and composition of the fly ash particles. The SEM system allowed
for simultaneous analysis of the morphology and composition of the fly ash. A
similar classification scheme was used to describe the Upper Freeport fly ash
(described earlier in this report in reference to Beulah lignite fly ash).

The Upper Freeport fly ash, as a whole, displayed less marked morpholog-
ical differences than the previously described Beulah fly ash. In general,
the fly ash tended to be more regular in morphology and an overwhelming
majority of the particles are Type 1. Type i fly ash particulates display a
distinctively spheroid.-to-ovoid morphology and a relatively smooth surface.
In the Upper Freeport samples, fly ash particles with other morphologies were
found only in the largest size fraction of tl_e multicyclone. Secondary
electron images of the fly ash collected in Stage i of the multicyclone for
the samples produced at 1300, 1400, and 1500°C are illustrated in Figure 105.
lt is evident that the regularity and sphericity of the particles increases
with increasing combustion temperatures. There was a significant quantity of
partially combusted char present in the 1300:'C sample and some char material
is present in the 1400°C sample as weil. The 1500°C sample shows complete
combustion with little or no evidence of char present.

Compositional changes between the samples subjected to the various tem-
peratures seem to parallel morphological changes. With increased temperature
both the compositional and morphological homogeneity increased. This is to be
expected assuming increased interaction and assimilation of the inorganic
components with increasing combustion temperature.

The particles collected in Stage i at 1300°C are shown in Figure 106.
Table 67 shows the analysis of selected points indicated by the numbers
on Figure 106. Particles that are relatively iron-rich (2, 4, and 5) are
smooth-surfaced and spherical (Type i). Larger more irregular particles
(points I an_i _ are rich in Al and Si.

__|
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a. b

Figure 105. Secondary electron images of Upper Freeport fly ash particles
found in Stage 1 of the multicyctone (711 vm), (A) 1300uC, (B)

: 1400°C and (C) 1500°C.
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Figure 106. Secondary electron image of Upper Freeport char and fly ash
produced at 1300°C.

TABLE 67

ANALYSIS OF PARTICLES IN FIGURE 106, WEIGHT PERCENT
EXPRESSEDAS EQUIVALENT OXIDE

Particle Na_O MgO AI _03 SiO_ S03 K_O CaO TiO_ Fe_03

i 0.0 0.0 33.7 48.5 6.2 2.6 0.0 0o0 4.5

2 0.0 0.0 22.5 43.0 0.0 3.3 0.9 1.13 29.3

3 0.0 0.0 15.0 70.5 0.4 6.4 0.0 0.0 7.6

4 0.0 0.0 20.3 27.4 0.0 0.8 13.2 0.0 38.3

5 0.0 0.0 14.4 29.9 0.6 6.2 13.5 8.6 22.7



An image of some of the particles collected in Stage I at 1400°C is shown
in Figure 107. Table 68 summarizes the analysis of selected particles. The
two iron-rich particles analyzed (I and 4) are small spherical particles.
Larger and occasionally more irregular particles (3, 4, 5, and 7) are alumino-
silicate derived from clay minerals in the original coal. Samples collected
in the other stages of the multicyclone were compositionally and morphologi-
cally quite homogeneous, as shown in Figure 108 and Table 69. These particles
are primarily iron-rich aluminosilicates.

The particles collected in Stage i of the multicyclone for Upper Freeport
combusted at 1500°C are illustrated in Figure 109. Table 70 shows the analy-
sis of selected particles. Again, the iron-rich particles (5, 6, and 7) tend
to be Type i particles (smooth and spherical). Irregularly shaped particles
tend to be rich in aluminum and silicon (i and 3). However, several Type i
particles were aluminosilicates (2 and 4). A backscattered electron image of
the same area reveals that the iron-rich particles (those that are light in
color) are the smaller more irregularly shaped particles.

5.0 CONCLUSIONS

The Eagle Butte coal consists of the following major mineral constitu-
ents: quartz, kaolinite, gypsum, calcite, and a calcium aluminophosphate that
might be a form of wavellelite, crandallite, or millisite. Also present in
the Eagle Butte inorganic content is high amounts of organically bound calcium
and magnesium. The total of discrete minerals and organically bound elements
is about 6 wt% of the coal. Mineral content in three Eagle Butte sonically
sieved coal fractions were very similar. Also, the mineral particle size
distributions were very similar between coal fractions.

Chars produced from the Eagle Butte 53-74-_m coal exhibited surface
coatings of ash particles that were very high in CaO. Other major products of
the combustion process were calcium silicate, calcium aluminate, and calcium
aluminosilicate. Quartz was drastically reduced in content in the chars due
to reaction with calcium aluminosilicate and CaO. Submicron calcium-rich
minerals or organically bound calcium is the source for ubiquitous CaO.-rich
inorganic ash droplets that appear on the surface of early-stage chars. By
O.8-seconds of combustion, 95% carbon burnout had been achieved.

The most abundant phases observed in the Eagle Butte Fly ash multicyclone
samples were calcium oxide followed by quartz and gehlenite. Fly ash that was
classified as less than 6.0 microns in the multicyclone showed very low
amounts of crystalline or chemically ordered phases. The amount of unclassi-
fiable amorphous species seems to decrease with decreasing size of fly ash.
Iron in the Eagle Butte fly ash was more concentrated in the smaller size
fraction most likely because iron was associated in the coal as finely
dispersed carbonate or organically bound cations, or because iron particles in
the largest fly ash size fraction were being coated with calcium alumino-
silicates or other materials that mask the identity of an iron-bearing core
material. Other trends noticed were that Fe203 and S03 contents increased
with decreasing particle size. The SiO_ and AI203 contents in the fly ash
follow trends observed with the other coals.
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Figure 107. Secondary electron image of Upper' Freeport fly ash produced at
1400°C,

TABLE 68

ANALYSIS OF SELECTEDPARTICLES IN FIGURE 107, WEIGHT PERCENT
EXPRESSEDAS EQUIVALENT OXIDE

Point Na20 MgO Al 203 Si02 SOB K20 CaO TJ02 Fe203

i 0.0 0.0 2.5 2.4 0.0 0.6 0.0 0.0 94.5

2 0.0 0,0 31.9 47.1 0.0 6.9 0.5 3.6 9.9

3 0.0 0.0 36.2 45.3 0.0 4.7 1.7 2°3 9.8

4 0.0 0.4 8.4 18.3 0.0 0,7 0.7 0,0 7.2

5 0.0 0,0 37.2 47.3 0.0 2.8 2.2 0.7 9.8

6 0.0 0.0 28.8 57.9 0,0 5.6 0.7 2oi 2.3

7 0.0 0.0 28.0 47.4 0.0 2.3 7.5 3.1 10.9
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Figure 108. Secondary electron image of Upper Freeport fly ash from Stage 5
' of the multicyclone produced at 1400°C.

TABLE 69

ANALYSIS OF SELECTEDPARTICLES IN FIGURE 108, WEIGHT PERCENT
EXPRESSEDAS EQUIVALENT OXIDE

Point Na20 MgO AI 203 Si02 S03 K20 CaO Ti02 Fe_03

i 0.0 0.0 29.7 47.1 0.0 3.8 0.7 0.0 16.5

• 2 0.0 0.0 28.7 52.6 0.4 5.2 0.4 1.0 11.3

: 3 0.0 0.6 27.7 47.2 0.8 3.7 1.3 2.4 16.0

4 0.0 0.4 25.6 49.3 0.6 3.8 0.7 3.6 15.5
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Figure 109. Secondary electron image of Upper Freeport fly ash from Stage 1
produced at 1500°C.

TABLE 70

ANALYSIS OF SELECTEDPARTICLES IN FIGURE 109, WEIGHT PERCENT
EXPRESSEDAS EQUIVALENT OXIDE

Point Na20 MgO AI_O_ Si02 S03 K20 CaO Ti02 Fe203

I 0.0 0.0 14.3 27,2 36.3 0.0 8,7 0.0 ],3.5

2 0,0 0,0 29.9 56.1 0,6 6.4 0.0 1.4 5.6

3 0,0 0.0 39.2 51.1 0,0 3.5 1.7 0.9 3,6

4 0.0 0.0 22.1 54.4 0.0 4.4 1,7 12.5 4.9

5 1.0 0.0 16.8 25.9 0.0 6.7 3.4 6.6 39.8

6 0.0 0.0 0,3 0.3 0,0 0.0 0.0 0.0 99,1

7 0,0 0o0 11.4 27.0 0.0 0.7 0.0 i.i 59.8
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The early-stage chars show greater quantities of discrete phases that are
1.2-8.0 _m in size, which is evidence for initial fragmentation of mineral
grains. By 0.8 seconds, the char shows greater quantities of discrete phases
or particles that are >8.0 um in size, which is evidence for coalescence of
fly ash particles.

The most common minerals observed in the Upper Freeport coal were quartz,
mixed aluminosilicate (illite), kaolinite, and pyrite. Minor amounts of
calcite and gypsum were also noted. The quartz grains were evenly distributed
through the various size ranges except for the 74-106 _Imcoal fraction, where
there was an unusually high amount of quartz in the >ii vm range° Illite and
pyrite were found most frequently in the >ii _m size category. In all three
coal size fractions there were higher quantities of minerals in the upper size _
ranges (>8.0 vm).

Chars were produced in the drop-tube furnace from 53-74-um sonically
sieved Upper Freeport coal. The chars were collected at five different resi-
dence times. The general form of the mineral/phase particle size distribution
remained the same through 0.8 seconds of combustion. The coal mineral and the
char inorganic phases were bimodally distributed. Upper Freeport char mor-
phologies were examined using the scanning electron microscope (SEM). Quali-
tative analyses were performed on selected particles to determine their rela-
tive elemental compositions. Thermal gravimetric analysis (TGA) was performed
on the chars to monitor carbon burnout. Many of the Fe-rich particles showed
significant quantities of aluminosilicate in their composition and illite-
derived particles commonly had high Fe_03 contents, lllite in the coal had
lower Si/AI ratios than the illite-derived in the char. The data suggests
that a depletion of Si has occurred during the combustion process. The
particle distribution of phases in the chars and coal reveal fragmentation of
mineral grains within the first 0.5 seconds of combustion. At 0.8 seconds,
the sizes of phases or particles in the char were greater than those in the
coal and preceding chars, which is evidence for coalescence.

An additional DTF run was made to collect Upper Freeport O.05-second
char, where the char was quenched using the fly ash quench probe and then
collected in the multicyclone. The major phases present in the Upper Freeport
0.05 second char were montmorillonite, illite, kaolinite, calcite or calcium
oxide, anhydrite, plagioclase (anorthite-albite), quartz, and unclassified
material. When compared to the coal, the char revealed a depletion of
calcite, mixed aluminosilicate, illite, and pyrite; most likely because of
melting and interaction with other liquid or gas-phase inorganic components.
Some phases were enriched including quartz and kaolinite.

Upper Freeport fly ash was generated from a 53-74-_m size fraction and
analyzed for inorganic phases using SEMPC. lllite-derived was the most
abundant phase recognized by SEMPC. lllite-derived is an amorphous K-
aluminosilicate derived from the clay mineral illite.

Analysis of the Robinson coal size fractions showed major quantities of
quartz, kaolinite, Ca-clay (montmorillonite), and pyrite. Other minerals
observed were mixed aluminosilicates, gypsum, and barite. Quartz was predomi-
nantly concentrated in the >ll-um range. Ca-clay had a size distribution
mostly in the 1.2-8.0-_m range. The size distribution of pyrite and kaolinite
were variable. Overall, the majority of the mineral matter was in the >ll-_m
size category.
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Short residence time combustion tests were conducted to produce chars
From Robinson 74-106 vm coal. lt appeared that after 0.2 seconds of
combustion, extensive fragmentation of larger size mineral grains occurred.
The mechanism for the fragmentation phenomenon in the first 0.2 seconds of
combustion was based on the break-up of aggregates of aluminosilicate clays.
At longer residence times of 0.5 and 0.8 seconds there was successive
coalescence of finer sized inorganic phases, lt is proposed that CaO, which
was very abundant in the organic fraction of the coal, reacted with
aluminosilicate clays that were abundant as discrete minerals. Calcium
silicate formed as a result of the assimilation of vapor- or liquid-phase CaO
into the partially molten surface of quartz grains.

The distribution of phases identified in the Robinson fly ash samples
collected in the stages of the multicyclone indicated some significant changes
as a function of particle size. Hauyne, a complex aluminosilicate containing
sulfate, and melilite, were found to be concentrated in the small size frac-
tion of the fly ash multicyclones. Iron oxide and quartz-derived particles
were found to be concentrated in the large size fractions of the Robinson
sample, and kaolinite-derived particles appeared to be evenly distributed
across all size fractions.

Major minerals identified in the Beulah coal were quartz, kaolinite, Ca-
clay (montmorillonite), and pyrite. Minor minerals included mixed alumino-
silicates (montmorillonite), barite, and gypsum. Quartz, kaolinite, and
pyrite were generally more abundant in the upper size ranges (4.4 to >II vm)
for all the size fractions. Ca-clay was observed more in the middle-to-lower
size categories (2.1-8.0-_m)o On the whole, most of the Beulah minerals were
greater than 4.4 vm in size.

The Beulah fly ash shows sharp increases in concentrations of Na and S "in
the finer size fraction. Sodium and sulfur may be bound together as sulfates
that condense from a vapor phase as fine particulate matter. Silica content
decreased with particle size. The larger size of silicate-rich particles can
probably be attributed to abundant quartz minerals in the original Beulah coal
that are normally more abundant in the coarser size fraction.

Chars were produced from the Beulah 53-74-_m lignite in the drop-tube
furnace and analyzed using CCSEMfor the inorganic phases. The most common
phases identified in the chars were Ca-aluminosilicate, quartz, aluminosili-
cate, gypsum, and iron oxide. Pyrite virtually disappeared from the chars
after 200 milliseconds of residence time.

Distribution of major inorganic components in the Beulah chars and their
comparisons to similar components in the original coal revealed some inter-
esting trends. The overall area percent distribution of the inorganic phases
showed a general decrease in material with time in the lower size ranges (<8.0
vm) and an increase in material with time in the higher size ranges (>8.0 vm).
Quartz and kaolinite decreased in concentration with residence time, and Ca-
aluminosilicate increased dramatically with time. The above data may be indi-
cative of coalescence of finer-grained minerals and interaction of organicallyz

bound inorganics to form larger fly ash grains. In the case of kaolinite (or
aluminosilicate) particles, there is strong evidence to suggest that these
particles are undergoing a chemical transformation from pure kaolinite to
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amorphous Ca-aluminosilicate particles of nearly the same size. This inor-
ganic transformation results in Ca-aluminosilicate particles having nearly the
same size distribution as the kaolinite particles (4.4 to 8.0 vm). "The
infusion of calcium from organically bound calcium, with the mineral Form of
kaolinite, may have been the mechanism by which Ca-aluminosilicate was formed.

Monticello coal exhibited the following major minerals: quartz (most
abundant), kaolinite, Ca-clay, and mixed aluminosilicate. Quartz, kaolinite,
and Ca-clay had grain sizes that were largely in the >ll-um range for the 38-
53-_m and 74-i06-_m fractions. These same minerals showed higher concentra-
tions in the 2.1-8.0-um category within the 53-74-_m coal fraction.

Several conclusions can be drawn after examining the Monticello coal
particles burned at various short residence times in the drop-tube furnace.
For all of the residence time runs, small (< I micrometer) fly ash particles
were observed forming on or at the char surface as it receded. These initial
particles are typically composed of 40% to 60% calcium oxide and 5% to 15%
iron oxide. The exact composition of these particles could not be discerned
with the microprobe due to the small sizes of the particles and the roughness
of the surfaces being analyzed.

Sodium was observed in appreciable quantities only in the O.l-second
residence time particles° This observation is consistent with the short-
residence-time studies performed on the Robinson coal. The shorter residence
time may not allow the Na to vaporize from the char and disperse as readily
with the other particles. Therefore, more sodium remains within the fly ash
particles and is detected during electron microprobe analysis.

The distribution of phases in the Monticello fly ash samples collected in
the multicyclone indicated some significant changes as a function of particle
size. Quartz-derived and kaolinite-derived particles dominated the larger
size fractions, while pyroxene, hauyne, akermanite, and anhydrite comprised
the bulk of the smallest size fractions. Comparison of these results with a
drop-tube combustion run that used 53-74-_m Monticello coal revealed some
differences. The Monticello coal used in this report had a unimodal distribu-
tion of quartz and showed very small amounts of anhydrite. In contrast, the
Monticello fly ash had a bimodal distribution of quartz and showed greater
amounts of anhydrite in most of the size fractions, especially in the filter
fraction (28% anhydrite). Over 90% of the Monticello fly ash was greater than
11 vm in diameter, as compared to only 62% for mineral grains in the original
coal. This suggests that the smaller minerals coalesced during combustion.

Bulk composition of the Monticello fly ash indicated that the organically
bound elements, such as Na, Ca, S, Mg, and Fe, are distributed primarily in
the finer fraction multicyclone stages. Aluminum and Si, which are primarily
mineralogic constituents, were more often associated with the larger size
fractions.

The fly ash size distributions were determined using the multicyclone and
impactor for Beulah, Upper Freeport, Robinson and Monticello ashes produced in
the drop-tube furnace. Initial comparisons show no dramatic differences in
size distribution of fly ash produced as a function of coal particle size and
temperature of combustion.
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A fly ash particle classification scheme is being developed based on par-
ticle morphology and composition. Four types of particles have been initially
classified for Beulah and Upper Freeport.

XPS was used to determine the form of selected elements and the composi-
tion of the surfaces of particles in the multicyclone size cuts. The highest
level of sodium was found on the surfaces of the particles in Stage 6 (<1.2
vm). Aluminum and silicon levels were relatively constant but dropped off in
Stage 6. Sulfur content increased with decreasing particle size. The forms
of sodium, calcium, and sulfur were determined for each stage of the multi-
cyclone. Sodium was in a silicate form in Stages I to 5, and a sulfate _orm
in Stage 6 (<l.2-_m). Calcium was found to be in a silicate form in Stage i
and a sulfate form in Stages 3 through 6.
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COAL/CHAR REACTIVITY

1.0 EXECUTIVE SUMMARY

1.1 Single-Particle Reactor

° Factors affecting the sensitivity of the calcium-selective electrode were
examined, lt was found that leaving the electrode in a saturated calcium
acetate solution for more than a few days reduced the electrode's
sensitivity and that extended exposure could lead to extensive loss of
sensitivity. Also, the presence of ammonium hydroxide in the solutions,
in addition to resulting in higher potentials, tended to minimize the
amount of drift in the electrode's response.

° The technique of monitoring the calcium loading of the chars with a
calcium-selective electrode was examined further, lt was determined that
the electrode was capable of following with reasonable accuracy the
loading level of the char until the calcium concentration in the filtrate
dropped below approximately 1 x 10-s M. Limitation in the accuracy of
the electrode becomes apparent when the amount of extractable humic acid
from the char becomes large. This loss in accuracy was attributed to the
calcium becoming complexed with the humic acid and thus undetectable to
the electrode, lt was predicted that if the filtrates were reacidified
prior to the measurement of the calcium concentration, then the accuracy
of the electrode could be improved.

, Samples of Lower-Wilcox (LWX)(PSOC-1443D) and New Mexico Blue (NMB)(PSOC-
1445D) coals were demineralized, charred, loaded with calcium to concen-
trations _2500 ppm, and then combusted in the laminar-flow reactor at
varying oxygen concentrations. The loading procedure consisted of
stirring the char in a calcium acetate solution at pHs adjusted with
ammonium hydroxide to >10. A significant amount of swelling occurred for
both coals during the charring process, lt was found that the greatest
enhancement of the rate of the reaction by calcium occurred when the
calcium concentration was about 2500 ppm. The observed rates of reaction
were significantly greater than those observed for noncalcium-loaded
chars examined in the past.

° Portions of the demineralized chars of different particle sizes and a
demineralized Lower-Wilcox char that had been stirred in ammonium
hydroxide to assess the effect of the loading procedure were combusted.
lt was found that the larger particle sizes resulted in lower particle
temperatures and, therefore, lower rates of reaction, lt was also found
that the effect of the loading procedure is to r_sult in lower particle
temperatures. This decrease in reactivity was attributed to greater
stability of carboxylate and phenolate ions to thermal degradation.

1.2 Ignition Studies

° The operational procedure and experimental design of the ignition
apparatus was optimized for 240-_m-diameter coal particles. Ignition and
combustion characteristics of four coals were examined using this
procedure and design. The sensitivity of the ignition apparatus was



, simulated, lt was determined that the production of C02 could be
monitored from particles as small as 50 vm. Limitations in the particle
handling technique and sensitivity of the optical trigger set the
practical minimal particle size at 200 _m. The average particle examined
had a volume similar to tI_at of a 240-_Jm sphere.

• A_I apparatus for visually monitoring combusting coal and char particles
was assembled. This apparatus consists of a video camera, microscope and
heated stage. An Associated Western Universities (AWU) fellow used this
apparatus to examine the same suite of coals characterized in the
ignition apparatus. The optical microscopy observations were complemen-
tary to these obtained in the ignition apparatus.

• The characte;'ization of the effect of oxygen concentration on the
ignition and combustion of Beulah lignite (PS0C-1507) was completed. In
general, increased oxygen concentration decreased the ignition delay,
increased the proportion of CO to CO2 p_'oduced, increased the maximum
combustion rate, and decreased the combustion duration. The decreased
)gnition delay was attributed to the more rapid onset of heterogeneous
ignition _t th_ elevated oxygen concentrations. The increased combustion
rates were consistent with accepted ignition theory. The change in the
product distribution witI_ CO being favored at high oxygen concentrations
was attributed to increased particle temperatures.

• A correlation of the C02:C0 product distribution with particle tempera-
ture was established. "This correlation was based on the assumption that
the measured product distribution was indicative of that produced at the
particle surface; i.e., that no CO oxidation occurred in the boundary
layer, lt was shown that at a gas temperature of 650°C, no more than 30%
of the C02 produced could have originated in the boundary layer.

• Based on the rate constant data, the Beulah lignite was estimated to have
. an activation energy of 11 kcal/mole. The apparent order of the reaction

with respect to oxygen concentration was 0.25.

• The effect of oxygen concentration on the ignition and combustion of
Smith Roland subbituminous coal (PSOC-1520) at 650°C was examined in the
ignition apparatus, Ignition of this material at oxygen concentratio_;_
of 5% and greater was observed. The effects of increased oxygen were
similar to those observed for Beulah lignite; i.e., the combustion rate
increased, the ignition delay decreased and the CO_:CO ratios decreased

; with increased oxygen concentration.

• The effect of oxygen concentration on the Ignition and combustion of
Pittsburgh #8 bituminous coal (PSOC-1451) was examined at 650°C in the
ignition apparatus. The production of CO and C02 was observed at oxygen
concentrations of II and 20%; however, as demonstrated by the optical
microscopy results, this material did not ignite until a temperature

-= greater than 825°C was employed. At lO00°C, increased oxygen
concentration dramatically increased the combustion rate.
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• The effect of oxygen concentration on the ignition and combustion of
Lower-Wilcox lignite (PSOC-1443) was examined at IO00°C. Ignition was
observed at this temperature. The maximum combustion rate increased and
the ignition delay decreased with increased oxygen concentration.

• The characterization of the effects of inorganic constituents on the
ignition and combustion of Beulah lignite, Lower-Wilcox lignite, Smith
Roland subbituminous coal and Pittsburgh #8 bituminous coal was
completed. The effects of demineralization on ignition and combustion
were coal-dependent. Demineralization dramatically d_creased the
reactivity of Beulah lignite, Beulah lignite char', and Smith Roland
subbituminous coal, and dramatically increased the reactivity of Lower-
Wilcox 'lignite and its cha.r. The reactivity of Pittsburgh #8 bituminous
coal was not significantly affected by this procedure, while the
reactivity of its char increased slightly. The various demineralized
materials behaved more similarly than the original materials; however,
significant differences were still apparent. This result indicates that
while the inorganic constituents significantly alter coal reactivities,
other parameters are al so of importance. The most significant
diffel-ences observed between the the two demineralized materials studied
during combustion (Lo;vet-Wilcox lignite and Pittsburgh #8 bituminous
coal) wel'e the larger maximum combllstion rates and larger C02:C0 ratios
for the bituminous coal.

• The demineralized coals were reloaded with calcium irl amounts
proportional to the concentrations of calcium contained in the original
coals. This procedure was pev'formed to differentiate between effects
produced by inorganic constituents and effects produced by physical
changes in the coals resulting from the demineralization procedure.
Beulah lignite and Smith Roland subbituminous coal initially contained
the highest calcium concentrations and showed the highest reactivities.
Demineralization decreased their reactivities. Reloading these materials
with approximately one third of their initial calcium concentration
increased the reactivity of the demineralized materials, but not to the
levels observed For the untreated materials. Since calcium concentration
plays a major role in dictating the reactivity of Beulah lignite and
Smith Roland subbituminous coal, it appears that heterogeneous reactions
are more important than homogeneous reactions to the ignition of the
coals. The calcium-reloaded Lower-Wilcox lignite and Pittsburgh #8
bituminous coal showed reactivities similar to those of the demineralized
rnaterials--a result consistent with the low levels of calcium initially
present in these materials.

• The characterization of the effects of volatile matter on the ignition
and combustion of the four coals was completed. This data was obtained
by comparing the ignition and combustion behaviors of' the coals to their
chars. The effects of volatile matter differed between the four coals.
Beulah lignite char was found to ignite more rapidly yet burn slower than
the or'ginal material. The inhibitory effect of volatile matter on the
ignition of Beulah lignite is discussed, These results a.re consistent
with the proposed heterogeneous ignition of the l_gnite. The most
significant difference observed between Smith Roland subbituminous coal
and its char was the single-staged combustion observed for the char as
opposed to the two-staged process observed for the coal. This result was



consistent with the reduced volatile matter in the char and was similar
to the Beulah lignite results. The char of Lower-Wilcox ignite was more
reactive than the origin._l lignite. The char of Pittsburgh #8 bituminous
coal ignited more readily, but burned slower than the original coal.

• The effects of moisture on the ignition and combustion of Beulah lignite
were examined. Moisture decreased the combustion rate of the lignite at
the least rigorous condition employed; i.e., 650°C and 5% 02; no other
significant effects were observed_

• The effects of gas temperature on the ignition and combustion of Beulah
. lignite, Lower-Wilcox lignite and Pittsburgh #8 bituminous coal were

characterized. As expected, the ignition delays decreased and combustion
rates increased with 'increased gas temperature. The temperature at which
ignition occur'red was a function of matel"ial 'type. The ignition
temperatures increased in the order Beulah lignite < Smith Roland
subbituminous coal < Lower-Wilcox lignite < Pittsburgh #8 bituminous
coal. For the combustion of Beulah lignite, the C02:C0 ratios decreased
upon increasing the temperature from 500 ° to 650°C, and increased upon
increasing the temperature from 650 ° to IO00°C. l'his was interpreted as
a result of C02 being the favored surface product at low particle
temperatures. At low gas temperatures, both the particle and boundary
temperatures are low; therefore, the COp. predominantly produced at the
surface is detected. At the intermediate temperaturP, the surface
temperature is slightly higher, shifting the surface products towards CO;
minimal CO oxidation in the boundary occurs and the surface products are
detected. At the highest gas temperature, CO is the favored surface
product, but now the boundary layer is hot enough to produce significant
CO oxidation, resulting in a net increase in C02 production.

• The effects of l ithotype on the ignition and combustion of Beulah and
Lower-Wilcox lignite and Smith Roland subbituminous coal were examined.
The fusain lithotype of Beulah lignite ignited the most readily while the
attritus lithotype showed the lowest reactivity. The attritus lithotypes

= of the Lower-Wilcox lignite and Smith Roland subbituminous coal also
showed lower reactivities than the vitrains. The differences observed
between lithotypes of the same coal were small compared to the
differences observed between coals.

• The overall order of reactivity of the materials as determined from their
= maximum combustion rates was Beulah lignite => Smith Roland subbituminous

coal > Pittsburgh # 8 bituminous coal > Lower-Wilcox lignite.

• The feasibility of; monitoring 'the ignition and combustion of single
Beulah lignite particles using isothermal DSC was evaluated. The low
ma×imum temperature available with this apparatus, accompanied by the
large variation in the results, produced the conclusion that this was not
a viable technique for monitoring combustion processes.

; , Monitoring events in the ignition apparatus by video imaging was
impractical due to sensitivity limits of the video equipment and
difficulties in positioning the combusting particles in the focal
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volume. The feasibility of obtaining optical pyrometry data through the
use of an optical rod inserted into the ignition apparatus was not
ascertained.

2.0 GOALS AND OBJECTIVES

The overall objective of the Coal/Char Reactivity Project is to expand
the fundamental combustion data base to support existing and advanced atmos-
pheric combustion systems. The investigations will focus primari')yon eluci-
dating the burning rates of chars under realistic flame conditions as a
function of fuel and system parameters. The chars are mainly derived from
low-rank coals. The key issues include the relative contributions of
inorganic constituents, and the surface and structural effects on the burning
behavior of the low-rank coal-derived chars. Tests will be undertaken to
ascertain the limits of bulk diffusion control of the burning rate. The
specific objective for this reporting period was to evaluat,_the burning rates
obtained and to determine rate constants based on CO, CO_, and CO/COs as
primary reaction products.

A second objective was to perform fundamental investigations on the
ignition mechanisms of single particles of low-rank coals by measuring rates
of carbon monoxide and carbon dioxide production and the onset of light
emission. The specific objectives were to determine the effects of oxygen
concentration, i_organic constituents, volatile matter, moisture, temperature,
and lithotype on the ignition and combustion of Beulah lignite (PSIC-1507),
Smith Roland subbituminous coal (PSIC-1520), Lower-Wilcox lignite (PSOC-1443)
and Pittsburgh #8 bituminous co_l (PSIC-1451).

3.0 EFFECTS OF MINERAL MATTER

3.1 Experimental Equipment

3.1.1 Laminar-Flow Reactor

The laminar-flow reactor enables the examination of' single burning
particles in an environment where the gas temperature and composition may be
carefully controlled. The temperature and size of individual particles are

: determined simultaneously with three-color optical pyrometry and videomicro-
scopy, respectively. A detailed description of the laminar-flow reactor,
pyrometer, and particle sizing system is given in (I).

: In operation, a selected mixture of oxygen and nitrogen is metered from a
gas mixing system and introduced through two preheaters into the high-
temperature furnace section of the reactor, where the gas is heated by passing
over molybdenum disilicide heating elements. The heated gas exits through a
nichrome flow straightener and flows upward through a quartz-walled observa-
tion chimney. A small portion of the gas mixture is diverted prior to
entering the preheaters and is used to entrain particles from a small feeder
and inject them into the gas stream. The particles are carried through a
water, cooled feed tube and introduced at ambient temperature at the bottom
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center of the observation chimney. As the burning particles flow upward along
the chimney centerline, they pass the focal point of the optical pyrometer and
videomicroscope.

The three-color optical pyrometer consists of the pyrometer optics and a
focus detector mounted at right angles to the pyrometer optical axis and
focused on the same control volume in the observation chimney. Fiber optic
cables connect the pyrometer and focus detector optics to the photomultiplier/
amplifier assemblies. Narrow bandpass filters are placed in the optical path
immediately before the pyrometer photomultipliers. The amplified photomulti-
plier signals pass through a coincidence detector to a digital w_veform
analyzer. Simultaneous signals from the pyrometer and focus detector indicate
that a particle is in focus and trigger the capture of the signals by the
analyzer. This also triggers the firing of a high-intensity strobelight
focused on the control volume. The videomicroscope is focused on the control
vol,;me directly opposite the strobelight. The videocamera image is being
continually recorded. The illumination from the strobelight momentarily
silhouettes the particle, and the camera vidicon tube acts as a storage
device, holding the particle image for three to four video frames.

The signals from the three pyrometer channels are stored to disk in their
entirety, and later processed to determine particle temperatures. The video
frames containing particle images are frozen with the video recorder, captured
with a frame-grabber, and processed to determine particle size and shape.

3.1.2 Calcium-Selective Electrode

The calcium-selective electrode, which had been left standing in a
saturated calcium acetate solution for about two months, was recalibrated to
determine the reproducibility of the previously determined response curve
after such a long-term exposure 'tothe calcium acetate solution. The response
curve was significantly different, suggesting that the electrode had lost a
large degree of its sensitivity. Figure i contrasts the response curve
determined previously with that of the results from this more recent study, as
well as showing more clearly the effects of the presence of ammonium hydroxide
on the electrode's response. The reason(s) for the drastic change in the
electrode's response is not clear, though a couple of p_)ssibilities are
known. First, the calcium acetate solution that the electrode was stored in
molded after a few weeks. The electrode was placed into fresh calcium acetate
solution and, again, after a few more weeks, the solution molded. The
electrode was then put into dry storage until shortly before this study was
undertaken. Even though no mold appeared to be on or near the electrode in
either of the trials, it may ,,,we suffered some damage from the mold's
presence, lt should be noted th_.t the owner's manual for the electrode
suggests that the electrode be pu' into dry storage if it is to sit idle for
more than a few dayt,, but it does not cl_arly state whether this is because of
the risk of the solution molding or because of the electrode itself suffering
damage from the long exposure_

A second and just-as-likely reason for the change in the electrode's
response is the fact that a different potentiometer was used in thc earlier
study than in the more recent one. The potentiometer used in the earlier
study had been replaced with a "better and more sensitive" meter before this
study was undertaken. One can reasonably expect some difference in the
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Figure 1. Response curve of the calcium-selective electrode.

electrode's response to occur as a result of such a switch, but the magnitude
of the observed change (which is indicative of less sensitivity) cannot be due
to just a change in potentiometers.

Despite the change in the magnitude of the electrode's response, it was
still reasonably linear over three orders of magnitude. As observed
previously, the amount of fluctuation in the potential of a solution increased
as its calcium concentration decreased, but always was no more than 2mV on
either side the nominal value. The effect of the ammonium hydroxide on the
potential was also the same as was observed previously: slightly higher than
the same solution without the base. The presence of the ammonium hydroxide
also tended to stabilize the potential reading for the solution, cutting the
fluctuations down to about half that observed in its absence. This stabiliza-
tion had not been noted in the first calibration.

An interesting observation that may deserve further investigation is the
fact that the electrode's response from one-day-old standard solutions was
higher than that from freshly prepared solutions, lt would be surprising it
it took a day for an equilibrium point to be established, and it would be hard
to believe that the electrode could degrade so much overnight. The best
explanation for this anomaly is that an error was made in the preparation of
the two sets of standard solutions such that one of them actually had a
slightly greater amount of calcium in it than it should have. Since the sets
of standard solutions were made by successive dilution of a carefully measured
amount of the initial stock solution, one slightly off measurement of the
initial stock solution would ca#ry throughout the whole set, giving the
linear, but somewhat different response.
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A summary of the predicted and actual calcium concentrations i_ the
solutions from the calcium-loading of the various chars is given in Table i.
The loading procedure consisted of stirring a char sample in a calcium acetate
solution using ammonium hydroxide to maintain the pH >8. After removal of the
char, the filtrate's potential was measured to determine the extent of loading
in the char. The predicted concentrations are determined from the extrapola-
tion of the solutions' calcium-selective electrode potentials to the
concentration axis on the standard response curve, while the actual
concentrations were determined by either AA analyses or calculations of the
dilution of stock solutions.

TABLE 1

CALCIUM-SELECTIVE ELECTRODERESPONSEDATA

Predicted Ca Conc. Actual Ca Conc.
(estimated from Actual Ca Conc. (from dilution

electrode response) (from AA analysis) calculations)
.... (Mol ari_tty_)........ Mo__Mg_]zari ty )..... (Molarity)

Standard Solutions

1.0 x i0- _ 9.5 x I0-" 8.37 x 10-"
7.6 x I0"." 6.03 x i0-"

_.8 x i0-" 3.72 x i0-".6 x i0-" 1.4 x I0-" 1.40 x I0-"

Reaction Solutions

LWXChars"

1.5 x i0 -s 3.5 x i0 -s --
1.3 x i0 -s 2.7 x i0 -s --

I x i0 -s 1.5 x I0 -s --
i x I0 -s 1.0 x i0 -s --

NMB Chars:

1.0 x i0 -s 2.3 x I0-" --
1.8 x i0 -s 8.5 x 10-6 --
2.4 x I0 "s 3.0 x 10-5 --
2.4 x I0 -s 2.3 x 10-5 --

Interestingly enough, the concentrations based on the _lectrode's
response for the standard solutions were always slightly higher than the
actual concentrations, while those from the reaction solutions were somewhat
lower. This latter observation makes logical sense, if some of the calcium
became bound to the humic acids that were extracted into the filtrate from the
char. In most of the reactions the filtrates were colored yellow or brown,



indicating that humic acids had been extracted from the chars by the basic
solution. Bearing this in mind, in order for one to properly assess the
amount of calcium transferred to a char, one should know how much humic acid
can be extracted into the aqueous layer from it, the molecular weights and the
weight distribution of these humic acids, and the equilibrium constants for
their complexation with calcium. These are very likely to vary drastically
between char samples and thus would have to be determined for each sample.
This would be a formidable, if not impossible, task. The obvious way to
eliminate this extra work would be to reacidify the solutions prior to
determining their calcium concentration. By acidifying the filtrates, most of
the calcium-humic acid complexes would be converted back to free calcium and
the humic acids.

Nonetheless, the calcium-selective electrode has been shown to indicate
reasonably well when most of the calcium has been loaded onto a char, the
lower limit for accurate calcium concentration remaining in the aqueous phase
being approximately I x i0 _- M.

3.2 Test Plan

The test plan for the current quarter was to examine the effect of
alkaline earth cations on char combustion rates and to produce chars from two
coals loaded with specific amounts of calcium. The calcium-loaded chars will
be used in combustion tests to quantify the effect of calcium on char burning
rates.

3.3 Char Preparation

• 3.3.1 Demineralization Procedure

Samples oi-"Lower-Wilcox (PSOC-1443D) and New Mexico Blue (PSOC-1445D)
: coals were demineralized by successive treatmen" with HCI, HF, and HCl and

then Soxhlet extracted with water for at least 12 hours to remove the traces
of acid. The demineralized coal was then allowed to air dry for several days.

3.3.2 Char Preparation Procedure

, The chars were prepared from the demineralized coals in the drop,-tube
" facility. The char production conditions were: gas temperature = 1000°C,

mole fraction of oxygen = 0.03, and residence time = 150 ms. The overall
yield of char from both of the coals under these conditions was typically less

J than about 30% of the mass of coal used. In addition to this low yield,
typically less than half of the char fell into the desired particle size range
of 63-75 _m.

As reported previously (2), attempts to grind either the char or the coal
with a mortar and pestle into desirable particle size Fractions resulted
mostly in the formation of fines. In order to better clarify the swelling and
fragmentation of the coal during the charring process, a study consisting of

i the charring of the <63-_m, 63-75-Nm, and 75-90.-_m particle sizes oF the
Lower-Wilcox coal under the above conditions was done. The resultant chars
were then resized 'to determine if the size distribution had changed. The
results of this are summarized in Table 2.

-
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TABLE 2

LWX COAL FRAGMENTATION AND SWELLING DURING CHARRING

Initial .... Weight % Distribution of Char Particle Sizes
Size* <53 53-63 63-75 75-90 90-106 >106

<63 60.6 10.8 9.0 5.5 4.1 i0.1

63-75 13.4 13.0 31.2 24.7 10.3 7.1

75-90 1.4 2.4 17.8 38.3 26.7 13.4

*Particle sizes given in microns.

In each casa the >106-_m size fraction appeared to be mostly smaller
sized particles that were loosely fused together, which could be broken up by
light grinding with a mortar and pestle. The results show that a significant
degree of swelling, as well as some particle fragmentation, occurs when all
sizes of the coal are charred. The swelling is especially evident, in that
the largest size fraction outside the original coal size is the next size
range higher. The fact that some material more than two particle size ranges
smaller than the initial size was recovered shows that some fragmentation had

I occurred. Further evidence that fragmentation occurs during the charring is
that the total yield of char is less than that expected based on TGA
analysis. These analyses show that the percent of volatile matter should be
no more than 50% of the total mass. Presumably, the smaller fragmented
particles are carried past the collection cyclone with the carrier gas,
resulting in the observed lower-than-expected mass recovery.

Since the yield of the 63-75-um particle size range was low, the
63-75-_m, and 75-90-_m fractions were combined for the calcium-loading
study. The fines from the sonic sieving were used to determine the amount of
calcium remaining in the demineralized char. lt is assumed that the calcium
concentration in the fines is representative of that in the larger particles.

-

: 3.3.3 Calcium-Loadinq Procedure

The chars (about 1.8 grams for each run) were mixed with calcium acetate
solutions of known concentration (100 ml total volume) to which two milli-

o liters of concentrated ammonium hydroxide had been added, and then rapidly
: stirred for three days, the pH being maintained above I0. The concentrations

of the calcium acetate solutions were chosen such that only specific calcium-
loading levels would be obtained, if total calcium uptake occurred. That is,
the difference between the desired loading level and the amount of calcium
already present was determined and then a solution containing only that much

- calcium was used. The pH was maintained high so a_ to ensure rapid, maximum
uptake of the calcium (2,3). Only the loading of the LWX char to the 2500-ppm

= level showed any change in the pH during the loading. Its pl4 was returned to
: >10 by the addition of one more milliliter of an_nonium hydroxide. After

stirring for the desired length of time, the char was removed from the mixture_
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by vacuum filtration, and the completion of the loading was verified by
comparison of the electrical potential between the calcium-selective electrode
and a saturated KCI electrode in the filtrate to the standard response curve.
The loaded chars were then allowed to air dry for two days before the analysis
of their combustibility was done. About one gram of each of the loaded chars
and their corresponding filtrates were submitted for AA analysis to verify the
calcium-loading levels. Table 3 summarizes the abbreviations used to identify
the chars found in Tables 4 and 5. Table 4 lists the resultant calcium-
loading levels. In addition to calcium, the demineralized chars were also
analyzed for their magnesium concentration, as magnesium was observed to show
similar effects on combustion (2), and SEM analysis of the ash recovered from
TGA analysis of the coals indicated significant magnesium concentrations.
Based on these AA analyses, the concentration of magnesium in Entries 4-10 was
about 50 ppm, while that for Entries 12, 14, and 15 was 300 ppm.

In all but one of the chars from this present study {the NMB(2000)I, the
intended loading levels were nearly obtained, showing the usefulness of this
procedure. The reasons for the loading procedure for this one case not
working as well as the others is not clear at this time. lt appears that as
the amount of calcium to be loaded on the chars decreases, so does the rate of
loading, thus three days may not have been long enough for complete adsorption
to occur, lt may also be that an equilibrium point is established, preventing
further loading.

3.4 Char Combustion

The demineralized and calcium-loaded chars were combusted in a laminar-
flow reactor at i000 K and 0.06, 0.08, and 0.i0 mole percent oxygen with the
particle temperatures measured using a three-color detection system set 150 mm
above the honeycomb Flow straightener of the reactor.

In addition to the above chars, one sample, LWX(NH,OH), which had been
exposed only to dilute ammonium hydroxide (2 ml of concentrated ammonium
hydroxide in I00 ml of distilled water) and had not been loaded with more
calcium, was combusted to assess the effect of the strong base on the chars.

Table 5 lists the combustion data obtained from this study (Entries 4-10,
12, and 14-15) and from previous studies that employed the same conditions.
In the older data, the particle size range was 63 to 75 _m; due to the small
amount of available material, the present study was forced to use the 63- to
90-_n, range. These slight variations in particle size are not expected to
affect the general comparability of the combustion data. The particle size
range used with the LWX(NH,OH) sample was the 90- to 106-ui_ size. In order to
allow a more valid comparison of this data to the ether char samples, a
demineralized sample of the I WX char (Entry 9) of the same size range w_s also
combusted. The chi and rho values were calculated from the particle tempera-
tures using rate equations that assume only carbon monoxide formation in the
combustion process.

3.5 Data Reduction

Combustion rates were calculated from the measured particle temperatures
by applying a steady-state heat analysis to the burning particles. In this
analysis, it is assumed that the particles are in thermal equilibrium with the
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TABLE 3

EXPLANATIONOF ABBREVIATIONSFORTABLES4 AND 5

LWX(Ca) Indicatesa Lower.-Wilcoxchar from a previous study that
had been loadedwith calcium.

LWX(UT) Indicatesa Lower-Wilcoxchar that was untreated (i.e.,not
demineralizedor calcium-loaded).

LWX(DEM69) Indicates a demineralized Lower-Wilcoxchar with a mean
particlesize of 69 um.

LWX(2500) Indicatesa Lower-Wilcoxchar from the present study with
an intendedcalcium-loadinglevel of 2500 ppm.

LWX(2000) Indicatesa Lower-Wilcoxchar from the present study with
an intendedcalcium-loadinglevel of 2000 ppm.

LWX(1500) Indicatesa LLwer-Wilcoxchar from the present study with
an intendedcalcium_loadinglevel of 1500 ppm.

LWX(IO00) Indicatesa Lower-Wilcoxchar from the present study with
an intendedcalcium-loadinglevel of 1000 ppm.

LWX(DEM76) Indicates a demineralizedLower-Wilcox char with a mean
particlesizeof 76 _m.

LWX(DEM98) Indicates a demineralizedLower-Wilcox char with a mean
particlesize of 98 _m.

LWX(NH4OH) Indicatesa Lower-Wilcoxchar that was treated only with
ammonium hydroxide.

NMB(Ca) Indicates a NewMexico Blue char from a previous study that
had been loaded with calcium.

NMB(UT) Indicatesa New Mexico Blue char that was untreated (i.e.,
not demineralizedor calcium.-loaded).

NMB(2500) Indicates a New Mexico Blue char from the present study
with an intended calcium..loading level of 2500 ppm.

NMB(2000) Indicatesa New Mexico Blue char from the present study
with an intendedcalcium-loadinglevel of 2000 ppm.

NMB(DEM76) Ir dicates a demineralized New Mexico Blue char with a mean
particle size of 76 um.

NMB(DEM69) Indicates a demineralized New Mexico Blue char with a mean
particle size of 69 _m.
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TABLE 4

CALCIUM CONCENTRATIONIN THE CALCIUM-LOADEDCHARS (ppm)

Entry No. Char Sample Calcium Concentration

I LWX(Ca) 72400
2 LWX(UT) 29700
3 LWX(DEM69) 7000
4 LWX(2500) 2600
5 LWX(2000) 1900
6 kWX(1500) 1400
7 LWX(IO00) ii00
8 LWX(DEM76) 700
9 LWX(DEM98) 700

10 LWX(NH,OH) 700
11 NMB(Ca) 27200
12 NMB(2500) 2500
13 NMB(UT) 1880
14 NM8(2000) 1748
15 NMB(DEM76) 1600
16 NMB(DEM69) 1320

I) Entries 1-3, 11, 13, and 16 are from an earlier study.
2) See Table 3 for an explanation of the sample labels.

local surroundings, lt is further assumed that the primary reaction product
is carbon monoxide. Thus the heat balance is given by Equation i:

paH = Nu___x(Tp-Tg) + _o(Tp4-Tw 4) [I]d

where p is the overall burning rate, AH is the heat of reaction (~2300
cal/mole at 1500 K for CO formation), Nu is the Nusselt number (taken as 2), x
is the gas thermal conductivity, and d is the particle diameter. Tp, Tg, and
Tw are the particle, bulk gas, and wall temperatures, respectively; _ is the
particle emissivity (taken as 0.9); and o is the Stefan-Boltzmann constant.

A small correction is required for Equation I due to Stefan flow (4,5),
which arises from the net outflow of molecules from the boundary layer around
each particle. The corrected form of Equation i is given by Equation 2.

. (Tp"-T
4

Xpm AH = 2X (Tp-Tg) _n (1 + X_2) + _o w ) [2]

d X_2 [I- LI-_ilZL__ ]
2
X_ 4

aH = 2__.XX(Tp-Tg) _n __ 02) + _0 (Tp"-Tw ) [2iXPm

d [i-. LE IL_ 1
2
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where × = P/Pm [3]

and Le = x [4]

CpgDC

The x factor is the ratio of the overall burning rate to the diffusion-limited

rate, Pm, which is defined by

Pm = 4--M-c-.D-C-_n ( 1 + X_2) [ 5 ]
d

for the conwgrsion to carbon monoxide. Here, Mc is the molecular weight o"
carbon and ^02 is the mole fraction of oxygen in the bulk gas. Equation 4

defines the Lewis number, C.. is the mean heat c_.pacity of 02 and CO D is the
bulk diffusion coefficientPVfor oxygen in nitrogen (equivalent 'to CO in
nitrogen), C is the total molar concentration (equal to Pt/RTm, where Pt is
the total pressure, R is the universal gas _onstant, .and "Fm = (T n + Tri)Z2 ),
i.e., the mean temperature in the boundary layer around the particTe). =

3.6 Results and Discussion

The combination of the results of this study with those done previously
(Figure 2) show that particle temperatures for the LWX chars rise rapidly
unLil the calcium concentration reaches about 2500-2000 ppm. Beyond this
concentration, the temperature slowly decreases, becoming significantly
different around 30,000 ppm. Similar trends were observed for the NMB chars
(Figure 3) except that the magnitude of the particle temperatures was about 20
degrees higher, and the rate of temperatu'c drop with higher calcium
concentration was lower, lt should be noted tnat Entry 13 has been deleted
from Figure 3 to allow for greater clarity of the data.

lhe reason(s) for the differences between the LWX and NMB chars is not
clear, lt may be that the NMB char's slightly greater reactivity is due to
inherent differences irlits chemical structures. Figures 4-6, which contrast
the combustion of the calcium-loaded chars at different oxygen mole fractiops,
verify this possibility. In Figure 4 it can be seen that at low oxygen
concentrations the LWX chars exhibited greater particle temperatures than the
NMB chars at _.imilarcalcium concentration, while at higher oxygen concentra-
tions (Figure 6) the opposite was true. At the intermediate oxygen concentra-
tions (Figure 5) little difference between the two chars was observed. Since
the forI:lof the calcium in the calcium-loaded chars (calcium acetate) was the
same, the same mechanism of combustion and/or calcium-catalysis of that
combustion should be occurring in all of the samples. Thus, the best
explanation for the above observations is that the two chars have inherently
different chemical reactivities.

Another possibility is that the greater amount of magnesium in a char
creates a secondary avenue for combustion to occur. /n order for this to be
true, there must be some difference in the combustion mechanism associated
with magnesium since, if the same mechanism was involved, the magnesium would =
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give the same effect a_ a somewhat greater calcium concentration. Since a
greater calcium concentration wouldn't necessarily give higher particle
temperatures, there is room for doubt as to the validity of this proposed
possibility.

The reason(s) for the particle temperatures peaking at such low calcium
concentrations is not clear. If one assu,,wes that the chars have about 3
milliequivalents of acid per gram of char and that calcium has 2 equivalent
weights per- mole of acid in the neutralization of the acid functionalities,
then one could expect a maximum calcium-loading of about 60,000 ppm. This may
not even include association of the calcium with phenolate ions. lt has been
proposed that calcium facilitates the crosslinking and polymerization
reactions in chars (6). Thus it may be that at higher calcium concentrations,
the "holes" left after elimination of carbon monoxide or carbon dioxide are
rapidly healed by the calcium by reforming thermally stable products. In
effect, this would reduce the rate of reaction and give lower particle
temperatures. Some caution should be takep in comparing the data from the
present study to those from previous studies since the calcium-loading
procedures were different. In the present study, all of the chars were loaded
under' basic conditions, while those in the past were done under nearly neutral
conditions. Since the chars were not neutralized after being loaded with
calcium, all acid functionalities (both carboxylic acids and phenolics) not
converted to calcium salts must be ammonium salts rather than free acids.

In the same train of thought, comparison of the loaded chars to the
demineralized chars _ust be made with caution. Figure 7 c.ontrasts the
combustion of the LWX(NH,OH) char to that of the LWXwithout exposure to the
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basic conditions, lt also depictsthe effectsof particlesize by contrasting
the combustion of the 63-90-_m and 90-106-_m particle sizes of the
demineralizedchars. The resultsshow that the effectof treating the chars
with ammoniumhydroxide stronglyreducestheir c3mbustibility. This is borne
out by the facts that the LWX(NH4OH)char's particletemperatureat 0.06 mole
percent oxygen was unmeasurablewith our apparatus, while those of the
LWX(DEM76)and LWX(DEM98)readilywere, and that at 0.08 mole percent oxygen,
the LWX(NH4OH) char's particle temperature was 38 degrees lower than the
correspondingdemineralizedchar. Only under tFe more vigorous combustion
conditions at 0.10 mole percentoxygen were the effects of the base nearly
eliminated. Undoubtedly, the reasons for these decreases in particle
temperaturesare due to the greaterease of eliminatingcarbon dioxide from a
neutrallycharged acid than from a carboxylateanion, or the eliminationof
carbon monoxide from a neutral phenol r_.therthan a phenolate anion.
Comparisonof Entry 8 with Entry 9 From Table 5 would suggestthat the effect
of the NH40H is equivalent to about 400 ppm of calcium (when the initial
concentrationis less than 2500 ppm). Based on the above observations,it is
reasonableto assume that had the chars been neutralizedprior to combustion
analysis, the resultant particle temperatureswould have been significantly
higherthan they actuallywere.

Another example of where caution must be used in comparing the new and
the old data is borne out by lookingagain at Figure6. Here, the two lowest
particletemperaturesshown for the NMB char are those that correspond to the
combustion data of the untreatedchar (Entries15 and 16 in Table 5). Even
though the amount of calciumwas low and reasonablycomparable to the most
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reactive of the chars in the oresent study, the form of the calcium very
likely was not the same, and ver_ likely its distributionwas not as even as
in the loaded chars. The combinationof these factors explains why the
particle temperatureswere so much lower than those from the present study. __

The data also shows that as the particle size gets larger,the particle
temperatures decrease. TIis is consistent with what has been observed =
previously (7). This ,suggeststhat when comparingthe new data with the old,
the particle temperaturesfor the new samplesmay be slightly lower than the
old at similarcalciumconcentrations.

Figure 8 presents the combustiondata in a somewhat different fashion.
Here we see clearlythat the rate of reactionof the chars is not necessarily __
linear with respect to the oxygen concentration. In fact, the data suggests
that the increase in the reactionrate due to an increase in oxygen concen-
tration follows a smooth curve which increases sharply as it approaches
10 mole percent. At this oxygenconcentration,the reactioncontrol'iedby the ,_
diffusion of oxygen to the char surface is probably at or nearly at its
maximum rate. Prior to an oxygenconcentrationof 9 mole percent, the rate of
reaction of the char with oxygen is not so rapid as to mask the catalytic L-
effects associatedwith the presenceof calcium.

In direct correlationto the particle temperatures,the x and p values
for the calcium-loadedchars increaseas the calciumconcentrationapproaches
about 2500 ppm and then slowlydecreaseas the calciumconcentrationincreases
further (Figures9-12). The magnitudesof the x values,being greaterthan
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the theoretical value of unity, show that at the lower oxygen concentrations
significant amounts of carbon dioxide is being formed. Even at the higher
oxygen concentrations, where diffusion-controlled conditions predominate, the
× values are greater than unity, showing that the catalytic effect of calcium
is not absent.

The × and p values observed here are significantly higher than those from
other studies involving noncalcium-loaded chars. That is, the only previously
studied chars to give x values as high as the present ones were ion-exchanged,
calcium-loaded chars. This shows that the present combustion behavior is at
least consistent with that observed in the past.

4.0 IGNITION BEHAVIOR

4.1 _ntroduction

An important consideration in designing any combustion system is the
ignition delay. The ignition delay can generally be defined as the time
elapsed between the combining of a fuel/oxidant mixture with an activation
energy source and the beginning of this mixture's rapid exothermic
transition. In the field of coal combustion, knowledge of the ignition
characteristics of a given coal are important in the prevention of spontaneous
ignition, in the production of stable flames, and in the optimization of
combusting fluidized-bed temperatures. Ignition mechanisms may also influence
NOx formation rates (8).

Several reviews of coal combustion behavior have been written that
include summaries of coal :_nition processes (9,10,11). The ignition behavior
of a coal has been show_ to depend on a variety of coal characteristics and
combustion conditions. Ignition delays of coals have been shown to increase
with increasing rank (12) as have ignition temperatures (13). The chars of
lignites have also been shown to be more reactive than their higher-rank
counterparts (14). The inherent mineral matter in low-rank chars has been
ascribed promotional properties (9,14,15,16). The effect of volatile matter
un the ignition mechanism of lignites and subbituminous an_ bituminous coals
(17,18,19) has also been emphasized. Others emphasize the effects of surface
area (20).

The objective of this study is to define the effects of basic coal
characteristics such as moisture content, lithotype, volatile matter
concentration and inorganic constituents, and combustion conditions such as
oxygen concentration and temperature on the ignition delays and combustion
rates of coals. Two lignites, one subbituminous coal, and one bituminous coal
were chosen. Low--rankmaterials were concentrated upon since they have been
studied far less extensively than high-rank coals, and interest is growing in
the usage of low-rank coals for power generation.

The most commonly monitored events used to determine coal ignition points
are light production, mass loss, heat production, and combustion product
detection. The detection of C02 and CO evolution was chosen as one method of
determining ignition For the present study. This procedure was selected since
it is relatively unresponsive to the production of volatile pyrolysis products
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and allows a mass balance to be performed on the overall combustion process.
The second method chosen for determining the ignition point was the observa-
tion of 'iight emission. These two methods provide complementary data.

4°2 ExperimentalEquipmentand Procedures

A schematicof the ignition apparatusis shown in Figure 13. A listing
of the major components is presented in Table 6. Al! components of this
apparatus are operational;however,the optical pyrometerwas not integrated
into the system. Attempts to obtain video images of particlescombustingin
the ignition apparatuswere unsuccessful. These two pieces of equipmentare
the same as those describedin Subsection2.1.

The combustion zone furnace is detailed in Figures 14 and 15. Gas
temperatureswere measured by a thermocoupleinserted into the sample zone.
Wall temperatureswere measured by a thermocoupleglued to the quartz tube
directly under the particle. The wall temperatureis reported in the text.
The gas temperatureswere within 1% of the wall temperatures.

The particledrop tube consistsof a stainlesssteel tube with a quartz
window glued into a position that coincideswith the optical trigger. The
steel portion of the tube is grounded. This modificationprevents the coal
particles from sticking to the drop tube as a result of static charging.
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TABLE6

MAJORCOMPONENTSOF THE IGNITION APPARATUS

3
i. Beckmanmodel 868 nondispersiveinfraredCO analyzerwith 36.48-cm

detection chamber.

3
2. Beckmanmodel 868 nondispersiveinfraredC02 analyzerwith 18.24-cm

detection chamber.

3. Standard286 microcomputer.

4. Gas mixing system:

a) BrooksN_ mass flow controllermodel 5851.
b) BrooksO_ mass flow controllermodel 5851.
c) Brookscontrol and readoutmodel 5876.

5. A/D converter(TechmarIncorporated).

6. Omega model 660 thermocouplethermometer.

7. Omega model 6000 furnacecontroller.

8. Omegamodel CN-2010 programmable furnace controller.

9. Type S thermocouples.

10. Trigger:

a) Micronta low-votage DC power supply.
b) Infrared-emitting diode M_E71 (Radio Shack).
c) Photodetector MFOD72(Radio Shack).
d) Type 324 quad operational amplifier.
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The operational procedure for the ignition apparatus is as follows. The
coal particle is picked up with a suction bulb attached to a capillary tube
and sized under a microscope, lt is then placed in the O.5-mm-O.D. syringe
needle. The needle is inserted into the air-tight chamber containing the top
of the l-mm-l.D., 2-mm-O.D. drop tube as shown in Figures 14 and 15. The
particle is pushed into the tube with a wire plunger and falls through the
drop tube into the flowing oxidant gas stream. The particle comes to rest at
the spot determined by the Zr02 particle stop screen shown in Figure 15.
Passage of the particle through the detection system triggers data
accumulation from the CO and C02 analyzers.

The flow rate through the combustion zone was 200 +i ml/min; the gas
composition was varied as noted. The pressure in the combustion zone was
102 kPa (14.8 psi) for the 650°C runs and 103 kPa (14.9 psi) for the IO00°C
runs. The flow rates through the C02 and CO analyzers were I00 +0.5 mL/min.

The time scale used to collect the CO and C02 analyses was based on the
A/D conversion board clock, which was calibrated with a sine wave generator.

The coal samples used, Beulah lignite (PSOC-1507), Lower-Wilcox lignite
(PSOC-1443), Smith Roland subbituminous coal (PS0C-1520) and Pittsburgh #8
bituminous coal (PSOC-1451), were obtained from tile Pennsylvania State Sample
Bank. The original samples consisted of pieces <0.25 inch in diameter. These
pieces were separated according to lithotype using the following criteria.
Vitrain was categorized by its hard texture and glassy appearance, attritus by
its hard texture and grainy appearance, and fusain by its brittleness and
tendency to fracture into needle-like fragments (21). The major lithotype in
all four samples was vitrain.

The moisture content of the particles was established by storing them
either over water or concentrated sulfuric acid at 30°C for a period of two
weeks or greater. This procedure establishes the relative moisture content as
100% oy' 0%, respectively (22).

The demineralized coals examined in the ignition apparatus or used to
produce the demineralized chars were produced by treatment with hydrochloric
and hydrofluoric acids, followed by water washing to remove residual acid,
according to the procedure described previously (23). Portions of the
demineralized coals were reloaded with calcium by ion-exchanging the
demineralized coal in a solution of calcium acetate, using a procedure adapted
from that used to determine the carboxylic acid groups in coal (24). The
analyses of the cation concentrations present in the materials examined are
shown in Table 7.
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TABLE 7

CATION CONCENTRATIONSOF COALSUSED IN THE IGNITION STUDIES

Concentrationa

C_aa_._(p_p_ K_+(ppm), Na (ppm___ Wt% Ashb

BeuIah (UTI 31,000 400 4,600 --
Lower..WiIcox (UT) 700 2,000 500 --
Smith Roland (UT) 15,000 700 900 --
Pittsburgh #8 (UT) 2,000 1,200 400 --

Beulah (DM) 31 4 4 0.09
Lower-Wilcox (DM) 240 65 37 1.23
Smith Roland (DM) 112 18 61 0.22
Pittsburgh #8 (DM) 110 30 39 0.24

BeuIah (Ca) 1.0,518 .......
L,ower-WiIcox (Ca) 555 ......
Smith Roland (Ca) 7.350 ......
Pittsburgh #8 (Ca) 372 ......

a Determined by flame AA. UT = Untreated.
b ASTM. DM = _emineralized.

+ Ca = Calcium-reloaded.

l he chars were prepare,! from sized fractions of the whole coals. A drop-
tube furnace was used to prepare the chars. The conditions used were:
1275 K, a residence time of 150 ms, and _n 02 concentration of 3%. The
densities of the chars, original coals, demineralized chars, and demineralized

° coals are shown in Table 8.

Each particle was sized under a microscope immediately preceding
combustion. Due to the asymmetrical nature of; the coal particles, three axes
per particle were measured. The reported particle volumes were based on this
data by assuming a rectangular shape. The particle aspect ratios were

: calculated by dividing the length of the longest axis by the average of the
two smaller.
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TABLE8

DENSITIESOF THE MATERIALSUSEDIN IGNITION EXPERIMENTS

Material Dens_t3_(g/ml)

pa #8 UTb Coal 1.29
P #8 DMc Coal 1.20
P #8 UT Char 0.59

#8 DM Char 0.26UT Coal 1.54
LW DM Coal 1.48
LW UT Char 1.37
LW DM Char 1.33
SRe UT Coal 1.23
SR DM Coal 1.10
SR UT Char 0.85

0.
Br UT Coal 1.23
B DM Coal 1.14
B UT Char 0.90
B DM Char 0.28

a p = Pittsburgh
b UT = Untreated
c DM = Demineralized
d LW = Lower-Wilcox
e SR = Smith Roland
f B Beulah

Dispersion produced during the transition of the gas samples from the
combustion zone to the gas analyzers can produce significant differences
betweenthe recordedanalyzerresponsesand the eventsoriginallyoccurringin
the combustionzone. In order to correlatethe analyzerresponsesto actual
events in the combustion zone, the analyzers were calibrated with gas samples
of known volume and concentration via the flow system calibrator shown in
Figure 16.

The operational procedure for the flow system calibrations was as
follows. The calibrator was substituted for the combustion zone furnace with
the outlet positioned to mimic the particle position in the ignition
studies. The C0/C02 cell, the region between the top two solenoid valves
pictured in Figure 16, was filled with specific concentrations of CO and/or
C02, while the gas stream passed through the zero gas cell, the region between
the solenoid valves of Figure 16. The gas stream was then switched to flow
through the C0/C02 cell while simultaneously triggering the data acquisi-
tion. The same oxidant gas flow rate and composition used in the ignition
studies was employed during the calibrations. The volumes of the standard gas
plugs were varied as necessary.
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Figure 16. Flow systemcalibratorfor the ignitionapparatus.

The procedure for calculating the ignition delay consists of using
malonic acid particles to define a single operational constant for the
ignitionapparatus(see Figure17). Malonicacid particleswere injectedinto
the ignition apparatus and the delay between the trigger"and initial C02
detectionmeasured. Since malonicacid decarboxylatesat the relatively low
temperatureof 140°C, it is assumedthat the decarboxylationtime (time E in
Figure 17) is essentiallyzero. Subtractionof the malonicacid responsetime
from the total delays of the various coal particlesyields their ignition
delays. This procedure also assumed that the malonic acid particles had
particle drop times equivalentto those of the coal particles;hence malonic
acid particles similar in size to the coal particles were used for the
calibration. The ignition apparatuswas calibrateddaily using the malonic
acid particles. The averagemalonicacid response times measured at 650° and
1000°C were 4.266 ±0.051 sec and 4.218 ±0.071 sec, respectively. The ignition
delays are calculated from the C02 analyses and not the CO because of the
fourfold greatersensitivityof the C02 analyzer.

An opticalmicroscope coupledwith a heated stage was also used to study
factors that influence the ignition and combustion of coal particles. A
schematicdiagram of the opticalmicroscopy apparatusis shown in Figure 18.
This systemconsistsof three major components: a heated stage, a microscope,
and a video camera. The stagewas a modified Lietz WestlarMicroscope Heating
Stage, model-1750. The modificationconsisted of adding an adaptor between
the cover and the stage. This adaptorcontaineda small access hole for the
particle injector and is shown in Figure 19. The hole was sealed with
siliconeto producean airtightseal. The stage temperatureis monitoredwith
a type "S" thermocouple.
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Figure 19. Diagram of modifed heated stage.

The particle injector consisted of a O.56-mm-O.D., O.31-mm-l.D. needle°
A O.25-mm-diameter wire was used to push the particles onto the heated
stage. The needle was curved to minimize the distance between the end of the
needle and the stage.

The microscope used was a Carl Zeiss Tessovar Zoom System. A video
camera was attached to the view port to monitor particle combustion. The
video output was recorded on a VCR. Since a light background is needed to
view the coal particles, a thin layer of A1203 cement was applied to the
heated stage.

The "ollowing procedure was used for the optical microscopy studies_ The
desired atmosphere was introduced into the stage. Six to ten particles were
placed into the particle injector and the injector inserted into the hot
stage. The stage was brought to temperature and the particles were then
pushed out of the injector onto the stage. Each event was recorded by the
video camera.

The differential scanning calorimetry (DSC) experiments were performed
using a Du Pont Industries model 910 DSC. A hole was drilled in the lid of
the DSC cell, and a 41-mm-long, l-mm-l.D, stainless steel tube was welded to
the lid to coincide with the hole. The operational procedure consists of
preheating the DSC to 500°C, introducing the desired atmosphere, closing the
gas inlet valve, and dropping a single particle through the i-mm tube onto the
sample pan.
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4.3 Data Analyses

Four separatepieces of informationcan be directlyextractedfrom the CO
and C02 analyzerresponsesobtainedfrom the ignitionapparatus: the ignition
delay, the total moles of CO and C02 produced,the durationof combustionand
the maximum rate of CO and C02 production. The ignitiondelay is definedas
the time from injection of a particle into the furnace until its initial
production of C02. The procedure for calculating this value has been
described in the experimentalsection.

In order to determine the other three parameters,moderate manipulation
of the initially recorded detector responses is necessaryo Figure 20
describes the response of an integraldetector to the movement of sampleplug
through its detectionchamber (11). From this result,it can be seen that the
total moles of the sample plug can be calculatedfrom the peak deflectionof
the analyzer. Tests performedwith the flow systemcalibratorresulted in the

establishmentof equationscapableof accurately (±5%)qBuantifyingthe amount
of C02 and CO present in a sample as small as 2 x 10- moles. These calcu-
lations are valid as long as the sample combustiontime does not exceed the
detection chamber residencetime. The flow system calibratorresults indi-
cated that the residence time of a sample in the smaller (and therefore
limiting)C02 detectionchamberwas approximately6.5 secondsat the flow rate
employed. Most of the coal particlesstudied had total burnouttimes of less
than 6.5 seconds, and hence accurate quantitationof the C02 evolved during
combustion was possible. The fact that the CO detectionchamber is larger
than the C02 detectionchamberproducesthe resultthat particleswith burnout
times of greater than 6.5 secondswill have both their C02:C0 product ratios
and their carbon recoveriesunderestimated. The range of error reported in
the data tables is the standarddeviationobservedbetweenparticles in a data
set.

The carbon recovery was calculatedby summing the amountsof C02 and CO
detected and dividing this value by the amount of carbon estimated to be
contained in the initialcoal/charsample. This latter value was calculated
from the average density, the estimated carbon percentage and the particle
volume.

In order to obtain the combustion duration and maximum C02 and CO
production rates, the initialanalyzer responses were converted to moles of
gas detected and differentiatedwith respect to time. The C0/C02 rate
profiles presented were obtained using this direct differentiation
technique. The time constantsused in the differentiationof the C02 and CO
analyses were 100 and 400 ms, respectively. The largerdifferentiationtime
used for the CO analyses was necessitatedby this detector'slower sensiti-
vity. The high degree of noise presentin the CO analysisis a result of this
lower sensitivity. The resultsof differentiatingthe analyzer responsefrom
a standardgas plug is comparedwith the initialplug shape in Figure 21. lt
can be seen that the analyzerresponseand initialplug shape differ in length
and peak height. Therefore, the presented C0/C02 rate profiles only
qualitatively describe the combustion process occurring in the combustion
zone.
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To estimate the actual combustion durations and maximum combustion rates,

calibrations were defined using the measured analyzer responses and the known
lengths and concentrations of standard gas plugs. A diffusion-broadening
constant was defined to subtract from the analyzer deflection duration to
produce the combustion duration. This procedure is accurate (±0.2 sec) for
combustion durations of 0.54.3 sec or larger. The reported combustion
durations represent the duration of C02 production from the burning coal
particles. Two times are reported because two-stage combustion was observed
for some particles. These times are the total combustion time and the first-
stage combustion time.

The equations defined to yield the initial plug concentrations, which
would correlate to gas production rates for a combustion event, were obtained
by comparing the known C02 and CO concentrations of sample plugs with the peak
heights of the differentiated analyzer responses, as shown in Figure 20. This
procedure was straightforward for lengthy samples, since the central portions
of such samples are not greatly changed in their transition from the sample
zone to the detection chamber. However, when the plug is short, a condition
mimicking rapidly-burning coal particles, the maximum detected concentration
becomes a function of sample length. Calibrations producing accurate (±5%)
quantitation of plug concentrations were established for sample lengths of
0.543 sec or greater.

The calibration equations established from the standard gas plug concen-
trations were used to calculate the tabulated maximum rates of C02 and CO
production from the combusting coal particles. This analysis is valid for
sample lengths between 6.5 and 0.543 seconds, and assumes a rapidly estab-
lished, constant, particle combustion rate. The maximum carbon conversion
rates reported are the sum of the peak C02 and CO production rates corrected
for dispersion. A carbon conversion rate per unit surface area, p, was
calculated from the conversion rate according to Equation 69 where m is the

-dm/dt = p As [6]

mass of carbon , As is the initial surface area, and t is time.

Three possible mechanisms exist for the formation of C02: initial
production at the particle surface, oxidation of CO to C02 in the boundary
layer of the particle where the gas temperature is influenced by the particle,
and CO oxidation in the bulk gas phase during the transition of the gas sample
through the combustion zone furnace. In order to remove the latter mechanism
from consideration, its magnitude was estimated by introducing CO/air mixtures
into the combustion furnace at various temperatures. No significant CO
oxidation was observed at or below 8250C. At 1000°C, significant CO conver-
sion was observed and an overall rate constant was estimated for this
reaction. The C02:C0 product and rate ratios reported were corrected for
conversion of CO to C02 in the bulk gas stream.

Evaluation of the particle heating rates in the ignition apparatus was
performed via the following procedure. A spherical particle in contact with a
hot gas was assumed (25,26) and the rate of reaction, p, was assumed to be
zero. The particle temperature as a function of time is determined from the
unsteady-state energy balance, Equation 7.
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mCp(dTp/dt) : AsoAH - hAs(Tp - Tg) - _,oAs(Tp - Tw ) [7]

Here m is the mass of the particle,while As is the surface area. The
energy balance equation accountsfor the heating of the particle by reaction
(where p is the overall rate of reaction and AH is the enthalpy of reaction)
and the loss of heat by conduction to the ambient gas and by radiation to
surroundingwalls. The temperaturesof the particle,wall, and gas are T ,

TW, and T_s respectively. The heat transfer coefficient,h, is determinBdfrom the selt number,Nu, which is given by

Nu = hdlx [8]

The limiting value of the Nu is two and depends on d, the particle
diameter, and x, the thermalconductivityof the gas, which is a Functionof
temperature. The emissivity,c, is taken to be unity, and o is the Stefan-
Boltzmannconstant.

Mass and area are relatedto the diameter through

m : _p'd3/6 [9]

and

A3 = _d2 [I0]

where p" is the density. The calculated particle temperature-versus-time
curves are shown in Figure22 for 240-um particlesat gas temperaturesof 650°
and i000°C.

The data analysis procedurefor the video recordingsobtained from the
optical microscopy studieswas as follows. The recordingswere analyzed by
first calibratingthe slow motion playback and then viewing the recordingat
slow motion to observe and note significantevents. The error in the timing
of each event is no more than 0.02 seconds. The eventsrecordedconsistedof:

1) the ignition delay, the time from when the particle contacted the stage
until its light emission was observed; 2) the combustionduration, the time
from initial light emission to burnout; 3) the cloud duration,the time from
the appearance of a volatilecloud until its subsequentdisappearance;and
4) the shrinkageduration,the time from when a nonignitingparticlecontacted
the heated stage and began to shrinkuntil its size ceasedto diminish.
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Figure 22. Calculated particle temperature profiles for 240-_m
particles in the ignition apparatus.

4.4 Resultsand Discussion

4.4.1 General

The operational procedure and experimental design of the ignition
apparatus was optimized for the examination of 240-um coal particles.
Ignitionand combustioncharacteristicsof four coals were examined using this
procedure and design. The sensitivityof the ignition apparatus was also
evaluated, lt was determined that particles as small as 50 _m could be
examinedusing the C02 analyzeremployed. The practicalminimalparticle size
was determined to be 200 _m due to limitations in the particle handling
techniquesand optical detector. The average particle examined had a volume
similar to that of a 240-_m sphere.

An apparatus for visually monitoring combusting coal and char particles
was assembled. This apparatus consists of a video camera, microscope and
heated stage. An Associated Western Universities (AWU) fellow used this
apparatus to examine the same suite of coals characterized in the ignition
apparatus. The optical microscopy observations were complementary to those
obtained in the ignition apparatus.
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A knowledgeof the particle heating rate and mechanism in the ignition
apparatus and opticalmicroscope is essential if comparisonsare to be made
and if extrapolation of the results to larger, more applied systems is
desired. Both surfacereactionsand the experimentalapparatuscontribute to
the particle heating rates. Prior to ignition,the contributionsfrom the
experimental apparatus predominate. This source has three components:
conduction from the gas phase, radiation from the furnace walls, and
conduction from the solid in contact with the particle. In the ignition
apparatus,conductionfrom the surfacein contactwith the particle is assumed
to be minimal, because it is Zr02 felt, which has a low thermal conductivity
and high porosity.

The heating rate of 240-_m particles in the ignition furnace was
experimentallydeterminedby comparingthe delay in C02 productionfrom CaC03
and malonic acid at a furnace temperature of 1000°C. The decomposition
temperatures of CaC03 and malonic acid are 899° and 140°C, respectively
(27). A O.220-second difference was _easured between the initial C02
production from these _aterials Ibis correspondsto a average particle
heating rate of 3.5 x 10" °C/secfor this material.

Temperature-versus-timeprofiles For 240-_m carbon particles heated by
gas conductionand radiationfrom th_ifurnacewalls were calculatedusing the

energy balance (see Figure 22) The average_heatingrates of the partic_R_
during the initial0.160 secondsare 5.8 x 109 °C/sec at 1000°C and 3.4 x
°C/sec at 650°C. These values are similar to the experimentallydetermined
values. Hence, it appears that the heatingrate in the ignitionapparatusis
dictated by conductionfrom the surroundinggas with a smaller contribution
from the radiativeheatingfrom the furnacewalls.

Contl and Zlochower (28) have calculated the time needed to heat
polymethylmethacrylate(PMMA) particles to 400°C in air. These times were
found to be similarto the ignitiondelays observed for this material in a
Bureau of Mines 1.2-L furnace. The heating times and ignition delays for
180-_m particles were 0.835 and 0.67 seconds, respectively, at gas
temperaturesof 600°C, 0.321 and 0.27 at 700°C, and .087 and .092 at 900°C.
The reactivity of PMMA is between that of Pittsburghseam bituminous coal
particles and Beulah lignite (19). The ignitiondelays of the 180-_m PMMA
particles are similar to those observed for the 240-_m Beulah lignite
particles in the ignition apparatus (see Tables 9 and ]0). The ignition
delays measuredin the ignitionapparatusare similarto those measured in the
Bureau of Mines furnace; particle heating rates primarily dictated by gas
conductionare indicatedfor both systems.

38

_ ,,,, _ • , , .,i, ',, ,,..... i....T_̧ .̧...... ,, ,_ , -,.,,,._ .



c _ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 •

.'- X X X X X X X X X X X X X X X X

. _ _S- _ 66dSo 6SS =
> _ .--

¢o

_ 0

,o
I < _ • +1 .I +l +1 +1 +1 +l +1 +1 +1 +t +1 +1 +1 +1 +! _ _

0 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .-0

_ _-- _ _ _ _ _ _ _ _ 0 _ _ 0 _ _ 0 _ _ _ 0 .-

0 _ _ _
_ > _ c +t .i +o .o +o +l +o _ +o +o +l +o +I +o +o +a +m c

0 _ 0 c .- _

_ - ooooooo ooooo _ oooo = o .
0 _ U -- 0 -- "-

< _ > xxx xxxx .- x x xxx o x xx × u_

.- 0 X +1 +l +i +1 +1 +1 +1 0 +1 +1 +1 +l +1 +l +1 +I .1 _ .-

0 O 0 m-- o,-

Z Z _ _ _ o --
O_ _ _ _ _

_ 0 0 _ -- _ _

_ _ =_ Oc

_ _v 0000000 00000 0000 _c
'r _ 0

Z _ 0 II " 0 Q

-- 0 _ J 0 _ _ 0 _ 0 0 _ _ _ _ _ 0 0 _ u_ _ _ _ _-

000 00 00 0 0000 0 0 00 _ -- 0 0

_ _ u ,-

_ , _ • _ "_--

>>>>>>> >_00 >0>0

39



!

O) _-- 0 0 0 0 0 0 0 0 _" 0 0 0 0 0 0 0
_0 r- u_
_ 0-_ dc;6c_c_dc; c;dddd dddc;
I +- >- +I +I 4-I +! 4-I +I 4-I +i 4-I "I-I 4"I 4-I +I "{-I 4-I 4-I

u_ c -- 0 _ _ O_ 0 _ C_ _ ,- ur_ _ 00 ,- _- C_ _r ....

.-- -- C5 _ t,'_ r_ _ ,"-- (_1 ,-- r,_ M'_ O_ r_ r,_ U'_ u'_ I_ t_ L. -_.
0• , • • • • • • • • + • eooooooo ooooo oooo t-

ro (o
-- 0"10 _ C_ ("q _ID _ID t'_ .-- ,_ 04 ',_" 0,1 '_ .-- t_ -.1" _) 4::

-_ ooooooo ooddd c_.-o _8 , , :,,..> , =.- +,+,+,+,+,+,+, +,+,+,+,+, , , +0+, _-
0 _- _ +- (_

•-.._" i.. • ,, < .-_ _ dc; -ddc; c;c;d _;d dr.; _
(.J b.. _ rd ",
O CO ('}'-
tr) h- .-- U
CL o,' "O --
•.....tu ,r..

=D ,-- "-- U
"' F-" C: Cn
k- -- 0 _-_ C4 _ _0 _0 t_ ,-, _r _0 _ 0 ,_ _- t_ (_ _0 _" (- _-
-- h" .- • • , , • • , • • • • Q) -t-

- o + _.- +,.,+,+,+,+,+, _ +,+,+,+,+, +,.,+,+,
0 _ co _0 00_ _ O_ c _0 _ 0 cO _r O_ _ _0 cO

_ • "tD'li

_- ._ .Z (:3 _ _ 0 0 .--
--n ,ac L .-- u'} U -- +-

o >--z u (o _ ,.o,.n_o c_ r_ o n,,,no _o0o +- co ,n _ _o _ "o o- ,_

o, a_ o° x 0 o c;oooooo ,_ SOS.- o 0 Sd +" _ -_..+ .... > oo
= ,,, _ 0 _s +- c +, +, +, +,+, +, +, c +i +, +, +,+, +, +, +, +* - • +- -_-

-.a -- 0 _0 _ (0 8 N _ ,0

h- ,,, n_ x • • • 0 ....... _ c_ u .-

c .- _0 0

_: c "-- _ H "
o. (,.) 0 L -- xo +- +-

•-- 0 ..I L.
Z Z _ @ ,_- X c', II 0 r-
O LAJ Ul O_ _ _ e"
--. (D ::, _ _ E ,-- (_ (_ ,-- (%1 ,-- --- e_l (%1 Oa ,'- -- r_ .. u_ .c

o -oo0 E bO u_ c, .,

_ O O _ (D +.. +- ¢)

0 ,- L. _ 0
u_ _ _ _ _.

Z (,3 I I I I I I I I I I I I I I I I w3 _D (D _ t.
: < ,,, o o o o o o o _ o o o o 0 o o o u c 4-. 0

LA.
U_ X X X X X X X X X X X X X X X X _ _ 4"

-- _t_ • • • • '- _3_ -_- I_
-- :3 +--_ _ E su dd dd dc_d d _ d dd _. ,, _ _ __
Z I-- e.. \ +1 +1 +1 +1 +1 +1 +1 +l +1 +I +1 +l -t.I 4-1 .1 +1 I_ (Mi I_

• * • • • • • _ " U .-- U (_

.-- _ _ L. ,--
4- _ c 3
U_ L .-- IS CO

q- .-- ,-- L. 0 _ _J
¢_ +- :>t ¢) O E E.
vl +-

•I-- -- ..j _J _J -- _J _J _J ..J -J ..J .J _ _'_ --J -J F- > -- _- _ _
: _ > > > > > > > > 6_ _" o £D > £D > cb

E:_ en nn en I:D m m nn nn rn i_ nn rn rn m m m _ J_ u _
/

+

+ 40
=



I I I I I I I ! I I I I
m _ 0 0 0 0 0 0 0 0 0 0 0 0

,-- _, X X X X X X X X X X X

_ _ .l +I .l .l .l +l .l +! +! +l +I .l ....

e o.ei6 .,m ,_ •

II

_ _ _ _ _ _ _ _ _ _ '_--

8_ dooooJ Sd Sdd __ C
0 _ " +I +I .I +I +I .l .I +I +I +I .l .l 0

I _ _ 0 _ -- _ _ _ _ _ _ _ _ _ _ _ --
_ _ * • * * • * • • * -- _0o _ _ _-oo_ _o _ _ =

_ _ _ _ _ .,._,

'--_ _ __'_ 0_ _ _*_

-- _ L. 0 _ +1 +l +1 +1 +1 +1 +1 +1 +1 .1 +1 +1 @ 0

_ _ _ _ _ 0 -- _ _ 0 _ 0 _ 0 _ _ 0

'-- II

_ _ _ _ _ _ .-
0 _ _ _ _ _ ._

_ _ " '0 I0 0 0 0 0 0 0 0 0 _ 0 0 0 _ 0
0 0 _ __
_ _ _ X X X X X X X X X X X X _ 0

_ 0 _ _ _ 0 _ _ _ 0 _ _ _ -- _ ,-

.... _ +1 +1 +l +1 .1 .# +1 +1 .1 +1 .I .I 0
0 _ _

0 _ _.
Z _ _

_ .-_

_ _ _ _ X

0 "-- _ _ _ _ 0 _ _ _ _ _ _ _ _
_ ._ _ _ _ _ 0

z _ _.-_ _ ,.- _ _
Z _ _ _

•-- U)

_ oooooo ooo ooo 5_;
.- _ 0 0 0 • _

_,_ # 0 0 0 0 _ _ 0 0 0 0 0 0 _ -- _

_ m

_I oooooo _ _o ooo _ oo o _ _ _ _ _ _ _ _ _,_ .+-_ _
° I 0 0 _ _ _ _ _ _ 0 _ _ _ _ _

41



_- 42

1, 11 , lr ,,i 'h, ' I_' _iI , _HI,(I,, i_I ,,ii_,.,,,_, , _, ,, _. , _.... , ....._,_,_],_____h,r._,_._..,._...



Huang et al. (29) have measured gas temperatures and estimated particle
temperatures as a function of time in an apparatus similar to the ignition
apparatus. The material studied was 800- to 500-_m Texas subbituminous coal
particles. These workers reported heterogeneous ignition delays of 3.85 sec
and homogeneous ignition delays of 0.690 sec for 800-_m particles at 700°C.
These long delays are a result of the low heating rates (900°-50°C/sec)
calculated for these large particles. The homogenous ignition delay decreased
with decreasing particle size, but not as rapidly as the heterogeneous
ignition delay. Extrapolation of these ignition delays to 240-_m particles
yields homogeneous ignition delays of approximately 0.500 sec, and
heterogeneous ignition delays of approximately 1.000 sec. These values are
larger than those observed for the Beulah lignite and the Smith Roland
subbituminous coal at 650°C (see Tables 9, I0 and ii). The other two
materials studied in the ignition apparatus, i.e., t.ower-Wilcox lignite and
Pittsburgh #8 bituminous coal, did not ignite until temperatures greater than
650°C were employed (see Tables 12-13). Detailed comparison between the
results of the two studies is difficult because different particle sizes and
materials were used. However, the ignition delays obtained in the two systems
appear to be complementary and consistent with the similarities in the
apparatuses used to obtain them.

The relative trends of the ignition delays obtained from the optical
microscopy studies have been in general agreement with those obtained in the
ignition apparatus; however, the exact ignition delays measured by optical
microscopy were usually shorter than those measured in the ignition apparatus
(see Tables 11-14). This is either a result of the different parameters used
to define ignition, i.e., light emission versus CO_ production, or a result of
differences in the particle heating rates experienced by the particles in the
two different experiments. Wall et al. (30) have measured the ignition
temperatures of pulverized coal clouds by both light emission and CO_
production. Initial light emission was observed at a temperature much lower
than that at which significant quantities of C02 were detected° Since it is
expected that a light-producing reaction would generate CO and/or C02, this
result was attributed to the ignition of small numbers of particles in the
cloud. Since the present experiments are performed on single particles, it is
expected that light emission and C02/C0 production would occur simultaneously.

The heating rates of the particles in the optical microscopy experiments
are primarily dictated by the energy transfer from the heated stage to the
particle. In the optical microscopy experiments the heated stage was painted
with a smooth layer of A1203 prior to the ignition tests. The thermal
conductivity of AI_03 is approximately 15.6 times greater than that of Zr02,
the solid material in contact with the particle in the ignition apparatus, and
approximately 500 times that of N_ at 657°C. The percentage of the particle
in contact with the smooth solid surface in the optical microscopy experiments
is expected to be greater than that in contact with the porous ZrO_ plug in
the ignition apparatus, lt is also significant that the coal particles
studied are not spherical but rectangular. Therefore, it is reasonable that
the heating rate in the optical microscopy studies could exceed that of the
ignition apparatus, which would account for the shorter ignition delays in the
optical microscopy experiments. Havin§ defined the relationship between the
ignition uelays measured in the ignition apparatus and those measured by
optical microscopy, it is possible to examine the ignition results in detail.
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The combustion of Beulah lignite vitrain and Beulah lignite char
particles were also monitored by DSC. This work was performed by an
Associated Western Universities fellow. The maximum temperature attainable in
this apparatus was 500°C; therefore, only the most reactive material, i.e.,
Beulah lignite, was examined. Large variations in response were observed from
particle to particle; this fact, accompanied by the low maximum employable
temperature, limits the usefulness of this technique for evaluating the
reactivity of coals. Therefore, the specific results previously reported (31.)
are presented herein.

lt was determined that the monitoring of events in the ignition apparatus
by video imaging was impractical due to the low _ensitivity of the video
equipment and difficulties in positioning the combusting particles in the
focal volume. The feasibility of obtaining optical pyrometry data through the
use of an optical rod inserted into the ignition apparatus has not yet been
ascertained.

4.4.2 Effects of Oxygen Concentration

The ignition and combustion of Beulah lignite (PSOC-1507) vitrain was
examined in the ignition apparatus at oxygen concentrations of 0%-100% at
650°C. The overall results are shown in Table 9. In general, increasing the
oxygen concentration increased the maximum combustion rate per unit surface
area (p maximum), decreased the combustion duration, decreased the ignition
delay and decreased the C02:C0 product and rate ratios.

The CO_ production profiles of Figure 23 show both the increased
combustion rate with increased oxygen concentration as evidenced by the
shorter combustion durations, as well as the shift towards C02 production at
lower oxygen concentrations. The decreased maximum C02 production rates at
high O_ concentrations are due to a shift in the product ratio towards CO.
When first considering this figure, it appears that the combustion rate is
decreased at higher oxygen concentrations; this is a result of the shift in
products away from C02 towards CO at higher oxygen concentrations. The sum of
the rates of C02 and CO production, shown in Table 9, did, in general,
increase with increased oxygen concentration. Figure 23 also shows that at an
oxygen concentration of 5%, C02 is produced in two distinct stages. The
optical microscopy studies also showed the ignition delay and combustion
duration to decrease with increased oxygen concentration {see Table 15). The
study performed at an oxygen concentration of 100% showed some discrepancies
with the trends noted between concentrations of 0 and 50%. A lower p maximum,
longer combustion duration, and higher C02:C0 ratios were observed than for
the 50% oxygen studies. The results of the 100% concentration studies were,
in fact, similar to those of the 28% study. Increased p maximum values and
accompanying decreased combustion durations produced by increased oxygen
concentrations are consistent with current combustion theory. The increase in
the proportion of CO produced with increased oxygen concentration is thought
to be a result of higher particle temperatures produced by the larger combus-
tion rates. The C0:C02 product ratios during the combustion of solid
carbonaceous particles have been correlated with particle temperature
(32,33). To obtain a similar correlation for the present data, particle
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TABLE 15

OPTICAL MICROSCOPY RESULTS FROM THE COMBUSTION OF DRY

180- TO 250-pm BEULAH LIGNITE (PSOC-1507) PARTICLES

Temp. 02 Ignition Combustion Cloud
('C) (%) Delay (s) Duration (s) Duration (s)

Particle Size Avg. Std. D. Av£. Std. D. Avg. Std. D.

Vitraln 650 5 0.53 0.16 2.16 0.76 0.59 0.12

Vitralna 650 5 0,31 0.09 0.99 0,31 0.58 0.14

Temperature

Vltraln 650 20 0.09 0.03 0.70 0.30 0.18 0.05

Vltrain 825 20 0,05 0.03 0.51 0.17 ....

Vltraln I000 20 <0,05 -- <0.05 ......

Vitrain 650 5 0,53 0.16 2,16 0.76 0.59 0.12

Vitrain 825 5 0.13 0,02 1.05 0.60 ....

Vitrain I000 5 <0,05 -- 0.37 0,05 .....

Moisture

Vitrain 650 20 0.09 0.03 0.70 0.30 0.18 0.05

Vitralnb 650 20 0.05 0,03 0.66 0.33 ....

Vitrain 650 5 0.53 0,16 2.16 0.76 0.59 0.12

Vltrainb 650 5 0.30 0.11 3.79 1.14 ....

Lithotype

Vitraln 650 20 0,09 0.03 0.70 0.30 0.18 0,05

Attritus 650 20 0,17 0.05 1.60 0.49 ....

Fusain 650 20 0,14 0,04 0.57 0.12 ....

Vitrain 650 5 0,53 0,16 2.16 0.76 0.59 0,12

Attr'itus 650 5 0.42 0,02 5,71 0.97 ....

Fusain 650 5 0.26 0.03 2,79 0.72 .....

a Particle size = 120- to 170-pm diameter.
b
Moisture = I00%.
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Figure 23. Effect of 02 concentration on the production of C02 from
Beulah lignite vitrain at 650°C (BVLC, 0% 02; BVLE, 5% 02;
BVLD, 11% 02; BVLA, 20% 02; BVLJ, 50% 02).

temperatures were estimated for oxygen concentrations from 5% to 50% using the
steady-state form of Equation 7 and the measured p max values. The corre-
lation with the measured C0:C02 product ratios is shown in Equation 11.

C0"C02 = 44,000 exp(-28,00/l.987Tp) [11]

Further details of this calculation are available (34). A plot of this corre-
lation and those of Arthur (32) and Hardesty (33) are shown in Figure 24.
This correlation is seen to be intermediate to those previously reported. The
maximum error which could be incurred in the correlation of Equation Ii by the
assumption that the product ratios measured at 650°C are representative of the
surface reactions is demonstrated by the results obtained at the oxygen
concentration of 50%. Under this condition, C02 comprised 30% of the
products. Since the particle temperature is highest at this condition, the
boundary layer temperature is also highest; therefore, the maximum amount of
CO that could be oxidizing in the boundary layer is 30%. Since the amount of
CO produced decreases at the lower oxygen concentrations, the maximum possible
error is also reduced at the lower oxygen concentrations.

54



_

4- A

5- B

O 0 %% ""...
r..3 % "",
_" - 1 - _ '°°",,
0 % _ o,_,,,.

-2 - _ _. "°°,,°,.

__- %% %
%

%
%

_6- %%
%

--8 i i i

o.ooo o.obo7 o,o;o9 o.oo 1
I/Tp (l/K)

Figure 24. Correlations of C0:C02 product ratios with particle temper-
ature: a) Arthur (32), b) this work, c) Hardesty (33).

The results obtained at oxygen concentrations of 100% are of interest,
although not included in the above correlation. Examination of these results
shows that the C02:C0 ratio was higher for this case than at the 50% oxygen
study, and further, that the _ maximum was lower. A large standard deviation
in the measurements was also observed, lt is suggested that these results are
produced by significant CO oxidation occurring in the boundary layer under
these conditions; this reaction would increase C02 production and decrease the
oxygen concentration at the particle surface and, hence, decrease o maximum.

The shift from single- to two-stage C02 release upon decreasing the
oxygen concentration to 5% is interpreted as resulting from devolatilization
of the lignite prior to ignition at the low oxygen concentration. This
conclusion is based on the similarity in position and magnitude of the C02
peak produced during pyrolysis, with the initial peak observed at the low
oxygen concentration (see Figure 23). The decrease in ignition delays and the
shift towards single-stage combustion at higher oxygen concentrations is
interpreted as resulting from increased particle surface oxidation rates
producing rapid heterogeneous ignition at the higher oxygen concentrations.:

The promotion of heterogeneous Beulah lignite ignition by increased oxygen
concentration has been previously reported (35).
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The effect of oxygen concentration on the ignition and combustion of
Smith Roland subbituminous coal at 650°C was examined in the ignition
apparatus. The results are shown in Table 11. The C0/C02 profiles of the 5%
and 20% oxygen studies are shown in Figures 25 and 26, respectively. This
material behaved similarly to the Beulah lignite, i.e., the o maximum
increased, the ignition delay decreased and the CO_:CO ratios decreased with
increased oxygen concentration. The transfer from two-staged to single-staged
C02 production was also observed at the 5% oxygen concentration_ As with
Beulah lignite, heterogeneous ignition is indicated to precede pyrolysis at
oxygen concentrations greater than 5%.

The effect of oxygen concentration on the ignition and combustion of
Lower-Wilcox lignite was examined in the ignition apparatus at IO00°C (see
Table 12 and Figures 27 and 28). The p maximum increased, the combustion
duration decreased, the ignition delay decreased slightly and the C02:C0
ratios were not significantly affected by increased oxygen concentration. The
optical microscopy studies showed that ignition of this lignite did not occur
until oxygen concentrations of 20% were employed at a gas temperature of
825°C. Single-staged slow combustion was observed even at lO00°C in 20% 02
(see Figure 28). The reactivity of this material is dramatically lower than
that of the Beulah lignite and the Smith Roland subbituminous coal.

The effect of oxygen concentration on the ignition and combustion of
Pittsburgh #8 bituminous coal was examined at 650_C in the ignition apparatus
(see Table 14 and Figure 29). The process o_)se_-ved at this temperature was
not the same as that observed for the more highly reactive Beulah lignite or
Smith Roland subbituminous coal, as indicated by the lower mass recoveries and
much lower p maximum values observed for this material. In fact, the optical
microscopy studies .showed that light emission did not occur from this material
until temperatures of IO00°C were employed. Therefore, the oxygen concentra-
tion study at 650°C, while monitoring an oxidation rate (indicated by the
increase in products with increased oxygen concentration) is not monitoring
sustained combustion. In general, the p maximum increased, and the CO_:CO
rate ratio decreased with increased oxygen concentration. The fact that
larger C0,2 production rates were observed at an oxygen concentration of 11%
than at 20% (see Figure 29) is a result of not only decreasing C02:C0 ratios
with higher oxygen concentration_ but also the larger particle size used for
the ].1% studies, lt is recalled that the CO_ and CO production profiles,
unlike p maximum, are total production rates not normalized to particle size.
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Figure 25. Rates of CO and C02 pred,,ctionfrom dry Smith Roland
subbituminous coal vit;-ainat 650°C, 5% 07 (SVt.B).

Figure 26. Rates of CO and CO_ production From dry Smith Roland
subbituminous coal vitrain at 650°C, 20% 02 (SVLA).
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Figure 27. Rates of CO and C02 production from dry Lower-Wilcox
lignite vitrain at I000°C, 5% 02 (LVHB).
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Figure 28. Rates of CO and C02 production from dry Lower-Wilcox
lignite vitrain at IO00°C, 20% O_ (LVHA),
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Figure 29. Effect of O_ concentration on the combustion of dry
Pittsburgh #8 vitrain at 650°C.

4.4.3 I__norganicConstituents

The effect of mineral matter on the combustion of Beulah lignite and its
:' char were examined in the ignition apparatus (see Table 9). The demineralized

materials showed dramatically lower mass recoveries, decreased CO_:CO product
and rate ratios, lowered o maximum values, decreased total combustion times,
and similar ignition delays to those of the untreated materials. The C0/C02
production profiles of 'the demineralized char were similar to those of the
demineralized lignite (the profiles of the demineralized lignite are shown in
Figure 30). Comparison of this figure with Figure 31 shows that the
demineralized material only produced the initial C02 peak previously
associated with pyrolysis (see Figure 23). The optical microscopy results
shown in Table 16 show tl_at the demineralized char did not ignite at 650°C.
At 825°C the demineralized material did ignite, but showed a longer ignition
delay and combustion duration than the untreated char; these results further
demonstrate the lower reactivity of the demineralized char. The fact that the
demineralized materials did not ignite under conditions at which rapid
combustion of the untreated materials was observed clearly demonstrates that
the reactivity of Beulah lignite is greatly promoted by its inorganic
constituents.
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Figure 30. Rates of CO and C02 production from dry demineralized
Beulah lignite at 650°C, 5% O_ (BDLA).
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Figure 31. Rates of CO and C02 production from dry Beulah lignite
vitrain at 650°C, 5% 02 (BVLE).
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TABLE 16

OPTICALMICROSCOPYRESULTSFROMTHE COMBUSTIONOF DRY 180-
TO 250-_tm BEULAHLIGNITE (PS0C-1507) ANDCHARPARTICLES

'Temp, 0 2 Ignition Combustion Cloud Shrinkage

('C) (_) Delay (s) Duration (s) Duration (s) Duration (s)

Volatiles and

Mineral Matter Avg. Std. D. Ay_.q, Std. D. Av_. Std. D. _ Std. 0.

Vitrain 650 20 0,09 0.03 0.70 0.30 O.18 0.05 ....

Char 650 20 <0.05 -- 0.56 0.19 .........

Demin. Char 650 20 No ignition ........ 12.85 0.383

Vitrain 650 5 0.53 0.16 2.16 0.76 0°59 O.12 ....

Char 650 5 0,35 0.05 2,69 0.40 ..........

Demin. Char 650 5 No ignition ......... 24.45 6.91

Vitrain 825 20 0.05 0.03 O,51 0.17 .........

Char 825 20 <0.05 -- O.51 0.17 ........

Demin. Char 825 20 0.IO O.16 1.72 0.31 ........

Vitrain 82:: 5 0,13 0,02 1,05 0,60 .........

Char 82_ 5 0,07 0,01 1.87 0,97 ........

Demin, Char 825 5 0,11 0,06 2,00 0,59 .........

h

: Vitrain 1000 20 <0,05 -- <0,37 ............

. Char 1000 20 <0,05 -- 1,65 0,27 ..........

Demin, Char 1000 20 <0,05 -- 3,59 1,84 .........

Vitrain 1000 5 <0,05 -- 0,37 0,05 ........

1 Char 1000 5 <0,05 --- 3,32 1,55 ........
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The effects of demineralization on the combustion of Smith Roland
subbituminous coal were examined in the ignition apparatus (see Table ii).
The demineralized material showed a decreased mass recovery, a decreased
C02:C0 product ratio, a similar C02:C0 rate ratio, a slightly higher p
maximum, a decreased total combustion time, and a slightly smaller ignition
delay than that of the untreated material. A comparison of the overall
combustion profile of the demineralized material (Figure 32) with the original
material (Figure 25) shows that the demineralized material is dramatically
reduced in reactivity, producing only the initial pyrolysis peak. The results
are similar to those obtained for Beulah lignite. The relatively high p
maximum observed for this material presumably results from the oxidation of
the pyrolysis products; however, ignition of the bulk of this material was not
indicated.

The effects of demineralization on the combustion of Lower-Wilcox lignite
were examined in the ignition apparatus at I000°C (see Table 13). Demineral-
ization slightly increased the C02:C0 ratios, decreased the ignition delay and
dramatically increased the p maximum of this material. The CO/CO_ production
profiles of the demineralized lignite are shown in Figure 33; comparison of
this with the original material (Figure 28) clearly shows the enhanced
reactivity of the demineralized material. Both the demineralized lignite and
demineralized lignite char were examined by optical microscopy (see
Table 17). These results also show that the demineralized materials have a
higher reactivity, since at low temperatures these particles oxidized while
the untreated materials did not react. Under conditions where ignition was
observed, only small differences were produced by demineralization, except for
the longer ignition delay and shorter combustion duration observed for the
demineralized char than the untreated material. These results indicate that
the inherent inorganic constituents decrease the reactivity of Lower-Wilcox
lignite and/or that physical changes of the material produced during
demineralization enhance its reactivity. Ehrburger et al. (36) have shown
that the demineralization of a coal through a process similar to the one
employed in the present studies significantly increased the porosity of a coal
containing 13% ash. Dry Lower-Wilcox lignite contains ~21% ash; therefore, it
is likely that demineralization of this lignite greatly enhances its surface
area. The enhanced reactivity of this lignite produced by demineralization
may be a result of increased surface area.

The effects of demineralization on the combustion of Pittsburgh #8
bituminous coal were examined in the ignition apparatus at 1000°C (see
Table 14). The demineralized material had a similar p maximum, lower ignition
delay and slightly higher C02:C0 ratios than the original material. The
overall C0/C02 production profiles of the demineralized material are shown in
Figure 34. Comparison with the original material (Figure 35) shows
demineralization to have little effect on the combustion of this material.
Optical microscopy results comparing the char and the demineralized char are
shown in Table 18. In general, the demineralized material _#as more reactive
than the untreated. Demineralization of Pittsburgh #8 bituminous coal
produced smaller changes in this material's behavior than observed for the
other three coals examined. Inorganic constituents are shown to play a minor
role in the combustion of this bituminous coal.
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Figure 32. Rates of CO and C02 production from dry demineralized Smith Roland
subbituminous coal vitrain at 650°C, 5% 02 (SDLA).
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Figure 33. Rates of CO and C02 production from dry demineralized Lower-Wilcox
lignite at 1000°C, 20% 02 (LDHA).
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TABLE 17

OPTICAL MICROSCOPY RESULTS OF DRY 180- to 250-_|m

LOWER-WILCOX LIGNITE (PSOC-1443) PARTICLES

Temp. 02 Ignition Combustion Cloud Shrinkage
°C (%__) Dela_ (s) Duration (s) Duration (s) Duration (s)

Lithotype _ Std. D Av_. Sid. D. Av__y_£.Std. D. A__. Std, D,

Attritus 650 20 No Reaction ............

Vitrain 650 20 No Reaction .............

Temperature and

02 Conc,

Vitrain 650 20 No Reaction ............

Vitrain 825 20 0.38 0.08 38.53 5.72 ........

Vitrain 1000 20 0.19 0.05 3.81 1.70 ........

Vitrain 650 5 No Reaction ............

Vitrain 825 5 No Reaction ......... 103.0 14.59

Vitrain 1000 5 0.13 0.01 4.26 1.50 ........

Volatlles and

Mineral Matter

Vitrain 650 20 No Ignition .............

Char 650 20 No Ignition ............

Demin, Char 650 20 No Ignition ........ 36.95 11.35

Demin, Char 650 20 No Ignition ........ 123.6 23.37

Vitrain 650 5 No Ignition ............

Char 650 5 No Ignition ..............

Demin. Char 650 5 No Ignition ........ 96.06 27.14

Demin. Coal 650 5 No Ignition .............

Vitrain 825 20 0.38 38.53 38.53 5.72 ........

Char 825 20 0.27 0,05 I16.1 12.41 ........

Demin. Chat" 825 20 0,61 0.08 27,32 1.70 .........

Demin. Char 825 20 0.34 0.09 29.57 6.06 .........

Vitrain 825 5 No Ignition ......... 103.0 14.59

Char 825 5 No Ignition ............

Demin. Char 825 5 No Ignition ......... 82.36 11.55

Demin. Coal 825 5 No Ignition ........ 98.74 20.53

Vitrain 1000 20 0.19 0.05 3.81 1.70 ...........

Char I000 20 0.21 0.05 27.23 4.03 ...........

64



/
/

/

/

6,ooo- /_
J

/

C02 /
5,000 - /

4..ooo

 .ooo
g9

_ 1,ooo

0.000

- 1.000 - - I l _ _ I i -_ l i I I--'---T'--_- -_ 1 1 I
0,000 0.400 0.800 1.200 1.600 2.000 2.400 2.800 3.200

Time (seconds)

Figure 34. Rates of CO and C02 production from dry demineralized
Pittsburgh #8 bituminous coal at 1000°C, 20% 02 (PDHA)
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Figure 35. Rates of CO and C02 production from dry Pittsburgh #8
bituminous coal at 1000°C, 20% 02 (PVHB).
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TABLE 18

OPTICAL MICROSCOPY RESULTS OF DRY 180- TO 250-lJm PITTSBURGH #8 (PSOC-1451)

BITUMINOUS COAL PARTICLES

Temp. 02 Ignition Combustion Cloud Shrinkage

('C) (%___) Delay is) Duration is) Duration is) Duration is)

Temperature and

02 Conc. Avg. Std. D. Avv__. Std. D. A__vg. Std. O. _ Std. D.

Vitraln 650 20 No Ignition .... 5.37 0.40 16.40 3.35

Vitrain 825 20 No Ignition .... 1.29 O.11 10.56 0.98

Vitrain 1OOO 20 <0.05 -- 0.88 0.22 ........

Vitrain 650 O No Ignition .... 12,46 2.28 59,95 9.52

Vitrain 825 5 No Ignition .... 2.76 0.70 22.19 2.30

Vitrain 10OO 5 <0.05 -- 9.62 1.17 ........

Volatiles and

Mineral Matter

Vitrain 650 20 No Ignition .... 5.37 0.40 16.40 3.35

Char 650 20 No Ignition ............

Demin. Char 650 20 No Ignition ........ 29.60 17.95

Vitrain 650 O No Ignition .... 12.46 2.28 59.95 9.52

Char 650 5 No Ignition .............

Demin. Char 650 5 No Ignition ......... 56.69 31.O4

Vitrain 825 20 No Ignition ..... 1.29 0.11 10.56 0.98
Char 825 20 0.08 0.03 0.75 0.20 .... 2.98 1.08

Demin. Char 825 20 <0.05 .-- 5.61 1.18 ........

Vitratn 825 5 No Ignition .... 2.76 0.70 22.19 2.30

Char 825 5 No Ignition ............

Demin. Char 825 5 0.03 0.01 10.63 2.61 .........

Vitrain I000 20 <0.05 -.- 0.88 0.22 ..........

Char 1000 20 <0.05 -- 1.00 0.19 .........

Demin. Char 1000 20 <0.05 -- 2.70 0.48 ........

Vitrain IOOO 5 <O.O5 -- 9.62 1.17 ........

Char 1OOO 5 <0.05 -- 9,50 4.23 ........

Demin. Char 1OOO 5 <0.05 -- 8.81 1.79 ........
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The four demineralized coals behaved more uniformly than the original
materials; however, significant differences were still apparent in their
combustion behavior. The most significant differences between the two
demineralized materials observed during combustion were the dramatically
higher C02:C0 ratios observed for the Lower-Wilcox lignite than the
Pittsburgh #8 bituminous coal (compare Tables 17 and 18). This resulL shows
that a parameter other than inorganic composition dictates the oxidation
products of these materials.

In order to further characterize the effects of inorganic constituents on
the ignition and combustion of coals, and to help ascertain whether the
observed effects of demineralization were a result of physical changes in the
materials or actual removal of the inorganic constituents, the demineralized
materials were reloaded with calcium. Calcium was selected over sodium or
potassium since it has shown larger promotional effects than these other
elements (37), and because it is easily ion-exchanged into the coals,
producing a material containing calcium in a form similar to its original.

The cation concentrations of the original, demineralized and calcium-
reloaded materials are shown in Table 7. The initial concentrations of
calcium were highest in the Beulah lignite and the Smith Roland subbituminous
coal. As a result, demineralization of these materials produced much larger
changes irl these concentrations than in the other two materials. The calcium-
reloaded samples contained calcium concentrations proportional to their
initial concentrations.

The ignition and combustion characteristics of the calcium-reloaded
Beulah lignite was examined in the ignition apparatus (see Table 9). The
C02:C0 ratios and mass recoveries of the reloaded material were similar to
those of the original material. Comparison of the p maximum values suggests
that the demineralized material is more reactive than the calcium-reloaded
material, but this comparison is deceptive and is a result of the
demineralized material containing the initial volatiles-release peak even
though the bulk of the particles did not ignite. Comparison of the C0/C02
production profiles of the reloaded material (Figure 36) with those of the
original (Figure 31) and the demineralized lignite (Figure 30) clearly
demonstrates the intermediate reactivity of the calcium-reloaded lignite. The
lower reactivity of the calcium-reloaded material than the original lignite is
consistent with the lower calcium concentration in the reloaded material than

in the original lignite.

Calcium, while having little effect on volatiles release, promotes the
char combustion of Beulah lignite. In fact, its presence or absence dictates

: whether the char combustion stage occurs. Since the form of calcium has been
shown to remain constant during the initial heating of coal (38), calcium must
be promoting heterogeneous reactions. Because the ignition of the bulk of the
lignite particle is dependent on the presence of calcium, it is apparent that
heterogeneous reactions are more important to the ignition of this material
than homogeneous ones at the employed conditions.

=
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Figure 36. Rates or CO and C02 production from dry, calcium-reloaded
Beulah lignite at 650°C, 5% O_ (BRLA).

The effects of reloading demineralized Smith Roland subbituminous coal
with calcium are shown in Table Ii. Due to the complexity of the reaction,
comparison of the C0/C02 production profile (Figure 37) with those of the
original coal (Figure 25) and the demineralized coal (Figure 32) is more
beneficial than a comparison of the tabulated data. This comparison shows
that the char combustion stage, while nonexistent in the demineralized coal,
did occur in the calcium-reloaded coal but at a lower rate than that observed
for the original coal. The promotional effects of calcium were not as great
as those observed for Beulah lignite. The lower calcium concentration in the
Smith Roland calcium-reloaded sample is consistent with this result. Again,
it appears that the ignition of the bulk of this coal is more dependent on
heterogeneous than homogeneous reactions.

The initial stage of C0/C02 production from Smith Roland subbituminous
coal was also altered by inorganic constituents. The initial period of
reactivity for the calcium-reloaded material was significantly lower than that
observed for the demineralized material, as seen by comparison of Figures 32

: and 37. Calcium and other inorganic constituents have been shown to decrease
the rate of volatiles production from coals (39,40). Inhibition of the

: initial stage of combustion usually associated with volatiles release and
enhanced char reactivity is produced by the inorganic constituents of Smith
Roland subbituminous coal, with calcium indicated as a major contributor to
these effects.
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Figure 37. Rates of CO and C02 production from dry calcium-reloaded
Smith Roland subbituminous coal at 650°C, 5% 02 (SRLA).

The effects of reloading demineralized Lower-Wilcox lignite with calcium
are shown in Table 13. The C0/C02 production profiles are shown in
Figure 38. The major differences between the calcium-reloaded material and
the demineralized material are the increased C02:C0 ratios produced by
calcium-reloading. A small increase in p max was also observed, as was an
increase in the ignition delay, but these differences were not large in
comparison to the parti cl e-to-.parti cl e variations observed. Calcium
apparently promotes the production of C02 during the oxidation of this
material. The relatively small effects of calcium-reloading in comparison to
those observed for Beulah lignite are consistent with the smaller
concentration of calcium reloaded onto the Lower-Wilcox lignite.

: In order to discern whether the dramatically higher reactivity of
C demineralized Lower-Wilcox lignite (as compared to the original material) is
: due to physical changes in the coal resulting from the demineralization

process or to inhibitory effects of mineral matter, it would be necessary to
check the effects of all minerals present in the initial sample. However, the
fact that one of the inorganic constituents, i.e., calcium, did not inhibit
this material's combustion rate is consistent with promotion being induced by

= physical changes in the material that occur during demineralization.
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Figure 38. Rates of CO and C02 production from dry, calcium reloaded-
Lower-Wilcox demineralized lignite at I000°C, 20% 02 (LRHA).

The effects of reloading demineralized Pittsburgh #8 bituminous coal with
calcium are shown in Table 14. The C0/C02 production profiles are shown in
Figure 39. The only significant difference between the demineralized material
and the calcium-reloaded material was the lower p max observed for the
calcium-reloaded material. This result is inconsistent with the results
obtained from the other three coals. Since demineralizatioq produced little
effect on this material's behavior, and the amount of calcium reloaded into
the demineralized material was small, the decreased rate produced by calcium-.
reloading is most likely produced by other changes in this material due to the
reloading procedure, besides the addition of calcium.

4.4.4 Volatile Matter

In order to characterize the effects of volatile matter on the combustion
of the four selected coals, chars of these materials were prepared and

- examined in the ignition apparatus and by optical microscopy. A comparison of
the results obtained at 500° and 650°C for Beulah lignite and its char in the
ignition apparatus is shown in Table 9. Beulah lignite char behaved similarly

= to the vitrain at 500°C, except that less resolution between the two oxidation
steps was observed for the char. The average C0/C02 combustion profiles of

-_ the lignite and its char at 500°C are are shown in Figures 40 and 41,
respectively. The behavior of the char particles varied greatly at this
condition; some ignited readily and burned in a single combustion stage, while
others produced CO/CO._ production profiles similar to those observed for the
vitrain. In general, however, the major oxidation peak of the char occurred
sooner than that of tI_e lignite, indicating that the presence of volatiles
increases tl:eignition delay of the bulk of the lignite particles.
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Figure 39. Rates of CO and C02 production from dry, calcium-reloaded
Pittsburgh #8 demineralized coal a.t 1000°C, 20% 02 (PRHA).
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Figure 40. Rates of CO and C02 production from dry Beulah lignite
vitrain at 500°C, 20% 02 (BV5A).
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Figure 41. Rates of CO and CO2 production from Beulah lignite
char at 500°C, 20% 02 (BC5A).

The results obtained at 650°C in the ignition apparatus (see "Fable 9)
show that the lignite had a higher p maximum and burned in two stages while
the char only exhibited single-stage oxidation. The onset of C02 release,
i.e., the ignition delay, was similar for the two materials. The C0/C02
production profiles of the lignite and the char at this condition are shown in
Figures 31 and 42, respectively. The previously noted observations are
pictured in these figures.

Both Beulah lignite and its char were also observed by optical microscopy
and the results are shown in Table 16. Under most conditions the combustion

duration of the char was longer than the lignite, showing a slower"overall
reaction rate. For all conditions studied the char emitted light, i.e.,
ignited more readily than the lignite. This fact indicates that the initial
CO_ release peak observed for the lignite is due to pyrolysis and not
ignition. This same conclusion was reached from the oxygen concentration
studies on Beulah lignite. Apparently, the presence of volatile matter
inhibits the ignition of Beulah lignite; however, it promotes the reactivity
of the bulk of the particle, once ignited.

The delay of the or_setof heterogeneous combustion by the presence of
volatile matter has beer, reported by Huang et al. (29). These workers
observed homogeneous ignition to precede the surface oxidation of a
subbituminous coal and rapid heterogeneous ignition of its char. The surface
reaction of the coal occurred much later than the surface reaction of the

char; the heterogeneous combustion of the coal was delayed by the presence of
volatile matter. This result is due to the endothermic nature of the
devolatilzation process and/or a depletion of oxygen at the particle surface.
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Figure 42. Rates of CO and C02 production from Beulah lignite
char at 650°C, 5% 02 (BCLB).

A comparison between Smith Roland subbituminous coal and its char is made
in Table ii. The most significant difference between these materials is the
single-staged oxidation of the char as compared to the two-staged oxidation of
the coal. A comparison of the C0/C02 production profiles of the coal and its
char also shows this result (see Figures 25 and 43). This is an expected
result of the removal of volatile matter by the charring process. The onset
of C02 production was not inhibited by the removal of volatiles, indicating
that for this material, homogeneous reactions are not of major importance to
the ignition process. The o maximum for the char was slightly higher than
that of the coal, this may be a result of the large deviation in the char
measurements.

A comparison between Lower-Wilcox 'lignite and its char is made in
"Fable 13. A higher reactivity of the char, as indicated by its larger
maximum and shorter combustion duration, was observed. This result is also
seen by a comparison of the C0/C02 production profiles (Figures 28 and 44).
In contrast, a longer combustion duration was observed for the original
lignite than the char in the optical microscopy studies (see Table 17). This
latter result is attributed to difficulties in clearly distinguishing the
combustion duration by optical microscopy at this condition. The char of
lower-Wilcox lignite appears to be slightly more reactive than the original
,_aterial.
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Figure 43. Rates of CO and C02 production from dry Smith Roland
subbituminous coal char at 650°C, 5% 02 (SCLA).
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A comparison of Pittsburgh #8 bituminous coal and its char is made in
Table 14. The char showed a lower p maximum than the coal and higher C02:C0
ratios. The optical microscopy studies showed the char to ignite at lower
temperatures than the coal; however, under conditions where both materials
ignited, no significant differences in the iynition delays or combustion
durations were observed, lt was noted during the particle sizing of the
bituminous coal char that it was comprised mostly of highly porous
cenospheres; therefore, the surface area of this material was much greater
than that of the original coal. The tendency of this coal to form a low
density material upon charring is also shown by the density measurements of
Table 7. As a result, it is unclear whether the observed differences between
this coal and its char are a result of variations in volatile matter

concentration or changes in surface area. However, it is indicated that the
char requires less severe ignition conditions than the coal, regardless of the
char characteristic to which this property is ascribed.

Conti and Hertzberg (19) have reported the auto ignition temperatures
(AITs) of various coal clouds. The AITs decreased in the order of
Pittsburgh #8 bituminous coal > Wyoming subbituminous coal > Beulah lignite.
The amount of volatile matter in these materials decreased in the same order;
however, the differences in the volatile matter concentrations were small.
The chars of these materials were not examined. This study emphasized the
promotional effect of volatile matter on the ignition.

Beulah lignite was found to ignite at lower temperatures than
Pittsburgh #8 bituminous coal in the present studies as weil. Volatile
matter, however, was not found to promote the ignition of any of the presently
studied coals. In fact, the cases for which the most accurate data was
obtained, i.e., Beulah lignite and Smith Roland subbituminous coal, volatile
matter inhibited the ignition of the bulk of the coal particles, lt is likely
that the different parameters measured in the two experiments, i.e., cloud
ignition as opposed to single particle ignition, are sensitive to different
coal properties. However, it has also been indicated that the relative
effects of heterogeneous reactions during the initial stages of combustion are
more significant for" low- rather than high-rank materials (8,16). Therefore,
it appears that volatile matter is more likely to promote the ignition of
higher- rather than lower-rank materials. As a result, the rapid ignition
observed for Beulah lignite is thought to be a result of the rapid onset of
heterogeneous ignition.

4.4.5 Moisture

The effects of moisture on ignition and combustion were only examined for
Beulah lignite° This material was selected because it naturally contains the
highest moisture content. The results obtained in the ignition apparatus are
shown in Table I0. Only at the least severe conditions, i.e., 650°C at 5% 0_,
were significant differences observed between the dry and moist lignite. At
these conditions no difference in the onset of C02 release was noted; however,
p maximum was lower and the combustion duration longer for the moist
material. A comparison of the C0/C02 production profiles of the moist and dry
lignite, Figures 45 and 3], respectively, also shows the difference in
combustion rate. The optical microscopy results (see Table 15) show the moist
lignite to have a shorter ignition delay and longer combustion duration than

75



8.000 i

7,000

6.000

02
--_ 5.000 -

_" 4.000-
"-'1

8+- 3.000 CO

8
o.. 1.000 -

c_
.J

oooo ,
-1.000 -

-2.000 i i q r _ ' _ ; r i
0.000 2.000 4..000 6.000 8.000 10.000

,, Time (second_)

Figure 45. Rates of CO and C02 production from moist Beulah
lignite vitrain at 650°C, 5% 02 (BVLF).

the dry material. The latter observation is consistent with the ignition
apparatus results. The former result is not understood and is perhaps the
result of the relatively high particle.-to-particle variation observed in both
sets of data.

Moisture does not affect the ignition and combustion of Beulah lignite
except under mild conditions. The maximum combustion rate is affected more
dramatically than the ignition delay, indicating either that ignition occurs
prior to the vaporization of a significant amount of the initially contained
moisture, or that if the release of moisture occurs rapidly, this process
deactivates the remaining char.

Conti and Hertzberg (19) have examined the effects of moisture on the
auto ignition temperatures (AITs) of Beulah lignite and Wyoming subbituminous
coal. The AITs of these materials decreased by 15°-25°C upon drying. Either
the differences noted by Conti and Hertzberg are outside the sensitivity of
the present experiments, or the AiTs and single particle ignition delays are
sensitive to different properties of the coal. lt may be significant that the
AITs show the same trends exhibited by the presently measured o maximum as
opposed to the ignition delays.
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4.4.6 Gas Temperature

The effects of gas temperature on the ignition and combustion of Beulah
lignite, Lower-Wilco× lignite and Pittsburgh #8 bituminous coal were
characterized. The results obtained from the ignition apparatus are shown in
Tables i0, 12, and 14, respectively. The optical microscopy results are shown
in Tables 15, 17, and ]8. As expected, the ignition delays decreased and the
combustion rates increased with increased gas temperature. The temperature at
which ignition occurred was a function of material type. The ignition
temperatures increased in the order Beulah lignite =< Smith Roland
subbituminous coal < Lower-Wilcox lignite < Pittsburgh #8 bituminous coal. At
increased gas temperatures the combustion behavior of Beulah lignite and
Pittsburgh #8 bituminous coal became similar, as can be seen from a compm'ison
of Figures 46 and 35.
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-_ Figure 46. Rates of CO and C02 production from dry Beulah lignite
vitrain at IO00°C, 20% 02 (BVHA).
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For the combustion of Beulah lignite, the CO_:CO ratios decreased upon
increasing the temperature from 500 ° to 650°C and increased upon increasing
the temperature from 650 ° to IO00°C (see Table I0). This is a result of the
interplay produced by C02 being the favored surface product at low particle
temperatures and CO oxidation occurring in the boundary layer at high particle
temperatures. At low gas temperatures both the particle and boundary
temperatures are low; therefore, CO_ is the predominant surface product and
the rate of CO oxidation in the boundary layer is negligible. At the
intermediate gas temperature of 650°C, the particle temperature is slightly
higher, shifting the surface products towards CO, decreasing the C02:C0 ratio,
and keeping the boundary layer oxidation rate low. At IO00°C, CO becomes the
favored surface product; however, the boundary layer is now hot enough to
produce significant CO oxidation, resulting in a net increase in C02
production.

Lower-Wilcox lignite and Pittsburgh #8 bituminous coal failed to ignite
at the lower gas temperatures and therefore, a similar discussion of these
materials is not presented.

4.4.7 Lithotype

The effects of lithotype on the ignition and combustion of Beulah and
Lower-Wilcox lignite and Smith Roland subbituminous coal were examined. The
ignition apparatus results are shown in Tables i0, 12, and 11, respectively.
The optical microscopy results from Beulah and Lower-Wilcox lignite are shown
in Tables 15 and 17. The fusain lithotype of Beulah lignite ignited the most
readily. This result is consistent with the results obtained from Beulah
lignite char, since the fusain lithotype is similar to char. The attritus
lithotype of Beulah lignite was slightly less reactive than the other two
lithotypes, as indicated by the longer combustion duration observed by optical
microscopy. The attritus lithotype of the Lower-Wilcox lignite and Smith
Roland subbituminous coal also showed lower reactivities than the vitrain, as
demonstrated by the lower p maximum values of the attritus measured in the
ignition apparatus (Tables 12 and II). The differences observed between
lithotypes of the same coal were small compared to the differences observed
between coals.

4.4.8 Material Rank

Large differences were observed in the ignition and combustion behaviors
of the four coals studied. These differences were not highly correlated with
material rank. The differences between the two lignites studied were as large
or larger than any difference observed between either of the lignites and the
bituminous coal. Most of these differences have been presented and discussed
in earlier sections. The order of ignition temperatures were Beulah
lignite <= Smith Roland subbituminous coal < Lower-Wilcox lignite <
Pittsburgh #8 bituminous coal. The order of o maximum values was Beulah
lignite >= Smith Roland subbituminous coal > Pittsburgh #8 bituminous coal _
Lower-Wilcox lignite.
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The C02:C0 ratios observed at I000°C decreased in the order Pittsburgh #8
bituminous coal > Beulah lignite > Lower-Wilcox lignite. Since COproduction
is favored at higher particletemperaturesproducedby higher rates (higherp
maximum values), it would be expectedthat Lower-Wilcoxwould yield the lowest
percentageof CO. Since this is not the case, it is apparent that the surface
products are not being measured when a gas temperature of 1000°C is
employed. This conclusionwas also reachedfrom the comparisonof the effects
of gas temperatureon the C02:C0ratios produced from Beulah lignite. Since
significantconversion of CO to C02 in the boundary layer of the particles
occurs at this gas temperature,higher combustion rates (as observed for
Pittsburgh#8 and Beulah lignite)and more CO productionat the surfacewill
also enhance boundary layer oxidationof the CO produced. As a result, it is
postulatedthat the higher percentageof CO leavingthe boundary layerduring
the combustion of Lower-Wilcoxis due to slower oxidation of CO in the
boundary layer.

The large differencesobservedbetweenthe variousmaterialswere removed
by demineralization. This resultindicatesthat the inorganiccontent is one
of the most significant parametersin determininga material's reactivity.
Calcium contentwas indicatedto be responsiblefor the high reactivitiesof
Beulah lignite and Smith Roland subbituminouscoal. For the Lower-Wilcox
lignite, the calcium concentrationwas low and had little effect, lt is
thought that this material'sincreasein reactivityupon demineralizationis a
result of physical changes of this material during the demineralization
process; however, little evidencefor this speculationis available. If the
parameters affecting the combustion of Lower-Wilcox ligDite are to be
understood,furtherexperimentsare necessary. The inorganiccof_tentwas more
highly correlatedto the variousignitionand combustiontrends than material
rank.

4.4.9 Modeling

Attempts to correlate the ignitiondelays obtainedwith Arrhenius pre-
exponential factors and activationenergies by simultaneouslysolving the
unsteady-stateenergy and mass balances were made (40). Difficulties in
obtainingunique solutionsusing this techniquehave called into question the
usefulnessof this procedure.

A chemical rate constant for Beulah lignitewas estimated to have a_
activationenergy of 11 kcal/moleand a preexponetialfactor of 0.26 (g C/cm
s atm). The apparent order of the reaction with respect to oxygen
concentrationwas 0.25. Detailsof this calculationare available (34).

4.5 Publications

1. Sweeny, P.G., Grow, D.T., and McCollor, D.P. "Studies on Ignitionof
Coal: The Effectsof Rank,Temperature,VolatileContent and Lithotype,"
Prepr.Am. Chem. Soc., Div.Fuel Chem. 1988, 33(4),853.

2. Sweeny,P.G., and Grow, D.T. "Ignitionand CombustionCharacteristicsof
a Lignite,"Energy and Fuels,submitted.
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4.6 FutureWork

Future experiments will include measuring NOx and/or S02 release from
single particles, or establishingthe feasibilityof measuring total light
emission and subsequentlyusing opticalpyrometryto monitor the combustionof
particles in the ignition apparatus. This work will be performed by an AWU
fellow.
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1.0 EXECUTIVE SUMMARY

Further development of new catalysts for the hydrotreating of low-
severity liquefaction products was continued in this quarter. Work on the
hydrodesulfurzation capabilities of the new solid acid catalysts was
essentially and successfully completed. Conversions of model organosulfur
compounds were very/high with clay-, pillared clay-, and silica gel-based acid
catalysts, lh'a/c_Imination of the effort was the total removal of organic

, .i_' ' '_'!sulfur from _,,,_N_odak low-severity product in a single-stage hydrogenation
with the SZC cat_ti_yst, Gas chromatogrphic analysis of the distillate with
very sulfur-sensitive helium afterglow discharge atomic emission detection
showed that no organosulfur compounds were present. Elemental analysis of the
vacuum bottoms showed that no sulfur"was present.

Catalytic studies were completed with diphenyl ether and bibenzyl as
models for hydrodeoxygenation and hydrocracking activity in the clay-based
strong acid catalysts. Sodium montmorillonite and acid washed montmorillonite
were tested as well as chromia-pillared clay with both low and high chromium
content. The major problem with these catalysts is that they induce
condensation to give oligomeric forms; however, no coking was observed.

Molybdenum.- and bimetal-loaded chromia-pillared clays were prepared, and
silica-pillared clay was prepared as a support for metal and acid catalysts.
Testing of these catalysts is in progress.

2.0 GOALS AND OBJECTIVES

The efficient production of environmentally acceptable distillate fuels
requires catalysts for hydrogenation and cleavage of the coal macromolecules
and removal of oxygen, nitrogen, and sulfur heteroatoms. Currently, two-stage
processes for coal conversion are under development. The first stage converts
coal to a solub'le form with minimal cracking and hydrogenation. This
processing presently involves no catalyst other than the coal mineral matter
present and addition of a promoter, hydrogen sulfide, which may have a
catalytic effect. The second stage involves hydrogenation upgrading of the
first-stage product to distillates with fixed- or ebullated-bed catalysts.

The catalysts currently used in the second stage of coal liquefaction for
hydrotreating the first stage product are the same as those used in
conventional petroleum refining; however, this apj,lication has not been very
successful° Improvements in upgrading efficiency could be obtained if
catalysts with longer life and better activity and selectivity were
available. Rapid deactivation of the conventional Co-Mo and Ni-Mo catalysts
on an alumina support have been attributed to coke formation (i), metals
deposition (2), and inhibition of active center by chemisorbed compounds (3).

The objectives of this research project are to develop and test novel
heterogeneous catalysts for hydrotreatment upgrading of first-stage coal
liquefaction products. The new hydrogenation catalysts are based on pillared
clays and hydrotalcites, which have very large micropore dimensions that can
accommodate the coal macromolecules, but yet do not possess strong acidities
that lead to coking at high temperatures.



A second objective is to develop a solid acid catalyst for
depolymerization of coal macromolecules. The acid catalysis process for coal
liquefaction is believed to operate by ionic mechanisms. Some molten acids
have successfully depolymerized coal, but the poor efficiencies of catalyst
recovery and the corrosive nature of the catalyst make the process
uneconomical. Stable solid acid catalysts will be developed which will avoiG
these difficulties. These catalysts are also based on pillared clays as well
as a silica bases.

3.0 ACCOMPLISHMENTS

3.1 Introduction

Tile development of new heterogeneous catalysts for hydrotreating was
initiated° The synthesis of several new catalysts was accomplished. The new
catalysts _re basically of two types: sulfided metal hydrogenation catalysts,
and solid acid ionic hydrogenation catalysts. These are discussed separately
below.

3.1.1 Metal hydrogenation cat.alystson pillared smectite support

Acid smectite clays are used as catalysts in petroleum-cracking and
various other reactions. Unfortunately they dehydrate and collapse at
temperatures above 200°C. Acid zeolites are more stable at high temperatures;
however their pores are too narrow to be useful for coal macromolecules, and
they are not effective in upgrading as compared with conventional Ni-Mo or Co-
Mo catalysts. In the pillared clays, intercalation of hydroxylated or
complexed metal cations maintains the clay layer structure after loss of water
and generates large pore sizes. These structures are stable up to 450 and
500°C. The alumina cluster pillared clays are effective catalysts for
petroleum catalysis. Chromia-pillared clays with even larger pore spacings
have considerable potential for upgrading. A selection of pillared clays with
and without incorporated hydrogenation catalysts are being prepared and tested
with first-stage coal liquefaction products as well as model compounds and
polymers. "Thecatalysis of C-0, C-N, and C-S bond breakage as well as alkyl-
aryl bond breakage and arene hydrogenation have been investigated.

3.1.2 Solid acid-catalzzed hydrocrackinq

Acid-catalyzed coal conversion has been thoroughly investigated; however,
the efficiencies of catalyst recovery are not high enough or the catalyst is
consumed, resulting in high cost. Another disadvantage is the corrosive
nature of the catalyst. A stable solid acid catalyst may have more potential
in recovery schemes. Acid zeolites can be used at high temperatures but have
pore sizes too small for the large coal macromolecules. Thermally stable
pillared clay catalysts with large interlayer pores are more attractive for
acid-catalyzed depolymerization of the coal macromolecules. Chromium and
aluminum cluster pillared smectites are being tested both in the Bronstead
acid and Lewis acid form, the latter being formed from reactions with metal
chlorides. The reactions with these pillared catalysts will be compared with
reactions with other solid acids such as the Drago aluminum chloride-silica
complex and similar zinc chloride complexes.
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3.2 EXPERIMENTAL

Catalyst Preparation:

Preparation of silica-gel-zinc chloride and chromia-pillared clay catalysts
has been reported in our previous quarterly report.

Preparation of acid-washed montmorillonite:

Sodium-exchanged montmorillonite (5.0 g) was suspended in 200 ml of IN
HCl and stirred for 2 hours. $cid-washed clay was separated by
centrifugation, and washed with deior:izedwater until free of acid, and
air dried. Final drying was accomplished by heating in vacuum at 110°C
overnight.

Preparation of silica-pillared clay.

Smectite clay was purified as described in an earlier quarterly
report. A solution of 4.8 g of 2-(2-silyethyl) pyridine in 35 ml of
methanol was placed in a round-bottomed flask, and 2.1 ml ofwater was
slowly added. The mixture was stirred for one hour. At this stage, 7.5
g of sodium montmorillonite suspended in 90 ml of deionized water was
added. After the addition of the clay, the suspension was stirred for 2
hours at room temperature. The pH was adjusted from 0 to 6 with
concentrated ammonium hydroxide. At the end of the pillaring reaction,
the pillared clay was separated by centrifugation. The residue was
repeatedly washed with deionized water, and air dried. Air-dried
pillared clay was calcined at 650°C for 2 hours in synthetic air" and
stored in a vacuum dessicator.

Preparation of molybdenum catalyst supported on chromia-pillared clay:

a. Preparation of molybdenum (II) allyl dimer:

Molybdenum (II) allyl dimer was prepared by modifying the method
of Cotton and Pipal (1,2). Ali operations were performed under
nitrogen in a vacuum atmosphere glove bag. Allylmagnesium bromide
(IN, 60 ml, 0.06 mol) was placed in a 250-mi two-necked round-
bottomed flask fitted with a dropping funnel, a reflux condenser,
and a stirbar. Molybdenum pentachloride (3.0 g, 0.01 mol)
dissolved in i00 ml of benzene was slowly added to the ether
solution to give a green solution and a gray precipitate. The
mixture was stirred overnight, filtered, and evaporated to give a
dark green residue. The residue was dissolved in a minimum amount
of hexane, filtered, and the solution evaporated to give the
product.

b. Preparation of molybdenum supported on chromia-pillared clay:

Ali operations were performed under dry nitrogen in a glove bag.
Chromia-pillared clay (I.00 g) and i0 ml of hexane were placed in
a round-bottomed flask fitted with a dropping funnel and
stirbar. Molybdenum allyl dimer (0.I g) dissolved in I0 ml of
hexane was slowly added to the stirred slurry of chromia-pillared
clay in hexane. The reaction mixture was stirred overnight at
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room temperature. The resulting green solid was separated by
filtration and air dried. The product was then slowly heated to

200°C in a mixture of 10% H2S/H2 over a one-hour period, and left
at 200°C for 12 hours.

Preparation of bimetallic metal supported clay catalysts:

Bimetallic metal-supported silica-pillared and chromia-pillared
clay catalysts were prepared by incorporating nickel and
molybdenum into high chromium chromia-pillared clay and silica-.
pillared clay.

In a typical reaction ammonium molybdate tetrahydrate (0.21 g) and
nickel nitrate hexahydrate (0.13 g) were dissolved in 20 ml of
water. The desired pillared clay (1.0 g) was added to the metal
salt solution and stirred for 24 hours. The water was then
evaporated from the mixture, and the residue slowly heated to
400°C under flowing air over a 2-hour period. The heating was
continued for 12 hours, 'then the residue was cooled to room
temperature. The process was repeated for another 12 hours with a

mixture of 10% H2S/H2.

Preparation of Zinc (II) chloride-supported clay catalysts:

Zinc (II) chloride-supported silica-pillared clay and acid-washed
= montmorillonite clay catalysts were prepared by heating the

desired clay with zinc (II) chloride.

Anhydrous zinc (II) chloride (3.00 g) and acid-washed mont-
morillonite suspended in 50 ml of dry carbon tetrachloride were
placed in a lO0-ml round-bottomed flask fitted with nitrogen inlet
and nitrogen outlet tubes, and stir bar. The mixture was refluxed
in a steady stream of nitrogen until the evolution of hydrogen
chloride gas ceased. At the end of the reaction (72 hours), the
reaction mixture was cooled to room temperature. The solid was
separated by filtration, washed with carbon tetrachloride, and air
dried. The final drying was accomplished by heating overnight in
a vacuum oven at IIO°C.

For the reaction of silica-pillared clay, 0.25 g of anhydrous zinc
(II) chloride was used for i g of the clay used.

; Detailed characterization of the chromia_ and alumina-pillared
clays, and supported clay catalysts by IR, elemental analysis, and
XRD is in progress and will be reported in our next quarterly.

Reductive cleavage _)f hydrocarbon and ether:

Cleavage Reactions: The catalyst activity of chromia-pillared
clay, (_cid-washed clay, silica-pillared clay and supported clayc

catalysts were tested by reacting with model organic compounds.
Model compounds tested were bibenzyl and diphenyl ether. These
reactions were carried out under different conditions of
temperature, hydrogen pressure, solvent, and reaction time

+ (Table I).
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TABLE 1

Reductive Cleavage reactions of Model Organic Compounds

Reactants (g) React. Cond. Products % Conv.

Substr Cataly. Solv. Hydrogen Temp. Time
(psi) °C hr

BBE AM None i000 350 3 Benzene 75.0
1.00 1.00

BBE H-CPC None i000 350 3 Benzene 63.5
0.51 0.25 Ethyl benzene*

BBE SPC None i000 350 3 Benzene 38.3
0.52 0.25 Ethyl benzene*

DPE AM None i000 350 3 Benzene* 29.0
1.01 0.50 Phenol

DPE HCPC None i000 350 3 Benzene* 35,3
0.52 0.25 Phenol

DPE SPC None i000 350 3 Benzene* 9.5
1.00 0.50 Phenol

DPE SPCZC None 1000 350 3 Benzene 19.5
0.52 0.25 Phenol

BBE = Bibenzyl
DPE = Diphenyl ether
AM = Acid-exchanged sodium montmorillonite
SPC = Silica-pillared clay
SPCZC = Zinc(II) chloride-supported silica-pillared clay
HSPC = High chromium chromia-pillared clay
* = Minor product

In a typical run, 1.0 g of the test compound, and 1.0 g of the desired
catalyst and 2.0 g of the desired solvent (if needed) were placed in a
microreactor (tubing bomb). The microreactor was evacuated and
pressurized with 1000 psi of hydrogen, and placed in a rocking autoclave
heated to 350°C for 3 hours. At the end of the reaction period, the
microreactor was cooled to room temperature, degassed, and opened. The
desired amount of the internal standard was added to the product slurry,
and the product slurry was transfered into a centrifugation tube by
washing with methylene chloride, and solid catalyst removed by
centrifugation. The liquid sample was analyzed by GC FID and GC/MS/HeAD,
and GC/FTIR/MS. Carbon and sulfur atomic absorption spectroscopy
(GC/MS/HeAD) were used for the qualitative analyses of the reaction



products. Quantitative carbon and sulfur atomic absorption spectroscopy
(GC/HeAD) is in progress and will be reported in our upcoming quarterly
Technical Progress Reports.

3.3 RESULTSAND DISCUSSION

3.3.1 Synthesis of new catalysts

The synthesis of molybdenum catalyst supported on the chromia-pillared
clay was accomplished by reaction of diallylmolybdenum (II) dimer with
chromia-pillared clay in hexane. The catalyst was activated by heating over
hydrogen sulfide and hydrogen at 200°C.

A bimetallic catalyst was prepared by stirring aqueous ammonium molybdate
and nickel nitrate with the chromia-pillared clay. Sulfidation was carried
out by the _ame procedure. Both molydenum-loaded pillared clays are being
characterized and tested with model compounds and low-severity liquefaction
products. Results will be reported in future quarterly reports.

Silica-pillared clay was prepared by hydrolysis of 2-{2-(trichlorosilyl)-
ethyll pyridine in methanol Followed by exchange of the siloxane cluster into
sodiumm montmorillonite. The zinc chloride complex of the silica-pillared
clay was then synthesized. A new batch of chromia-pillared clay was prepared
with a higher content of chromium than the original batch. Tests with these
and other clay catalysts are reported below.

3.3.2 Hydrocrackinq and hydrodeoxy_.qenation activity of solid
acid cata_

The reaction of bibenzyl (BBE) with high chromium chromia-pillared clay
catalyst in the presence of i000 psi of molecular hydrogen at 350°C for 3
hour '_ gave 63.5% conversion, which in turn is lower than that obtained with
low chromium chromia-pillared clay (99%). Furthermore, a significant amount
of the product (ca. 34%) was found to be polybenzyls, such as tri-, tetra.-,
pentabenzyls, etc. Most of the other product was benzene with ethyl benzene
as the minor product. When the same reaction was carried out using silica-
pillared clay_ conversion of bibenzyl dropped significantly (38%), and benzene
was the major and ethylbenzene was the minor reaction product. Also, a
significant fraction (20%) of the reaction product was found to be polybenzyls
as described before.

In order to demonstrate that Bronsted acidity was responsible for the
reductive cleavages of arylmethylene bonds, reaction of bibenzyl with acid-
washed montmorillonite at 350°C for 3 hours in the presence of i000 psi of
hydrogen was also investigated. This reaction gave a conversion of 75% with
benzene as the major product. The minor components were ethylbenzene,
toluene, o-xylene, etc. Almost 40% of the substrate was converted into
polymeric material, mainly polybenzyls.

The reaction of diphenyl ether with acid-exchanged sodium
montmorillonite, under the conditions described above for bibenzyl, gave 29%
conversion (Table I). Major products were phenol and benzene with the molar
ratio of 57-1. Reaction with high chromium chromia-pillared clay gave a



conversion of 35.3%. The major products of this reaction were the same as
those described above, and the phenol-to-benzene molar ratio was 5:1. Earlier
results with the low chromium pillared clay gave 30 and 38% conversions. The
highest conversion for the hydrodeoxygenation of diphenyl ether was with
silica gel-zinc chloride (60%).

When silica-pillared clay was used as the catalyst, the conversion
dropped significantly (9.5%). Phenol and benzene were the major reaction
products, with a phenol-to-benzene molar ratio of 3:1. Reaction of diphenyl
ether was also studied using zinc (II) chloride supported on silica-pillared
clay. This reaction gave somewhat higher conversion (19.5%) compared to
silica-pillared clay alone. The phenol-to-benzene ratio was ca. 1.4:1.

3.3.3 Hydrodesulfurization Activity of Solid Acid Catalyst

Reactions of diphenyl sulfide were carried out with silica gel zinc
chloride, chromia-pillared clay, silica gel, sodium-exchanged montmorillonite,
acid-exchanged montmorillonite, and spent silica gel-zinc chloride catalysts
in hydrogen with and without solvent at 300 ° or 400°C for 3 hours. Reactions
were also carried out in the absence of any catalyst at these two
temperatures. Reaction products were mixed with internal standard
(octadecane) and analyzed by GC/FID, GC/FTIR/MS and GC/MS/HeAD. Percent
conversion, which a measure of the carbon sulfur bond cleavage was calculated
on the basis of starting material (organosulfur substrate) that disappeared
during the reaction. Percent conversion was used to determine the effect of
catalyst, solvent, and reaction temperature on the cleavages of carbon-sulfur
bonds in organosulfur compounds. The objective of these studies is to develop
catalysts and search for reaction conditions (temperature, contact time,
hydrogen pressure,solvent, etc.) most suitable for the removal of organic
sulfur from coal, coal liquids, and crude petroleum.

3.3.3.1 Pillared Clay Catalysts

Hydrodesulfurization of diphenyl sulfide was extensively investigated in
order to understand the effects of various catalysts and reaction
parameters. Relevant physical and analytical data are given in Table 2.
Hydrogenation of diphenylsulfide was carried out in the absence of catalyst to
demonstrate the unreactivity of the substrate under noncatalytic conditions.
The blank reaction of diphenyl sulfide at 300°C for 3 hours in the presence of
1000 psi of molecular hydrogen resulted in the conversion of only 1%, and
benzene was the only product observed. Upon increasing the reaction temper-
ature to 400°C, the conversion increased to 9.6%, and benzene was once again
the major product along with a trace amount of thiophenol, lt should be
mentioned here that the mechanism of this noncatalytic reaction may not be the
same as the acid-catalyzed hydrogenation reaction described below.

The catalytic activity of sodium-exchanged montmorillonite was then
tested by reacting diphenyl sulfide at 300°C for 3 hours in the presence of
I000 psi of molecular hydrogen. Under these conditions the conversion of
diphenyl sulfide was only 10%. Both benzene and thiophenol were formed (molar
ratio 6.9:1). This small conversion could be due to the residual acid sites
present in the sodium-exchanged montmorillonite. The exchanged clay contains
sodium ions in the interlayer space and possesses some acidity due to
polarization of the water of hydration of the cations, or to residual hydroxyl



TABLE 2

Reductive Cleavage Reactions of Diphenyl Sulfide.

Reactants (g) React. Cond. Product %Conv.

Substr Cataly. Solv. Hydrogen Temp. Time
(psi) °C hr

DPS None None 1000 300 3 Benzene 1.0
1.00 Thiophenol

DPS None None i000 400 3 Benzene 9.6
1.00 Thiophenol

DPS Silica None I000 300 3 Benzene 2.0
1.02 0.50

DPS NM None i000 300 3 Benzene I0.8
1.01 0.50 Thiophenol

DPS AM None I000 300 3 Benzene 99.5
1,02 0.50 Thiophenol

DPS SZC CB I000 300 3 Benzene 28.4
0.52 0.25 1.00 Thiophenol*

DPS SZC None i000 400 3 Benzene 94.3
1.09 0.50 Thiophenol*

DPS SSZC None i000 300 3 Benzene 15o9
0.58 0.25 Thiophenol

DPS CPC None i000 300 3 Benzene 93,3
0.50 0.25 Thiophenol*

DPS CPC CB i000 300 3 Benzene 88.6
0.50 0.25 1.00 Thiophenol*

DPS = Diphenyl sulfide
CB = Chlorobenzene
HCPC = High chromium chromia-pillard clay
SZC = Silica zinc chloride
SSZC = Spent silica zinc chloride
NM = Sodium-exchanged montmorillonite
ANM = Acid-exchanged montmorillonite
* = Minor product



groups of the clay layers. At higher temperatures, dehydration of
interstitial water causes the layers to collapse and limit access of
substrates to the interstitial sites (3). However, when the reaction was
carried out using acid exchanged (HCI) montmorillonite, a 99.5% conversion of
diphenyl sulfide was observed. The major products from this reaction were
benzene-and-thiophenol in the mola_ ratio of 9.3"i. The relatively high
benzene to thiophenol ratio shows that the catalyst is effective in cleaving
both carbon-sulfur bonds of diphenyl sulfide; that is, the thiophenol
intermediate is further converted to benzene and hydrogen sulfide. The
excellent conversion obtained might be attributed to the strong acidity of the
catalyst and perhaps an ability of the anionic catalyst surface layer to
stabilize intermediate calions prior to a hydrogenation step. lt should be
pointed out that the high acidity of the catalysts may not actually be an
advantage to coal processing because of the tendency of the highly acidic
surfaces to catalyze condensation (coking) reactions.

Our studies were extended to the pillared clay catalysts with the
expectation that they would be able to accommodate larger coal molecules in
the interlayer space during coal liquid hydrotreating. This type of catalyst
was obtained by exchanging the sodium cations with polyoxychromium using a
large excess of hydroxy chromium cations. Hydrogenation of diphenyl sulfide
with high chromium chromia-pillared clay resulted in the 93.3% conversion of
diphenyl sulfide. The products of this reaction were I_enzene and thiophenol
in the molar ratio of 12:1. When the same reaction was carried using low
chromium chromia-pillard clay, conversion of 94.5% was observed; however, the
ratio of benzene to thiophenol was ca. I:i (previous quarterly). Thus, the
final step of the reaction, which involves hydrogenolysis of thiophenol,
proceeded much more completely with the high chromium pillared clay
catalyst. The catalyst sites are probably on the polyoxychromium cation
pillars, since they retain some hydroxyl functionality (4).
Dithiaphenanthrene was observed as the minor product with both catalysts; that
is, high and low chromium chromia-pillared clay. Since this product has been
previously observed in the reation of diphenyl sulfide with aluminum chloride
(5), it may be regarded as a product typical of strong-acid catalyzed sulfur
cleavage. Cyclohexane, methyl cyclohexane, toluene, biphenyl, and ethyl- and
propylbenzenes were some of the minor products of these cleavage reactions.

Since o-dichlorobenzene, a solvent previously investigated for the
hydrotreatment of diphenyl sulfide, was found to react under th_ reaction
conditions employed, alternative solvents were explored during this quarter.
Chlorobenzene was one such solvent investigated. Reaction of diphenyl
sulfide, I000 psi of hydrogen and high chromium chromia-pillared clay at 300°C
for 3 hours in chlorobenzene as solvent resulted in high conversion (89%) of
diphenyl sulfide. The major product was benzene with a trace of thiophenol.
Dithiaphenanthrene was the minor product of this reaction. Most importantly,
chlorobenzene, unlike dichlorobenzene, was exceptionally stable under these
conditions° The explanation for the solvent effect may be that the polar
chlorobenzene solvent molecules may bind to the catalyst surface by dipolar
forces; however, the chlorobenzenes are much less basic than the diphenyl
sulfide, and may not form a protonated aromatic intermediate.



3.3.3.2 Silica !Lel.-zinc chloride cataly.st_

Hydrotreating of diphenyl sulfide with silica-zinc chloride at I000 psi
of hydrogen and 300°C for 3 hours gave an 85% conversion (previous
quart, erly). The conversion using silica gel without metal halide catalyst was
only 2%, with benzene as the only product. Although the conversion using
silica-zinc chloride catalyst was good, the large amount of thiophenol in the
products seemed to indicate that', the catalyst was being deactivated, To
demonstrate this hypothesis, catalyst was recovered from the reaction
pl-oduct. The reaction of diphenyl sulfide with this recovered catalyst was
carried out at 300°C for 3 hours in the presence of i000 psi of molecular
hydrogen. This reaction gave a conversion of 16%, which suggests that the
silica-zinc chloride catalyst is deactivated during the reactic-_.

The hydrotreating was also carried out at a higher temperature to
determine if the deactivation could be prevented. The conversion for a
reaction conducted at 400°C improved considerably to 94%, The molar ratio of
benzene to thiopi._,1ol also increased to 28:1.

The effect of solvent on the conversion and the product distribution was
_ also investigated with this catalyst. Conversion of diphenyl sulfide in

chlorobenzene at 303°C for 3 hours in the presence of i000 psi of hydrogen was
28.4%.

The dichloromethane-insoluble and soluble fractions were chara, cterized to
identify the products of these reactions.

Dichloromethane-soluble fraction was found to be mainly catalyst.
Quantitative amounts of the catalyst were recovered at the end of each
reaction. The absence of any organic residue in the insoluble fraction
indicates that no retrograde reaction occurred. Detailed characterization of
the spent catalyst to evaluate the efficiency of the catalyst is in progress
and will be reported in our next quarterly report,

The dichloromethane-soluble fraction was analyzed both qualitatively and
quantitatively by GC/FID, GC/FTIR/MS, and GC/MS/HeAD. Qualitative analysis
was performed by carbon and sulfur absorption spectroscopy using GC/HeAD.
Quantitative analysis by sulfur and carbon atomic absorptior_ spectroscopy
using newly developed GC/HeAD is in progress and will be reported in future

. quarterlies.

: On the basis of the preliminary investigations, we found that acid
catalysts and clays pillared with polyoxymetal cations may be useful in
removing organic sulfur from coal, coal "liquids or petroleum crudes.

3.3.4 Low sev_.ritz liauefaction of Wxodak subbituminous coal

The objective of this task is to provide a low severity liquefaction
stage as a pa_-t of the two-stage process for converting low rank coals to

_ liquid product. The presumption is that the first-stage product will be high
molecular weight material with a high oxygen content. The elimination of
carbon dioxide from decarboxylation of the carboxylic acid groups in the low

= rank coals sIhOUld occur in the first stage to avoid consumption of the
hydrogen in the .second stage via the water/gas shift reaction. Solubilization

-- of the coal in a hot solvent should be effected in the first stage. Good
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contact of the coal macromolecules with the hetrogeneous catalyst employed in
the second stage is essential, so that the catalytic hydrotreatment will be
effective in depolymerization, oxygen or hetroatom removal, and perhaps most
importantly, prevention of retrograde reactions which can lead to coking.
Radicals formed by the humolytic cleavage of the bridging groups must be
capped by hydrogen abstraction from solvent or catalyst with which it is in
intimate contact.

3.3.4.1 Reaction

In a 2-gallon reactor, a slurry consisting of 904.5 g of Wyodak coal (as
received) and 1254.9 g of solvent (tetralin) were placed and the reactor was
sealed. The reactor was evacuated and charged with a mixture of 900 psi of
carbon monoxide and i00 psi of hydrogen sulfide, The reactor was slowly
heated to 384°C, and left at this temperature for one hour. At the end of the
reaction the reactor was cooled to room temperature and the gases collected in
a gas bag. These gases were analyzed, and the results are given in Table 3.

Table 3

Gas Analysis of Low-severity Reaction Product

Component mole percent

HeI i um O. O0
Hydrogen 6.55
Carbon dioxide 69.62
Propane 0.00
Propylene 0.04
iso-Butane 0.09
Carbonyl sulfide 0.02
n-Butane 0.02
Hydrogen sulfide 2.26
l-Butene 0.00
t-2-Butene 0.00
iso-Pentane 0.00
cis-2-Butene 0.00
n-Pentane 0.00
Ethylene 0.00
Ethane 0.69
Oxygen 2.24
Nitrogen 9.09
Methane 2.51
Carbon monoxide 6.87

Calculated Heating Value, BTU/SCF
Saturated 98.5
Dry 100.2

Calculated Specific Gravity 1.295
Calculated Average Molecular Weight 37.43
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3.3.4.2 Low .-severity prod__uct yield data and initial ana_]_sis

Two schemes were used for the work-up of the low severity product to
obtain the yield data,

Scheme i: In this scheme raw product (low-severity product plus tetralin
solvent) slurry (10.21 g) was diluted with 200 ml of tetrahydrofuran and
stirred for one hour. The solution was then centrifuged to remove insoluble
material, and the solid was washed with tetrahydrofuran until the supernatant
liquid was free of yellow color. The tetrahydrofuran-insoluble fraction was
dried in vacuo at IIO°C overnight and weighed. The conversion (86%) was
calculated as the percent of the coal (maf) that did not appear in this THF-

insolub_ fraction. The THF-insoluble fraction was analysed by FTIR and solid
state C NMR spectroscopy. Infrared spectra of this fraction showed
substantial loss of alkyl groups. Also, this fraction was found to be less
decarboxylated than the fraction that dissolved in THF. Infrared and NMR
spectra of this THF-insoluble fraction showed a substantial increase in the
aromatic carbon-to-aliphatic carbon ratio as compared with the origina_
coal. These data confirm the generalization that the portion of the coal
wi_ich is more easily mobilized under thermal conditions is more aliphatic.

The THF-soluble fraction was added to a large excess of hexane (400 ml) and
stirred for one hour. The brown solid was separated by centrifugation and
washed with hexane until free of yellow color. The resulting hexane-insoluble
material was dried in a vacuum oven at IIO°C overnight. Hexane-insoluble
material was analyzed by FTIR. Infrared data for this fraction indicated
substantial decarboxylation of the carboxylic acids and carboxylate groups,
and also an increase in the aliphatic contents as compared with the parent
coal.

In Scheme 2, the raw product (low-severity product plus tetralin solvent)
slu_rry (3.1584 g) was distilled directly from a tubing bomb into a series of
three traps at 25°C and at liquid nitrogen temperature. The tubing bomb was
slowly heated (3°C/rain) in vacuo to 250°C until distillation stopped.
Distillate was dissolved in i00 ml of methylene chloride. A 20-ml portion of
this solution was mixed with i ml of internal standard (deuterium-enriched)
solution and analysed by GC/MS/HeAD. The majority of the distillate was found
to be either solvent or solvent-derived. Although a large number of peaks
which may be due to coal-derived material were found, the pheno, amount was
large enough to be quantitatively analyzed. From the amount of coal (mar) in
the THF.-soluble and insoluble fractions, a small amount (5%) of the coal-
derived material is expected to be present in the distillate. The undistilled
residue was dissolved in THF and separated into THF-insoluble and THF-soluble
fractions. The THF-insoluble fraction accounted for 23% of the product
slurry; thus the conversion to THF soluble products from this scheme was 89%
(mar) and corresponds closely to that found by direct solvent precipitation
(Scheme I).

3.3.4.3 PreParation of solvent-free low seve____roduct
for second-sta_treatment

For the testing of the new catalysts, a large batch of low severity
product which was free of solvent was desired. The THF-soluble fraction from
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the first-stage liquefaction was distilled to remove THF and most of the
tetralin solvent. The residue, which was a viscous oil that solidified upon
cooling to room temperature, was used for the second-stage high severity
hydrotreatment reactions. This fraction was analysed by elemental analysis,
and the results are given in Table 4. Elemental analysis indicated an increase
in the ca_,'bon and hydrogen contents compared with the parent coal (mar
basis). Sulfur and nitrogen contents were the same as in the parent coal. lt
may thus be possible that under low severity conditions, desulf_rization and
denitrogenation did not occur. Oxygen content, (8.34%) was significantly less
than that in the starting coal (22.3% mar). GC analysis of the product
indicated a very small amount of tetralin and naphthalene remained.

Further analysis of solvent-free low severity product:

Since the distillate obtained after hydrotreating cor_tained small amounts
of tetralin, naphthalene and other volatile materials which were originally
present in the low severity material, "lt was essential to d,istill some of the
starting "solvent-free" low severity material for a base-line volatile matter
comparison. A sample of the oil bottoms material (2.00 g) from whichmost of
the solvent had been distilled was redistilled under vacuum, giving 18%
distillate, 79% THF-soluble bottoms, and 4% of THF-insoluble _ottoms.

Both THF-insoluble and THF-soluble fractions were analysed by FTIR.
Infrared data for the THF-insoluble fraction indicated this fraction to be
more aromatic than the THF-soluble fraction.

On the basis of the GC/MS data, 18% of the distillate was found to be the
solvent (tetralin) and 12% was naphthalene. Naphthalene could have come from
solvent or coal or both. The remainder of the distillate was a complex
mixture of alkanes, substituted naphthalenes, etc.; however a detailed
qualitative and quantitative analysis is in progress.

3.3.5 Second-Stage Reaction .c_talyt!c h_otre_______at.m_nt

Second-stage catalytic hydrotreatment was carried out on the THF-soluble
product from the low severity reaction of Wyodak coal.

In a typical run, 1.0 g of the low severity product, 0.5 g of the zinc
chloride-silica gel and 2.0 g of the desired solvent (if needed) were placed
in a microreactor (tubing bomb). The microreactor was evacuated _nd
pressurized with I000 psi of hydrogen, and placed in a rocking autoclave

• heated to 400°C for 3 hours. At the end of the reaction period, the
. microreactor was cooled to room temperature, degassed, and opened. The raw

product slurry was directly distilled from the tubing bomb, and separated into
three fractions distillate, THF-solubles and THF-insolubles as described in

1 Scheme 2. An accurate mass balance was obtained and is given in Table 5.

The THF-insoluble fraction was 11.79%. An infrared spectrum of the THF-
; insoluble fraction showed enhanced aromatic content, which could either have
• been formed by loss of alkyl groups or condensation reactions.

The THF-soluble fraction was 54 wt% of the total product. Elemental
analysis showed that the fraction contained absolutely no sulfur. The
hydrogen-to-carbon ratio increased to 1.46. Because of the presence of small

_ amounts of colloidal silica gel, an exact ultimate analysis was not
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obtained. The infrared spectral data indicated this fraction to be more
aliphatic than the THF.-soluble fraction obtained from the low severity
liquefaction of Wyodak coal. This could be due to further cleavage of alkyl
groups and hydrogeneration of polynuclear aromatics during second-stage
catalytic hydrotreatment. Heteroatom removal during catalytic hydrotreatment
will he studied by elemental analysis.

The distillate was 35 wt% of the starting material. Since 17.65 wt% of
the distillate was already present in the THF-soluble low severity product
used for catalytic upgrading, only 17.35 wt% of tile distillate was actually
formed during the second stage of the reation. The distillate was diluted to
50 ml with methylene chloride. An aliquot (i0 ml) of this solution was mixed
with I ml of internal standard (n-octadecane in methylene chloride). Another
aliquot (i0 ml) of this solution was also mixed with i ml of internal standard
(a mixture of denterium-labelled organic compunds in methylene chloride).
Both these solutions were analyzed by GC/MS/HeAD for the quantitative analyses
of the distillate fraction. The most striking aspect of the distillate is a
complete absence of sulfur-containing organic compounds, as determined by very
sulfur-sensitive helium afterglow discharge atomic emission detection.
Removal of nitrogen and oxygen will also be investigated.
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Tabl e 4

Elemental Analysis of coal and liquefaction products

Proximate._%r_lysis(maf_____ Ultimate Anal_is (maf).......
Moist. Vol. Fixed Ash H C N S 0 Ash

Saam_p_le Mat. C .............

Wyodak 48,1.8 51.81 5,20 70,9 0,92 0,60 22,3
Coal 11.,5 39,1 42,0 7,41 5.50 57.5 0,75 0.49 28,3 7,41"

LSW 6,94 82,9 1,07 0,71 8,34

* As determined values
LSW is THF-soluble fraction obtained from low severity Wyodak by removing most
of the tetralin solvent

Table 5

Liquefaction Reaction of Wyodak Coal

Reactants _ React. Cond. Products (g)
Sample Cat. Solv. Hydro. Temp Time THFI THFS Dist. Conv
__ __(_p__s_i_I_C_C_ _ ZHexl /HexS __(__I

LSWa 0.75 1.26c 8.20d 86.0

(10.21)
RPS

LSWb 0.22 0.84 2.40 89.5
(3.1584)
RPS

LSW 0.08 1.60 0.35
THFS
(2.0)

LSW SZC 1000 400 3 0.62 0.54e 0.37

(t.o)

a : Scheme i (Solvent partioning)
b = Scheme 2 (Vacuum distillation)
c = Hexane insolubles
d = Hexane soluble
e = Includes 0.5046 g of SZC catalyst
RPS = Raw product slurry
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Scheme i

l RPS [

i. Dissolved in THF, stirred
for one hour and filtered.

2. Residue washed with THF

until free of yellow color.

FiItrate

Residue Evaporate THF
Dried in Vac. at 110°C/24 hr

THF-S

I. Added 400 ml hexane, stirred for
i hr and filtered.

2. Residue washed with hexane until
free of yellow color.

_ FiltrateResidue Evaporated hexane

Dried in Vac. at II0°C/24 hr I

_ane-I [ ] Hexane-S [

Scheme 2

Heated at @ 3°C/min/ 2 torr to
250°C, temp. maintained at 250°C
until distillation was over.

/ ..... i
l_e_I 1O_s__

1. Dissolved in THF, stirred for
1 hr and filtered.

2. Residue washed with THF until
free of yellow color.

T FiItrate
Residue 1. Evaporate THF
Dried in vac. at 110°C/24 hr. 2. Residue dried in vaco at

T_!':rT ___s_110°C'24 hr.
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GA.SIF][CATIONASH AND SI.AGCHARACTERIZATION

PROJECT SUMMARY

The formation, behavior, and fate of the inorganic constituents in coal
gasification systems are critical to the successful design and operation of a
gasifier. The behavior of the ash has to be considered in order to decide
whether a given coal is suitable for utilization in a given gasification
system. The overall objective of the Gasification Ash and Slag Characteriza-
tion Project is to obtain laboratory- and bench-scale data on the formation,
flow, and sticking behavior of coal ash and slag under gasification condi-
tions. With this data, the project aims to develop the techniques and methods
required to establish the behavior of inorganic constituents of a given coal
ash under gasification conditions. In order to accomplish these goals, the
project has undertaken detailed experimental and modeling studies. An
important aspect of these studies has been the application of the results and
models developed to the behavior of ash in pilot-scale and full-scale coal
gasification systems. This step has helped to both verify and develop the
models as well as to indicate further areas of needed research.

The eventual outcome of the Gasification Ash and Slag Project will be a
unified picture of the behavior of inorganic species within a gasifier. The
unified picture will include a set of theoretical and empirical models with
which the behavior of an ash can be adequately predicted. These models will
be invaluable to the designers and gasifier operators in assessing coal feed
material for utilization in gasification systems.

1.0 BACKGROUND STATEMENT/OBJECTIVES

The coal gasification industry presently relies on qualitative empirical
methods developed for combustion systems to predict the suitability of a coal
and critical operating parameters with respect to ash behavior for a given
gasification system. The methods developed for combustion tend to be
inaccurate and sometimes produce erroneous predictions of ash behavior for
gasification systems. The gasification industry requires better methods to
determine the behavior of ash in a gasifier. New methods must be more
accurate and rigorous than the methods used at present, in addition to being
easily utilized by both operators and designers of gasification systems.

The behavior of ash in coal gasification systems is not well under-
stood. Un}ike coal combustion systems, where well-defined analytical tests
can be used to evaluate a given coal ash in terms of the effect of the ash on
combustor performance, there are no similar techniques specific to coal
gasification. Indeed, while it is acknowledged that there are significant
differences between the environment in a gasifier and that in a coal
combustor, gasifier operators and designers still use predictive techniques of
ash behavior developed for combustors. While the major ash-related problem in
a combustor is the formation of fireside deposits on heat transfer surfaces,
the operation of a gasifier is directly related to the formation and behavior
of the ash. This is because the gasifier, be it a dry or a slagging type,

r_l_ " I IIi I,_



requires the removal of ash material in order to maintain production. There-
fore, it is essential to establish which characteristics of coal ash formed in
a gasifier affect the actual operation and gas production.

The approach used in this study has been to follow the inorganic
constituents of the coal from the original feedstock through the various
chemical and physical processes that occur in gasification. The processes
selected for study include mineral transformations and ash formation under
both air and reducing atmospheres, in addition to char formation, mineral
transformations, and loss of inorganics during pressure pyrolysis. Associated
with these experiments have been the determination of physical properties
including viscosity, surface tension, and sintering behavior of molten slags
formed from the coal ashes. Table i lists the various tasks of the project.
The modeling efforts associated with this project have been quite extensive in
the areas of viscosity, surface tension, sintering, and prediction of ash
phases and constituents using thermochemical equilibrium techniques at high
temperatures and atmospheric pressure.

The project is divided into Four tasks.

TABLE i

GASIFICATION ASH AND SLAG PROJECTTASKS

Tasks Ob_jecti ves

A. Mineral Transformations To determine the mineral
transformations that occur
between coal minerals under
control led temperature and
atmosphere.

B. Pressure Pyrolysis To determine and model the
change in chemistry/
mineralogy of inorganic coal
constituents under various
pressure and temperature
conditions.

z

C. Physical Properties To determine and model the
surface tension and viscosity
of liquid phases present in
coal ash systems.

D. Sintering Phenomena To determine and model the
causes and characteristics
of sintering behavior.
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1.1 Task A-- Mineral Transformations

Coal is a relatively dirty fuel compared to oil. lt contains a complex
mixture of inorganic mineral matter as well as (particularly for western
coals) organically associated inorganic elements. The mode of occurrence,
specific chemical and crystalline structure, and the spatial distribution of
these minerals can all have an effect on the ash species produced as the
residue of coal gasification. Usually the chemical composition of the ash
produced from a sample of the feed coal under oxidizing conditions is the only
analytical data used to characterize this ash. However, the bulk chemical
composition does not provide sufficient insight into the behavior of the coal
ash within the gasifier.

Experimental studies of the mineral transformations of a suite of coal
ashes and various model mixtures have been completed (1). The results have
shown that mineral tr,_nsformationsand changes "inchemical composition are
quite complex. Detailed correlation and analysis of the data are required in
order to determine the mechanisms responsible for mineral transformations
during coal gasification. In particular, the various coal characteristics, as
well as gasification conditions, will be expected to have direct effects on
the mechanisms of mineral transf._mation.

I.1.1 Task A -- Objectives

The first task involved the characterization and identification of
mechanisms responsible for the complex mineral transformations that coal
minerals exhibit in gasification systems. This involved the generation of ash
and slag samples in bench-scale units simulating gasification environments
using both high- and low-rank coals. In addition, model mixtures of minerals
common to coal, acetic acid salts of varioJs alkali and alkaline earth
elements, and iron oxalate were studied under simulated gasification atmos-
pheres in the laboratory. The use of model mineral mixtures gave baseline
data on mineral transformations under well-controlled conditions. The inclu-

sion of mineral mixtures with addition of acetic acid salts permitted study of
the effects of organically bound metals on mineral transformations, lt must
be remembered that for western coals, some elements are present within the
organic matrix of the coal. The effect of the behavior of these elements,
usually Na, Mg, and Ca, on the mineral transformations must be understood in
order to be able to properly predict the formation and behavior of ash in a
gasifier and how the ash may affect gasifier performance. Model mineral
mixtures with additions of potassium acetate were also studied. This is
important, as potassium has been identified as an element that has catalytic
activity during coal gasification. Therefore, the effect of potassium on
mineral transformation and its characteristics within the product may have a
bearing on the behavior of the element as a gasification catalyst. The
mineral transformation data was reported in the 1988 Gasification Ash and Slag
Characterization Final Report (i).

1.2 Task B -- Volatilization Studies

A major aspect of the operation of a coal gasification system is predic-
ting the chemical composition of the ash formed in the gasifier, Normal
laboratory ashing techniques do not necessarily produce ash that is comparable
to that formed in a gasifier. A particular concern is the loss of species



from the ash matrix due to volatilization. This will have a direct effect on
the bulk chemical composition of the ash and may have an effect on the
catalytic activity of certain elements during gasification. Of course, the
loss of species due to volatilization will depend on the distribution and
origin of the species as well as gasification conditions_ Therefore, it is
important to understand chemical as well as mineralogical transformations that
occur within coal during gasification. In order to establish the degree of
volatilization, detailed laboratory experiments have to be performed under
high-pressure and high-temperature conditions. The complex nature of vola-
tilization requires detailed modeling studies. This modeling is best
accomplished using thermochemical techniques. We are developing a program
called PHOEBEto replace SOLGASMIX, and a data base for volatilizatien studies
of coal ash. Detailed evaluation of the program and how it relates to
gasification systems is a crucial aspect to the development of a model of
inorganic volatilization during gasification.

1.2.1 Tas____kk_B--zObjectives

The second task involves the study of vaporization of inorganic constit-
uents during gasification processes. This included the use of a computer
simulation model of solid-gas-liquid phase equilibria in high-temperature
(1000-2000 K) systems. Relevant experimental data was provided by the
preparation of coal chars in a pressure pyrolysis unit under controlled
conditions. In addition, the chemical composition data from samples studied
in the first task will provide data on the loss of inorganics during
preparation of ash and slag samples.

1.3 Task C -- Physical Properties

Ash in gasification systems is removed either as a granular or powdered
material or as molten slag. For a given gasifier operation, it is necessary
for the ash to be in the correct form in order to remove the material during
normal operation. That is, for dry-bottom gasifiers, the ash has to remain
granular or in powder form, and for wet-bottom or slagginf gasifiers the ash
has to form a molten slag of sufficiently low viscosity that the material will
flow at the slag exit temperature. The extent to which ash melts and agglom-
erates to form granular or molten slag material is dependent on the chemical
and mineralogical nature of the ash, and the various temperatures, residence
time, and atmospheric conditions experienced by the ash. However, insight
into the behavior can be derived from coal ash deposition studies in
combustion systems. These studies have identified a mechanism of sintering by
viscous flow as that responsible for the formation and growth of ash
deposits. This relation has been described by Raask (2) and is given by"

ds = {1]
dt 2rh

where ds/dt represents the rate of increase in strength, k is a constant, r is
the radius of the particles, and y and n are the surface tension and viscosity
of the liquid phase, respectively. Note that the relation is given for a
system at consta,t temperature.



For a given ash system, the viscosity of the liquid phase tends to be the
major parameter for the sintering process. The higher the viscosity, the
lower the rate of sintering, and vice versa. Therefore, the degree of
sintering is dependent on the viscosity and relative amount of the liquid
phase. For slagging systems, the bulk of the ash melt flows through a slag
tap. In this case, the viscosity of the bulk material is a controlling
factor. The bulk viscosity will be dependent on the chemical composition and
the temperature. In some cases, crystallization occurs within the melt. This
has two effects. First, it reduces the amount of liquid phase; and second, it
alters the chemical composition of the melt. Both of these effects can alter
the bulk flow properties. In dry-bottom systems, sintering occurs to a lesser
extent than in the slagging gasifier. Here the ash species may form a liquid
phase with a very different composition than the bulk composition. In this
case, the degree of sintering at a given temperature will be dependent on the
amount of liquid phase formed, the chemical composition, and the viscosily, as
well as the surface tension. The greater the amount of liquid phase formed
and the lower the viscosity of the liquid, the greater the degree of
sintering. In the dry-bottom system, it is important to limit the degree of
sintering to prevent excessive clinkering (formation of large agglomerates).
This can only be achieved by the reduction of the amount of liquid phase
and/or the viscosity of the liquid phase involved in the sintering.
Crystallization can also occur in the ash samples within the dry-bottom
gasifier. This will tend to reduce the amount of liquid phase and alter the
chemical composition, and hence viscosity, of the component liquid phase.

Therefore, the determination and the modeling of the viscous flow
behavior of coal ashes, as well as possible component liquid phases, is
important to the understanding of the behavior of a given ash under
gasification conditions. Various models of coal ash viscosity have been
developed. However, these tend to be rank-dependent and empirically based.
Furthermore, they give relatively limited insight into the viscous flow
behavior of component liquid phases formed under less extreme conditions.
Another factor is that the models have been developed for coal combustion
systems and the models use coal ash as the basis of predicting behavior.
Schobert et al. (3) have compared the measured viscosity under reducing
conditions of a range of molten low-rank coal ashes with the various models
available. They found that the empirical models of Watt and Fereday (4) and
Reid and Cohen (5) did not fit the measured data weil. The explanation was
that the methods were based on bituminous coal ashes and include only the
concentrations of Si02, A1203, Fe20_, CaO, and MgO. The study showed that the
computational method of Urbain gave the best results. The Urbain method has a
number of features that make it very attractive to the study of ash
behavior. First, it includes all components; second, it is based on the
viscosity behavior of silicate melts because it was developed for metallur-
gical slags; third, it uses mole fraction of components; and fourth, it uses
the Frenkel relationship (6) as opposed to the Arrhenius relationship. The
use of all components ensures that the method is not constrained by a
compositional range. The method is also enhanced because the basis of the
technique is the flow properties of silicate melts and not specifically those
of coal ashes. Certainly, the component liquid phases within an ash are
silicate based but may be far removed, in a chemical sense, from coal ashes.
Silicate viscosity models use a structure that defines a component oxide as
network former, network modifier, or amphoteric. In general, the higher the
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level of network former, the greater the degree of polymerization within the
melt and the higher the viscosity at a given temperature. Network modifiers
tend to reduce the degree of polymerization and, hence, reduce viscosity.
Amphoteric components can act both as network former or modifier, depending on
their relative concentrations. In the case of coal ashes, the classification
of the component oxides are:

Network former: Si02, Ti02
Network modifier: CaO, MgO, Na20, K20, FeO
Amphoteric: A1203, Fe203

The role of S03 is not defined in this model.

The use of mole fractions is a direct consequence of the use of this
model. That is, the effect or role of a component oxide will depend on the
relative amount of molecules available and not on relative weight percent.
The use of the Frenkel (6)model:

viscosity = ATexp(E/RT) [2]

has been found to give better results than the Arrhenius relationship:

viscosity = Aexp(E/RT). [3]

Schobert (3) used the Urbain model as the basis f a modified Urbain
viscosity calculation. However, as the focus was on the bulk flow properties
of low-rank coal ash slags from a slagging gasifier, the method developed was
rank dependent and gave very little insight into the flow properties of
component liquid phases.

For the Ash and Slag study, the original Urbain method was used as the
basis of a modeling effort. Unique features of this project were the use of
model mixtures and the preparation of a computer data base of the viscosity of
silicate melts. The melts included glasses from simple oxide systems. The
basis of this study was straightforward. In order to predict the flow
properties of a complex aluminosilicate melt (coal ash), it is necessary to
model the viscosity of simpler systems. That is, the model should be
applicable to both simple oxide melts and complex oxide melts. This has the
added benefit of enabling the determination of the viscosity of residual
liquid phases and component liquid phases as well as bulk properties. If the
crystallization behavior or partitioning of various components is known, then
the effect of these processes on the sintering or bulk flow properties can be
predicted.

The surface tension is the measure of the relative wetting characteris-
tics of a material on a substrate. In gasification systems, surface tension
of the slag or component liquid phase can affect the rate of sintering,
formation of slag, or the attack of refractory components. For slagging
units, a low interfacial surface tension is required to enhance capture and
assimilation within the slag. However, a high surface tension is required
between the slag and the refractory to reduce attack or corrosion of the
refractory. For dry.-bottom systems, a high particle-to-particle surface

I tension reduces the initial adhesion of contacting particles and hence reduces
agglomeration.
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Therefore, the surface tension of ash melts and component liquid phases
can have an important effect on the operation of a gasifier, lt is necessary
to be able to model the surface tension of the slags. In order to do this,
the surface tension of a number of coal ash slags and model mixtures were
measured under reducing conditions. As the substrate in surface tension
experiments can have an effect on the surface tension, it was decided to
measure the surface tension on an inert substrate. In this study, vitreous
carbon was used. The method used to determine the surface tension was the
sessile drop method, which involves the determination of the shape of a slag
bead on a substrate at elevated temperatures.

The viscosity and surface tension of the molten phases in coal ash
systems are very important parameters. Both the viscosity and the surface
tension will be dependent on the chemical composition of the molten phase and
the operating conditions of the gasifier. The actual behavior of the liquid
phase and the bulk flow properties of ash and slag products will be dependent
on the combined effects of these parameters.

Knowledge of the physical properties of the molten phases present in ash
systems can only be related to bulk ash properties by detailed experimenta-
tion. in 111 cases of ash behavior in gasification systems, the adhesion/
cohesion _f ash particles, followed by reaction and consolidation, are
critical processes. Therefore, a detailed study of these processes and how
they are affected by ash composition (chcmical and mineralogical), tempera-
ture, viscosity, and surface tension is warranted. The process of interest
can best be described as sintering. Sintering is a process of consolidation
of a granular material of high surface energy to a bulk mass of low surface
energy. In the case of fixed-bed gasifiers such as the Lurgi type, sintering
of ash, while encouraged, has to be limited so as to ensure that clinkers too
large to pass through the grate are not formed. In the case of entrained
flow, where a slag is formed, the sintering process has to be fast and
complete. This ensures that the slag remains a homogeneous liquid and
performs as predicted in terms of bulk flow behavior.

1.3.1 Task C -- Objectives

The third task evaluates slag viscosity behavior under reducing condi-
tions. The task will involve the study of compositional and rheological
properties of slag produced from both reduced and oxidized coal ashes and the
development of a predictive viscosity model. Of particular importance is the
modeling effort to predict the Newtonian flow temperature regime and the
effect of crystallization within the slag on bulk flow properties. Viscos-
ities will be determined for coal ashes produced under reducing and oxidizing

conditions, model mineral mixtures, and coal ashes with additives. Ali
viscosities are determined under a reducing atmosphere.

Associated with the third task are the determination and subsequent
modeling of surface tension of coal ashes. The surface tension of various
coal ashes and model mixtures were determined under gasification environments
on vitreous carbon substrates. This task also involved determination and
modeling of sintering behavior of ashes under a reducing atmosphere.



2.0 EXPERIMENTAL

2.1 Task A -- Mineral Transformations

The chemical compositions and mineral phase compositions of the ashes and
slags produced have been reported previously. This task involved using data
base computer programs to correlate changes in composition and mineralogy due
to the various reaction conditions. The data was compiled in a Lotus
spreadsheet. From this data base, facilities of Lotus, as well as SAS and
Reflex, were used to determine correlations. SAS is an advanced statistical
package used to perform a wide variety of statistical procedures. Reflex is a
p.c.-based data base computer program with a wide range of graphing as well as
sorting and statistical correlation capabilities.

The coal ashes will be prepared by heating the coal samples at 500°C in
air for about 48 hours or until no weight change is noted. The ashes will
then be treated under a reducing atmosphere at IO00°C for 8 hours. This last
procedure is to ensure that the mineral phase assemblage in the sample prior
to sintering is that which would be expected in a gasifier. The mineral phase
assemblage of the ashes and pellets will be determined using X-ray diffraction
and SEMPC. The sintered pellets will be produced by heating the ash at ii00 °,
1200 ° , and 7300°C for 2, 8, and 16 hours under reducing conditions.

2.2 Task B -- Volatilization Studies

Pressure pyrolysis of coals was used to obtain data on the degree of
volatilization of various components under simulated gasification condi-
tions. A schematic of the pressure pyrolysis unit is given in Figure I. The
unit is used to prepare chars from coals at a variety of temperatures and
pressures. The coals to be studied and the various conditions used to prepare
chars are given in Table 2. Samples of -60 mesh coal are placed in crucibles
and placed in the reactor. The temperature and pressure are adjusted to run
conditions and are held constant for 2 Flours. Samples of the coal and the
low-temperature ashes of the chars are submitted for detailed computer-
controlled scanning electron microscope analysis with a technique called
SEMPC. The technique gives both amount and composition of the mineral phases
as well as a composition of the ash based on the composite compositions of the
mineral phases.

The data, i.e., the change in chemical composition and mineral transfor-
mation, will be integrated using modeling techniques based on thermochemical
principles. These models, such as SOLGASMIX (7) and PACKAGE (8), were
developed to determine or predict phases in hostile environments. For
example, SOLGASMIX has been applied to the analysis of the behavior of
potassium within the plasma of MHD systems for temperatures of over 2000 K.
PACKAGEwas developed at Aerodyne for use with the NASA CEC code for the study
of rocket flames and emissions. With respect to coal utilization systems,
SOLGASMIX and its derivatives appear to have been used more often by
researchers than PACKAGE. A version of SOLGASMIXhas been part of the PCGC-2
modeling effort at Brigham Young University, and researchers at Argonne, MIT,
PSI, and NBS use thermochemical models based on SOLGASMIX. PACKAGEis used by
researchers at Morgantown Energy Technology Center (METC) and at Aerodyne
Research Corporation. Recently, Southern Research Institute has developed a

" code based on thermochemical techniques to model volatilization of trace
elements during coal gasification.
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Figure i. Schematic diagram of the pressure pyrolysis unit.

fABLE 2

"TESTMATRIX" PRESSUREPYROLYSIS
Run Time ==2 hours; Atmosphere = 10% H_.-90% N2

Char I Char 2 Char 3 Char 4 Char 5 Char" 6
650<'C 850oc 850oc 850°C 650°C 650°C

Coal Ambient Ambient 2_O00___Es..ii400 psi 200 _ 400 psi

Martin Lake X X X X X X

nd i an Head X X X X X X

Velva X X X X - -

14yodak X X X X X X

Pittsburgh #8 X X X X X X

Illinois #6 X X X X - -
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Both programs were made available to UNDEMRC. A mainframe version of
SOLGASMIX was supplied by Dr. Bonnel of NBS. PACKAGE was supplied by
Dr. Nagarajan, formerly of the University of West Virginia. Due to previous
experience with SOLGASMIX, it was decided to initially use SOLGASMIX for
thermochemical predictions and modeling of phase equilibria in gasification
systems.

2.3 Task C -- Physical Properties

2.3.1 Viscosity

The viscosity of coal ashes and model mineral mixtures was determined
using a rotating bob viscometer. A schematic of the viscometer apparatus is
given in Figure 2. The gas flow through the viscometer was controlled to
produce an atmosphere of 8% hydrogen and 92% nitrogen. Viscosities in the
range of i to 3000 poise (0.i to 300 Pa.s) could be measured. Both oxidized
and reduced HTA (High Temperature Ash) from Task A were used as the starting
material for the viscosity studies of coal ashes. Reduced HTA was used for
the mineral mixtures. In some cases, slag was prepared from the HTA (oxidized
and reduced) of the coals in a separate furnace. This was done to prevent
excessive frothing of the sample in the viscometer. After determination of
the viscosity/temperature relationship of the sample during the cooling cycle,
the furnace was cooled and the sample removed. The samples were then
subjected to X-ray fluorescence, X-ray diffraction, and scanning electron
microscopy analysis. The scanning electron microscopy analysis involved the
use of a technique developed at UNDEMRCcalled scanning electron microscopy
point count (SEMPC). This technique is used to determine the relative
concentration of the phases in a sample and their chemical composition. For
the viscometer samples, the analysis was focused on verifying that the sample
was homogeneous. Work also focused on the composition and relative amount of
the crystalline phases. An advantage of the SEMPC technique is that it is
able to determine the chemical composition, using microprobe data, of both
amorphous and crystalline phases in a sample. Details of the technique can be
found elsewhere. The results of these analyses are required to:

I. Model the crystallization behavior of slags, and
2. Relate the crystallization behavior to bulk flow properties.

The viscosity data from this task is part of an extensive data base of
viscosity/temperature data. This data base will be used to develop a model to
predict flow properties both in the Newtonian and non-Newtonian regimes.
Unlike other attempts to model ash viscosity, for example Watt and Fereday
(4), and Sage and Mcllroy (9), the data base includes, in addition to results
from this task, viscosity data from all ranks of coal, simple oxide glasses,
and geological samples. As discussed in a previous report (I0), the model to
be used will be that of Urbain (11), which has a number of advantages over
other models. These advantages include the incorporation of all components
and a theoretical model of the structure of silicate melts. The model will
not be restricted to a specific range of ash compositions, as is the case with
most; empirical models of viscosity of component liquid phases of coal ash.
The study involves the compilation of viscosity, chemical composition, and
temperature data and associated analyses including statistical correlations.
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Figure 2. Schematic of high-temperature rotating bob viscometer.

A key aspect is the prediction of the crystallization behavior of coal
ash melts. This is important, as the crystallization directly affects the

' composition of the component liquid phases. Indeed, the relative amount of
crystalline phases can have a direct influence on the sintering or even bulk
flow properties of slags. While most models of viscosity cover the Newtonian
range, there is a need to understand the bulk flow properties of slags after
the onset of crystallization. This requires the modeling of the crystalliza-
tion behavior of slags. Studies by Kalmanovitch and Williamson (12) have
shown the applicability of equilibrium phase diagrams to crystallization in
coal ash systems. These diagrams will be used in conjunction with a thermo-
chemical equilibrium program, PHOEBE, and crystallization data from the
viscosity tests in the development of a model of crystallization behavior of
slags. This model, combined with the model to predict Newtonian flow behavior
of slags, will be used to develop an overall model of bulk flow properties of
slags. The final model will also have direct applicability to the under-
standing of ash sintering behavior in dry-bottom gasifiers.

In order to model the crystallization behavior, detailed information on
" the phases present must be obtained. This requires the use of SEMPC to deter-i

mine both the relative amount of phases and the composition of the phases
present in the slag samples.

=
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2.3.2 Surface Tension

The surface tension of a liquid or melt is the measure of the degree of
"wetting" exhibited by the phase on an adjacent (usually solid) surface. A
high surface tension results in a non-wetting liquid material. In this case:
the liquid will form a spherical bead on the surface of the substrate. A low-
surface tension results in wetting of the substrate with the liquid covering a
large area of the substrate. The surface tension is important to the study of
ash behavior in gasification systems, lt affects the interaction of molten
slag with gasifier s,','faces, as well as the fundamental sintering ,?rocess. In
the latter, the surface tension of the liquid phase on the surface of an ash
particle affects the initial adhesion of particles. After adhesion, the
surface tension forces pull the liquid phase to the neck region, enhancing the
sintering process. In the first case, the low surface tension enhances
adhesion between contacting particles. However, sintering is enhanced by high
surface tension.

The technique used in the study for the determination of surface tension
was the sessile drop technique. This involves the melting of a previously
prepared slag (completely molten sample) that was cooled, then ground and
pressed into a pellet of known dimensions. The pellet is mounted on a
vitreous carbcn inert substrate and heated in a horizontal furnace under
controlled atmospheric conditions. The change in shape as the pellet melts
and tries to form a symmetrical bead on the carbon is recorded using a
camera. The photograph of the symmetrical bead is then analyzed to determine
the dimensions of the bead. From these dimensions, the surface tension can be
calculated. The temperature at which the sample formed the bead is also
recorded. A schematic of the apparatus used and the bead dimensions measured
are shown in Figures 3 and 4, respectively. In this study, the surface
tension is determined under a reducing atmosphere simulating gasifier condi-
tions. The surface tension will be measured for all the coal ashes and model
mineral mixtures in Task A (Mineral Transformations). Analysis of the samples
will include X-ray diffraction and scanning electron microscopy with electron
microprobe. Specific interest will be focused on the crystallization effects
and the composition of the surface liquid phase.

2.3.3 Sinterinq Behavior

Sintering is the process of consolidation of a solid substance of high
surface area (for example, a powder) to a solid mass. In this process the
density of a given mass of sample will decrease compared to the initial
sample. The sintering process is very important, as it is responsible, at
least in part, for the formation of agglomerates, clinkers, and slags irl coal
gasification systems.

The sintering process requires mass transfer to occur. In the case of
ash systems, the predominant mass transfer process is via viscous flow of
liquid phase between adjacent particles. The relation of viscosity and
surface tension to the sintering process has been discussed above. However,
it is necessary to establish the rate at which the sintering occurs and the
effect of viscosity and surface tension on the rate of sintering.
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Figure 3. UNOEMRCsurface tension apparatus.

Figure 4. Schematic of surface tension bead.
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In the sintering experiments, ash from a series of coals will be produced
under reducing conditions (C0/C02) and sintered at various temperatures
(1000°, 1100°, 1200°, and 1300°C) for various times. The density of the
sintered masses will be determined using a pycnometer. Furthermore, the
samples will be analyzed using X-ray diffraction, scanning electron
microscopy, electron microprobe, and SEMPC. The detailed analysis will
establish the various phases present and their relation to the sintering
process. In particular, the SEMPC analysis will be used to establish the
chemical composition of the component liquid phases responsible for sintering.
The chemical composition will be used to predict the viscosity and surface
tension of the component liquid phases.

The objectives for this year were to:

1. Complete analysis of chars from a suite of coals prepared using the
pressure pyrolysis unit.

2. Continue development of a computer code (PHOEBE) and associated
database for determining high-temperature complex phase equilibria.

3. Compile a surface tension data base for a wide range of alumino
silicate slags.

4. Develop techniques to determine sintering behavior of coal ashes.

3.0 CHARACTERIZATION OF ASHES AND AGGLOMERATES FROM PILOT-SCALE
GASIFICATION SYSTEMS

A major aspect of this project is to relate the results of the
laboratory-scale studies and the modeling efforts to ash-related phenomena in
pilot-scale and, in some cases, full-scale coal gasification systems. In
conjunction with this project, a program to develop fluidized bed gasification
for hydrogen production was undertaken at EMRC. The coals projected for use
in the pilot-scale program were part of this project's test series. These
coals were Martin Lake, Wyodak, Indian Head, and Velva. The pilot-scale
program included the use of various bed and catalytic additives. Bed
materials included limestone, sand (quartz), and trona (a sodium
carbonate/bicarbonate mineral). The catalytic material used was trona.

During gasification tests with these coals and bed materials, agglomera-
tion was observed. The agglomerates and associated bed material were sampled
and analyzed. The focus of the analysis was to determine if the bed material/
coal ash/catalytic material combination used was incompatible for fluidized
bed gasification under the cenditions used. The analysis techniques used
included X-ray diffraction and SEMPCanalysis. X-ray diffraction was used to
determine the crystalline phase assemblage of both the non-agglomerated bed
material and the associated agglomerates. Comparison of the phase assemblage
indicates which phase transformations the fluidized bed components underwent
during gasification and processes that occurred prior to and during the
agglomeration process. Further detail of these processes is given by the
SEMPC analysis. The technique quantifies the amount of the various phases
present as well as indicating the distribution of chemical components. This
data can be used to investigate the fundamental processes that cause
agglomeration in fluidized bed gasifiers under a variety of conditions.
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Various agglomerates and ashes from the hydrogen production gasifier at
EMRC were collected and analyzed. Table 3 lists the results of the analysis
of five samples taken from the various runs. The analyses included SEMPCand
X-ray diffraction analysis. [he SEMPC analysis includes the relative
proportion of phases and the chemical composition of the region analyzed.

Sample i had a high level of unclassified points (70%). The other phases
present included akermanite (Ca2MgSi20_ - a melilite phase), albite
(NaAISi_O_), wollastonite (calcium silicate), illite (potassium-rich
alumino_ilicate), iron oxide, kaolinite-derived m_terial, periclase (MgO),
montmorillonite (a calcium-rich aluminosilicate), nepheline (NaAISiO,), and
quartz. The chemical analysis shows the sample to be rich in Si02, A1203,
Fe_O3, CaO, MgO, and Na20. More detailed study of the unclassified points
showed that there was significant reaction between the silica sand particles
and the sodium derived from the trona. The presence of phases such as
akermanite, nepheline, and albite are consistent with low-temperature eutectic
formation. The corresponding eutectic for the formation of albite is about
732°C (based on the Na20-AI203-Si02 equilibrium phase diagram). This is below
the nominal operating temperature of the gasifier and, hence, significant
amounts of a sodium-rich liquid phase of low viscosity would be formed, which
would cause the formation of troublesome agglomerates.

Sample 2 contained significant levels of albite, montmorillonite, and
quartz. Only 39.7% of the points were unclassified. Examination of the
montmorillonite-classified points showed that the material was also sodium-
rich. As no X-ray diffraction pattern could be obtained for this phase, it
was assumed to be amorphous. The chemical composition of the sample indicated
that it was Si02-rich. The presence of albite in the sample suggests the
formation of a low-temperature eutectic below the operating temperature of the
gasifier, which caused the observed agglomeration.

Sample 3 contained some akermanite, albite, hercynite (FeAl204), iron
oxide, montmorillonite, and quartz. The amount of unclassified points was
quite high at 78.1%. The montmorillonite, on closer examination, was observed
to be sodium-rich. Once again there was no crystalline phase observed in the
sample by X-ray diffraction that corresponded to the chemical composition of
the montmorillonite. Hence, it can be classified as an amorphous phase. The
chemical composition of the sample showed that it was SiO_-rich and relatively
Fe203-rich compared to Samples 1 and 2.

Sample 4 contained a very high level of unclassified points (91.9%). The
only other phases observed were akermanite, albite, iron oxide, kaolinite-
derived, montmorillonite, and quartz. The phase assemblage is very similar to

: that observed for Sample 3 and suggests that, with the exception of montmoril-
lonite (amorphous phase), the samples were the same. This is confirmed by
comparison of the chemical composition of the two samples. The chemical
compositions were very similar except for the low Na_O content of Sample 4.

Sample 5 had a different phase assemblage than the other four samples.
The sample was very rich in quartz, with dicalcium silicate, wollastonite,
i_<,_ oxide, kaolinite-derived, and spurrite (sodium calcium silicate carbon-
ate_. The chemical composition of the sample showed that it was very high in
Si02. Excluding Si02, the major components are Fe203, CaO, and Na20. There
was very I ttle A1203 present. The analysis suggests that the glue material
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TABLE 3

PHASEANALYSIS OF H2 PRODUCTIONAGGLOMERATES

Sample
Phase a I 2 3 4 5

Akermanite (Ca2MgSi 207) 4.5 0.0 0.4 0.5 0.0

Alumina (AI _03) 0.0 0.0 0o0 0.0 0.0

Albite (NaAISi 308) 7.4 17.2 2.1 0.5 0.0

Anhydrite (CaS04) 0.4 0.0 0o0 0.0 0.0

Anorthite (CaAI 2Si _0_) 0.0 0.0 0.0 0.0 0.0

Ca2Si04 0.0 0.0 0.0 0.0 2.1

Calcite (CaCO3/CaO) 0.0 0.0 0.0 0.0 0.0

Wol lastonite (CaSi03) 4.1 0.0 0.0 0.0 1.2

Hercynite (FEA120,) 0.0 0.0 0.4 0.0 0.0

lllite 0.4 0.0 0.0 0.0 0.0

Iron Oxide 1.6 1.7 3.3 1.4 0.4

Kaol illite-Derived 1.2 0.0 0.0 0.9 1.2

Kaolinite (AI 20_(Si02) 2) 0.0 0.0 0.0 0.0 0.0

Melilite (Ca2AI 2Si02) 0.0 0.0 0.0 0.0 0.0

Periclase (MgO) 0.4 0.0 0.0 0.0 0.0

Montmorillonite 5.3 22.4 14.0 2.7 0.0

Nepheline (NaAISi04) 0.4 0.0 0.0 0.0 0.0

Quartz 2.1 19.0 1.7 1.4 41.7

Spurrite 0.0 0.0 0.0 0.0 0.4

Unclassified 70.0 39.7 78.1 91.9 52.9

Chemical Composition:

Si02 49.6 66_8 53.0 51.1 87.1

AI_03 12.1 13.9 15.5 14.1 Ioi

Fe203 8.3 4.7 11.3 14.2 4.2

Ti02 1.4 0.7 1.4 2.3 0.i

P205 0.0 0.0 0.0 0.0 0.0

CaO 13.1 6.2 8.5 9.5 3.5

MgO 6.0 2.7 5.4 6.1 0oi

Na20 7.7 4.2 4.1 1.6 3.7

K20 1.0 0.8 0.8 1.2 0.2

S03 0.6 0.i 0.I 0.0 0.I

a Quantity of phase reported as weight percent.



responsible for the agglomeration was rich in sodium, calcium and silica. By
removing the quartz-classified points From the SEMPC analysis, a chemical
composition of the matrix can be ascertained. This showed that the matrix was
rich in calcium, sodium, and silica. Reference to the appropriate phase
diagram shows that the matrix material has a very 'loweutectic. The presence
of spurrite is also interesting. This phase is associated with troublesome
clinker formation in cement kilns (based on calcium silicate formation). The
phase has also been observed in agglomerates formed at the Great Plains
Gasification Project during a recent test with limestone addition.

4.0 PROJECT STATUS/RESULTS AND ACCOMPLISHMENTS

4.1 Task A -.-Mineral Transformations

lhe results of the mineral transformation of ashes and model mineral

mixtures have been compiled in a Lotus spreadsheet. These data were used to
determine the relationship between original coal mineral contents and chemical
composition with the mineral contents and chemical composition of the ashes
produced under both oxidizing and reducing conditions. The relationship
between ash mineral and chemical composition with the composition of slags
produced under reducing conditions were also investigated. To date, there are
no relationships to report.

4.2 Task B -- Volatilization Studies

The pressure pyrolysis unit was used in the experiments to produce char
under simulated gasification conditions. The chars produced are analyzed by
two detailed analytical techniques: computer-controlled scanning electron
microscopy (CCSEM) and scanning electron microscopy point count (SEMPC).

CCSEM is used to determine the size and mineralogy of grains present in
the chars and the raw coal. This technique is based on a method developed by
Huffman et al. SEMPC is used to quantify the inorganic phases present in the
chars. The SEMPC technique was developed at the Energy and Mineral Research
Center' to study ash behavior in coal utilization systems. The technique
involves the quantitative analysis of about 450 random points over the surface
of a suitably prepared sample. The chemical composition data for each point
is analyzed by a computer program to classify the composition to i of 40
phases. These phases include crystalline and amorphous phases. Full details
of the technique can be found elsewhere (13). The computer program also
averages the chemical composition of all the points analyzed. This data is
used to obtain an average (bulk) composition of the sample in addition to the
composition of each individual point. The advantage of this technique over
X-ray diffraction and X-ray fluorescence is that the composition and quantity
of both the amorphous and crystalline points are determined separately.
Furthermore, for each of the chemical compositions classified as amorphous,
the program determines the base-to-acid ratio and the viscosity at IO00°C
using the model developed by Kalman_vitch and Frank (14). The temperature of
IO00°C was chosen since this is a reasonable temperature at which liquid
phase sintering proceeds. The base-to-acid ratio is calculated for each
amorphous point to obtain a measure of the relative reactivity of each
composition. This ratio is widely used in the ceramic and refractory
industries to predict material performance at high temperature.
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The viscosity and base-to-acid ratio data distributions within each
sample are represented using histograms. In the case of the base-to-acid
ratio, the distribution clearly shows groups of liquid phases with different
reactivity usually seen as a multimodal distribution. The importance of this
data es that the area under each peak and the relative difference in base-to-
acid ratio between the peaks can be related to the amount and relative
reactivity, respectively, of the component liquid phases within the sample.

4.2.1 SEMPC Results

The results obtained from the test series during this reporting period
are listed in Tables 4 through 9. The data include the relative amount of
phases and the overall chemical composition for each of the samples analyzed
by SEMPC. Each table includes data for one of the coals. In the case of the
chars produced in the pressure pyrolysis unit, the SEMPC analysis was
performed on low-temperature ash. SEMPC analysis was also performed on the
raw coal. The data shows that the major mineral phases present are illite (a
potassium-bearing aluminosilicate phase), kaolinite (aluminosilicate), quartz,
and pyrite. The major chemical components are Si02, A1203, Fe203, and SO_.
The chemical compositions are consistent with the chemical compositions of the
ashes formed under an oxidizing atmosphere.

4.2.1.1 Indian Head Coal

In the case of Indian Head coal, three chars were produced and analyzed.
Char i has less illite than Chars 2 and 3. Char 2 had the least number of
kaolinite-derived points. Kaolinite-derived points are those that have an
Si/AI molar ratio corresponding to that of the kaolinite mineral (i.e., a
Si/AI molar ratio of about unity) but contain other components that preclude
the designation of the point as kaolinite. Furthermore, the other components
are not in sufficient quantity, on a stoichiometric basis, to classify the
point as that of a known mineral phase, Therefore, the point is designated as
derived from a kaolinite clay particle. For our purposes, we assume that
these points are amorphous. Char I also had less anhydrite (calcium sulfate)
than Char 3, and Char 2 showed almost none. Other phases present, such as
quartz, iron oxide, and montmorillonite (a calcium/sodium-rich aluminosilicate
clay mineral) were present in similar concentrations in both samples. In
terms of chemical composition, the two chars had very similar levels of all
components on both S03-inclusive and S03-free bases.

4.2.1.2 Martin Lake Coal

Chars i, 2, and 3 have been analyzed for the Martin Lake coal. The SEMPC
analysis shows that the major phase was unclassified (amorphous). Kaolinite-
derived points were the most dominant of the classified points. Anhydrite and
quartz were also present. Only Char 3 showed illite, while only Char i showed
spurrite. The calcium-derived points detected by this technique are predomi-
nantly calcium oxide (the presence of oxygen is assumed in this technique)
with some sulfur present. The points include partially sulfated to fully
sulfated lime particles. The classification of calcium-derived, therefore,
includes anhydrite (calcium sulfate) but excludes calcite. This classifica-
tion is useful, since for fluidized bed systems, limestone is used as a sulfur
sorbent where a measure of the degree of sulfation is required. For Martin
Lake coal, the chemical composition of the char samples is consistent with the
chemical composition of the coal.
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TABLE 4A

WYODAKCHAR AND COAL SAMPLES (SEMPC)

Phase a Coal Char i Char 2 Char 3

Alumina 0.0 0.0 0.0 0.0
Periclase 0.0 0.0 0.0 0.0
Pyroxene 0.0 0.0 0.0 0.0
Calcite 0,0 0.4 0.0 0.4
Montmori I I ohi te 28.6 2.5 O. 7 I. 2
CaSi03 0.0 0.0 0.0 0.0
Mullite 0.0 0.0 0.0 0.0
Illite 0.0 0.0 0.0 0.4
Iron Oxide 0.0 I0.7 8.8 0.0
Kaolinite-derived 9.5 0.8 0.7 9.0
Anhydrite 0.0 0,0 0.0 0.0
Anorthite 0.0 1.6 1.5 0.0
Albite 0.0 0.0 0,0 0.0
Quartz 33.3 3.7 3.7 7.4
Akermanite 0.0 0.0 0.0 0.0
Melilite 0.0 0.4 0.7 1.6
Nepheline 0,0 0.0 0.0 0.0
Apatite 0.0 0.0 0.0 0.0
Pyrrhotite 0.0 0.4 0.0 0.0
Spurrite 0.0 0.0 0.0 0.0
Na2CaSi04 0.0 0.0 0.0 0.0
Cal 2AI 14033 0.0 0.0 0.0 0.0
Ca2Si04 0.0 0.0 0.0 0.0
Pyrite 0.0 0.0 0.0 0.0
Hercynite 0.0 0.0 0o0 0.0
Kaolinite (Pure) 0.0 0.0 0.0 0.0
Calcium-derived 0.0 1.2 0.7 1,6
Merwinite 0.0 0.0 0.0 0.0
Sodium Calcium Sulfate 0.0 0.0 0.0 0.0
Sodium Sulfate 0,0 0.0 0.0 0.0
Dolomite 0.0 0.0 0.0 0.0
Sulfated Dolomite 0.0 0.0 0.0 0.0

z

Unclassified 14.3 80.7 83.8 77.0

Chemical Composition

Si02 73.5 23.5 25.8 24.3
A1203 15.7 13.0 13.7 12.0

: Fe203 1.5 6.0 4.8 5.8
TiO_ 0.8 I./ 1.6 1.8
P_Os 0.8 0.9 1.0 1.3
CaO 1.6 38.4 37.0 38.2
MgO - 0.8 3.4 3.5 3.4
Na_O 0.2 0.i 0.I 0.i
K20 1.2 0.5 0.4 0.5
S03 3.9 12.5 12.2 12.3

a Quantity of phase reported as percent basis.
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TABLE 4B

WYODAKASH & CHAR ANALYSIS (SO_.-FREE)

Oxid. Ash Red. Ash Coal Char 1 Char 2 Char 3

SiO_ 33.1 40.2 76.5 26.9 29.4 27.7
AI 20_ 21.3 18.3 16.3 24.9 15.6 13.7
Fe20_ 4.4 4.2 1.6 6.9 5.5 6.6
Ti02 2.2 2.0 0.8 1.9 1.8 2.0
P20s 1.9 1.3 0.8 1.0 i.I 1.5
CaO 27.1 26.4 1.7 43.9 42.2 43.6
MgO 8.4 6.1 0.8 3.9 4.0 3.9
Na20 I.i 1.0 0.2 0.I 0.i 0.i
K_O 0.3 0.3 1.3 0.6 0.5 0.6

Si/AI 1.32 1.87 3.99 1.08 1.88 2.02

TABLE 4C

WYODAKCHAR XRD ANALYSIS

I 2 3

Quartz (SiO_)l.1 Quartz (Si02)M Quartz (SiO_)_

Calcite (CaCO3)t Calcite (CaCO3)m Anhydrite (CaSO,)t

Albite (NaAISi_Os)t Calcite (CaCO3)t

Unknown t

M = Major
m = Minor
t = Trace
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TABLE 5A

VELVA CHARAND COAL SAMPLES(SEMPC)

I ..... "

Phasea Coal Char z Char 2 Char 3 Char 4
Alumina 0.0 0.0 0.0 0.4 0.0
Periclase 0.0 0.5 0.4 0.9 0.0
Hauyne 0.0 0.0 0.0 0.0 0.0
Pyroxene 0.0 0.0 0.0 0.0 0.0
Calcite 5.3 17.2 0.9 2.2 1.3
Montmorillonite 0.0 1.5 0.0 0.0 i0.0
CaSiO 3 0.0 0.0 0.0 0.0 0.0
Mullite 0.0 0.0 0.0 0.0 0.0
lllite 0.0 0.5 0.0 0.0 12.2
Iron Oxide 0.0 0.5 0.0 0.4 0.0
Kaol inite-derived 0.0 3.9 11.5 7.0 3.0
Anhydrite 0.0 1.5 0.0 0.0 3.0
Analcime 0.0 0.0 0.0 0.0 0.0
Anorthite 0.0 1.5 0.0 0.0 0.0
Albite 0.0 0.0 0.0 1.7 0.0
Quartz 42.1 2.5 0.9 0.0 3.5
Akermanite 0.0 0.0 0.0 0.0 0.0
Mel ilite 0.0 0.0 0.0 0.0 0.0
Nepheline 0.0 0.0 0.0 0.0 0.0
Apatite 0.0 0.0 0.0 0.0 0.0
Pyrrhotite 0.0 0.0 0.0 0.0 4.3
Spurrite 0.0 0.0 0.0 0.0 0.0
Na2CaSiO, 0.0 0.0 0.0 0.0 0.0
Cal 2AI 1,033 0.0 0.0 0.0 0.0 0.0
Ca2Si06 0.0 0.0 0.0 0.0 0.0
Pyrite 42.1 0.0 0.0 0.0 1.3
Hercynite 0.0 0.0 0.0 0.0 0.0
Kaolinite (Pure) 0.0 0.0 0.0 0.0 0.0
Calcium-derived 0.0 2.5 0.9 1.3 1.3
Merwinite 0.0 0.0 0.0 0.0 0.0
Sodium Calcium Sulfate 0.0 0.0 0.0 0.0 0.0
Dolomite 0.0 0.0 0.0 0.0 0.0
Sulfated Dolomite 0.0 0.0 0.0 0.0 0.0
Unclassified 10.5 71.5 85.9 87.0 63.5

Chemical Composition

Si02 36.0 15.9 14.6 16.3 31.3
AI 20z_ 0.9 8.7 8.5 8.4 13.3
Fe203 18.6 8.9 8.4 8.6 21.4
Ti02 0. i 0.4 0.5 0.5 i.I
P205 0.I 0.4 0.2 0.7 0.2
CaO 2.8 49.3 52.0 49.0 4.0
MgO 0.2 5.1 5.32 5.5 0.0
Na20 0.2 0.I 0.i 0.2 0.0
K20 0.i 0.7 0.6 0.8 1.7
SO3 40.9 10.3 9.6 10.8 26.7

a Phase quantity reported as weight percent.



TABLE 5B

VELVA ASH & CHARANALYSIS (S03-Free)

Oxid. Ash Red. Ash Coal Char I Char 2 Char 3 Char 4

Si02 25.6 32.3 60.9 17.7 16.2 18.1 42.6

A1203 12.8 13.3 1.5 9.7 9.4 9.3 18.1

Fe203 7.8 7.5 31.5 9.9 9.3 9.6 29.1

Ti02 1.0 1.5 0.2 0.4 0.6 0.6 1.5

P20s 0.6 0.0 0.2 0.4 0.2 0.8 0.3

CaO 40.1 35.4 4.7 55.0 57.5 54.4 5.4

MgO 9.9 8.3 0.3 5.7 5.9 6.1 0,0

Na20 1.9 i.i 0.3 0.i 0.i 0.2 0.0

K20 0.3 0,6 0.2 0.8 0.7 0.9 2.3

Si/AI 1.70 2.06 40.6 1.55 1.46 1.65 2.00

TABLE 5C

VELVA CHARXRD ANALYSIS

i 2 3

Quartz (Si02)M Quartz (Si02)M Quartz (Si02)M

Calcite (CaC03)m Calcite (CaC03)M Calcite (CaC03)M

Gehlenite (Ca2Al2SiOT)t

Unknown t

M = Major
m = Minor
t = Trace
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TABLE 6A

INDIAN HEAD CHAR AND COAL SAMPLES (SEMPC)

Phase a Coal b Char i Ch___aar___22 Char 3

Alumina 0.0 0.0 0.0 0.0
Periclase 0.0 0.0 0.0 0.0
Pyroxene 0.0 0.0 0.0 0.0
Calcite 0.5 0.0 0.0 0.0
Montmori I lonite 2.0 1.7 0.4 1.9
CaSi03 0.0 0.0 0.0 0.0
Mullite 0.0 0.0 0.0 0.0
II 1lte 2.0 1.7 2.1 3.8
Iron Oxlde 0.5 1.2 1.2 1.0
Kaolinite-derived 0.5 18.6 ii.i 23.8
Anhydrite 8.4 3.3 0.4 5.7
Analcime 0.0 0.0 0.0 0.0
Albite 0.0 0.0 0.0 0.0
Quartz 4.9 2.5 1.2 2.9
Akermanite 0.0 0.0 0.0 0.0
Melilite 0.0 0.0 0.0 0.0
Nepheline 0.0 0.0 0.0 0.0
Apatite 0.0 0.0 0.0 0.0
Pyrrhotite 0.0 0.0 0.0 0.0
Spurrite 0.0 0.0 0.0 0.0
Na2CaSiO, 0.0 0.0 0.0 0.0
Cal 2AI I, 0.0 0.0 0.0 0.0
Ca2SiO, 0.5 0.0 0.0 0.0
Pyrite 0.0 0.0 0.0 0.0
l lercynite 0.0 0.0 0.0 0.0
Kaolinite (Pure) 0.0 0.0 0.0 0.0
Calcium-derived 3.0 2.9 1.2 1.9
Merwinite 0.0 0.0 0.0 0.0
Sodium Calcium Sulfate 0.0 0.0 0.0 0.0
Sodium Sulfate 0.0 0.0 0.0 0.0
Dolomite 0.0 0.0 0.0 0.0
Sulfated Dolomite 0.0 0.0 0.0 1.9
Unclassified 80.3 70.7 82.3 62.9

Chemical Composition

SiO_ 29.4 25.4 22.4 27.0
Al :,0_ 13.8 11.7 9.9 13.2
Fe;!O:, 6.4 9.2 12.3 9.3
TiO_ 0.5 0.7 0.6 0,8
P_O_ O.l 0.0 0.0 0.0
CaO LO,4 28.3 32. i 27.7
MgO 6.0 3.6 2.5 4.0
Na20 2.5 0.5 Ool 0.6
K20 2,5 1.2 1.2 1.2
S03 18.2 19.1 18,6 16,3

a Quantity of phase reported on percent basis,
--_.
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TABLE 6B

INDIAN HEAD ASH & CHAR ANALYSIS (S03-FREE)

Oxid. Ash Red. Ash Coal Char i Char 2 Char 3

Si02 3]..9 36°0 35.9 31.1 27.6 32.3

A1203 14.7 15.3 16.9 14.3 12.2 15.8

Fe203 10.5 1.0.7 7.8 11.3 15.1 11.1

TiO_ 1.0 0.9 0.6 0.9 0.7 1.0

P20s 0.5 0.i 0.I 0.0 0.0 0.0

CaO 30.2 23.7 24.9 34.7 39.5 33. i

MgO 7.7 6.8 7.3 4.4 3.1 4.8

Na20 2.7 3.3 3.1 0.6 0.i 0.7

K_O 0.8 1.2 3.1 1.5 1.5 1.4

Si/AI 1.84 2.00 2.09 1.84 1.92 1.73

FABLE 6C

INDIAN HEADCHAR XRD ANALYSIS

1 2a 3 4a

Quartz (SiO_)M Quartz (SiO_)M

Calcite (CaCO3)m Calcite (CaCO_)m

Anhydrite (CaSO,)t Unknown t

a Not available.
M = Major
m = Minor
t = Trace
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TABLE 7A

MARTIN LAKE CHARAND COAL SAMPLES(SEMPC)

Phase a Coal b Char i Char 2 Char 3

Alumina 0.0 0.0 0.0
Periclase 0.0 0,0 0.0
Pyroxene 0,0 0.0 0.0
Calcite 0.0 0.0 0.0
Montmorillonite 0.0 0.0 0,0
CaSi03 0.0 0.0 0.0
Mullite 0.0 0,0 0.0
lllite 0.0 0.0 i.i
Iron Oxide 1.3 1.4 0.0
Kaol i ni te-deri ved 13.3 12.2 18.7
Anhydrite 2.7 1.4 3.3
Analcime 0.0 0.0 0.0
Albite 0.0 2.0 0.0
Quartz 0.0 0.0 0.0
Akerman i te 2.0 2.0 2.2
Melilite 0.0 1.4 0.0
Nepheline 0.0 0.0 0.0
Apatite 0.0 0.0 0.0
Pyrrhotite 0.0 0.0 0.0
Spurrite 1.3 0.0 0.0
Na_CaSi04 0.0 0.0 0.0
Cal 2AI i. 0.0 0.0 0.0
Ca2SiO. 0.0 0.0 0.0
Pyrite 0.0 0.0 0.0
Hercynite 0.0 0.0 0.0
Kaolinite (Pure) 0,0 0,0 0.0
Calcium-derived 0.0 0.0 0.0
Merwinite 2.0 0.0 4.4
Sodium Calcium Sulfate 0.0 0.0 0.0
Sodium Sulfate 0.0 0.0 0.0
Dolomite 0.0 0.0 0.0
Sulfated Dolomite 0.0 0.0 0.0
Unclassified 78,0 82.4 70.3

Chemical Composition

Si02 15.8 19.2 14.0
AI203 i0.0 11.0 i0.0
Fe203 12.5 9.9 7,6
TiO_ 1.2 0.9 0.9
CaO 34.7 33.5 36.3
MgO 3. i 3.9 4.3
Na20 0.0 0.1 0.I
K 2 0.2 0.2 0.2
S03 22.2 ........

a Quantity of phase reported as weight percent,
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TABLE 7B

MARTIN LAKE ASH & CHARANALYSIS (S03-FREE)

Oxid. Ash Red. Ash Coal a Char i Char 2 Char 3

38.7 29.0 20.3 24.3 19.1Si02

15.3 17.7 12.9 13.9 13.6A1203
10.7 6,7 16.1 12.5 10.4Fe203

Ti02 1.0 1.6 1.5 1.2 1.2

0.0 1.0 0.0 0.3 0.0P20s

CaO 24.0 31.5 44.6 42.4 49.5

MgO 6.8 9.2 4.0 4.9 5.9

Na20 2,6 I.I 0.0 0.i 0.1

K20 0.8 0.i 0.3 0.3 0.3

Si/AI 2.15 1.39 1.57 1.75 1.40

TABLE 7C

MARTIN LAKE CHAR XRD ANALYSIS

2a1

Quartz (Si02)M Quartz (Si02)M

Calcite (CaCO3)m Calcite (CaCO3)m

Bassinite (Ca2(SO,)gH20)m Gehlenite (Ca2Al2SiOT)t
Bassinite (Ca2(SO4)2H20)t

M = Major
m = Minor
t = Trace



TABLE 8A

ILLINOIS NO. 6 (OLD BEN) COAL AND CHARSAMPLES (SEMPC)

Phase a Coal I 2 3

Alumina 0.0 0.0 0.0 0.0
Periclase 0.0 0.0 0.0 0.0
Pyroxene O.0 O. 0 O.0 O. 0
Calcite 1.8 1.0 0.0 0.0
Montmorillonite 0.8 ii.5 14.4 9.3
CaSi03 1.8 0.0 0.0 0.0
Mull ite 0.0 0.0 0.0 0.0
lllite 29.8 16.7 18o3 2.2
Iron Oxide 1.8 1.0 3.3 3.1
Kaol inite-derived 7.0 1.0 0.0 0.0
Anhydrite 1.8 16.7 7.2 9.7
Anal cime O.0 0.0 O. 0 O. 0
Anorthite 0.0 0.0 0.0 0.0
Albite 1.8 0.0 0.0 0.0
Quartz 21.1 12.5 7.8 4.8
Akerman ite O.0 O. 0 O. 0 O. 0
Melilite 0.0 0.0 0.0 0.0
Nepheline 0.0 0.0 0.0 0.0
Apatite 0.0 0.0 0.0 0.0
Pyrrhotite 0.0 3.1 3.3 0.9
Spurrite 0.0 0.0 0.0 0.0
Na2CaSi04 0.0 0.0 0.0 0.0
Cal 2Al I_033 0.0 0.0 0.0 0.0
Ca2SiOL, 0.0 0.0 0.0 0.0
Pyrite 7.0 0.0 0.0 0.0
Hercynite 0.0 0.0 0.0 0.0
Kaolinite (Pu_-e) 3.5 0.0 0.0 0.0
Calcium-derived 3.5 5.2 3.9 0.0
Merwinite 0.0 0.0 0.0 0.0
Sodium Calcium Sulfate 0.0 0.0 0.0 0.0
Sodium Sulfate 0.0 0.0 0.0 0.0
Dolomite 0.0 0.0 0.0 0.0
Sulfated Dolomite 0.0 0.0 0.0 0.0
Unclassified 21.1 49.0 46_7 70.9

Chemical Composition

Si02 48.8 49.2 43.3 44.1
AI_03 14.8 15.2 14.3 12.2
Fe203 10.8 11.5 14.9 15.3
TJ02 0.2 0.6 1.4 1.4
P20s 0.3 0.0 0.i 0.5
CaO 2.9 5.4 6.9 5.2
MgO Io0 0.I O. I 0.6
Na20 1.0 0.2 0.i 0.i
K20 2.9 4.0 3.5 5.6
S03 17.3 13.9 15.2 14.7

a Quantity of phase reported as weight percent.



TABLE 8B

ILLINOIS NO. 6 (OLD BEN) ASH& CHARANALYSIS(SO3-Free Basis)

Char Char Char
Oxid. Ash Red. Ash Coal 1 2 3

SiO_. 50.8 53.4 59.0 57.1 51.1 51.7

AI 2032 20.1 20.1 17.9 17.6 16.9 14.3

Fe203 17.3 14.1 13.1 13.3 17.6 17.9

Ti02 1.2 1.2 0.2 0.7 1o6 1.6

P20s 0.3 0.3 0.4 0.0 0.i 0.6

CaO 5.4 5.3 3.5 6.3 8.1 6.1

MgO 1.2 1.5 1.2 0.i 0.I 0.7

Na20 0.6 0.7 1.2 0.2 0.i 0.i

K20 3.1 3.4 3.5 4.6 4.1 6.6

Si/AI 2.26 2.66 3.30 3.24 3.02 3.62

a Not available.
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TABLE 9A

PITTSBURGH #8 CHARAND COAL SAMPLES (SEMPC)

Phasea Coal Char i Char 2 Char 3 Char 4....

Alumina 0.0 0.0 0.0 0.0 0.0
Periclase 0.0 0.0 0,0 0.0 0.0
Pyroxene 0.0 0.0 0.0 0.0 0.0
Calcite 0.8 0.0 0.0 0.4 0.0
Montmorillonite 7.0 20.2 22,7 28.0 26.9
CaSi03 0.0 0,0 0.0 0 0 0.0
Mullite 0.0 0,0 0.0 0,0 0.0
II lite 6.2 24.7 20.1 27,6 25.0
Iron Oxide 0.0 0.4 1.5 1.2 1.4
Kaolinite-derived 0.0 0,8 1.0 0.4 1.9
Anhydrite 8.3 I0.7 9,8 18.5 12.7
Anorthite 0.0 0.0 0.0 0.0 0.0
Albite 0.0 0.0 0.0 0.0 0.0
Quartz 14.9 7.8 7.2 3.7 4.2
Akermanite 0.0 0.0 0.0 0.0 0.0
Melilite 0.0 0.0 0.0 0.0 0.0
Nepheline 0,0 0,0 0.0 0.0 0.0
Apatite 0.4 0.0 0.0 0,0 0.0
Pyrrhotite 0o0 0.8 3.6 2.1 2.4
Spurrite 0.0 0,0 0.0 0,0 0,0
Na_CaSi04 0.0 0.0 0,0 0.0 0.0
Cal 2AI 1,033 0.0 0.0 0.0 0,0 0.0
Ca2SiO, 0.0 0.0 0.0 0,0 0.0
Pyrite 0,0 0.0 0.0 0,0 0.0
Hercynite 0.0 0,0 0.0 0.0 0.0
Kaolinite (Pure) 0.0 0.0 0_0 0.0 0.0
Calcium-derived 0o0 0.8 0.6 0.4 0.9
Merwinite 0.0 0.0 0.0 0,0 0o0
Sodium Calcium Sulfate 0,0 0.0 0.0 0,0 0.0
Sodium Sulfate 0.0 0.0 0.0 0,0 0.0
Dolomite 0.0 0,0 0.0 0.0 0,0
Sulfated Dolomite 0.0 0,0 0.0 0,0 0.0
Unclassified 61.6 44.9 31.4 35,0 40.1

Chemical Composition

SiO_ 50.2 49.8 45,6 45,4 41.3
A1203 12.3 18.7 17,2 18,9 17.1
Fe203 10.2 9.5 11.9 13,6 15.3
TiO_ 1.34 1.2 1.4 Io3 1.4
P20s 0.54 0.I 0.I 0,0 0.I
CaO 6.05 4,3 5,4 4,7 5.4
MgO 0.34 0.0 0.I 0,0 0.0
Na_O 0.05 0.0 0,0 0.0 0.0
K20 5,17 3,3 2.9 3,2 3.2
S03 13.6 13,0 15.3 12,6 16.0

a Quantity of phase reported as weight percent.
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TABLE 9B

PITTSBURGH #8 ASH & CHAR ANALYSIS (S03-FREE BASIS)

Char Char Char Char

Oxid. Ash Red. Ash Coal 1_!__ 2 3 4

51.1 51,3 58.2 58.8 53,8 51,8 49,1SiO_

22.0 20,4 14,3 22,1 20,3 21,9 20,3A1203

17,1 17,7 11,8 11,2 14,1 ].5,5 18,2Fe203

TiO_ 1.1 1.2 1.6 i_4 1.6 1.5 1.7

P20s 0.4 0.3 0,6 0.1 0.I 0.0 0.I

CaO 4.3 5.3 7,0 5,1 6.4 5.4 6.4

MgO 1.5 1,3 0,4 0,0 0.1 0,0 0,0

Na20 0.0 0,0 0. i 0.0 0,0 0,0 0.0

K20 2,5 2.5 6,0 3,9 3,4 3,6 3,8

Si/AI 1.97 2,14 4,07 2,26 2,25 2,01 2.06

a Phases reported as weight percent.

TABLE 9C

PITTSBURGH#8 CHAR XRD ANALYSIS

Quartz (SiO2)M Quartz (SIO2)M Quartz (SiO2)M Quartz (SiO2)

Pyrite (FeS2)t Anhydrlte (CaS04)? Anhydrite (CeSO4)t

Melitite (Ca2AI2Si207)t Gehlenite (Ca2AI2Si07)t Gehlenite (Ca2AI2Si07)t

Pyrrhotite (FeS)t Unknown','.,_ iron Sulfide (FeS)t

Unknown t

M = Major
m = Minor
t = Trace
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4.2.1.3 Velva Coal

Ali of the Velva chars have been analyzed by the SEMPC technique. The
coal contained quartz, pyrite, and calcite as discernible mineral phases. The
amount of unclassified points was relatively small (10.5%). The char,
however, had a very high level of unclassified points. Phases detected in the
char include calcite, iron oxide, kaolinite-derived, quartz, periclase (MgO),
and calcium-derived. With respect of the calcium-derived phases, note that no
anhydrite was observed in this sample. Comparison of the chemical composition
of the coal with the char shows great discrepancy. The chemical composition
of the coal was based on the average analysis of the coal minerals and does
not include the organically bound elements such as Ca and Mg. The char
contains high levels of CaO and MgO compared to the coal. This indicates that
the bulk of these elements were bound in the organic fraction of the coal and
reacted with the other ash elements during pyrolysis of the coal.

4.2.1.4 Wyodak Coal

Both the Wyodak coal and Char 3 have been analyzed by SEMPC. The raw
coal contained montmorillonite clay (mixed-layer, calcium-bearing clay),
kaolinite-derived material (probably impure kaolinite), and quartz. About 14%
of the points were unclassified. Char 3, however, contained some montmoril-
lonite, some illite (potassium-rich aluminosilicate), iron oxide, less quartz,
and more kaolinite-derived points than the raw coal. Of interest is the
presence of anhydrite, pyrrhotite (FeS), and albite (NaAISi308) in the char.
The albite is a product of a high-temperature reaction between alumino-
silicate, quartz, and sodium. Indeed, the presence of albite is indicative of
a melt or glassy phase being present. The char, overall, did not have a very
high level of unclassified points compared to the other chars analyzed. With
respect to the chemical composition of the coal minerals and the char, both
samples had similar A1203_ KP20s, and MgO contents. The coal had higher Si02
than the char; all other components were lower than char. The iron oxide
content of the coal was much lower than the char. In terms of chemical
composition of the coal and char with respect to the oxidized and reduced
ashes, there were marked differences. The laboratory-prepared ashes were low
in SiO_, K20, and Fe203 compared to the char. The ashes also had higher CaO
and MgO contents than the char.

lt would be premature to speculate on the effect of pressure pyrolysis of
the coal on the chemical and mineral composition of the char. However, major
differences have been observed between the laboratory-prepared ashes, the raw
coal and the chars. Further analysis of the data will be made when more data
is available.

4.2.2 CCSEMResults

4.2.2.1 Martin Lake Char CCSEMData

The CCSEM results of the two Martin Lake chars are summarized in
Table 10. The two chars (Char 2 produced at 850°C-ambient pressure and Char 2
produced at 850°C-200 psi) show that pressure has a major effect on the size
and mineralogy of the sample. The results of the CCSEM analysis of
Martin Lake Char 2 and Char 3 show that the higher temperature used in the
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TABLE 10

CCSEMDATA: MARTIN LAKE CHAR

Distribution of Mineral Phases - Percent

Char 2 Char 3

% Quartz 15. i 19.4

% Aluminosilicate 52.4 41.8

% K-Aluminosi I icate 0.7 0.4

% Ca-Aluminosi I icate 3.3 5.5

% Sodium Aluminosilicate 0.7 1.2

% Iron Aluminosilicate 0.7 2.4

% Iron Oxide 0 I

% Ankerite 0 0.4

% Ruti le 0 0

% Calcium Silicate 0.2 i

% Pyrite 5°9 1,6

% Gypsum 5.6 6.7

% Gypsum/Barite 0.i 0

% AIuminosilicate/Gypsum 4.1 5.3

% Unknown 10.7 13.3

Size Distribution (Microns) of Major Minerals in Martin Lake Chars

% In Each Size Bin: <1.2 1.2-2.1 2.1-4.0 4.0-6.0 6.0-11.0 >11.0

Quartz Char 2 0.0 5.3 32.7 7.3 38.0 15.3

Quartz Char 3 0.9 7.4 35.2 27.0 29.6 0.0

Aluminosilicate Char 2 0.2 4.6 25.2 18.5 28.1 23.5

Aluminosilicate Char 3 1.2 10.4 44.3 15.7 22.4 6.0

Ca AI-Silicate Char 2 0.0 17.6 35.3 17.6 29.4 0.0

Ca AI-Silicate Char 3 2.2 19.6 41.3 0.0 37.0 0.0

Fe AI-Silicate Char 3 3.7 7.4 33.3 18.5 37.0 0o0

Na AI-Silicate Char 3 0.0 ii.I 88.9 0.0 0,0 0,0

Pyrite Char 2 0.0 4.9 26.2 18.0 34.4 16.4

Pyrite Char 3 0.0 ii.i 61.1 27,8 0.0 0.0
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preparation of Char 3 caused a major change in size and chemistry of mineral
inclusions. Table i0 compares the mineralogy as a percent of total minerals
observed. "The major differences were observed with the aluminosilicate and
pyrite mineral phases. There was a marked decrease in the percent alumino-
silicate observed for Char 3 and a corresponding increase in amount of Ca-,
Na-, and Fe-aluminosilicate phases. Char 3 also had much less pyrite. There
was also more iron oxide and calcium silicate obser_'ed in Char 3 as compared
to Char' 2.

The CCSEM data also includes the size distribution of the minerals
observed. Table I0 compares the size distribution of quartz aluminosilicate
phases and pyrite for the two char samples. The data shows that the large
grains tend to be absent in Char 3 compared to Char 2. The bulk of the Na-,
Ca-, and Fe- tend to be present in the <6.0 micrometers size range. The
pyrite in Char 2 tended to be much larger than the pyrite in Char 3. There
was no pyrite observed in the size range above 6.0 microns for Char 3, whereas
about 50% of the pyrite was present in the size range above 6.0 microns for
Char 2o

The presence of smaller mineral grains in Char 3 compared to Char 2
observed for Martin Lake is quite significant in terms of gasifier
operation. The data indicates that with the higher temperature smaller ash
particles would be formed. This process may lead to a higher proportion of
ash to be gas-entrained as well as the facilitation of sintering processes.
The rate of sintering is inversely proportional to the radius of the
particles.

Table Ii lists the chemical composition of the chars from Pittsburgh #8
and Velva. The table includes both the bulk chemical analysis and tile average
composition of the amorphous or liquid phases on a sulfate-free basis. The
sulfate-free basis is calculated by subtracting the equivalent amount of Ca,
Mg, K, or Fe that would be bound to S.

The bulk composition oF the Pittsburgh #8 ashes show marked variation
with respect to Si02, A1203, and Fe203. A significant feature is the low K20
observed for Char 4 and the very high Fe203 content in Char 4. The average
composition of the liquid phases for Chars I, 2, and 3 are very similar.
Char 4 has much higher Fe203 and lower K2 than Chars 1-3.

4.2.3 Base-to-Acid Ratio

SEMPCwas rerun with improved mineral criteria on Pittsburgh #8 and Velva
char samples I through 4. The data are quite complex and require some
detailed interpretation. Table 9 lists the phase assemblage observed for
Pittsburgh #8. Apart from a trace amount of anorthite (CaAI2Si208) observed
in Char 1, no crystalline silicate, aluminate, or aluminosilicate phase was
observed in any of the char samples. Quartz was, however, present in all of
the chars. The amount of quartz was about the same for Chars i and 2 (7.8%
and 8.1%, respectively) and about the same for Chars 3 and 4 (3.7% and 3.5%,
respectively). Chars 2 and 3 had somewhat higher iron oxide levels than Chars
I and 2. Char 4 had significantly more calcium oxide than the other chars.
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TABLE ii

CHEMICAL COMPOSITIONOF CHARS(FROM SEMPC)

Chemical Composition_ Wt%

Si02 AI203 Fe203 Ti02 P20s CaO MgO Na20 K20 SO3

Pittsburgh #8 (Bulk)

Coal 48.7 23.0 7.2 2.0 0.0 3.1 0.2 0.7 3.5 11.6
Char I 49.8 18.7 9.5 1.2 0.i 4.3 0.0 0.0 3.3 13.0
Char 2 45.6 17.2 11.9 1.4 0.I 5.4 0.i 0.0 2.9 15.3
Char 3 45.5 18.9 13.6 1.3 0.0 4.7 0.0 0.0 3.2 12.6
Char 4 31.4 , 13.3 21.4 1.2 0.2 4.0 0.0 0.0 1.7 26.8

Pittsb__urgh #8 (Amorphous Phase Sulfate-Free I

Coal 58.2 27.5 6.8 2.2 0.0 0.0 0.2 0.8 4.3 0.0
Char i 58.0 25.1 I0.0 1.6 0.i 0.6 0.0 0. I 4.4 0.i
Char 2 56,4 24.7 10.9 2.1 0.i 1.4 0.i 0.0 4.2 0.0
Char 3 55.3 24.8 12.5 1.7 0.0 1.3 0.0 0.0 4.2 0.1
Char 4 50.8 23.1 20.0 2.1 0.4 0.5 0.I 0.0 3.0 0.0

Vel va__(Bul k)

Coal 36.0 0.9 18.5 0.i 0.I 2.8 0.2 0.2 0.I 40.8
Char i 15.9 8.6 8.8 0.4 0.4 48.8 5.1 0.i 0.7 10.3
Char 2 14.7 8.5 8.4 0.5 0.2 51.8 5.3 0.i 0.6 9.6
Char 3 16.2 8°4 8.5 0.5 0.7 48.6 5.4 0.2 0.8 9.9
Char 4 20 11.9 7.1 2ul 0.4 35.9 2.3 0.3 2.1 17.7

Velv_____a_(Amorphous Phase Sulfate-Free)

Coal Not Applicable
Char i 33.0 14.8 9.0 0.7 0.i 35.7 4.4 0.3 1.9 0.i
Char 2 25.1 1.1.5 9.4 0.7 0.0 46.5 5.8 0.2 0.7 0.I
Cha,- 3 26.8 12.0 9.4 0.4 0.i 44.4 5.5 0.4 0.9 0. i
Char 4 34.6 21.5 8.0 3.1 0.3 26.2 2.7 0.6 2.8 0.1.

Anhydrite (CaSO,) was observed in only Chars 2 and 4; however, the level
of anhydrite was low. There was marked variation in the amount of pyrite
(FeS2) observed in the samples. Char I had only 0.8% pyrite present, and no
pyrite was detected in Char 3. Chars 2 and 4, however, had 4% and 8.7%

: pyrite, respectively. Pyrrhotite (FeS) was observed in Chars i, 3, and 4.
Char 4 had the greatest amount of pyrrhotite from sulfate [Fe2(SO,)3] was
observed in Char 4 only.
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The last group of phases in Table 9 includes all of the phases
unclassified and designated amorphous phases. Indeed, for our analysis, the
unclassified phases are treated as amorphous. The unclassified points are
those that do not have a chemical composition that corresponds to a
crystalline phase common to coal ash systems.

The level of unclassified material was remarkably similar for all four
char samples. Kaolinite was observed in all samples, lllite_ a potassium-
rich aluminosilicate phase was observed in all samples. However, there was
significant variation in the levels of illite, with Char 4 having the least
(2.2%) and Char 3 having the greatest (9.9%).

The SEMPC results for the Velva chars are summarized in Table 5. The
data i_ very different than that observed for Pittsburgh #8 chars. Signi-
ficant _mounts of aluminosilicate phases were observed in all chars. However,
marked differences were observed in the levels of the aluminosilicate and
silicate phases. Char 4 showed the greatest difference with anorthite,
pyroxene [(Ca,Mg,Fe)2Si2061, wollastonite [(Ca,Mg,Fe)Si031, and Na2CaSi04
observed.

Quartz was observed in all four chars. Chars I and 4 had similar levels
(2.5% and 2.9%, respectively), and Chars 2 and 3 also had similar levels
(10.9% and 13%, respectively). Iron oxide was observed in only Chars i and 3
(0.9% and 0.4%). There was marked variation in the amount of calcium oxide
observed in the samples. Char i had a significant level of 11.8%, while Chars
2 and 3 had 3.4% and 4.3%, respectively. No calcium oxide was observed in
Char 4. Ankerite (Ca,Mg,Fe)C03 was observed in all the samples, with Char 4
having the greatest level. Char i had 0.5% anhydrite present. No other
sulfate or sulfide phases were observed in the chars.

There were differences observed in the amount of amorphous material in
the char samples° Char i had only 82.3% amorphous phases, whereas the other
char samples had over 90% amorphous phases.

The SEMPC data is also used to determine the chemical composition of the
sample. Furthermore, it is used to obtain the average composition of the

° amorphous phases in the sample. The composition is calculated on a sulfate-
free basis, as we are concerned with the aluminosilicate matrix. The sulfate-
free composition is calculated by taking the equivalent amount of calcium,
sodium, or potassium that is associated with the sulfur. Table 8 summarizes
the chemical composition data for Pittsburgh #8 and Velva coals and chars.
The data shows that there are marked differences in the composition of the
bulk coal sample compared to the char samples and differences in the chemical
composition of both the bulk sample and the amorphous phase with respect to
the pressure pyrolysis conditions. The Pittsburgh #8 sample showed
differences with respect to the levels of Fe, Ca, and K. Indeed, there is
some evidence of loss of potassium during the preparation of Char 4.

The Velva samples also showed major differences in terms of the chemical
composition of both the bulk and amorphous phases. The differences were more
marked than with Pittsburgh #8_ with variation observed in nearly all the
major components such as Si02 and CaO.
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4.2.4 Summary

The CCSEMand SEMPC data given above is a small sample of that obtained
for the project to date. The major point to make is that the characterization
data obtained from these techniques show that major transformations occur in
terms of the size, mineralogy, and chemistry of the coal inorganics under
gasification conditions. Careful analysis of the data obtained to date has
revealed limited trends in terms of behavior. This precludes the accurate
prediction of the characteristics of the ash species formed during gasifica-
tion at this stage. However, the CCSEMand SEMPCdata can be used to obtain
insight into the behavior of ash species. Further inLerpretation of the data
is needed to be able to predict the behavior of the coal inorganics in a
gasification system.

As mentioned above, the SEMPCdata is used to examine the reactivity and
viscosity of the amorphous phases in the samples. This data is important in
order to relate the transformations that occurred during char formation in the
pressure pyrolysis unit (PPU) and the behavior of the ash species formed with
respect to sintering. Figures 5A through 9B are histograms of the viscosity
and base-to-acid ratios of the amorphous phases present in the char samples
from Velva, Pittsburgh #8, Wyodak, lllinois #6, and Indian Head chars,
respectively. The observations are as follows"

4.2.4.1 Velva

Chars i and 2 have very similar viscosity distributions (calculated at
IO00°C). Char i appears Lo have a slightly higher proportion of liquid phases
with high viscosities. Char 4, however, shows a marked difference compared to
the other chars. The bulk of the liquid phases for Char 4 are above
log_o6.0. This indicates that the liquid phases formed under Char 4
conditions would exhibit lower sintering. The base-to-acid distribution,
Figure 5B, shows that the three chars had very different potential for liquid
phase sintering. Char i shows a relatively flat distribution, with values
between I and 8. Char 2, while showing approximately the same spread of
values as Char I, had a _uassian distribution, with a peak at about 3.5.
Char 4 had a large peak at 1.0, with no significant peaks at other base-to-
acid ratios. The results show that the relative reactivity of liquid phases
would be in the order

Char I > Char 2 >> Char 4

4.2.4.2 Pittsburgh #8

The viscosity and base-to-acid distributions [or this coal include data
obtained from the SEMPC analysis of LTA from the raw coal. In general, the
viscosity distribution (Figure 6A) shows very little difference between the
chars. The distributions are Gaussian, with a peak at log 9.0. The coal ash
did not have a Gaussian distribution. The base-to-acid distributions
(Figure 6B) show no variation with PPU condition. Ali char samples had peaks
at 1.0.

The data indicate that under the PPU conditions used, the liquid phases
formed from the Pittsburgh #8 coal do not have characteristics that would
facilitate sintering processes.
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100 -

CHAR 2(85.37,.AMORP)

90- _ CHAR 1(85.4._,AMORP)

CHAR 4.(92.97,,kMORP)

BO- COAL (59.7_.AMORP)E_

70-

60-
z
h;

50-c)

" 4.0-

30-

20- _ _ L10- _ j i_
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14- 15

VISCOSITY OF AMORPHOUS FRACTION

Figure 8A. PPU Illinois #6 chars -- viscosity distribution at 1000°C.

Figure 8B. PPU Illinois #6 chars -- base-to-acid distribution.
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4.2.4.3 Wyodak

The viscosity distribution for Wyodak is shown in Figure 7A. The
distribution includes the chars as well as the coal LTA. The distributions
for the chars are all Gaussian, with a peak at log 2.0. There appears to be
very little variation of viscosity distribution with PPU conditions. However,
the "low viscosity would indicate that all the samples would have a high
potential for liquid phase sintering°

The base-to-acid ratio distributions for the chars are also very
similar. The spread of values are between i and 7. There is slight variation
in position of the peak value.

The data for the Wyodak chars indicates that gasification processes will
for ash particles which will have characteristics amenable to viscous flow
sintering. The actual characteristics tend to be insensitive with respect to
atmosphere and temperature.

4.2.4.4 lllinois #6

The viscosity distributions of Chars i, 2, and 4 formed from Illinois #6
are shown in Figure 8A. Ali the distributions are Gaussian. Chars I and 2
have peaks at log 9.0, and Char 4 peaked at log 7.0. Furthermore, Char 4
appears to have a higher level of low viscosity liquid phases.

The base-t(-acid distributions (Figure 8B) show that the liquid phases
have very similar ratios. About 90% of the liquid phases for each of the
chars have base-to-acid ratios of 1.0. There is very little spread of
values. Char 4, however, shows a greater spread of values.

The data indicate that the liquid ash species formed from Illinois #6
have characteristics which will not readily participate in viscous flow
sintering processes. However, an effect was noted with respect to PPU
condition, indicating that the more extreme the gasification condition, the
greater will be the propensity for ash to sinter.

4.3 Task C -- Physical Properties

4,3.1 Discussion/Descriptive Models

The behavior of coal inorganic constituents during coal gasification is
quite complex. Figure 10 is a simplified schematic of the general behavior of
the inorganics during gasification. The partitioning of inorganic components
with respect to ash-entrained or gas-entrained species is particularly impor-
tant. lt is critical to the proper operation of the gasifier that the level
of gas-entrained inorganic species is kept to a minimum because they can cause
serious deposition/corrosion problems in downstream regions of the gasifier.
With respect to the ash-entrained species, 'itis very important that the bulk
of the ash be retained in the form required for efficient ash removal. The
ash form depends on the design of the gasifier. For example, slagging
gasifiers require the formation of a homogeneous melt phase from the ash,
while fluidized bed gasifiers require that only limited interaction between
ash particles and bed material occurs in order to maintain fluidization.
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In general, the behavior of the ash-entrained inorganic species and the
deposition phenomena associated with the gas-entrained species can be
expressed as a function of liquid phase sintering. Slags, fo_ example, are a
product of extensive liquid phase sintering. Clinkers formed in Lurgi-type
gasifiers have been shown by Kalmanovitch (13) to be formed by the presence
and behavior of liquid phases. Because of the importance of liquid phase
sintering in ash behavior for coal gasifiers, the development of a model to
describe this behavior is required.

4.3.1.1 Sintering

The sintering relationship derived by Frenkel (6) is o_ten used to
describe the sintering of coal ash (Raask (2)). Simply stated, for two
spherical particles of radius (r), the development of strength (s) with time
(t) is given by:

ds/dt = (3 y K)/2 _Ir) at constant temperature (T) [4]

where y and Tl are the surface tension and viscosity of the liquid phases,
respectively, and k is a constant.

While this relationship is useful, it does not provide sufficient insight
into the behavior of ash under the dynamic conditions ooserved in a
gasifier. Figure 11 shows the key processes that coal inorganic constituents
undergo to form particles that will sinter. The first stage involves
transformations of coal minerals and inorganic constituents to form ash
precursors that are still associated with the char particles. After char
burnout, the ash particle formed is a product of the original mineral grain,
local inorganic constituents, and local atmospheric and temperature condi-
tions. For simplicity, it has been assumed in the schematic that the ash
forms a molten surface phase, lt must be stressed that the composition of the
liquid phase may not necessarily have the same composition as the solid
material.

In order for sintering to occur, adjacent particles must come into
contact with each other and remain in contact for a sufficient time. For two

particles, A and B, surrounded by liquid phases AI and BI, respectively, the
probability of adhesion occurring is a function of the reciprocal surface
tension of the liquid phases. Of course, other factors, such as the particle
trajectory, momentum, and amount of liquid phase present, also contribute to
the sintering process. Nevertheless, without the "sticky" nature of a liquid
phase on the surfaces of the particles, there would be no adhesion.

Once the particles have adhered, sintering proceeds by viscous flow
mechanisms. This involves the flow of liquid from convex surfaces to concave
surfaces, causing the formation of a "neck" between the two particles. The
formation of the neck is facilitated by high surface tension and low viscosity
of the liquid phase. This is, in effect, the sintering model according to
Frenkel. The driving force for the sintering process is the lower surface
energy of a consolidated mass compared to that of a powder. For complex
heterogeneous systems, such as coal ash, other factors must be considered°
These factors include the difference between the amount and chemistry of the
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liquid phases present and the surfaces of particles. Two liquids, if
miscible, will have a lower free energy when combined than as individual
components due to the release of the free energy of mixing. The lower free
energy of the combined liquids facilitates the movement of the liquid phases
during sintering, provided that the viscosities and diffusion coefficients are

. suitable. The degree to which the free energy is lowered will depend on the
chemical composition and the amount of the liquid phases present. Liquid
phases that react to form a new liquid phase have a greater effect on the
sintering than those that mix with no chemical reaction. The energy released
during the sintering process is much greater in the case of reacting liquids
than those that are simply miscible. Driving forces for the sintering process
are shown in Figure 12. The presence of reactive liquid phases also has other
effects. The product liquid phase AB1 will tend to be more reactive to the
solid in particles A and B than the liquid phases Al and Bl. The reaction
between the liquid phase ABI and the solid particles will increase the amount
of liquid phase present, which will further facilitate the sintering
process. The relative reactivity of the liquid phases is, of course, a
function of their chemical composition.

Thus the following parameters must be considered in order to gain
sufficient insight into the sintering behavior of coal ash:

I) the amount of liquid phases
2) the surface tension of the liquid phases
3) the viscosity of the liquid phases
4) the chemical composition of the liquid phases
5) the relative reactivity of the liquid phases
6) the size of the sintering particles

lt should be stressed that to study these parameters, more detailed
techniques are required because the necessary data cannot be obtained by bulk
analytical techniques such as X-ray diffraction and X-ray fluorescence.

"Therefore, based on the description of the various processes involving
coal inorganics during gasification, the main objective of the project is toz

determine the effects of the distribution of inorganic constituents in coal
feedstocks (and the effects of gasification conditions) on the partitioning of
inorganic species, and other physical factors that affect the sintering
behavior of the ash species formed and the subsequent operation of a gasifier.
This goal will be accomplished by 'themeasurement of physical properties and
the detailed characterization of chars prepared under simulated gasification

; conditions.

4.3.2 Conclusion: Application to Gasification Systems

The most important goal of this study is to apply the results and models
developed to full-scale gasifier systems. Because of the complexity of the
results obtained by measurement of physical properties and detailed
characterization of chars produced in simulated gasification environments, it
is clear that initiating the development of a numerical model describing coal
ash behavior in gasifiers at this time would be premature.
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However, there is sufficient data to develop and use a combination of
both descriptive models and well-chosen experiments to give insight into coal
ash behavior 'in gasifiers. The descriptive models of ash behavior in a
gasifier directly use the data from detailed characterization (using CCSEMand
SEMPC) of both the feedstock and the ash and char material formed under the
experimental conditions. The models developed to date have focused on the
change in chemical composition, mineralogy, and size of the inorganic
constituents of coal, char, and ash as a function of atmospheric and
temperature conditions. A particular emphasis has been placed on the
sintering of ash species formed and the effect of gasifier conditions on the
sintering behavior. Other studies have focused on the partitioning of
inorganic species into the gas phase. This has been observed to be a cause of
deposition and other ash-related problems in full-scale gasifiers.

In the case of applying the results to full-scale gasifiers, the
following data are considered necessary:

I. temperature
2. atmospheric conditions
3. size and mineralogical distribution of coal minerals
4. distribution of organically bound inorganics
5. characteristics of ash species formed

The temperature and atmospheric conditions are known from the design of the
system. However, the size and mineralogical distribution of coal feed
material can be a major variable. In order to obtain this data, sampling from
a gasifier is an after-the-fact operation, lt is important to have a
predictive method. The EMRChas developed a method that involves performing a
small-scale experiment under simulated gasification conditions, and
characterizing the original coal, char, and ash produced using CCSEM and
SEMPC. This is a major change in direction from the use of bulk analytical
techniques, which, if useful, are not sufficient for the purpose of under-
standing the impact of the inorganic constituents on gasifier operation.
Also, we have shown that standard laboratory ash is not representative of the
ash formed in gasification systems, which necessitates performing a d_fferent
experiment. This process is needed to determine the state of the
inorganics. Furthermore, for coals that have organically bound inorganic
species, the determination of the amount of organically bound elements by
chemical fractionation is important. The organically bound inorganics can
have a major impact on the gasification process as well as the nature of the
ash species formed. We consider all of this data necessary for input into
descriptive models for ash behavior in gasification systems. This technique
is akin to performing an ash fusion experiment and using the results to
characterize the performance of a fuel in a combustion system.

4.3.3 Future Work

The Gasification Ash and Slag Project has resulted in the compilation of
a large data base of surface tension, viscosity, sintering, and quantitative
chemical analysis of many coal ash, slag_ and char samples, and begun
development of preliminary descriptive models for prediction of ash behavior
in gasification systems. Future work will consist of further interpretation
of this data, its application to model development, and final verification of
descriptive models in pilot- and full-scale gasification systems.
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4.3.4 Model Verification of Sinterinq, Cryst_al!ization _ and
Mechanical Properties of Selected Coal Ashes

Sintering, crystallization and mechanical properties of three coal ashes
are being studied to obtain an understanding of ash deposit and agglomerate
formation in combustion and gasification systems. Results show that viscous
sintering is accomplished by the shrinkage of closed pores and/or by the
diffusion of slag constituents in a liquid film along the grain surfaces.
These processes are dependent on temperature, atmosphere, and ash composi-
tion. In addition, studies show that the strength of sintered pellets
produced from crystallized Beulah lignite ash are weaker than those produced
from the amorphous form of the ash. Further, the amorphous form sintered in a
CO/CO_ atmosphere is not as strong as the amorphous form sintered in air.

An understanding of ash agglomerate and deposit growth and strength
development requires basic knowledge of the chemical reactions in solid-solid,
solid-liquid, and solid-gas systems; mineral transformations; and mechanical
properties at elevated temperatures. The early work on viscous sintering
originates from Frenkel (2). He assumed that mass transfer takes place under
the influence of a surface tension gradient. The Frenkel model provides a
satisfactory description of the early stage of sintering when the shrinkage,
AL/Lo, is less than 10% (15), where aL = L-Lo (Lo is the initial length of the
pellet and L is the length at time t). Two other models were derived by
Mackenzie and Shuttleworth (16) and Scherer (15). The Mackenzie and
Shuttleworth model is concerned with the shrinkage of isolated closed pores
and is able to predict densification kinetics in the late stage of
sintering. Scherer analyzed a particular cubic array of cylindrical
particles, and his model can be applied to all stages that occur in the

_ sintering body.

The mechanism of viscous sintering of coal ashes involves one or several
stages. When a thin liquid layer is formed between particles, the meniscus
tends to pull them together (17). The result is the rearrangement of
particles by sliding and the formation of closed pores and voids.
Consequently, viscous sintering may be imposed by the shrinkage of pores
(15). If the quantity of liquid phase present is relatively large, the
driving force for sintering may arise from the Ostwald ripening mechanism (].8)
and plastic Flow (19). In a system that contains a wide range of particles of
various sizes, it is likely that the smallest particles would enhance the
initial densification rate (20).c

Surface crystallization or devitrification may reduce the amount of
amorphous phase and change sintering behavior. Generally, crystallization and
devitrification are initiated by the presence of: external surfaces, active
nucleating heterogeneities, stable immiscibility, absorbed OH species, network
defects that distort the Si-O bond lengths, and by the local variation of
glass composition (21,22). Surface crystallization or devitrification,
performed at temperatures below T(g), usually results in the weakening of

J soda-lime silicate glasses because it introduces tensile stresses. At
temperatures above T(g), strength increases markedly due to a healing effect

; of surface flaws (23).
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The objective of this work is to describe the processes involved in the
development of strength in deposits and agglomeration in gasification
systems. So far, coal fly ashes have been used in fundamental studies of
sintering processes, strength devel_Jpment, and sticking coefficients (24).
Coal fly ashes contain a mixture of crystalline and amorphous components that
behave differently during the sintering process. In order to alleviate this
problem, coal ashes were produced with defined mineralogical compositions and
amorphous forms to examine sintering processes and strength development.

The coals used (Beulah, Pittsburgh #8, and Illinois #6) were pulverized
to -150 mesh and burned in air under ASTM ashing conditions. The resulting
ashes were ground to -150 mesh and (before sizing) were dried at 100°C for
i hour. The particle size distributions of the ashes are shown in
Figure 13. The compositions of the ashes on a sulfur-free basis are listed in
Table ]2. In addition, Deulah was melted at 1500°C, homogenized at that
temperature for 3 hours, and quenched at room temperature to produce a
homogenous glass. The glass was ground to -150 mesh. the particle size
distribution was similar to that shown in Figure 13. The amorphous Beulah
glass was crystallized at I000°C for i hour, ground to -150 mesh, and a 1:2
mixture of amorphous:crystallized was prepared.

The slag bulk viscosity was measured using a rotating bob viscometer
(described elsewhere (25,26)) in air and reducing C0/C02 (60%/40%)
atmospheres. Slag surface tension was determined by the sessile drop
technique (27) both in air and reducing atmospheres.
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: Figure 13. Particle size distribution of coal ashes used in sintering tests,



TABLE 12

COMPOSITIONOF COAL ASHES

(WT%EXPRESSEDAS EQUIVALENT OXIDE)

Coal Ash Si02 AI20_ Fe203 TiO_ CaO MgO Na20 K20 P20s

Beulah 27.5 14.2 9.9 2.8 27.4 5.9 10.8 1.0 0.4

Pittsburgh #8 50.8 20.2 17.5 1.3 5.2 1.3 0.0 2.5 0.2

lllinois #6 48.6 23.1 14.3 1.2 5.6 1.6 0.5 3.1 0.3

Beulah, Pittsburgh #8, and Illinois #6 coal ashes with defined
mineralogical composition, and amorphous Beulah were used in the sintering
experiments in air and reducing [C0/C02 (60/4.0)] atmospheres. The sintering
tests were conducted for 2 hours as a function of temperature. Sintered
samples were analyzed to determine their crystalline phases_ densities, and
mechanical strengths. Five cylindrical specimens (1.52 cm in diameter and
1.90 cm long) formed irl a hand press were sintered at apprepriate temperatures
and times, cooled slowly in the furnace and crushed, and their average
compressive strengths were computed and plotted. Fractured surfaces were
observed with SEM.

Densities were determined from the displacement of anhydrous methanol at

room_temperature using a pycnometric method (28,29) with an accuracy of +0.02
g/cre . Duplicate samples were used in the sintering experiments, and average
values are presented.

4.3.4.1 Results and Discussion

Densification is a pore filling process. Analytical results indicate
that as sintering proceeds, the density of the coal ash passes through a
minimum and then increases, as shown in Figure 14. Figure 14 illustrates 'the
changes in density for amorphous and crystallized Beulah coal ash sintered at
various temperatures under air and CO/CO_ atmospheres. The sintering time at
temperature, T, was 2 hours, since only small changes in density with times
longer than 2 hours were observed. During sintering, open and closed pores
are usually formed. The minimum density responds to the maximum volume of
sample expressed by the volume of both ash particles and closed pores. The
position of the deep minimum is related to the amount of liquid phase, liquid
phase viscosity and surface tension gradients, and particle size and shape.
Figure 13 shows 50 wt% of particles with sizes below 38 _m; this indicates the
possibility of "pseudo-neck" formation in the first step of the sintering
process, as illustrated in Figu;,'e 15. The important point is that the minimum
in density obtained for amorphous Beulah ash is displaced to a higher
temperature if the amorphous ash is crystallized or sintered in a C0/C02
atmosphere,
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Figure 14. Dependence of density upon sintering temperature for
amorphous and crystallized Beulah coal ash, measured
in air and C0/C02 atmospheres.

Figure 15. Microstructure of Beulah coal ash observed after first m_nutes
of sinter.ing in air.
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The crystalline phases produced in the amorphous coal ashes in air and
C0/C02 atmospheres at 800°-II00°C are listed in Table 13.

TABLE 13

MINERALOGICAL COMPOSITIONOF CRYSTALLIZED COAL ASHES

Coal Ash Treatment in Air ........ Major Phases

Beulah 700°C/120 min Amorphous
800°C/I0 min Nepheline, Sodium Calcium Silicate
900°C/I0 min Nepheline, Sodium Calcium Silicate
900°C/180 min Nepheline, Gehlenite

IO00°C/IO min Gehlenite
IIO0°C/IO min Gehlenite
1100°C/15 hr Gehlenite, Hauyne

Pittsburgh #8 1.000°C/60 min Anorthite, Quartz, Hematite
11.00°C/15 hr Anorthite, Quartz, Hematite

Illinois #6 I000°C/60 min Anorthite, Quartz, Hematite
1100°C/15 hr Anorthite, Quartz, Hematite

Treatment i!l CO/CO_

Beulah 800°C/i0 min Gehlenite, trace Na2C03 and CaC03
Pittsburgh #8 I000°C/60 min Quartz, FeAl204
lllinois #6 I000°C/60 min Anorthite, Quartz, Hematite

Gehlenite is formed from amorphous Beulah coal ash at ~800°C in the
C0/C02 atmosphere, and at 900°C in air with a longer annealing time. lt is
relatively stable, but after annealing at 1100°C for 15 hours, additional
peaks are also observed on the X-ray powder diffraction pattern that indicate
formation of a new phase potentially attributable to hauyne. The
mineralogical compositions of Pittsburgh #8 and Illinois #6 coal ashes were
stable at the temperatures and annealing times tested.

Figure 16 shows the marked differences in the microstructure of pores
formed in the sintereG Beulah and Illinois #6 coal ashes at 1200°C. In
Beulah, the pores are irregular in shape (Figure 16a), and in lllinois #6
(Figure 16b): large spherical pores are formed. The irregular shape of closed
pores indicates that the diffusion of gas out of the pores is faster' than the
transport of liquid sla.g during pore _hrinkage (30).



(a) (b)

Figure 15. Microstructures of Beulah (a) and lllinois #6 (b) coal ashes sintered at
1200°C for 2 hours in air and C0/C02, respectively. Magnification 50Ox.

4.3.5 Viscous Sintering by the Shrinkac[e of Larqe Pores
and the Diffusion of Liquid Phase Constituents

The viscous sintering of coal ashes containing large closed pores
proceeding at temperatures above the minimum of density may arise from inward-
acting stresses caused by surface and grain-boundary tensions (15,31). The
resultant elastic strain can be analyzed by the viscoelastic deformation of
materials. For the sake of simplicity we have assumed spherical pores with
radius "r" (cm) are formed. They are subjected to a compressive stress (o)
given by the equation:

o = - 2 _/r [5]

where y is the surface energy (surface tension).

For the viscoelastic solid, the densification strain rate is related to
the pore shrinkage rate, E, by

E = Ef + _ (].-2v)/3n [6]

where £f is the thermal strain rate, u is the Poisson ratio, and n is the
viscosity.
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From Equations 5 and 6

= Ef - 2/3 (y/n)(l-2_)/r [li

Equation 7 implies that the strain rate depends on the large pore radius and
the ratio of (y/n). A rapid increase in the densification strain rate is
expected to occur when pore size equals grain size (31). For densification
measurements it is convenient to use the relation between the strain rate and
the relative densification rate of material, p:

: - 3p (_ - _f) [8]

where p = d/do and do is the density of powder before sintering.

By applying Laplace transform procedures, the variation of relative
density as a function of time, t, can be expressed by;

In p (t) = C (In A) At [9]

where A = 2 (y/n)(l-2v)/r and C is a correlation coefficient. The variation
of density with temperature is expressed by the relation of viscosity versus
temperature. Since, for coal ashes, surface tension is slightly changed with
temperature, we have assumed that y = const.

In practice, viscosity is expressed by Poise (dyne sec/cm 2) and surface
tension by dyne/cm; thus, the ratio of these gives units of cm/seco lt is
postulated that (y/n)L, represents the atoms and/or ions and defect mobilities
in the slag tilat may be assigned to the diffusion coefficient of species in
the slag, so:

D(slag) = (yln)L [10]

where L (cre) is the jump length of atom(s) and/or ion(s) or defect(s) from one
liquid cluster to another during the cooperative rearrangements between
complexes in the melts. A cluster is defined as a short.-lived complex of
atoms/ions and point defects formed in a liquid slag with a strong interaction
between them (32). The critical size of the cluster may be related to the
configurational entropy. In a recent theory on the viscosity of Si02, Mott
(3.3,34) proposed that the viscosity of vitreous silicon dioxide must be
related to the motion of intrinsic defects. The flow takes place through the
step-by-step transfer of oxygen between three-dimensional Si02 tetrahedrons.

Since the diffusion coefficient fits the Arrhenius-type equation:

D = D(o) exp(-E/kT) [ii]

where E is an activation energy of a liquid slag and D(o) is a temperature-
independent coefficient:

In (Y/n) = In D(o)/L - E/kT [12]



Experimental data are shown in Figures 17 and 18 that represent In (Y/n)
versus temperature and In p versus temperature° respectively. The In p
results were generated with crystallized sampl_;s. The negative values of the
In (Y/n) and In p imply that the sintering of coal ashes should proceed by a
different mechanism than that for the positive values of In (Y/n) and In p.
The negative values of In p, above the minimum, most likely resulted from the
shrinkage of large closed pores, and the positive ones by the diffusion of all
species in the continuous liquid slag film formed on the particle surfaces
without significant formation of large pores. The latter effect is known as
surface fluxing_ The negative range of In (Y/n) is displaced to lower
temperatures if viscosity and surface tension for coal ashes are measured in
the reducing atmosphere, C0/C02. Thus, In (Y/n) in Equations i0 and 13
provides details about the sintering mechanism proceeding at low and high
temperatures.

There are also two different linear relationships of In (y/n) with T
(Figure 17), which implies two different activation energies of liquid slag.
Generally, for most glasses the change of viscosity with temperature cannot be
represented by the Arrhenius relation, since many exchanges of atoms and
ruptures of a variety of bonds are occurring. This brings about changes in
activation energy with increasing temperature (35). An interesting point
indicated by Figure 17 is that the activation energy for viscous slag measured
above 1300°C satisfies the Arrhenius relation and can be attributed to the
viscous flow of liquid slag. Below 1300°C, a mixture of viscous liquid and
solid clusters and/or high temperature crystalline grains appear to form from
existing liquid clusters. The geometrical structure of solid clusters are
often very different from the bulk crystal. The energy costs to break the
bonds are so high that the cluster would remain stable, because the chemical
bonding and electron delocalization are fairly strong (36).

On the basis of our results, we can distinguish three steps in the
sintering of pulverized coal ashes:

i. Formation of closed pores at temperatures below the minimum-density
temperature.

2. Shrinkage of pores at temperatures above the minimum-density
temperature.

3. Diffusion and/or reactive diffusion of melts.

These three steps are schematically shown in Figure 19.
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Figure 17. The relationship between the In of surface tension/viscosity ratio
and temperature for Beulah, Pittsburgh #8, and Illinois #6 coal
ashes determined in air (a) and C0/C02 (b) atmospheres.
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Figure 19. Schematicfor the three steps in the sinteringof coal ashes.

To understand mechanisms of ash deposit strength development one must
know something about the relevant mechanical properties. The compressive
strength of sintered coal ashes depends on annealingtemperature, time and
surroundingatmosphere(Figures20-22). The strengtheningof the sampleswith
well-definedmineralogicalcomposition(shown in Figure 15) results from the
shrinkage of the pores. Generally, the compressive strength measured for
pellets sinteredin the reducingatmosphere,C0/C02,is larger than that found
for pellets sintered in air atmosphere if both are determined at the same
temperature. Comparisonof mechanicalpropertieswith In (Y/n) results imply
that more liquid phase is formed in a reducingatmosphere,likely due to an
effect of iron (II). For Beulah coal ash, strength is related both to
porosity variation and to the instability of its crystalline structure,
(Figure22). The phase transformation,observed in Beulah coal ash, of the
type:

nepheline -_ gehlenite [13]

occurred in the presence of liquid phase rich in CaO, and allows sharp changes
in strength due to the introduction of cracks. 3 In the above reaction, the
volume of a unit cell of gehl_nite (V = 300.5 _ ) is considerably lower than
that of nepheline (V = 717.3 _ ), so phase transformation creates compressive
stresses. Generally, compressive stresses increase strength if they are
generated on surfaces. If they are large and created in the pore material,
they can produce cracks in the necks, but are unable to propagate the cracks
through the material. This causes the decrease of strength of the samples
with temperature due to the breaking of connections between particles and the
opening of closed pores, as shown in Figure 23. As a consequence of this, the
liquid medium (methanol) may readily fill the open pores during sample density
measurement. This effect is chiefly observed in amorphous Beulah sintered in
reducing atmosphere, C0/C02 (Figure 14). Alternately, low strength in Beulah
coal ash results if its amorphous phase is crystallized at IO00°C (Figure 21).
Figure 21 also demonstrates the increase of strength of Beulah coal ash
sintered at 1200°C. This effect may be attributed to the healing effect of
cracks.
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4.3.5.1 Conclusions

Based on the described experimentalresults, viscous sinteringof coal
ashes proceedsby the formationof closedpores and their shrinkage,and/or by
the diffusionand reactive diffusionof a liquidphase along surfaceor grain
boundaries. Both low strengthand low heat transfercapabilityof a deposit
appear to be very dependenton the existenceof large pores.

Crystallizationmay be a highly desirablephenomenon for amorphousfly
ashes because the formation of crystallizationproducts decreasesconcentra-
tions of alkali and alkaline elements in the fly ashes, and displaces the
densification process to higher temperatures. This also introduces
heterogeneities in the coal ash powders that produce stresses in the
surrounding matrix which oppose densification. However, secondary effects
related to the phase transformationsuch as nepheline-gehlenitetransformati_In
in the presenceof a liquid phase rich in CaO, promotesthe strengthdecrease
at higher temperatures. The strengthdecrease is due to the breakingof some
connections in the necks. As a consequenceof glass crystallization,fly ash
may have lower slagging and agglomeration tendencies. The strength
development in Pittsburgh#8 and Illinois#6 coal ashes at temperaturesabout
1100°C was attributedto the presenceof iron that facilitatesthe sintering
processes (mainly in the reducing atmosphere) (24). This phenomenon was
observed in our experiments.
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4.4 Thermochemical Phase Equilibria: PHOEBE

As more complicated chemical reactions are considered for the synthesis

of organic compounds or in the analysis of the performance of complex fuels

and propellants, it becomes desirable to develop simpler and more general

methods for the calculation of chemical equilibrium. In particular, the

equilibrium-phase distribution of the inorganic constituents of coal provides

a good starting point for the modeling of ash deposit formation and growth,

slagging, and fouling in a combustor. With information regarding the extent

and distribution of the various mineralogical phases in the vapor, liquid, and

solid phases (provided by equilibrium calculations), a better understanding of

not only deposition processes, but also their mitigation may be achieved.

,I *NS
The problem of obtaining the equilibrium values (x , ... _ x ) of NS

distinct species at a given temperature, T, and pressure, P, has been exten-

sively addressed in the past, and the utility of obtaining the equiliarium

values by minimizing the Gibbs free energy of the system has also been

emphasized (I-24). A variety of numerical packages (NASA-CEC, PACKAGE,

SOLGASMIX, METC.-CEC, etc.) related to this problem has been reported in the

literature and their relative merits discussed as well (23,25). While most of

th(se codes are reported to perform adequately, a few instances of misleading

or erroneous results also seem to appear (25). In addition, most of these

numerical packages require a" priori estimates of the phases present at

equilibrium_ and this introduces further uncertainties in the c Dmputed

results, especially when the Gibbs free energy is non-convex, as is usually

the case when the system is non-ideal (17,18,19,23). Indeed, depending on the

initial estimate, convergence to a local minimum, as opposed to the global

minimum, is often achieved, and special tests need to be performed to ensure



the globality of the minimum. (Reference 18, for instance, provides "phase-

splitting" algorithms for this purpose.) We discuss, this aspect of the

problem at greater length in a later section.

In the ideal model, the Gibbs free energy of the system is, in general,

not differentiable along the boundary _ of the feasible set _(3,12,24,26).

Irl addition to this geometric obstruction to G being everywhere differen-

tiable, nondifferentiability of G may also arise when the system undergoes a

phase transition and some of the system's (macroscopic) parameters become

discontinuous or even unbounded (27-29,32,43). Though this physical obstruc-

tion is not too important in view of the manner in which the minimization

problem is formulated, it nevertheless relates to the problem of phase

selection discussed above. Any numerical algorithm designed for obtaining the

minimum of G must thus require its differentiability, if needed, only in the

interior of the feasible set _. To overcome this limitation, and to utilize

the elegant Lagrange mulitiplier formulation for constrained minima, marly of

the extant algorithms handle the unboundedness of G along _ by various ad hoc

methods and, as far as we are aware, no rigorous proofs of convergence of

these methods have been presented either, lt may be noted that Lagrange

multiplier formulations of optimization problems for nondifferentiable

functions do exist; however, in these formulations, the concept of the

derivative is either generalized (e.g., subdifferential) or a completely

different methodology adopted (30,31). The PHOEBE algorithm requires the

differentiability of G only in the interior of the feasible set _, and thus

avoids the inherent instabilities induced by abrupt changes or unboundedness

of the oerivative of G.
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The convexity of the ideal Gibbs free energy poses yet another potential

problem (4,10,11,12,23,39-42). (Even in the non-ideal case, if the free

energy of the system is convex, the same problem may arise.) This problem has

to do with the non-uniqueness of the optimal point x, realizing the minimum of

the Gibbs free energy; in fact, the set of r_, of optimal points minimizing a

convex function is itself convex (see Section 4.4.3 for a precise statement)

and thus a continuum of "indifferent" equilibrium states (10,32) may arise.

(This situation usually arises along phase boundaries.) The pragmatic

solution to this problem is to accept one of the x,_, and disregard the

remainder' or, if needed or useful, to accept the entire set .e, as the solution

set. (A very elegant explanation of such indifferent equilibria states, in

terms oF center-manifold and integral-manifold theory, is given in (33) where

the notion of dormant instabilities are introduced and an explanation of the

dynamics of coexisting phases given.)

4.4.1 Mass-Constrained Gibbs Free E_n_rgy Minimization

Let S be a closed thermodynamic system at a specified temperature, T, and

pressure, P. (As a general guide For notations and terminology, we follow

Reference 23.) The system S contains NS chemical species sl, ..., sNS which

are formed or built from NE elements a_, ..., aNE. The element abundance

vector b = (b_, ... bNE)t (superscript t denotes transpose) specifies the

number of moles of each element ai so that, since the system S is closed, the

mass-constraint equations

An = b [11

are to be satisfied by the species abundance vector

67 _"

.......... _' ,, ...... 1 ,,,i ....... , ,, ,_ ' ...... ,', ,,I,Ih, ',, "' I_f 4.... ,i li '1, ,," • "ftlH ,I,, ` _.... ,, ilr,,,,,,-i,l, ,. ........ _r'_'_r`_1_:_W_"_._TI_'._"+_._'_1_T_._`'a-_Tr_-_._'`i_'_-



n : (n_, ..., nNs)t 121

where A is the forumula matrix whose ith row, jth column matrix element Aij

represents the number of moles of element ai in one mole of species sj.

Additionally, the components of the species abundance vector n are required to

satisfy the non-negativity constraints

n i > O, i : i, ... NS, [3]

to be physically meaningful. The problem then is to determine

a) the number of phases NP, present at equilibrium_

b) the equilibrium species abundance vectors

n,_ : (n:l , ..., n:Np(_ ))

for each equilibrium phase e = i, ... , NP,.

L4) Definition: Let S be the thermodynamic system containing the species

s_, ... sNS as def'ined. A phase in or of S is a subset P c S such that all

the intensive properties of P are translation invariant (over the volume

occupied by P).

L_ Definition: Let S be the the,'modynamic system described earlier. A phase

distribution of S is an indexed, non-empty family {Pal_Jl of phases of S.

The problem of obtaining the equilibrium values NP, and n, is then solved in



accordance with the following theorem, which is fundamental to classical

thermodynamics (23-24,29,32,43)"

(6) Theorem: Let S be the thermodynamic system described above, and r the set

of all possible phase distributions on So If [P_I_J} is a phase distribution

on S, let Ga denote the Gibbs free energy of phase Pa so that the Gibbs free

energy of S is given by a

G = ,,_ ,,,G°. [7]
acJ

Let _nalacJ} be such that

G = _[] G_(na) = rain inr _[]GB(nB) IAn = b, n>__O • [8]

_cJ [PBI_K}cr BEK

Then

a) NP, = IJl = cardinality of the index set J

b) n, = n

a We assume here that the phases are non-interacting or that the phase-phase

interaction energies are negligible.
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A few observations regarding the preceding definitions and theorem are in

order. First, we wish to point out that the set r containing the totality of

possible phase distributions on S is finite. Indeed, since the set S is
/'

finite with JSI NS}I the cardinality JrJ of r is bounded above by (34)
/ , ,,

2NS [9]Irl -<2 ,

mi n

Thus the minimization {P6!B_K} er over the possible phase distributions is a

meaningful operation in Equation 8.

Secondly, in the definition of a phase distribution of S, Definition 5,

it appears somewhat surprising that a "covering" type condition of the form

is not present. The inclusion of this requirement, though mathematically

tempting, will (and usually does) violate real-life systems. For example, in

the system S = {A1203(s), A1203(I), Si02(s), Si02(1), Al6Si20,3(s),

A16Si20_3(I)}, it is experimentally known (35) that the only phases condensing

below the solidus line are Si02(s) and Al6Si2Ot:(s); but, of course,

[Al6Si20_3(s)}_S. The "covering" condition must, therefore, not{SiO2(s)] U

be included.

Finally, in Equation 8, the existence of the infinum (or minimum) of G

over the non-negative species abundance vectors n satisfying An = b, has to be

established. We take this up in a later section.
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4.4.2 Properties of the Formula Matrix A and the Feasible Set _.

Let S be the thermodynamic system, as defined earlier, and A the formula

matrix for the species in S. From the definition of the formula matrix A,

viz., that the i th row jth column element Aij equals the number of moles of

element a i in species sj it is clear that

(la) A is a non-negative matrix, i.e., for each i and j, Aij > O.

(ib) For each j = 1, ..., NS, there exists an i such that Aij > O.

(la) is merely an expression of the fact that each species sj is built

from precisely the NE elements a_ ... , aNE and, hence, that at le,:,st one of

its stoichiometric coefficients is positive.

An additional simple result regarding the Formula matrix is obtained by

making the (almost always true) assumption that the number of elements _E is

not greater than the number of species NS, i.e_,

NE _<NS [lci

In this event, the rank, r A , of the formula matrix A is not greater than

the number of elements NE,

r A < NE < NS I1dl

From now on, we will only consider systems for which (lc) is true so that (ld)

is always valid.
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___ Definition" Let_ k: {(xi, Xk)E_kl for each i, xi> O}80O -- •

We term the set _._()kas the non-negative hyperoctant of_ k. :

(3) Definition: Let V = (vl, ... , vk)t be a vector in k. We define V to

be the sum of the components of V, i.e.,

k

= _ vi [3a]

i=i

Now, let B be any rxs matrix over . The row and column sums of B are
"'.r

defined, respectively, as

S

Pi(B) = _Bij , i = i, ..., r [3bl
j-1

r

_j(B) = _Bij, j = i, ..., s lScl
i-1

4___Lemma: Let A be the formula matrix of the system S, b an element.

: abundance vector for S, and n a species abundance vector satisfying the

constraints

An = b, n _ NS .
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Then

a) The column sums of A are positive.

min b--i- I A >0
b) 0 < nj _< I<i_<NE Aij ij

c) i < i
max{_1(A), ..., cNs(A)} min{cl(A), ..., _Ns(A)}

Note that the lower bound on the total number of moles _ in (c) above is a

sharper bound than that presented in Reference ii.

(5) Definition" Let I = {no FF_NSIAn = b}. _ is called the feasible set of

solutions to the mass balance constraints.

_6) Lemma: The feasible set _ is a compact convex polytope.

The convexity of the feasible set _ follows straightforwardly from the

linearity of the equations An = b. On the one hand, Lemma (4) shows that the

set _ is bounded; on the other hand, regarding A as a linear map A_ NS ._

NE
from _NS to O_NE, it immediately follows that _ is closed. We merely

need to invoke the Heine-Borel theorem (36,37) to claim compactness of _.

One of the results of convexity theory (39, Fheorem 3.6.13) asserts that

a compact convex subset is the convex hull of its extreme points, where, an

extreme point of a convex set K is a point of K which cannot be written as a
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convex linear combination of any pair points of K, neither of which is

itself. {In the language of linear programming, an extreme point is a basic

feasible solution (40, Theorem 3.1).] Hence,

(7) Corollary: The feasible set _ is the convex hull of its extreme points.

The question that immediately arises is, of course, whether the set of

extreme points of _ is finite or otherwise.

Borrowing a result from linear programming again (40, 3.5.3) we have

L(8)Corollary: The set E_ of extreme points of _ is finite with

IEn, _<(rA_, where, rA is the rank of the formula matrix A and(rAnis the

\ /NS \NS/

binomial coefficient,

NS (NS-rA) !rA! "

The final resolution of the solutions to the mass balance equations lies in

the decomposition theorem for convex polytopes (40, Theorem 3).

(9) Theorem: Any vector n_ can be written as the sum of two solutions,

n =np + nh
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where np is a convex linear combination of extreme points (basic feasible

solutions) and nh is a "homogeneous" solution solving

An = 0, n > O. {i0]

Since _ is bounded, all solutions to the mass balance equations are convex

linear combinations of basic feasible solutions Icf: Corollary 7]_ In other

words, the only homogeneous vector solving Eq. i0 is the zero vector.

4.4.3 Gibbs Free Enerqy and Approximations

Given the system S comprising the NS species sl, ..., sNS and Gibbs free

energy G, we want to establish that G attains its extremum values on the

feasible set _. A sufficient condition for this to hold is that the free

energy be a continuous function on _. Since the requirement of a continuous

free energy for S is not all too restrictive and physically eminently reason-

abl_ we shall from now on make the assumption that

(I]_ The Gibbs free energy G of the system S is a continuous function on the

feasible set _.

Additionally, to make the problem meaningful, we also assume that

_2(.__ The feasible set _ is nonempty (and hence contains basic feasible

solutions).
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For any well-posed problem, _ is usually nonempty: assumption (2) above

is thus not all too restrictive either. (In any event, at the algorithm

level, the algorithm can be made to terminate if it is determined that _ is

empty. )

With these two assumptions, the compactness of _ then allows us to

conclude that

(3) Theorem: The Gibbs free energy G of the system S attains its minimum and

maximum values on _" i.e., there exist points n and n, in _ such that

Gmin = G(n,)= inf [G(n) Inc_}

Gmax = G(n,) = sup [G(n) In_].

Likewise, the convexity of _, the continuity of G, and the fact that compact,

connected subsets of R are closed, bounded intervals (37, Theorem 8.4) yield:

(4) Corollary" The image G(_) of the feasible set R under the Gibbs free

energy G is a closed bounded interval in 0_{_,

G(_) = [Gmi n, Gmax].

In !]eneral, the Gibbs free energy G may possess local minmima in addition to

the global minimum Gmin. However, if G is a convex function, then any local

minimum is also a global minimum (41, Theorem 6.2.6). We state this in:
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(5) Corollary: Let the Gibbs free energy G of S be convex. Then:

a) Any local minimum of G is also a global minimum. .

b) The set _, = [n,s_IG(n,) = Gmin] of minimal points of G is a closed

convex subset of _.

c) If G is strictly convex, i.e., if for each n,n s_ and _¢(O,1),

G(l-_)n + _n) < (1-_)G(n) + _G(n), then G has at most one minimal

point.

lt is to be noted that (5b) above is the mathematical statement of

"indifferent" or "degenerate" equilibrium states discussed earlier in the

introduction, lt is to be also noted that, in contrast to linear optimization

problems, G may well attain its minimal value at interior points of _.

In general, the Gibbs free energy of the system S may be written as

G =_G _ [ 6 ]
C_

where G_ represents the free energy of phase P_ and given by

G_ __ __= ujnj = nj {Uoj + RT _n aj}

jsP a jsF_

= nj {Uoj + RT _n xj + RT _n _j} [7]
jsP
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is the chemical potential of species j in phase _oj is the standardwhere _j

or reference chemical potential of species j, aj is the activity of species j

in phase Ps, and rj the activity coefficients. The symbols R and T represent,

respectively, the universal gas constant and temperature, while x_ is the mole

fraction of species j in phase Ps'

c_ c_

nj nj [8]C_ _

xj
cz _a

c_

Depending on the choices for the activities, or the activity coefficients, a

variety of approximation to the Gibbs free energy of the system may be

studied. (For instance, the Debye-Huckel formulas, 3-suffix Wohl equation,

Wilson coefficients, sublattice models, etc. (3,8,10-ii,12,17-18,22,23_26,

44-45)).

In particular, the activities defined by

= 1, if _ is a pure condensed phase

aj_ = Px_, if e is a gaseous phase (P = normalized pressure) [9]

if _ is a liquid phase= Xj,

constitute the ideal model which has been extensively discussed in the

literature (3-9,12,17-18,23) and its relevance to silicate and coal conversion

systems also emphasized (46-48). We note that the free energy of phase P_ can

be written as

_ _ [I0]G_ = F_ + RT nj _n r j

J_P_

78

, .... il ii - ,.... ,, J_ , "_a___ _"*..... .......... *" '' '_'"'_i_'_......



and the overall Gibbs free energy of S as

G =_F _ + R'F_ _ nqj _n ra = F+j RT _ _ nj_na raj [III

a, _ jcP_ a jcP_

regardless of whether S is ideal or otherwise. (.The functions F_ represent

the free energies of the phases of the ideal model.) This observation, viz.,

that the Gibbs free energy can be written as the sum of the free energies of

the ideal and non-ideal parts, forms the basis for an algorithm to determine

the minima of G: r_ference (26) provides extensive details. We may note that

explicit attention is given to the possibility of G and F not being aifferen-

tiable along the boundary of _ and the algorithm presented relies on the

differentiability of G and F only in the interior of _ a

Oil)be the function defined byLet B:_ +,j_

B = j_IC j_IL fi L J_IG \nG / [12J

where IC, IL, and IG denote, respectively, the index sets of the condensed,

liquid, and gaseous species in S and _L and i_G are the total moles of the
#

liquid and gaseous species,

nL = _nj,
{Z3a]

j_ll.

a The assumption as to the uniqueness of the minimal point of Fx, x_FI (in the
: notation of Rief.26) may also be re'laxedDy suitably ensuring the operator T

does not have Finite cycles°
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[i3b]
nG = 2=._nj

jEIG

Rewriting B as

j_IL j_IG [14a]

where

u , jclC

_ioj = u_ + RI _nP, j_IG [14bi

_,_ , j_IL

and

nj
_L ' jEIL

xj = _ , jcIG [14ci
_G

we have the inequalities

D(n) < B(n) < E(n), n_c_ [151

where

NS

o D(n) = ,_Gojnj .- RT NL _L- RT NG _G,
j=l e e

_
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NS

E(n) : _ojnj,
j:1

NL = number of liquid species,

NG = number of gaseous species,

e = base of the natural logarithm = 2.718. [16]

The first inequality, D(n) < B(n), nE_, is obtained by noting that the

function

f : {0, i] *_: t _ t _n t

has a minimum at t = i/e with f (l/e) = -l/e, while the second inequality

B(n) < E(n) obtains from the fact that the function t_nt is non-positive.

Hence, if x,, n,, and y, are minimal points of D, B, and E, respectively, we

have

D(x,) _< B(n,) < E(y,). (17]

4.4.4 Phase Distributions

The ideal approximation of Eq. 4.4.3.12, approximating the ideal Gibbs

energy by the function B, seemingly approximates the number of liquid phases

to be one. (The number of gaseous phases is, of course, one, while the number

of solid condensed species can be determined only after B has been minimized.)

This approximation of the number of liquid phases is not all too invalid for

81



complex aluminosilicate systems (24) wherein the melt is usually treated as a

single homogenous phase. Additionally, standard methods of analysis (like

SEM, XRD, TGA, etc.) also fail to provide satisfactory conclusions as to the

number of liquid phases present and any data provided by the theory, unlcss

verifiable otherwise, remains primaily of theoretical interest. Nevertheless,

the function B in 4.4.3.12 captures all the "essential" information pertinent

to the accounting of phases present at equilibrium, as we now proceed to show°

__I) Proposition: Let, in the ideal model, a solution species j be present in

al aN
k phases _I, ..., ak. If x,j, ..., x,j denote its equilibrium mole fractions

_ a2 _k
in the k phases, then x,j = x,j = ... x,j.

(_1 ak
Proof: At equilibrium, the chemical potentials vj , ... vj of solution

species j are equal o Hence

_ ct2 a k
_Oj + _nx,j : l_oj + _nx,j = o.. : Voj + znx,j

implying

al mk
x,j = ... = x,j.

2___[_[_iogosition: Let, in the ideal model, there be k solution phases. Assume

that the species are numbered so that

IC = {i, ..., NC], IG = {NC + i, ..., NC + NG), and
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IL = {NC + NG + 1, ..., NS} and that the vector

* * * * f*1 *k *k *kf3 = [f ,'",fNC' fNC+I,"', fNC+NG, NC+NG+I'''" fNS,'"' fNC+NG+I""'fNS ]

minimizes

N_ NC+NG fi_G1

B" = _oj + _ f j _oj + _n
j=1 j=NC+I

K NS

_=i j =NC+NG+1 \ _a7

Then there exists i_ such that

_j = fj , j : i, ... , NC + NG

K

E= , j = NC + NG + i, ... , NS. [41

_=i

and

= B'(f*).

Proof" The existence of the vector B_c follows easily by observing that the

formula matrix for minimizing B" contains, for each solution species, k

repeated columns corresponding to the k phases.
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To observe that B(_) = B'(f*) we utilize the result of proposition (I) and

reorder the last sum in Equation 3 to obtain

K NS

_=i j=NC+NG+I \f_]

K NS NS K

a=1 j=NC+NG+I j=NC+NG+I _=i \

NS NS

= _. _ojnj 4. _ nj_,n_j
j=NC+NG+I j=NC+NG+I

since from Equation 4 we have

K

J - - _=i
n L nL

K

= _ xjoLf*(_ , j = NC+NG+I, ...,
NS

-- CI= z

nL

so that

nj _, = x*t = xj*2 = = xj*k, j = NC + NG +i, .... NS=, j J ."
_ E

nL

_
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The primary consequence of the above two propositions is that, in the

ideal case, the phase distribution provided for in the function B of Equation

4.4.3o12 is the most stable. In other words, it suffices to consider the

function B for the minimization of the ideal case. Of course, if the vector

f*, which minimizes B', is such that it minimizes B as weil, the relative

amounts of the phases present remain undetermined.

This indeterminancy, arising due to the inherent symmetries of the

solutions to the mass balance constraints, may be, and usually is, removed by

introducing terms describing non-ideal behavior. Unless there exists

additional information regarding these non-ideal terms, which perhaps would

then allow rejection of some phase distributions a" priori, a minimization

over all realizable phase distributions must, in general, be done. The

algorithm of Ref. (26) may then be utilized to minimize G for a particular

(assumed) phase distribution. If the minimization over the possible phase

distributions is felt to be too prohibitive (in terms of prog,-am execution

time or cost) simple phase splittings can be tried to approach the realistic

phase distribution as described in Ref. (18), or a maximal phase distribution

assumed and G minimized as described in the "phase elimination" technique of

Ref. (8). This latter approach is preferred in that the process is not by

"trial and error," and the algorithm automatically discards phases not present

at equilibrium.

6. PHOE_B._E:Algorithm, Results and ConclLlsions

A computer program called PHOEBE has been developed at UNDEMRC

implementing the ideas discussed above. PHOEBE essentially comprises two

parts: (i) a data manipulation module and (ii) a computational module.
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The data manipulation module (DDM) is a fully menu-driven front end or

preprocessor designed to facilitate data entry, data-base retrieval/access and

output of computational results (Fig. 6.1). This preprocessor is written in

assembly level code and is targeted for PC users (specifically For IBMa

compatible machines). Facilities for file management, DOSb commands, and a

few desktop accessories are also provided to enable the user to work in an

integrated manner under PHEOBEand to schedule or execute concurrent tasks. In

terms of hardware, the minimal requirements are: (i) Monochrome/CGA/EGA

adaptor (ii) IBM compatible PC; (iii) >600K RAM; and (iv) math coprocessor.

The computational module (see Fig. 6.2) accepts the input data as

prepared by the preprocessor and after additional data verification proceeds

with the computation of the equilibrium values. There are no restrictions on

the number of elements, number of species, or the number of phases considered

and the program dynatnically allocates system memory depending on input para-

meters. The algorithm path depends on a user-dependent option and proceeds

with the calculation of the equilibrium values with respect to the ideal model

or a user-supplied, non-ideal model. At this stage of development, no library

of standard/well..established non-ideal models are included with the program:

we expect to inciude such a facility in the near future.

a Trademark of the International Business Machines Corporation.
b Product of Microsoft Inc.
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PHOEBE: Al_grithm

Read input data
i ii

- , - __ , ..... _Ii

Verify input data

ii lm. i _

!
For each composition

• Generate (basic) feasible solution

• For each temperature

• O_tain equi I ibrium values

{

_ sP1ay/!t°:e/;:i nt;°utP: t/Err°rs

J.

f

Figure 6.2. PHOEBE: Computational module.
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The results from PHEOBE, so far, look very promising. Two model outputs

are presented in Tables 6.1 and 6.2. (Note that these are results obtained

from only the linear approximation to G.) Table 6.1 represents the output for

the AI2-03-SiO2 binary system, while Table 6.2 is that for the Na20-Al203-Si02

ternary system. As may be observed, the predicted and experimental values are

in complete agreement for the binary system. The multiple minima indicated by

the program for the Al_03:SiO2 ratio of 3:2 is also in accordance with phase

diagram data which indicates a phase boundary for this composition ratio. For

the ternary system (Table 6.2), the discrepancies between predicted and

observed are especially pronounced for Na20:Al203:Si02 ratios of 2:1:2 and

3:3:4 while overall, the primary and secondary (or secondary and tertiary)

phases are occasionally interchanged in the predicted values.

TABLE 6.I

COMPARISION OF PREDICTED AND EXPERIMENTAL PHASES

FOR THE A1203-Si02 BINARY SYSTEM

a
Composition Predicted Phases E_x]DerimentalPhases
_ (mol f__)___ _ Second ary___ Primary__ Seconda_[y_

A1203 = 10 Mullite Cristobalite Mullite Silica

A1203 = 20 Mullite Cristobalite Mullite Silica

A1203 = 30 Mullite Cristobalite Mullite Silica

Al_O 3 = 40 Mullite Cristobalite Mullite Silica

Al_O_ = 50 Mullite Cristobalite Mullite Silica

Al 203 = 60 Mulliteb Mullitec

Al203 = 70 Corundum Mullite Corundum Mullite

A1203 = 80 Corundum Mullite Corundum Mullite

a Phase diagram data obtained from Ref, 35.
b Multiple optima predicted.
c Phase boundary,
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TABLE 6,2

COMPARISONOF PREDICTEDAND EXPERIMENTALPHASES

FOR THE Na20-AI203-SiO 2 TERNARYSYSTEM

Composition Predicted_Phase_.s Experimental Phases a

(wt _) Primary_... Secondary Tertiary Primar_ Secondar_ Tertiar._____y.

AI203 = 10

SiO 2 = 40 Corundum Na20 - See footnote b below.

AI203 = 20 c

SiO 2 : 40 C_rundum Nepheline Na2siO 3 Nepheline Na2SiO 3 -

AI203 : 30c

SiO 2 : 40 Corundum Nepheline Na2SIO 3 Nepheline Na2SIC 3 -

AI203 = 40

SiO 2 = 40 Corundum Nepheline Albite Nepheline Corundum Albite

AI203 : 50

SiO 2 = 40 Corundum Nepheline Albite Corundum Nepheline Albite

AI203 = 10

SiO 2 = 50 Nepheline Na2Si203 Na2SiO 5 Na2SiO 3 Nepheline Na2Si205

AI203 = 20

SiO 2 = 50 Nepheline Na2SiO 3 Na2Si205 Nepheline Na2SiO 3 Na2Si205

AI203 = 30

SiO 2 : 50 Nepheline Albite Na2Si203 Nepheline Albite Na2Si205

AI203 = 10

SiO 2 = 60 Nepheline Albite Na2SI203 Na2Si205 Nepheline Albite

AI203 = 20

SiO 2 = 60 Nepheline Albite Na2Si203 Nepheline Albite Na2Si205

AI203 = 30

SiO 2 = 60 Corundum Mullite Albite C_rundum Mullite Albite

AI203 = 10

SiO 2 = 70 Cristobalite Albite Na2Si205 Albite Na2Si205 Silica

AI203 = 20

SiO 2 = 70 Mullite Cristobalite Albite Mullite Albite Quartz

__

a Phase diagram data obtained from Ref. 35.
b

Phase diagram data not available.
c See text.
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In attempting to understand the prediction of corundum as the

prima.ry phase for the composition ratios Na20:AI203:SiO_, 2:1:2 and

Na_O:Al203:Si02, 3:3:4 in Table 6.2, it was discovered that the _o.-values for

nepheline(s) and nepheline(1) were computed from the SOLGASMIX coefficients

reported in Ref. (49). P_s per these values, nepheline's melting point appears

to be about 2300 K, while phase diagram data indicate _ value of 1800 K.

Furthermore, these compositions lie adjacent to a boundary to one side of

which phase diagram data is nonexistent. Ali in all, we are reluctant to

stand judgment on this misrepresentation of corundum as the primary phase and

await further confirmation.

On the other hand, the intermixing of the primary and secondary phases

(or the secondary and tertiary, etc.) that occurs in Table 6.2 is a ro.ore

serious problem directly relating to the linear approximation made. The

reasons are as follows: it may be recalled that the _o values of the solid

state of a species are less than that of the liquid state for temperatures

below the melting piont, while the liquid _o values exceed the corresponding

solid values for temperatures above the melting point. Therefore, if, for a

species j, the mass constraints permit a nonzero amount xJ of it, the choice

of assigning the xj moles either tc) the liquid or the solid state of the

species is clear cut: it must be assigned to the solid state if Poj(S)!

-: <_oj(1) and to the liquid state if _oj(1) < _oj(S), Thus for temperatures T

below the melting point Tmj of species j, tl_e solid state is_always preferred,

while for T>Tmj the liquid state is preferred. Now, let the system contain

species k(/.j} with Tmk>Tmj and _ok(s or l)>uoj(S or I), and let the mass

constraints allow the assignment of xk and xJ-.moles to j and k, Then it is

easily seen that the species with the higher melting point (k in this case)

will always be the primary phase, though it may be the case that species j



actually crystallizes first upon c_oling the system. As remarked earlier, the

l inearized problem disregards mutual interactions between the various species,

and the interchanges observed in Table 6.2 are precisely due to this reason.

Ilowever, note that the overall list of phases predicted is indeed corm'ect

since the values obtained from the linearized version can be no more in error

(than by a computable bound) than those obtained From the ideal version.

In conclusion we feel that the current version of PHEOBE is of great

utility in thermodynamic phase equilibria calculations, not only in terms of

its providing a fairly good estimate of the equilibrium state of the system,

but also in terms of its intrinsic co_nputational simplicity.
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FLUIDIZED-BED COMBUSTION OF LOW-RANK COALS

ABSTRACT

The University of North Dakota Energy and Mineral Research Center (EMRC)
is currently performing research in fluidized bed combustion under Cooperative
Agreement No. DE-FC21-86MC10637, Task 4.1. During the third year of this
cooperative agreement, work Focused mainly on the corrosion and erosion of
heat transfer surfaces and on the development of a coal pretreatment cell. A
minimal amount of effort focused on writing a topical report on agglomeration
of bed material.

The corrosion and erosion work focused on analyzing data from seven lO00-
hour tests previously performed. A topical report detailing these results is
currently being prepared. Results from this effort indicate that coal type
has a statically significant effect on the amount of tube metal wastage, the
depth of sulfide penetration into the metal surface, and the thickness of the
scale and deposits that form on the tubes. Other factors such as tube metal
surface temperature, metal type, and location were found to impact the metal
wastage rates. The results are summarized in this report. Detailed analysis
will be presented in the forthcoming topical report.

A new concept was developed For use with fluidized bed combustion
systems. A coal pretreatment cell was developed to have the ability to reduce
the overall size of the FBC system, reduce operating costs, increase fuel
flexibility, improve startup and load Following capabilities, and have
capabilities for modular construction and retrofitting. Work has proceeded
through a detailed paper evaluation using data available from the literature.
Current work is focusing on developing operational data using an experimental
test rig.

Work in the area of agglomeration focused on the preparation of a topical
report. Results From the analysis of deposits taken from utility systems is
reported here. Preparation of the topical report is still in progress.

1.0 INTRODUCTION

The main driving forces behind the use of Fluidized bed combustion have
primarily been environmental concerns, fuel flexibility, and compatibility
with low-cost fuels. Both bubbling and circulating designs have been devel-
oped for operation at atmospheric pressure, and many units of both types are
currently in operation on the industrial scale. A limited number of larger
utility boilers have recently been commissioned. In addition, pressurized
fluidized-bed combustion (PFBC) is making its entrance on the utility scale
with the PFBC being installed at the Tidd Station.

Even though fluidized-bed combustion technologies are being commercial-
ized, a number of areas require further research. An integrated approach
should be taken toward fluidized-bed combustion research to solve interrelated
problems generic to bubbling, circulating, and pressurized fluidized-bed



combustion systems. The research program should also be designed to address
specific problems related to each of these areas. Major issues facing
fluidized-bed combustion are listed below:

• Methods are needed to minimize corrosion and erosion of in-bed and
convective pass tubes, refractory and support surfaces, and expander
turbines. Work should focus on:

- Understanding mechanisms:
Mineralogical properties of bed and coal.
Fluid mechanics of bed.
Corrosion versus ev-esion mechanisms.
Stress forces on tubes,

- Assessing acceptable wastages,

- Identifying cost-effective methods of combating tube wastage.

-. Developing systematic test devices.

, Retrofit applications should be addressed for all types of FBCs.
According to information from the American Boiler Manufacturing
Association (ABMA), approximately 200 existing units are candidates
for retrofit technologies. The FBC retrofits at;NSP's Black Dog
Station, MDU's Heskett Station, and Colorado Ute's Nucla Station
have demonstrated the feasibility of such applications.

° Fuel flexibility and characterization issues should be addressed to
help users understand constraints of fuel switching, design
considerations, and, most important, the economics involved in

• having fuel flexibility for the FBC.

• Agglomeration/sintering of bed material and deposition on tubes, and
supp,_t and refractory surfaces has been identified as a problem by
botll manufacturers and users of FBC technology. Problems have been
documented for both bubbling and circulating beds using a variety of
fuels, including coal.

• Scale-up effects need to be addressed so that vendors and users can
take pilot-scale data and be assured that large-scale systems will
perform as anticipated. This data base has been growing rapidly
with all of the new dnits starting operation; however, much infor-
mation is needed. UND will have an opportunity to observe scale-up
effects when a CFBC is installed as a part of the University's steam
system expansion project, lhis will make a 5,000- and a 150,OO0-Ib
steam/ht unit available for scale-up studies.

• Advanced systems should be designed to resolve problems and improve
overall FBC performance. These systems should-

- Increase volumetric heat release rates.

- Improve overall boiler efficiency.



- Simplify fuel feed and ash removal systems.

- Decrease capital and operating costs.

- Improve turndown.

- Decrease the size of units to enable modular construction.

• Several problems related to emissions from FBC systems need to be
addressed.

- Better sorbent utilization would improve the economics of FBC.

- NOx control is currently not a major problem, but could become
more difficult with bubbling beds if federal standards become more
stringent.

- Information indicates that particulate control problems may exist
for certain types of ash. These ashes should be identified and
the use of specific equipment, conditioning, or other methods
should be applied to resolve the problem.

- Hot-gas cleanup is required For PFBC to meet turbine specs, in
addition to NSPS.

These problems and concerns could limit FBC from reaching its full
potential_ Special efforts should be made to perform the necessary research
to help FBC evolve to a mature technology that meets the technical, economic,
and environmental needs of the future. The University of North Dakota Energy
and Mineral Research Center has addressed several of these problems and
concerns through the research funded by DOE and reported herein.

2.0 GOALS AND OBJECTIVES

The overall objectives of the low-_ank coal (LRC) fluidized bed combus-
tion (FBC) program at the University of North Dakota Snergy and Mineral
Research Center is to conduct research and development programs aimed at
providing a technology data base so that industry can bring economically
competitive and environmentally acceptable coal technology options into the
marketplace. Research will address those areas where data gaps exist in fuel
flexibility and performance, potential operating problems, environmental
compliance, and coal-water slurry applications. The focus is on the develop-.
ment of an atmospheric fluidized bed combustion (AFBC) system utilizing low-
rank coal for the industrial, commercial, and residential sectors capable of
economically meeting process steam and heating requirements.

2.1 Three-Year Objectives

Based upon coal ash composition, bed material characteristics, combustion
studies, and results of laboratory ash sintering studies, an effort will be
made to develop a technique to predict agglomeration in FBCs. This work will
utilize samples obtained from UNDEMRCpilot-scale AFBC units as well as From

3
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outside sources. The thermodynamic constraints of agglomerate formation l_ill
be studied to provide a theoretical understanding of coal ash and bed material
interactions, and to apply kinetic formulations that may predict the rate of
agglomerate development.

During the first Cooperative Agreement, UNDEMRCcompleted testing on
three LRCs using the corrosion/erosion AFBC pilot plant to specifically
evaluate the corrosion and erosion of in-bed, freeboard, and water wall heat
transfer surfaces that occur during the combustion of low-rank coals in an
AFBC. As an extension of this data base, four additional lO00-hour tests are
proposed. These would include an eastern bituminous coal to serve as a refer-
ence to similar tests performed by other researchers, and three additional
LRCs to be selected based on physical properties and market demand. At the
completion of these tests, an evaluation will be made to determine whether
additional lO00-hour tests are needed, or if the program should be modified to
examine other aspects of corrosion and erosion.

Characterization studies of LRC will involve an evaluation of combustor
performance and environmental impacts of an AFBC firing a variety of western
coal at various modes of operation. Quantitative relationships between boiler
performance and design and operational variables will be established for the
various coals. Development of a greater knowledge and understanding of
combustion efficiency, sulfur capture, heat transfer, bed dynamics, erosion,
and load control should result. Several environmental issues will al_o be
addressed to determine pollution controls that will be required based on
characterization of the emissions of sulfur and nitrogen oxides, the ash
generated from each of the coals, and the leachability of the ash and spent
bed material. Characterization studies will include an eastern bituminous
coal to be used as a reference to other researchers' results, and two low-rank
coals.

The suitability of using LRC slurries produced by the UNDEMRChot-water-
drying process as feed to an AFBC will be evaluated. Items to be investigated
will include combustion efficiencies, products of combustion, supplemental
sorbent requirements, and in-bed heat transfer characteristics. In addition,
method(s) of injection and the impact of the slurry feed on operation of the
AFBC will be evaluated. Two slurries made from LRCs that have undergone
extensive characterization will be tested. Based on the results of these
tests, a decision will be made concerning which aspects of slurry feed
applications need further refinement during third-year testing.

Using the results of the testing performed during the first two years of
this Cooperative Agreement, an assessment of the suitability of LRCs and LRC
slurries for use in advanced concepts and special application fluidized bed
combustors will be performed. The findings of this evaluation will be used to
develop a detailed scope of work for third-yea_" activities. These activities
are expected to lead to the demonstration of the use of LRC slurries in
advanced FBC combustion systems.



2.2 Third-Year Objectives

Specific objectives of the Fluidized Bed Combustion Project for the third
year of this Cooperative Agreement are as follows:

TASK i. AGGLOMERATION

A detailed topical report will be prepared on coal ash, sorbent, and bed
material agglomeration. All information generated at EMRC will be presented,
as will utility and industrial operating and experimental data developed out-
side of EMRC. T_is report will present details of the agglomeration process
and known methods of mitigating the problem, and will document occurrence of
the problem (type of facility, feed type, sorbent type, and bed material if
different than sorbent). This effort will include gathering and correlating
existing data, interpreting the available data, and relating this information
to operation of industrial and utility combustors. Minor experimentation will
be performed as necessary to confirm observations and correlations.

TASK 2. EVALUATION OF CORROSION/EROSION

The data generated from the seven lO00-hour corrosion/erosion tests
performed at EMRC will be correlated to determine the effects of the various
coal, coal ash, and limestone properties on corrosion/erosion/deposition_
Detailed metallographic characterization will be performed on samples from the
runs, followed by a detailed statistical evaluation of the data to integrate
the results of the seven tests and more clearly identify the general trends
noted from the existing data. The detailed metallographic examination should
be used to better understand and explain the underlying mechanisms associated
with the different coal/ash/limestone combinations. The deliverable of this
task will be a topical report.

TASK 3. ADVANCEDCONCEPTSAND SPECIAL APPLICATIONS

Based on ideas generated during the first two years of this Cooperative
Agreement, the suitability of LRCs and t.RC slurries for use in advanced
concepts and special application fluidized bed combustors will be assessed.
The work will involve design and modeling of envisioned concepts and will be
presented to program personnel at METC. Upon approval of an advanced concept,
work will begin to prove the concept and to develop experimental data by
firing LRC. These activities are expected to lead to the demonstration of the
use of LRC in advanced FBC combustion systems.

3.0 ACCOMPLISHMENTS

3.1 Agglomeration

A low level of effort was maintained on this task during the past year.
Literature was reviewed and data is being correlated to document occurrences
of agglomeration and bed material sintering. Preparation of a topical report
presenting EMRC experience in bench- and pilot-scale studies as well as
results from full-scale plants is in progress.



During the year, a visit was made to the Montana-Dakota Utilities (MDU)
80-MW HesI<ett Station. The plant was down for a scheduled outage to clean
boiler tube surfaces and perform other routine maintenance. EMRCpersonnel
entered and inspected the boiler before any cleaning had taken place, lt
appears that MDU has been able to control agglomeration by using proper
operating conditions. This includes operating at an average bed temperature
of 1500°F, and turning the bed over every 50 hours. More interestingly,
however, was the over ½-inch-thick deposition noted on the in-bed superheater
surfaces. The deposits covered all the superheater surfaces in the bed.
Generating surfaces in the bed, however, were clean and displayed fully
exposed shiny metal over their entire surfaces. MDUoperators feel that the
deposition on the superheater surfaces is the cause of low steam temperatures
(30 to 50°F below design). EMRChas noted a similar effect, where the in-bed
tubes with cool surface temperatures (less than 400°F) were clean, while those
with higher surface temperatures experienced severe deposition when burning
Beulah lignite. EMRCwill be receiving samples of this deposit material for
analysis.

Some deposition was also noted on the convective pass tubes. This mate-
rial was very tenacious and was being removed by air lances. The observed
deposits were up to i inch thick, and their appearance resembled fouling
deposits generated during pc-firing. These deposits may also account for the
low steam temperature; however, their effect is thought to be minor compared
to the effect of the in-bed superheater deposits. The deposits in the convec-
tive pass are very small in comparison to what MDUsaw when burning the same
coal in the stoker mode prior to the retrofit. A sample of this material was
also collected and will be analyzed. These results, as well as other occur-
rences of agglomeration or deposition will be discussed in detail in the
topical report.

3.2 Evaluation of Corrosion/Erosion During AFBC

A systematic study of the impacts of coal properties on corrosion and
erosion of FBC boiler tube surfaces has been completed. Seven lO00-hour tests
were completed utilizing two Texas lignites and a North Dakota lignite, a
Montana and a New Mexico subbituminous coal, and an Illinois #6 and a Kentucky
#9 bituminous coal. All tests were performed with the combustor and heat
exchanger surfaces in the same location, and under similar operating condi-
tions. This was done to remove the effects of parameters such as geometry,
•tube orientation, stresses, etc., from the test matrix. A detailed topical
report is being prepared that will show the differences and similarities in
the Derformances of various materials during these different tests, and relate
performance to coal ash properties. A summary of the results is presented
here.

3.2.1 Test Procedures

A pilot-scale AFBC was designed and constructed at EMRCspecifically to
investigate the effects of coal type on the corrosion and erosion of heat
transfer elements. Figure I shows an isometric view of the overall system. A
cross-sectional view of the combustor is shown in Figure 2. The facilities
include an extractive flue gas analysis system for measuring oxygen, carbon
dioxide, and sulfur dioxide levels, and a microprocessor-controlled data
acquisition system for monitoring and recording temperature, pressure, and



2
Figure i. Isometric view of UNDEMRC's0.44-ft AFBC.

2
Figure 2. Cross-sectional view of UNDEMRC's0.44-ft AFBC showing combustor

dimensions and the metallurgies and approximate operational
surface temperatures of heat transfer tubes and coupons.
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flue gas concentration data. The combustor was designed to run at steady
state conditions for I000 hours with a bed temperature of 1550°F, a super_
ficial gas velocity of 7.5 ft/sec, an excess air level of 25%, and 70%
retention of sulfur. Actual operating conditions for each test are given in
Table I. Deviations from the set point were caused by operation of each test
with the same heat transfer geometry, irrespective of coal properties.

During each test, 29 horizontally oriented tubes were distributed
throughout tile bed, splash zone, and convective pass. Metal surface tempera-
tures of various tubes were maintained at preset limits by using either water-
or air-cooling; other tubes not cooled. Figure 2 shows the location, method
of cooling, and approximate surface temperatures of the 29 tubes. Different
metallurgies were also tested as indicated in the figure. This configuration
was kept the same for all seven tests, to remove tube configuration and
geometry as a test variable.

Each sample was weighed and measured prior to exposure. After completion
of the test, the tubes and coupons were removed, measured, weighed, and photo-
graphed. Detailed metallographic examination of the tube samples was per-
formed to determine and record the color, texture, and location of features on
the sample. Samples were cut for metallographic analysis. The cut sections
were mounted in epoxy, polished, and examined using a research grade metallo-
graph. These techniques were Ised to record metal loss, scale formation,
deposition, sulfide penetration, pitting, and other changes that occurred to
the samples during exposure. Selected polished samples were studied by scan-
ning electron microscopy and electron microprobe techniques to analyze scale/
deposit and scale/metal interfaces. Elemental mapping was also performed to
ascertain the distribution of various elements.

A summary and analysis of total metal loss, sulfide penetration and
deposit/scale measurements is presented here. Detailed procedures and data
obtained during each of the corrosion/erosion tests have been presented in
previous reports (1,2,3). Test data from all seven tests will be presented
and discussed in detail in the forthcoming report entitled "Corrosion and
Erosion of, and Deposition on AFBC Boiler Tube Surfaces: Topical Report."

3°2.2 Chemical Analysis of Feed Coal, Limestone, and Bed Material

The proximate, ultimate and ash analyses of the seven coals tested are
listed in Table 2. The proximate analyses showed a wide variation between the
coals tested. Moisture contents varied from 2.7 wt% for the Pyro Kentucky
bituminous coal to 29.1 wt% for the South Hallsville Texas lignite. The other
parameters of interest in the proximate analysis are the ash and higher
heating values. Ash content ranged from 8.0% to 32.5% for the coals tested.
Gibbons Creek had the lowest higher heating value and Pyro the highest.

Of interest in the ultimate analyses of the coals are the sulfur and
chlorine levels. Sulfur contents, on a moisture-free basis, varied from 0.8
wt% for the Absaloka and Navajo subbituminous coals, to 4.2 wt% and 4.3 wt%
for the River King and Pyro coals, respectively. The chlorine content of all
the coals was below 0.05 wt%, except for the Pyro coal, which had a chlorine
content of 0.25 wt%.
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The components of interest in the coal ashes are Si02, Na_O, K20 and
CaO. The Navajo and Gibbons Creek had high (60 wt%) SiO_ contents. The other
coal ashes had Si02 levels between 35 and 50 wt%, except for Beulah, which had
a very low 20.4 wt%. Most coal ashes had very low sodium (Na20) levels (1.8
wt% or less) except for Beulah, which had 7.4 wt%. The bituminous coals,
River King and Pyro, had relatively high K_O contents (2.4 and 2.6 wt%,
re%pectively). The other coal ashes had K20 levels of about 1.0 wt% or less.
The CaO content of the ashes varied markedly. Absaloka and Beulah had high
CaO contents of about 21 wt%, and Navajo had the lowest value of 2.6 wt%.

The other factor affecting the bed chemistry is the limestone feed
material. Limestone was added during each test at a rate necessary to meet
70% sulfur capture. The chemical compositions of the limestones used for each
test are listed in Table 3. From these analyses, it can be seen that the
limestones were relatively pure°

The chemical composition of the bed material from each of the tests was
also determined. The data are listed in Table 4. Included in the table is
the chemical composition of the bed material, calculated on an CaSO,-free
basis, and the S/Ca molar ratio for each of the samples. The chemical compo-
sition of the bed on a CaSO4-free basis allows quantitative comparison of the
components in the bed that are not associated with fully sulfated limestone.
The Absaloka bed material contained high levels of SiO_ and CaOo No sodium
was observed. The South Hallsville bed material contained much Si02 and CaO:
no Na_O or CaO, and no measurable amounts of Na_O or K20. The Navajo bed
material, on a CaSO,-free basis, was very high in SiO_ and low in CaO compared
to the samples discussed above. The River King sample, however, was very high
in CaO and low in the other components, notably the alkali oxides Na_O and
K20. The S/Ca molar ratio of 0.14 indicates an excess of "free CaO" in the
River King bed material compared to the other samples. The Beulah bed
material, on a CaSO,,-free basis, had a high Na20 content.

3.2.3 Results and Discussion

3.2.3.1 Wall Loss Measurements

The amount ef metal lost from the heat transfer tubes was measures by two
methods. The first method was to measure the diameter of the tube before and
after the run, with the difference referred to as the diameter loss. The
second method was to section the tube after the run and measure the thickness
of the tube wall. The wall thickness lost was then calculated based on the
tube wall thickness of a section of the tube that had not been exposed during
the run. Values reported here will be specified as either "diameter loss" or
"wall thickness lost." Because of the different measurement techniques, the
trends noted for the wall loss measurements were not always the same as the
diameter loss measurements. More confidence is placed in the diameter loss
measurements, as they are comparing before-and-after measurements taken at the
same location, whereas the wall loss measurements are comparing before-and-
after measurements from two different locations.

ii
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Individual measurements for metal loss were taken in microns. The graphs
used in this report are in most cases a sum of several or all of the measure-
ments for a given coal or metal type. This was done to average out data
anomalies and present an overall picture of how metal loss was affected by
the various parameters under study. Th¢,,_ ore in most cases the y-axis
should be taken as a relative scale, and _mt an absolute scale. Absolute
numbers will vary from unit to unit, depending on geometry, operating
conditions, and other factors. This report presents the relative trends and
effects measured in this study.

An example of diameter loss data is given in Figures 3 and 4. Figure 3
shows the diameter loss for Tube #7, a 316-stainless steel tube, at the four
measurement locations. Figure 4 shows similar data for Tube #8, a carbon
steel tube. The measurements taken are the vertical diameter loss (VDL),
Diagonal I diameter loss (DIDL), horizontal diameter loss (HDL) and the
Diagonal 2 diameter loss (D2DL). These measurements were taken across the
following clock positions" 12:00 to 6:00 (VDL), 1:30 to 7:30 (DIDL), 3:00 Lo
9"00 (HDL), and 4:30 to 10"30 (D2DL). The coal abbreviations used are the
same as listed in Table 2. Raw data tables and figures will be presented for
all the tubes in the topical report.

The metal loss data was examined in two ways. One method utilized the
average of all four measurements around the circumference of each of the tubes
to make comparisons between coal type, tube metal, surface temperature, and
location. The second compared the maximum measurements taken for each tube.
In most cases, the average values correlated well with the maximum value.

Figure 5 gives a comparison of the metal loss as measured by diameter
= loss. The diameter losses for all four locations for all 29 tubes have been

summed. This data indicates that the highest metal loss resulted from burning
the South Hallsville coal, followed by the Sarpy Creek and Pyro coals. Beulah
and Gibbons Creek followed at a lower level, with the River King and Navajo
being the lowest.

Figures 6, 7, 8, and 9 show the same diameter loss data broken down by
location and metal type. These figures show differences in metal loss as a
function of coal type, metal type, and location.

An analysis of variance was performed to determine which of these differ-
ences were statistically significant. The highest and lowest values for the
diameter loss data, rather than the average or sum of the losses, were used in

i the statistical analysis. Maximum values were used because they represent
worst case situations, and they indicate where tube failure would first

= appear.

Tables 5 and 6 present comparative statistics for the maximum measure-
ments of wall loss and diameter loss as a function of surface temperature,
coal type, metal type, and location. The difference between the lowest and
highest readings is large in most cases, and reflects the fact that the data
was not sorted into subcategories before determining the descriptive statis-
tics. For instance, the lowest and highest values and standard deviations
would be smaller (for each coal) for only those stainless steel tubes located

= in the bed than for the total number of tubes in the study. Even though
including all of the data points increased the range of numbers reported, it
also increased the degrees of freedom for a given category and improved the
statistical analysis.

-
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Figure 3. Diameter loss measurements for Tube #7, 316-Stainless Steel.
Greater-than-zero values refer to loss on all figures.
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o Figure 4. Diameter loss measurements for Tube #8, Carbon Steel.
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Figure 5. Sumof all diameter metal loss measurements fo_" all 29 tubes.

Figure 6. Sum of diameter loss measurements as a function of co_l type and
metallurgy for all tubes.
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Figure 7, Sum of diameter loss measurements as a function of coal type and
metallurgy for In-Bed Tubes.
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Figure 8. Sum of diameter loss measurements as a function of coal type and
metallurgy for splash zone tubes.
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Figure 9. Sum of diameter loss measurements as a function of coal type and
metallurgy for convective pass tubes.

TABLE 5

COMPARATIVESTATISTICS ON DIAMETER LOSS

Temperature Number of Lowest Highest Standard
°F Observations Value Value Mean Deviation
250 28 - 38 165 23 40

: 400 33 -127 686 142 180
700 28 - 13 127 47 40

Ii00 45 -127 229 56 66
1200 26 - 63 965 196 279
1500 28 -177 127 -11 80

Coal Type
Beulah 29 - 13 508 70 104
Gibbons Creek 29 - 25 965 74 181-

. Navajo 29 -165 394 41 94
Pyro 29 - 127 686 122 197

" River King 29 -114 673 70 156
Sarpy Creek 28 -177 457 54 120
South Hallsville 25 - 76 712 84 155

304 SS 54 - 25 241 70 67
316 SS 56 - 25 228 50 58

: 347 SS 55 -I77 153 4 73
Carbon Steel 33 - 38 965 234 277

Location
- In-Bed 96 -.177 686 62 134

Splash Zone 20 - 63 965 86 175
Convective Pass 82 - 13 216 77 65

- The highest and lowest values from each tube were used in the statistical
analysis. Ali units are microns.
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Planned Actua]...

Milestone C'ornplet {on Completion
DeseriDrion Date Date Comment

SK A AGGLOMERATION

a.l ,Survey of industrial/utility facilities 07/15/88 04/30/89

a.2 Assemble and correlate EMRCdata 08/15/88 09/01/88

a.3 Analysis of selected material 10/15/88 10/15/88

a.4 Draft report 433/31/89

a.5 Final Topical report (]5/30/89

SK B EVALUATIONOF CORROSION/EROSION

b.1 Complete metallographic analysis of tubes 09/01/88 03/30/89

b.2 Complete statistical correlation of data 11/15/88 06/30/89

b.3 Followup metallographic work on selected
tubes 12/31/88 06/30/89

b.4 Draft report 03/31/89.

b.5 Final Topical report 06/30/89

SK C CHARACTERIZATIONSTUDIESOF WESTERNCOAL

No work scheduled

SK D SLURRYFEEDAPPLICATIONS

No work scheduled

: SKE ADVANCEDCONCEPTSAND SPECIAL APPLICATIONS

e.l Define advanced concepts for further study 06/30/88 06/30/88

e.2 Preliminary modeling, calculations, ..
experimentation 08/30/88 08/30/88

e.3 Present concepts to METCpersonnel 09/30/88 10/30/88

e.4 Assessment of development work on advanced
concepts 06/30/89 06/30/89



TABLE 6

COMPARATIVESTATISTICS ON WALL LOSS

Temperature Number of Lowest Highest Standard
°F Observations Value Value Mean Deviation

250 28 0 432 96 102
400 33 0 788 237 209
700 28 -25 483 133 133

ii00 45 -25 559 127 121
1200 26 -25 1678 270 392
1500 28 -51 585 127 141

Coal Typ_

Beulah 29 0 407 82 I00
Gibbons Creek 29 0 1678 161 319
Navajo 29 -25 712 116 170
Pyro 29 25 712 185 167
River King 29 -25 788 285 199
Sarpy Creek 28 51 813 233 188
South Hallsville 25 -51 203 50 71

Metal Type

304 SS 54 0 534 133 121
316 SS 56 -51 280 69 79
347 SS 55 -25 585 154 143
Carbon Steel 33 0 1678 372 347

Location

In-Bed 96 -51 788 163 164
Splash Zone 20 -25 1678 164 249
Convective Pass 82 -25 559 135 156

The highest and lowest value from each tube were used in the statistical
analysis. Ali units are microns.

Wall loss and diameter loss values are similar, with a few exceptions.
Wall loss measurements, on a tube-by-tube basis, were consistently greater
than the diameter loss measurements. This is believed to be a function of the
measurement technique. The trends for metal loss as a function of coal type
differed between the two measurement techniques, with the wall loss measure-
ments showing higher values (relative to the other coal types) for the River
King and Sarpy Creek, and lower values for the South Hallsville than did the
diameter loss measurements. Metal losses for the 347-stainless steel were
higher relative to the other stainless steels as measured by wall loss, and
lower as measured by diameter Iosso The relative measurements for temperature
were similar for both wall loss and diameter loss, with the exception of
measurements at 1550°C, where the relative diameter loss was less than the
wall loss.



Results from the analysis of variance (ANOVA) are presented in Tables 7
and 8. Metal type and temperature were found to have significant effects on
the metal loss at the 95%-confidence level for both wall and diameter measure-
ments. Wall loss measurements indicated that coal type also played a signif-
icant role in the amount of metal lost during the testing. Several two- and
three-level interactions, such as coal and metal type, were also found to be
significant, indicating that the metal types, relative to each other, were
affected differently by the different coals tested. The mean values of each
category were compared to substantiate the differences indicated by the ANOVA.
Tables 9 and 10 present the results.

A graphical representation of the amount of metal wear as a function of
circumference location for the 29 tubes is presented in Figure i0. In this
figure, the sum of all measurements at a given tube location for all tubes of
a given coal type are plotted. The River King, Gibbons Creek, South
Hallsville, and Sarpy Creek all show similar wear patterns, with the highest
wear at 3:00 and the lowest at 9:00. An opposite trend is noted for the
Navajo, which shows the lowest wear at 3:00 and the highest from 7:30 to
12:00. The Pyro and Beulah show less variance as a function of location on
the tube.

The observations shown in Figure 10 differ from those made from test
units experiencing high erosion rates. Under an erosive environment in a
fluid bed, it would be expected that the highest wear would occur at the 4:30
and 7:30 locations, and that the wear pattern would be symmetrical about the
12:00/6:00 axis. The absence of this pattern in the current data indicates
that erosion may have played only a minor role in the metal wastage observed
in this testing, and that corrosion was the predominant force. Significant
amounts of sulfide penetration, deposit/scale buildup, and evidence of
spalling on the tubes also were indicative of corrosive action, rather than
erosion. The effects of the wall in the small bed used for testing may have
also impacted the erosion patterns° The geometry of the bed is not thought to
impact the corrosion mechanisms.

3.2.3.2 Sulfide Penetration

Equally important to the amount of metal lost, is the depth of sulfide
attack into the metal. Sulfidation within the metal will eventually lead to a
destruction of the integrity of the metal, and spalling of layers of metal.
This corrosive attack can lead to more metal loss than the erosive forces in

the bed. Measurements of the depth of sulfide penetration were taken at four
locations around the circumference of each tube. At each location, the maxi-

mum depth o_ the sulfide inclusion was recorded. Data from these measurements
will be reported in the topical report. For this report, the maximum value
reported for each tube was used to statistically determine the effects of coal
type, metal type, metal surface temperature, and location.

Table 11 presents comparative statistics on sulfide penetrations, and
results from the ANOVAare given in Table 12o Coal type, metal type, metal
surface temperature, and location all significantly affected the amount of
sulfide penetration at the 95%-confidence level_

2O



TABLE 7

ANALYSIS OF VARIANCE FOR DIAMETER LOSS

Degrees of
Source Freedom Pr > F .Significant

Coal 6 0.2072
Metal 3 0.0001 yes
Location i 0.2146
Temperature 4 0.0010 yes
Coal*Metal 18 0.4053
Coal*Location 12 0.9689
Metal*Location 5 0.8097
Location*Temp I 0.0919
Coal*Temp 36 0.0643
Metal*Temp 16 0.0001 yes
Loc*Temp*Coal 48 0.0409 yes
Temp*Metal*Loc 24 0.0001 yes
Coal*Metal*Loc 75 0.0091 yes

Pr > F of 0.0500 is equivalent to 95% confidence level.

TABLE 8

ANALYSIS OF VARIANCE FOR WALL LOSS

Degrees of
Source Freedom Pr > F Significant

Coal 6 0.0001 yes
Metal 3 0.0001 yes
Location i 0.9857
Temperature 4 0.0037 yes
Coal*Metal 18 0.0001 yes
Coal*Location 12 0.0001 yes
Metal*Location 5 0,0001 yes
Location*Temp I 0.0049 yes
Coal*Temp 36 0.2046
Metal*Temp ]6 0.0001 yes
Metal*Temp*Loc 24 0.0001 yes
Coal*Temp*Loc 48 0.0787
Coal*Metal*Loc 75 0.0001 yes
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TABLE 9

COMPARISONOF MEANSFOR DIAMETER LOSS

Difference
Temperature Between
Comparison °F Means Pr > F Significant

250- 700 24 0.4455
250-1200 173 0.0001 yes
400-1100 85 0.0033 yes
400-1550 153 0.0127 yes
700-..1200 149 0.0001 yes

1100-1550 68 0.0197 yes

Coal
Comparison

PY - SH 37 0.4663
PY - GC 48 0.1184
PY- BB 52 0.0949
PY- RK 52 0.0911
PY - SC 68 0.0487 yes
PY- NJ 80 0.0097 yes

SH - GC ii 0.4384
SH BB 14 0.3788
SH - RK 15 0.3685
SH - SC 31 0.2382
SH- NJ 43 0.0769

GC- BB 3 0.9125
GC - RK 4 0.8966
GC - SC 20 0.6678
GC - Nj 32 0.2980

BB - RK I 0.9839
BB - SC 16 0.7487
BB - NJ 29 0.3517

RK - SC 16 0.7639
RK - NJ 28 0.3622

SC - NJ 12 0_5465

Metal
C_oomparison

CS- 304 164 O.(_C)OI yes
CS - 316 184 0.0001 yes
CS - 347 239 0+0001 yes
304- 316 20 0.3175

= 304 - 347 66 0.0082 yes
326- 347 46 0.0898

t.ocation

, _arison

Bed - Convective 24 0.2301
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TABLE 10

COMPARISONOF MEANSFOR WALL LOSS

Difference
Temperature Between
Comparison °F Means Pr > F §ignificant

250- 700 27 0.3744
250-1200 174 0,0002 yes
400-1100 Ii0 0.0113 yes
400-1550 iii 0.5388
700,,.1200 136 0.0037 yes

1100-1550 0 0.0554

Coal
Comparison

PY - SH 135 0.0051 yes
PY - GC 23 0,5717
PY - BB 103 0.0135 yes
PY - RK 100 0.0157 yes
PY - SC 49 0.1688
PY - NJ 69 0,0936

SH - GC 111 0.0233 yes
SH - BB 32 0,6619
SH - RK 235 0.0001 yes
SH - SC 184 0.0001 yes
SH - Nj 66 0.2215

GC - BB 79 0.0556
GC - RK 124 0.0031 yes
GC - SC 72 0.0536
GC - NJ 45 0.2704

BB - RK 203 0.0001 yes
BB - SC 151 0.0002 yes
BB - NJ 33 0.4125

RK - SC 51 0.3021
RK - Nj 169 0,0001 yes

SC - Nj 118 0.0027 yes
z

Metal

, Co__Rm_pari son

CS - 304 240 0.0001 yes
CS - 316 303 0.0001 yes
CS - 347 217 0.0001 yes
304 - 316 63 0.0425 yes
304 - 347 22 0.4163
316 - 347 85 0.0049 yes

Loc_tion
- Comparison

Bed - Convective i 0.9857
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, Figure i0. Sum of all tube wall loss measurements for a given location as a
function of coal type.

TABLE 11

COMPARATIVESTATISTICS ON SULFIDE PENETRATION

Temperature Number of Lowest Highest Standard
°F Observations Value Value Mean Deviation

250 20 0 50 I0 16
400 33 0 170 25 34
700 19 0 130 18 28

II00 51 0 420 43 60
1200 23 0 50 15 13
1550 27 8 120 54 32

Coal Type
Beulah 29 i0 170 47 39
Gibbons Creek 27 0 420 31 79
Navajo 29 0 50 18 16
Pyro 16 23 105 52 21
River King 24 0 50 12 13
Sarpy Creek 22 0 I00 32 30
South Hallsville 26 0 138 31 39

Metal Type
304 SS 48 0 420 44 64
316 SS 46 0 120 27 24
347 SS 47 0 120 24 27
Carbon Steel 32 0 170 28 38

Location
In-Bed 93 0 170 37 32
Splash Zone 62 0 130 15 20
Convective Pass 18 0 420 55 96

The minimum and maximum values from each location were used in the statistical
analysis. Ali units are microns.
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TABLE 12

ANALYSIS OF VARIANCE FOR SULFIDE PENETRATION

Degrees of
Source Freedom Pr > F Significant

Coal 6 0.0130 yes

Metal 3 0.0050 yes

Location i 0.0367 yes

Temperature 4 0.0099 yes

Coal*Metal 24 0.0344 yes

Coal*Location 6 0.0001 yes

Metal*Location 2 0.0076 yes

Location*Temp 0 NA

Coal*Temp 22 0.6897

Metal*Temp I0 0.8885

Loc*Temp*Coal 45 0.0001 yes

Temp*Metal*Loc 24 0.0001 yes

A comparison of the means is given in Table 13. Temperatures in the con-
vective pass (250, 700, and 1200°F) did not significantly effect the amount of
sulfide penetration. Temperatures in the bed, however, did play a significant
role in sulfide penetration, with more sulfide penetration occurring on the
tube with the higher surface temperature. A comparison of the mean values for
coal type indicate tl_at the sulfide penetration was significantly higher for
Pyro, Gibbons Creek, and Beulah compared to River King, and for Pyro and
Beulah compared to Navajo. Differences between the other coal combinations
were not significant at the 95%-confidence level.

The mean values of sulfide penetration for metal type are also compared
in Table 13o The data indicate that at the 95%-confidence level, 347-
stainless steel experienced less sulfide attack than did the 304-stainless and
the carbon steel. No statistical difference existed between the 316- and 347-
stainless steels. The 304-stainless not only displayed a higher sulfide
penetration than the 347, but it was also higher than the carbon steel and the
316-stainless steel, if a 94% confidence level is used. The sulfide penetra-
tion for the 316 and the carbon steel showed no difference. Significantly
greater sulfide penetration occurred in the bed as compared to the convective
pass.
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TABLE 13

COMPARISONOF MEANSFOR SULFIDE PENETRATION

Difference
Temperature Between
Comparison °F Means Pr > F Significant

250- 700 8 0.5648
250-1200 5 0.7360
400-1100 17 0.2479
400-1550 29 0.0006 yes
700-1200 3 0.7931

1100-1550 12 0.1927

Coal Comparison

PY - SH 21 0.2904
PY - GC 21 0.3411
PY - BB 6 0.7660
PY - RK 40 0.0091 yes
PY - SC 20 0.2897
PY - NJ 34 0.0408 yes

SH- GC 0 0.8916
SH - BB 15 0.1050
SH - RK 19 0.0672
SH - SC i 0.9763
SH - Nj 13 0.2495

GC - BB 15 0.1341
GC - RK 19 0.0475 yes
GC - SC 0 0.8730
GC - NJ 13 0.1929

BB - RK 34 0.0006 yes
BB - SC 15 0.1159
BB - NJ 28 0.0047 yes

RK - SC 20 0.0852
RK - Nj 6 0.4449

SC - NJ 14 0.2867

Metal Comparison

CS - 304 16 0.9850
CS - 316 i 0.1028
CS - 347 4 0.0129 yes
304 - 316 18 0.0539
304 - 347 20 0.0028 yes
316 - 347 2 0.2711

Location Comparison

Bed- Convective 23 0.0506
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3.2.3.3 Deposit/Scale Buildup

A similar analysis was performed for the deposit/scale buildup on the
tube surfaces. Results are presented in Tables 14, 15, and 16. Coal, metal
type, and metal surface temperature were all significant at the 95%-confidence
level, as well as several two- and three-way interactions. The deposits from
the test from the Beulah coal were significantly larger than deposit/scales
from any of the other tests. The second greatest amount of deposit/scale was
observed after the Pyro test, and these deposits/scales were significantly
larger than those from the remaining coals, with the exception of the Gibbons
Creek. No statistically significant difference existed between the amount of
deposit/scale formation from the Gibbons Creek, Navajo, River King, Sarpy
Creek, and South Hallsville tests.

= The amount of deposit/scale noted on the in-bed tubes decreased with
increasing temperature. The amount of deposit/scale measured is significantly
different for the tubes at 400°F compared to those at 1550°F. The mean value
measured at the intermediate value of 1100°C falls between the means at 400
and 1550°F, but does not differ statistically from either at the 95%-
confidence level. The type of stainless steel did not affect the amount of
deposit/scale; however, a significantly greater amount of deposit/scale was
measured on the carbon steel tubes. More deposit/scale was found on the in-
bed tubes as compared to the convective pass tubes; however, the difference
was not significant at the confidence levels used in the statistical analysis.

This data is being further analyzed to determine the role of specific
properties of the coal ash and bed chemistry on the amount of deposition/
scale, sulfide penetration, and metal loss. Statistical analysis of bulk
measurements will be used in conjunction with microprobe work. Results will
be reported in the topical report.

; 3.2.3.4 Deposition and Heat Transfer Effects

= When deposit layers are of sufficient thickness, heat transfer can be
significantly reduced. The heat transfer surface can become insulated from
combined effects of thermal radiation, gas convection, and conduction. During

= each corrosion/erosion test, all inlet and outlet air and water temperatures
were monitored along with selected tube and coupon metal surface temperatures.

: For the tests conducted using Sarpy Creek, Navajo, River King, Gibbons Creek,
and Beulah coals, heat transfer data was specifically obtained for Tube 6
(air-cooled). Air flow through Tube 6 was measured with a rotometer, the
inlet and outlet air temperatures were measured at the combustor wall inter-

= faces, and a surface thermocouple was embedded midway in the side of the tube.

The overall convective heat transfer coefficients measured for Tube 6 at
Run Hour 700 are displayed as bar graphs for each coal type in Figure 11. The
overall heat transfer coefficient (ho) is determined from the relationship"

ho - Q
Aw (LMTD)

where Q is the total heat removed from the tube, and Aw is the surface area of
the tube wall.
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TABLE 14

COMPARATIVESTATISTICS ON DEPOSIT/SCALE

Temperature Number of Lowest Highest Standard
°F Observations Value Value Mean Deviation
250 20 0 210 42 66
400 31 0 1560 317 473
700 20 0 580 115 193

1100 54 0 720 104 190
1200 23 0 600 105 132
1550 27 0 200 50 57

Coal Type

Beulah 29 120 1560 502 349
Gibbons Creek 29 10 520 65 128
Navajo 27 0 150 19 34
Pyro 17 i0 1240 188 385
River King 24 0 370 43 73
Sarpy Creek 23 3 150 30 31
South Hallsvilie 26 0 50 20 14

Metal Type
304 SS 48 0 ii00 104 215
316 SS 49 0 720 96 179
347 SS 47 0 910 82 175
Carbon Steel 31 0 1560 285 433

Location

In-Bed 92 0 1560 163 319
Splash Zone 63 0 600 88 160
Convective Pass 20 0 650 91 177

The minimum and maximum values from each tube were used in the statistical
analysis. All units are microns.

i

TABLE 15

ANALYSIS OF VARIANCE FOR DEPOSIT/SCALE

Degrees of
Source Freedom Pr > F S_nificant

Coal 7 O.O00l yes
Metal 3 0.0002 yes
Location i 0,6284
Temperature 4 0,0001 yes
Coal*Metal 18 0.0001 yes
Coal*Location 6 0,9942
Metal*Location 8 0.0001 yes
Location*Temp 0 NA yesi

Coal*Temp 27 0.0001 yes
Metal*Temp 13 0,0420 yes
Coal*Loc*Metal 72 0.0001 yes
Coal*Loc_Temp 46 0.0001 yes
Temp*Metal*Loc 24 0.0287 yes
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TABLE 16

COMPARISONOF MEANSFOR DEPOSIT/SCALE

Difference
Temperature Between

ComDarison .11_I Means Pr > F Significant
250- 7C0 73 0,3411
250-1200 63 0.3544
400-1.100 213 0,4707
400-1550 26Z O,0036 yes
700-1200 i0 0,9539

1100-1550 54 0,4930

Coal Comparison
PY - SH 168 0,0113 yes
PY -GC 123 0,0806
PY - BB 314 0,0001 yes
PY -- RK 145 0,0280 yes
PY - SC 158 0,0058 yes
PY - Nj 168 0,0228 yes

SH - GC 45 0.3129
SH - BB 482 0,0001 yes
SH - RK 23 0.7058
SH - SC ],0 0,7821
SH - NJ 0 0.7341

GC - BB 437 0,0001 yes
GC - RK 22 0,5459
GC - SC 35 0.2054
GC - NJ 46 0,4976

BB - RK 459 0.0001 yes
E_] - SC 473 0,0001 yes
LB - Nj 483 0,0001 yes

RK - SC 13 0,5214
RK- NJ 23 0.9599

SC .- NJ i0 0,54].5

Metal Comparison
CS - 304 182 0.0134 yes
CS - 316 189 0.0096 <
CS -347 203 0,0154 yes
304 - 316 8 0.9099
304 .-347 22 0.9969
316- 347 14 0,9152

Location Comparison
Bed,- Convective 74, 0.7615
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Figure 11. Overall heat transfer coefficient for Tube #6 at Run Hour 700 as
a function of coal type.

The log mean temperature difference (LMTD) is calculated by

LMTD = (Tao - Tai)/In {(TB - Tai)/(TB - Tao)]

where Tai = temperature of air in °F,

Tao = temperature of air out °F, and

TB = temperature of bed (°F).

Ash deposition had a significant impact on the heat transfer coefficients

measured during each of the ruts. The overall heat transfer coefficient
varied from II to 19 Btu/hr.ft .°F for the coals reported here. Tube 6 was
air cooled and had a surface temperature approximating that of the in-bed
superheater surfaces (approximately IIO0°F). This result could seriously
impact the design and operation of a bubbling bed unit. A reduction in the
heat transfer coefficient of this magnitude will cause a boiler derate, as
these deposits build up over time. The heat transfer coefficients measured
are low in comparison to those in steam generating units because of the low
inside coefficient for the cooling air. For a steam- or water-cooled tube,
higher values would be observed.
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3.3 Advanced Concepts and Special Applications

3.3.1 Conceptualization of the Pretreatment Cell

EMRC has begun work on developing a new process for an advanced
fluidized-bed combustion system. The impetus of this program is to develop a
new system or improve existing equipment to realize a reduction in overall
capital and operating costs, increase boiler and overall efficiency, and/or
reduce emission levels. EMRC is striving to match specific goals of the DOE
METC Advanced Concept Program as outlined in an earlier RFP. These include:

• Decrease NOx emissions to O.llb/MNBtu or lower;

• Decrease SOx emissions to meet standards with more efficient sorbent
use (Ca/S molar ratio < 1.5);

• Increase volumetric heat release rate to above 0.5 million Btu/ht ft3;

• Simplify fuel feeding to handle as-received coal with minimum
preparation;

• Increase boiler thermal efficiency to >90%;

• Decrease capital and operating costs in comparison to conventional
AFB;

• Extend fuel flexibility range.

A several-phased approach is being taken to accomplish the goals of this
task. Initially, a systematic listing of identifiable problems in current FBC
technology was developed. This list of problems, and the goals outlined in
the METC Advanced Concept Program, were used to direct future work. A second
step involved breaking down the FBC process into individual processes, such as
calcination, sulfation, drying devolatilization, carbon burnout, etc. Condi-
tions needed to optimize each of these processes, independent of the rest of
the process, were determined, based on EMRC experience, FBC theory, and
published results.

Using the list of problems and the individual process constraints devel-
oped in the First two steps_ new concepts that could be incorporated into a
design to solve a particular problem or improve performance of a certain
subsystem were formulated. These ideas have been qualitatively screened and
refined based on technical, environmental, and economic criteria. Since the
ideas and concepts have not been analyzed in detail, only those ideas that had
obvious problems were screened out. Those that seemed to have merit based on
this qualitative screening were pursued further.

Based on these preliminary efforts, EMRC is focusing attention on
developihg a pretreatment cell to be used in conjunction with any number of
combustor designs. The operation and function of the pretreatment cell, as
envisioned thus far, is based on previous studies. Details are left out at
this time while patentability is being checked. The process, as envisioned,



will feed raw coal into the pretreatment cell. In the pretreatment cell,
moistule will be driven off, some devolatilization will occur, and the coal
will be fragmented into smaller pieces. The extent or severity of these
processes can be controlled by varying several operating parameters. These
reactions and changes will occur using heat generated from combusting a small
portion of the coal and no external heat source will be required.

The pretreatment cell will be operated as a Fluid bed. Velocity and
vessel design will be chosen to allow classification of the fuel. Existing
data show that an optimal size exists for fuel feed into an FBC, in terms of
both top and bottom size. As a result, coal preparation is often a signifi-
cant operating cost. Data show that size reduction of all coals tested will
occur under the conditions planned for the pretreatment cell. Large-sized
coal (top size to be determined by testing) can be fed into the pretreatment
cell. The vessel will be designed with less surface area on the bottom (high
velocity) than at the top of the bed surface (lower velocity) so that segrega-
tion will occur. Smaller chunks of coal will be removed from the top of the
bed to be fed into the combustor. The larger chunks will remain in the lower
level of the bed until they become reduced in size due to drying, volatiliza-
tion, and the action of the bed. This action will allow the use of coal with
a larger top size, thereby reducing coal preparation costs.

In most combustor designs, excessive fines cause reduced combustion
efficiency due to elutriation. In the pretreatment cell, velocities will be
maintained at a sufficient level to remove fines below 200 mesh. These fines
will be removed from the top of the pretreatment cell with the moisture and
volatiles, and will become a part of a low-Btu gas stream that can be burned
using conventional burners as will be discussed later. Therefore_ only a
minimal amount of fines will be fed into the combustor and carbon burnout
should increase.

Moisture and some volatiles will be driven off in the pretreatment cell.
This will be done at a very low air-to-fuel ratio using only heat from the
coal. The gas stream from this process, combined with the coal fines, will
make up a low-Btu gas that can be used somewhere else in the system, such as
in the freeboard or the convective pass of the combustor. Pretreatment can
have several applications, but maintaining steam quality during turndown may
have the grcatest potential benefit. Coal pretreatment can not only smooth
out the steps when load is controlled by removing segments of bed, but should
also increas_ the range of turndown.

Removal of the moisture and volatiles in the pretreatment cell will also
act as an "equalizer" for the fuel being Fed into the main combustor. Ali
fuels burned in the combustor will be similar in terms of moisture and vola-
tiles, and should vary only in the ash. This feature should increase the
overall fuel flexibility of the unit.

Mass and energy balances have been performed using this concept. A
comparison was made using a conceptual 200-MW bubbling FBC with and without a
pretreatment cell. Data for the FBC under normal operation was taken from a
previous EPRI study (4). For the case using the pretreatment cell, data taken
from previous work was used to generate material and energy balances around
the pretreatment cell. For the combustor, velocities and excess air levels



the same as the base case FBC were used. This analysis showed a reduction of
17% in the overall plan area, even with the pretreatment cell included. This
will be accompanied by a significant reduction in height for the pretreatment
cell versus the height of the fluid bed it replaces. This should result in
substantial reductions in capital costs.

Mass and energy calculations also indicated an optimum total air-to-fuel
ratio of 1.105. This calculation was done assuming an air-to-fuel ratio of
1.20 for all combustion processes, and is compared to an overall air-to-fuel
ratio of 1.20 for the base case FBC. The resulting lower air-to-fuel ratio
indicates higher overall boiler efficiency and should result in lower capital
cost because of reduced fan requirements.

To summarize, the proposed advanced concept should have many advantages
over conventional fluid bed combustion, including the following:

• Minimal coal preparation will be required. Both fines and large coal
particles will be efficiently handled.

• The pretreatment cell will be smaller, requiring less feed points and
less plan area than the equivalent amount of combustor that it
replaces. The total height requirement for the pretreatment cell will
also be less than that of the combustor it replaces.

• Fuel flexibility will increase by "equalizing" the fuel (in terms of
moisture and volatiles) that is being fed into the combustor.

• Sorbent utilization may be improved by precalcining the sorbent
material before feeding it into the combustor.

• The total plan area of the pretreatment bed, the combustor, and the
calciner would be approximately 17% less than for an equivalently
sized conventional FBC.

• Turndown will be improved by maintaining steam quality at low load
conditions.

- Higher volumetric heat release rates are expected.

: • Tighter constraints on coal size, both top size and bottom size, will
result in higher combustion efficiency and higher heat removal in the
fluid bed.

• Staging of air, and lower total air usage should result in lower NOx
emissions.

o Startup may be accomplished without the use of an auxiliary burner.

• The pretreatment cell may be retrofittable to existing units, with
similar benefits realized.

• The pretreatment cell will be small enough to allow for modular
construction.

i
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The net result of these benefits is the realization of several of the
initial goals defined in the DOEMETC Advanced Concept Program. Although none
of these have been quantified, the system being developed is expected to
result in lower capital and operational costs, higher overall boiler efficien-
cies, higher utilization of sorbent alkali, lower overall NO. emissions,
higher volumetric heat release rates, a simplified fuel feed^system, extended
fuel flexibility, and improved turndown. Bench-scale tests are being devel-
oped to help quantify these advantages and to further define the process, lt
is anticipated that a patent will result from this effort.

3.3.2 Experimental Verification

The data used to generate the preliminary mass and energy balances for
the coal pretreatment cell were taken from previous work performed on an
entrained carbonizer (5,6,7). Although conditions will be different when
operated as a fluidized bed, the general trends and reactions are expected to
be similar. To verify this, and to generate data that can be used to refine
earlier mass and energy balances, a pilot unit was designed. This pilot unit
was designed to operate under conditions similar to those that will be used in
the envisioned commercial unit. Data from this set of experiments will be
used to prepare a preliminary plant design for the process.

A general schematic of the pilot test unit is presented in Figure 12. In
the pilot unit, coal is fed via a screw feeder into the bottom of the bed.
The fluidizing gas will be made up of air and nitrogen. Air flow is varied to
get the corY'(ct air-to-fuel ratio, and the addition of nitrogen will allow
variations i_ velocity. In an actual unit, flue gas would be used rather than
nitrogen to _roduce the desired velocity. During initial startup of the unit,
the incoming air will be preheated to initiate drying and pyrolysis. Once
these reactions start, it is expected that they will be selfnsustaining and no
additional external heat will be required.

Treated char (sized, dried, and partially devolatilized) will be
collected via a gravity overflow into a barrel. After each test period, this
char will be weighed for material balance calculations. Ultimate, heating
value, and sieve analyses will be performed. The coal fines_ moisture, and
volatiles driven off in the pretreatment cell will be carried out of the
pretreatment cell and will ultimately be burned in an existing pc-fired
system. Samples will be taken to determine the amount, size, and composition
of the coal fines, and the amount and chemical composition of the gas stream.

A test matrix has been designed to study the effects of residence time,
superficial gas velocity, air/fuel ratio, coal size, and expanded bed height
on the amount and quality of each of the product streams. Results will allow
the determination of the optimal operating conditions, and the range and
method for turndown and control of the pretreatment cell. A lignitic,
subbituminous, and a bituminous coal will be tested to help determine the
effect of rank on the performance of the pretreatment cell.

Design and construction of the test unit has been completed during this
reporting period. Shakedown activities included testing of the coal feed
system, checking for leaks, and testing the gas sampling train° These systems
have been checked and modified as necessary. Cold flow testing was initiated.
Analytical data was not available at the writing of this report; however,
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Figure 12. Experimental Unit for Testing Coal Pretreatment Cell Concept.

visual observations during the test indicate that the device was very suc-
cessful in achieving the desired sizing of the coal. Surface moisture also
appeared to be removed from the coal. The test matrix consisting of 40
different test conditions will be executed in the first quarter of the next
program year.

4.0 SUMMARY

Work in the area of agglomeration focused on the preparation of a topical
report. Preparation of this report is still in progress.

Corrosion and erosion work focused on analyzing data from seven lO00-hour
tests previously performed. A topical report detailing these results is
currently being prepared. Results from this effort are summarized.

• Coal type, metal type and surface temperature had significant effects
on the amount of metal loss. As determined by di_meter loss
measurements, the following trends were observed:

- The ranking of metal loss as a function of coal type, from highest
to lowest, was Pyro, South Hallsville, Gibbons Creek, Beulah, River
King, Sarpy Creek, and Navajo.

- Metal loss was most severe for the carbon steel, followed by 304-,
316-, and 347-stainless steel respectively.
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- Metal loss decreased with increasing surface temperature for the
in-bed tubes.

• Coal type, metal type, surface temperature, and location all had
statistically significant effects on the amount of sulfide penetration
resulting from the lO00-hour exposure. The observed trends were:

- The greatest amount of sulfide penetration was observed for the
test using Pyro coal, followed by Beulah, Gibbons Creek, Sarpy
Creek, South Hallsville, Navajo, and River King.

- Sulfide penetration was the greatest for the 304-stainless steel
tubes, and was similar for the 316-stainless, 347-stainless, and
the carbon steel.

- Depth of sulfide penetration increased with increasing metal
surface temperature.

- Sulfide penetration was the greatest in the splash zone, followed
by the bed, with the least amount of penetration occurring in the
convective pass tubes.

• Coal type, metal type, and surface temperature had statistically
significant effects on the amount of deposit/scale buildup on the heat
transfer tubes. Trends are as follews:

- The largest amount of scale/deposit was observed with the Beulah
test, followed by Pyro, Gibbons Creek, River King, Sarpy Creek,
South Hallsville, and Navajo.

- The carbon steel tubes had almost 3 times as much buildup as the
stainless steel tubes. Little difference was noted between the
stainless steels.

- Deposit/scale was much greater for the in-bed tubes when compared
to the splash zone and convective pass.

- For the in-bed tubes, the amount of deposit/scale buildup decreased
with increasing metal surface temperature.

- The heat transfer coefficient was significantly reduced as a result
of deposit/scale buildup on the tube surfaces.

A new concept was developed as a part of the Advanced Concepts and
Special Applications task. A coal pretreatment cell was developed to reduce
the overall size of the FBC system, reduce operating costs, increase fuel
flexibility, improve startup and load-following capabilities, and enable
modular construction and retrofitting. Work has proceeded though a detailed
evaluation of available data. Current work is focusing on developing
operational data using an experimental test rig. Experimental data will be
used to refine mass and energy balances and improve the design concept.
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5.0 PUBLICATIONS AND PRESENTATIONS
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Mann, M.D., D.P. Kalmanovitch, and D.R. Hajicek, "The Impact of Coal
Properties on Corrosion and Erosion of FBC Boiler Tubes," 1989 Biennial
Low-Rank Fuels Symposium, Minneapolis, MN, May, 1989.

Kalmanovitch, D.P., D.R. llajicek, and M.D. Mann, "The Effects of Coal Ash
Properties on the Corrosion/Erosion/Deposition of FBC Boiler Tubes," lOth
International Conference on Fluidized-Bed Combustion in San Francisco, CA,
April 30-May 3, 1989.

Kalmanovitch, D.P., D.R. Hajicek, and M.D. Mann, "Corrosion and Erosion in a
Fluidized Bed Combustor: Effect of Bed Chemistry," Corrosion 89, Paper No.
547, April, 1989.

Mann, M.D., and D.R. Hajicek, "Fuel Flexibility and the CFBC," Presented at
the 1988 Pittsburgh Coal Conference, Pittsburgh, PA, September 12-18, 1988.

Mann, M.D., BoJ. Zobeck, and D.R. Hajicek, "Comparison of FBC Performance as a
Function of Coal Rank," Presented at the Joint Power Generation Conference,
Philadelphia, PA, September 25-29,. 1988
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BENEFICIATION OF LOW-RANKCOALS

ABSTRACT

A continuous, integrated beneficiation process development unit (PDU) for
low-rank coals (LRCs) was developed to allow production of nominally 200
Ibs/hr of cleaned LRCs for end-use testing. Processing involved physical
cleaning by dense-media cone separation, chemical cleaning by dilute acid
column leaching and thermal upgrading by hot-water drying (HWD). Intermediate
dewatering was accomplished with on-line centrifugation. The clean, upgra.ded
coal products were prepared for utilization testing as either thermally dried,
micronized dry powder fuels or micronized, coal/water fuels (CWFs).
Micronizing was performed with a continuous, vertical Attritor wet-grinding
mill.

Bench-scale results, which yielded products with ash levels of less than
i wt% (dry basis) for several LRCs, were the basis for PDU development. PDU
operation has produced over i0 tons of cleaned coal products containing 1.5 to
3.0 wt% ash (dry basis) in the past year, with most of the material prepared
as micronized CWF. Modifications to the PDU processing and cleaning equipment
eliminated product contamination and helped reduce the difference between PDU
and bench.-scale cleaning performance. Beulah lignite from North Dakota and
Kemmerer subbituminous coal from Wyoming were used extensively for process
development and fuel production. Additional testing in the PDU was performed
on Usibelli sLlbbituminous coal from Alaska in much smaller amounts. CWFswith
48-62 wt% solids (dry basis) and energy densities of 5500 to 8000 Btu/Ib were
prepared from beneficiated coals with heating values of 11,400 to 13,000
Btu/lh (dry basis).

In addition to development of the PDU, bench-scale froth flotation tests
were completed. Emphasis was placed on the effect of wet versus dry grinding
on froth flotation performance. This investigation was not successful with
the LRCs tested regardless of wet or dry grinding. Other bench-scale
investigations included acid leaching with a variety of acids, and I]ertigrav
washability testing. Work on ultrafiltration and activated sludge _reatment
of process water was concluded with an economic assessment for the two
processes.

1.0 INTRODUCTION

This report summarizes progress towards previously (i) and newly
established goals and objectives. Product coals were generated from PDU
preparation of low-ash_ LRC fuels for combustion testing. Modifications and
additions to the PDU focilities were made to improve product quality.

Investigations were performed to identify and improve the pilot-scale
processing steps that yielded higher ash products than comparative bench-scale
processing steps. This involved analyses and bench-scale testing of various
coal products from intermediate steps of the PDU. Alternate cleaning
techniques, such as froth flotation, were investigated on the bench-scale to

i
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determine their effectiveness on LRCs. Recommended HWDprocess water
treatment designs and their estimated commercial-scale costs were also
determined.

2.0 GOALS AND OBJECTIVES

The objectives of the Low-Rank Coal Beneficiation Project were to study
methods of reducing the inorganic content and increasing the heating value of
LRCs. Integrating physical and chemical coal cleaning technologies with the
established HWDprocess allowed EMRCto produce a clean, energy-dense LRC for
dry solid or CWFpreparation. Tasks were performed to further develop bench-
scale and PDU-scale methods to produce fuels for advanced combustion systems
including turbines, diesel engines and small-scale combustors. The PDU-scale
processing work has been performed under both the Pittsburgh and Morgantown
Energy Technology Centers programs on Combustion, Gasification, and Heat
Engines which have run concurrently with the Low-Rank Coal Beneficiation
Program.

The specific objectives of the EMRCLRC Beneficiation group for the past
year were to: i) complete integration and modification of PDU facilities for
physical cleaning, chemical cleaning and HWDfuel production at a minimum of
200 Ib/hr, 2) perform and improve on fuel production for various advanced
combustion applications, 3) summarize HWDprocess water treatment options and
economics, 4) continue to investigate alternate methods to established coal
cleaning techniques, and 5) continue to evaluate methods for froth flotation
of LRCs.

3.0 ACCOMPLISHMENTS

3.1 Physical Cleaning

3.1.1 Dense-Media Cone Separator

3.1.1.1 Background

Heavy-media static separation was used to physically clean coal by
removing extraneous inorganic ash. Results have shown a 95% pyritic suJ_ur
content reduction in Beulah lignite utilizing heavy-media separation (I).
Figure i shows the dense-media cone separation cleaning apparatus currently
used as part of the EMRCPDU. The process consists of classifying coal to 1/4
inch x 20 mesh size, feeding it into an air actuated cone separator system,
and washing the float (clean coal) to remove magnetite. Magnetite is recycled
to the cone separator to maintain a constant media specific gravity (sp.
gr.). Classi-fication of the feed coal was done to minimize mineral
contamination From coal Fines in the float product and facilitate product
separation from the media suspension. The coal Fines were also removed to
ensure a low viscosity of the media.

Viscosity or internal friction of the media is an important property in
the recovery of the product particles. The viscosity must be low enough to
permit high particle velocities. The volume of the media used should be kept



Figure i. Physical Coal Cleaning Dense-Media Cone Separator

at a minimum to maintain a low liquid viscosity. Magnetite (FeR04) was
selected as the media because of its high sp. gr. (5.17) and availability.
The volume of the magnetite within the solution ranged from 0.35 to 0.40. The
particle size of the magnetite is critical to the stability of the heavy-media
solution. To insure adequate tangential force to the magnetite particles, the
magnetite particles must be smaller than 75 microns. At these fine sizes, a
minimal Force is required to suspend the particles, The calculated viscosity
was approximately 2 cp for a 1.3-sp, gr, mixture (3, 4),

3.1.1.2 Results

Table I shows the results of physically cleaning Beulah lignite using the
PDU-scale physical cleaning equipment at EMRC. The yield is lower than
expected because of the 1.25 sp, gr. that was used in this test.

TABLE I

RESUt,TS FOR BEULAH PDU-SCALE PHYSICAL CLEANING,

Coal Spec. Feed Product Ash Reduct. Yield
Sample Grav. Ash (%) Ash (%) (%) (%)

Beulah 1.25 9.4 6.7 17.3 46
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The ash content of physically cleaned product coal from the dense-media
cone separator is slightly higher than bench-scale cleaning results, lt is
uncertain whether the higher ash content is dt_e to inadequate mineral matter
removal or incomplete washing of magnetite from the product coal. Magnetite,
a naturally occurring ore, oxidizes to hematite after chemical cleaning,
lowering the fuel ash fusion temperatures and causing slagging to occur in
pressurized combustion systems. Therefore, it is imperative to remove
carryover magnetite from the float product during physical cleaning.

Optimizing the dense-media cone separator operation required a further
understanding of theoretical dense-media coal cleaning principles, and
equipment and operating modifications. In order to assess whether incomplete
washing of magnetite from the coal product was contributing to the high ash
content, a preliminary test was performed.

A dissecting microscope (IOX to 5OX) was used to examine the dense media
cone separator product, tailings, product material after wet micronizing, and
product material after HWD, and centrifugation. Magnetite was identified in
the product and tailings but identification became difficult after microni-
zation. Identification of the magnetite became easier after the demagnetized
magnetite (magnetic poles randomly oriented) was again polarized by passing a
magnet under the sample. Particles that had associated magnetite reacted to
the magnet and showed a preferred orientation. Magnetite appeared as a chain-
like, branching, gray metallic-looking, Fine-grained substance. Based on
laboratory experiments, theoretical considerations, and operational judgement,
the cone separator was modified to reduce magnetite carryover and increase
operating efficiency.

To increase the washing efficiency during product recovery, five baffles
(3/16" high, full screen width) were installed on the screen, as shown in
Figure 2. In addition, two high volume sprayers were added to the second
washing stage. Ali sprayers were directed to strike the product coal as it
moved over the baffles. Washing residence time was also increased by
decreasing the screen gradient.

With the new washing efficiency apparatus, dense-media separation tests
were performed on Usibelli and Beulah to determine what run conditions produce
the highest ash reduction with acceptable yields. Yields range from 55% to
75% recovery of the feed coal. Trials were run at specific gravities of 1.2,
1.25, and i.3. From these tests, it was determined that the most acceptable
yields were achieved at a sp. gr. of 1.3 for both coals. Specific gravities
gravities higher than 1.3 were not included in the test matrix since the
product quality would be greatly reduced. Table 2 shows the results from 1.3-
sp. gr. runs for both coals.

Also included in Table 2 are the physical cleaning data for Kemmerer.
Kemmerer was physically cleaned to determine if lower ash contents were
achievable than for fuel prepared with only chemical cleaning (2). Kemmerer
coal, due t.o its low ash level, was initially chemically cleaned and directly
fed to the HWDprocess. However physical cleaning prior to the chemical
cleaning reduced the content of the heavier components of the coal ash such as
silica, aluminum, and iron pyrite. The ash analysis results will be discussed
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Figure 2. Baffle Modification to Dense-Media Cone Separator

in the section on coal product quality_ The run parameters for Kemmerer coal
were optimized to produce a low ash product; however, product yield suffered
greatly, with only 39 wt% recovery.

Results for Beulah using the improved process were compared to the
initial physically cleaned Beulah samples, which were plagued with poor ash
reductions and magnetite contamination. The comparison showed that the
overall ash content of clean Beulah lignite was lowered from 6.9 to 6°0 wt%
improving the coal product quality at a higher yield.

TABLE 2

DENSEMEDIA CONESEPARATORRESULTS
FOR US[BELLI, KEMMERERAND BEULAH

Coal Spec. Feed Product Ash Reduct. Yield
Sample Grav. Ash (%) Ash (%) (%) (%)

Usibelli 1.30 8.7 6.4 26.4 68
Kemmerer 1.26 4.3 2.9 32.6 39

. Beulah #3 1.30 8.1 6.0 26.0 58



3.1.2 Con___!parisonof Bench- to PD__U-ScalePhysical Cleaninq

A comparative approach was drawn from the specific gravities of bench-
scale physical cleaning (which uses true liquid solutions) and dense-media
PDU-scale physical cleaning. The PDU-scale sp. gr. reading was determined
from tile recycle media, which has a lower sp. gr. than the media in the cone
separator. During processing, medial losses occur in the float, sink, and
spilled media solution. On the average, the bench-scale sp. gr. of 1.4
compares to a 1.25-specific gravity PDU-scale value.

Samples of PDU-scale cleaned Beulah and Usibelli were reworked in the
bench-scale washability analyses used for the comparison test. The PCU-scale
specific gravities for the coals were 1.2 for Usibelli and 1.25 for Beulah. A
small washability test was run on the samples using true liquid solutions of
various specific gravities. Tables 3 and 4 contain results on the bench-scale
washabilities of the PDU-scale cleaned coals. The results indicate that the
Usibelli product ash level and recovery compare to those of the 1.4-specific
gravity float product of the bench-scale sample. The Beulah dense-media
sample compares with a bench-scale product with a sp. gr. between 1.4 and 1.5.

TABLE 3

BENCH-SCALEWASHABILITY OF PDU-SCALE
PHYSICALLY CLEANEDUSIBELLI

Direct Cumulative

Product Yield_ wt% Ash, wt% Yield, wt% _ wt%

1.3- Float 1.2 - 1.2 -
1.35 - Float 47.6 4.45 48.8 4.45
1.4- Float 43.9 5.68 92.7 4.97
Total 7.3 16.20 i00 5.79

TABLE 4

BENCH--SCALEWASHABILITY OF PDU-SCALE
PHYSICALLY CLEANEDBEULAH

Direct Cumulative

Product Yield, wt% Ash, wt% Yields_wt% Asi_ wt%

1.3 - Float 1.8 3,41 1.8 3.41
1.35 - Float 24,,2 3.94 26.0 3.90
1.4 - Float 58.9 5,71 84.9 5.16
1.5 - Float 12.8 7.59 97.7 5.48
Total 2.3 16.00 100 5.72



3.1.3 Froth Flotation

3.1.3.1 Background

Investigations of froth flotation of LRCs previously focused on dry
ground sample preparation. Part of the work performed during this year was to
assess the process using wet ground coal. lt was Felt that wet grinding would
not oxidize the coal to the same extent as dry grinding, possibly improving
coal floatability.

Additional work performed included screening froth flotation reagents for
hydrophilic LRCs. The role and effectiveness of flotation reagents is
reasonably well understood for hydrophobic higher-rank coals. Since fuel oil
was effective in previous studies on LRCs (I), and is the principal collector
used in nearly all coal froth flotation, it was used in these experiments,
along with two frother/promoters from the Sherex Chemical Company. These were
Shur-Coal 164A (SC164A) and Shur-Coal 168A (SC168A), which were developed
primarily for hard to float coals, such as lignite and subbituminous coal.
The traditional bituminous coal frother, MIBC (methyl isobutyl carbinol), was
also tested. Finally, as a follow-up to research performed last year (i),
limited froth flotation experiments were carried out using the collector
enhancer, cetyltrimethylammonium chloride. The reagents were not able to
significantly improve results over those obtained with MIBC (2,5,6).

3.1.3o2 Results

None of the froth flotation tests during the year produced any
significant ash removal, compared to the washability results. This included
the flotation of wet-milled samples, which was not as successful as initially
expected (5). Infrared analysis was performed on four of the flotation
samples to evaluate any differences in coal oxygen functionality during the
final quarter. The samples analyzed were wet-milled and dry-milled Jacobs
Ranch subbituminous coal and Beulah lignite.

Ali the infrared analyses of dry-milled and wet-milled coals were similar
with respect to aliphatic-to-aromatic ratios; thus, it is unlikely that there
was any substantial difference in the extent to which the grinding operations
oxidized the coals. The FTIR analyses for the wet- and dry-grind Beulah
lignite samples are shown in Figure 3, as an example. The only difference in
the spectra of the samples is that the wet-milled samples exhibited a smaller
carbonyl absorption (1630.-1780 cm-I) than did the dry-milled samples. An
appropriate explanation for this decrease is that the wet-milling converted
some of the carboxylic acid groups to the corresponding carboxylate anion
(salt form). The wet-milling may have mobilized some of the clay cations,
which then combined with the organic carboxylic acid groups.

The carboxylate ionic form would be expected to increase the hydrophilic
tendency more than the carboxylic acid. Therefore, air bubbles would be less
likely to stick to the ionic surface and flotation would be depressed in the
wet-milled coal. These differences in the infrared spectra are very small and
the model for explaining the flotation results needs further verification.
Chemical methods that determine coal carboxylate and carboxylic acid content,
and corroborate infrared analysis, should be investigated.
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Figure 3. Infrared Analysis of Wet- and Dry-Milled Beulah

3.2 Chemical Cleaning

3.2.1 Background

The production of cleaned coals with less than i wt% ash (dry basis) has
been achieved for some LRCs with combined physical and chemical cleaning on
the bench-scale. A continuous, PDU-scale acid leaching process was incor.-
porated with physical cleaning for the production of clean LRCs tailored
according to the bench-scale results.

3.2.2 Bench-scale Testinq

3.2.2.1 Experimental Methods

The equipment that was used for acid leaching was a York-Scheibel liquid-
liquid extraction column (6). Samples were collected from 9-30 minutes
residence time at 3 minute intervals° When it was determined that the bench-
scale column provided an acceptable method to continuously chemically clean
the coal, the process was incorporated on the PDU-scale. After bench-scale
acid leaching was performed using batch methods, testing was performed to
ascertain what levels of cleaning were possible with the coals on the PDU-
scale. The bench-scale procedure was modified to be similar to a PDU-scale
continuous process (6). Instead of heating the sample to 80°C as done
previously (1), the sample was mixed in a 4 wt% nitric acid solution with the
only heat generated by chemical reaction.



3.2.2.2 Results

Table 5 is a summary of the bench-scale results from the York-Scheibel
extraction column for Beulah lignite. Raw combustion grind coal and
physically cleaned combustion grind coal were used in the testing. Coal
concentrations are weight percent on a wet basis. Average ash content is on a
dry basis. The ash contents of the raw combustion grind and the physically
cleaned combustion grind were 9.9 wt% and 6.8 wt%, respectively.

TABLE 5

CONTINUOUSBENCH-SCALEACID LEACHING RESULTS
FOR BEULAH USING YORK-SCHEIBEL EXTRACTION

Coal Final Acid Average Average Ash
Coal Type Conc._ wL% Conc., wt% Ash, wt% Reduction_ wt%

Raw 27 7.3 3.2 67.6

Raw 40 4.7 2.2 77.7

Phys. Cleaned 27 7.6 1.6 76.5

Phys. Cleaned 27 4.2 0.9 86.6

The results in Table 5 indicate that the best conditions at which to
attain a product with less than I wt% ash for Beulah lignite by acid leaching,
are to use a physically cleaned coal sample at an acid concentration of around
4 wt%. Additional bench-scale acid leaching tests were performed to ascertain
what should be possible on the PDU-scale. These results are summarized in
Table 6. The table contains results for Beulah lignite, and Kemmerer and
Usibelli subbituminous coals.

TABLE 6

BENCH-SCALEACID LEACHING RESULTSOF PDU-SCALE
PHYSICALLY CLEANEDCOAL SAMPLESTO PREDICT ASH LEVELS

OBTAINABLE FOR PDU-SCALE ACID LEACHING

Phys. Cleaned,
Phys. Cleaned Chem. Cleaned

Coal Sample Ash? wt% (dry basis) Ash, wt% (dry basis_

Beulah 6.4 1.8

Kemmerer 3.] 2.2

Usibelli 6.4 2.6
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The results in the table compare favorably with the acid leaching results
obtained at the PDU-scale for Beulah and Usibelli samples. However, the
Kemmerer PDU-scale results were much lower than the bench-scale results, as
the PDU-scale results showed a product with an ash content of i_4 wt% (dry
basis). This difference was partially attributed to the fact that the ash
content of the physically cleaned sample used on the bench-scale for acid
leaching was slightly higher than the PDU-scale sample.

3.2.3 PDU-scale Testinq

Processing involved crushing -.I/4 inch x I O-mesh coal to minus 60 mesh,
mixing into a coal/water slurry, and pumping the slurry into the top of an
agitated column, co-currently with nitric acid. The concentration of the coal
slurry was approximately 25 w_% (dry basis) with a column acid concentration
of 4 wt%. The level in the column was controlled by a valve at the bottom.
After passing through the column the sample was stored at 50-60°C in a steam
jacketed tank to provide an additional 30 minutes residence tinle prior to
centrifugation. The slurry was pumped from the tank to the solid bowl
centrifuge where the acid was washed out with excess wash water and the coal
was collected as a moist cake.

Initial column leaching indicated a need for modification to the existing
design. The size of the paddles were increased to provide more vigorous
mixing and the screen separators were removed to prevent coal build-up. The
removal of the screens decreased the solids residence time and slurry mixing
in the column. However, improving the mixing in the column helped compensate
for the changes. Figure 4 shows the acid cleaning column and related
equipment.

After modifications, PDU-scale acid leaching was conducted on four
physically cleaned samples of Kemmerer and Usibelli subbituminous coals, and
two samples of Beulah lignite. A raw Kemmerer sample, Kemmerer #2, was also
PDU-scale acid cleaned for turbine simulator combustion fuel production.

Prior to acid leaching, the float products from the dense media separator
were pulverized to 80% -74 microns. The coal sample was then slurried to 25
wt% and fed continuously into the acid cleaning column. Initially, the column
acid concentration was 4 wt% nitric acid. The samples were then washed with
1.5 gal/min of water during the centrifugation process. Table 7 summarizes
the cleaning efforts.

The results For Kemmerer #i indicate a fuel produced containing less than
1.5 wt% ash on a dry basis. With Kemmerer #i a slightly lower ash content was
obtained for the PDU-scale acid leached sample than for the bench-scale
cleaned sample (results in Table 6). The PDU-scale Usibelli results, which
were similar to bench-scale results, indicate that the ash contents of the
physically cleaned samples were nearly identical.

Two trials for acid leaching results on Beulah lignite are also contained
in Table 7. The two trials were performed with nitric acid concentrations of
5.2 and 3.7 wt%, respectively. The results indicated no significant change in
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TABLE 7

ACID LEACHINGMATER!AL BALANCE
FOR USIBELLI, KEMMERERAND BEULAH

Coal Acid Feed Product Ash Product
Sample Conc. Ash Ash Reduction Yield

Kemmerer #i 6.3 2.9 1.4 52 83
Usibelli 8.9 6.3 2.6 59 87
Beulah 5. i 6.3 2.1 67 89
Kemmerer #2 5.2 3.5 2.4 31 97
Beulah #40 3.7 6.0 2.1 65 91

cleaning efficiency with the higher concentration of nitric acid, since both
tests yielded products with an ash content of 2.1 wt%.

Acid leaching of raw Kemmerer (Kemmerer #2 in Table 7) was performed to
determine whether physical cleaning costs could be eliminated and still
produce a low ash fuel. The acid concentration was kept at about 5.2 wt% for
the entire run. The results showed only a 31% ash reduction, compared to the

: 52% reduction yielded for the physically and acid cleaned sample.

3.2.4 Acid Leaching Column Residence Time Tests
i

A series of tests were performed to determine the effects of residence
time and centrifuge wash water rate on ash reduction during continuous acid
leaching of Kemmerer subbituminous coal. A slurry consisting of 25 wt% coal
and 75 wt% deionized water was mixed with nitric acid to achieve an acid
concentration of approximately 4 wt%. The slurry and acid feed rates were
adjusted to achieve residence times of 5, I0, 15, 30 and 60 minutes. The
centrifuge wash water rates were 0.5, 1.5 and 3.0 gal/min for the 30-minute
residence time tests. For the 5, i0, 15 and 60--minute tests the wash water
rate was maintained at 1.5 gal/min. Residence time was considered the
interval between the introduction of reactants (slurry and acid) and the
initiation of centrifugation.

-_ Table 8 presents the acid concentrations, wash water rates, centrifuge
cake ash contents and ash reductions at the various residence times. The
desired acid concentration was 4.0%; however, acid flow control was difficult
and consequently, the concentration varied between tests. The ash content of
the raw Kemmerer coal was 3.54 wt% (dry basis) and the ash content of the
leached coal varied from 1.97 to 2.41 wt%. Product moisture and ash-free coal
yields were all 85-90%. Figure 5 depicts ash reduction as a function of

: residence time for a wash water rate of 1.5 gal/min. Ash reduction increased
as residence time increased; however, ash reduction was essentially unchanged
after a 30 minute residence time.
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TABLE 8

RESULT_ FOR ACID LEACHING RESIDENCETIME TESTS

Residence Time 5 10 15 30 30 30 60
(min)

Acid Concen. 5.8 2.9 3.2 3.9 3.9 3.9 3,9

Wash Water Rate 1.5 1.5 1.5 0.5 1.5 3.0 1.5
(gal/min)

Cent. Cake Ash 2.26 2.41 2.04 2.12 2.12 1.97 2.08
,

Ash Reduction 36.2 31.9 42.4 40.1 40.1 44.4 41.2

60.00 -

=
_

: ',i. O0 •

• .__" 40 , O0 I'

= _ . *//
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Figure 5_ CentriFuge Cake Ash Reduction versus Residence Time
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The wash water rate was varied during the 30-minute tests to determine
the effect of wash rate on removal of solubilized mineral matter. Figure 6
indicates that a wash rate of 3.0 gal/min is superior to the normal wash rate
of 1.5 gal/min for removing liberated minerals. On a pilot scale, the higher
wash rate may be practical. However, on a commercial scale, the higher value
of the lower ash-content fuel may not be sufficient to offset the higher water
usage and treatment costs.

3.2.5 Design Modifications

Due to desired improvements to the current acid leaching column and its
potential use in another project, the LRC Beneficiation group decided to
design and construct a replacement column. The criteria for design were to
increase capacity from a 300 to a 400 Ib/hr slurry feed rate and a 30 minute
hydraulic residence time. A residence time of 30 minutes was considered
optimal for ash reduction and was based upon residence time tests described in
section 3.2.4.

lt was determined that a nominal 8-inch diameter lO-foot long column
would provide sufficient volume for the desired feed rate and residence
time. The new column was constructed of PVC to reduce material cost. Soak
tests using concentrated nitric acid confirmed that the PVC was acid
resistant. The new internals include four-bladed, stainless steel turbine
impellers capable of variable pitch, to optimize mixing.

50.00 -.

45.00

.o 40.00 ...........
0

,<

35,00 -

3 0 . 0 0 } _ ....... _" -- "_ )--'' I _

0.0 0.5 1.0 1,5 2,0 2.5 3.0 3.5

Wash Water Rate., gat/min

Figure 6. Centrifuge Cake Ash Reduction versus Wash Water Rate
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Previously, level measurement and control were done visually using a
manually operated ball valve. On the new column, level control is performed
by a pneumatically actuated ball valve and a displacement-.type pneumatic level
controller. The existing acid and slurry feed systems, product surge tank
and centrifuge were sufficiently oversized and modifications were not
necessary. A schematic of the new acid leaching column is shown in Figure 7.

3.2.6 Operational & Safety Procedures

The operational procedure for tile acid column began with a check to
ensure that process lines were clear and all pumps were calibrated. Th_
column was then filled with a 4 wt% nitric acid solution, so that feeding of
25 wt% coal/slurry feed begin with a flooded situation. The mixing system was
started at this point. Concentrated nitric acid and the 25 wt% dry coal
slurry were co-currently fed at proportionate rates to maintain approximately
4 wt% nitric acid based on the water content of the slurry feed. Flowrates
were monitored every 15 minutes, to ensure feed and residence times. After a
column residence time of 20-30 minutes, the product was collected in a
circulated and agitated product surge tank to allow an additional 30-60
minutes of residence time. Once a 75% level was achieved in the tank, the
centrifuge was started with a I-2 gallon/minute water wash rate.

All personnel involved with the operation of the acid cleaning process
wore protective full face shields and acid resistant gloves. Samples were
only taken from sampling points below knee level. A vacuum system was
operated on the product tank to evacuate any acid fumes to an incinerator.
Process wash water from the centrifuge was carefully neutralized with
pelletized sodium hydroxide before discharge.

3.3 Coal Product Quality

3.3.1 Coal Analyses

3.3.1.1 Proximate, Ultimate, and Heating Value Analysis

Tables 9, 10, and 11 contain the proximate, ultimate, and heating value
analyses for HWDproducts made from Kemmerer and Usibelli subbituminous coals
and Beulah lignite, respectively. Table 9 contains the proximate, ultimate,
and heating value analyses for several CWFs made from Kemmerer subbituminous
coal. Analyses are given For the raw coal, PDU #35 and #36, and two samples
from PDU #38. The fuel produced in PDU #35 was chemically cleaned prior to
HWD. The fuel produced in PDU #36 was only hot-water dried. The fuel
produced in PDU #38A was a chemically cleaned fuel similar to the fuel made in
#35, and PDU #38B was physically and chemically cleaned coal prior to HWD.

The data in Table 9 indicates that the fuel produced in PDU #35 was
oxidized by nitration during acid leaching, as evidenced by the increase in
nitrogen and oxygen contents, and by the decrease in heating value in
comparison to the raw coal. The fuel produced in PDU #36 without acid
cleaning did not show similar increases in oxygen and nitrogen contents, but
showed a higher carbon content, which led to a higher heating value.
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TABLE 9

PROXIMATE, ULTIMATE, AND HEATING VALUE ANALYSES FOR
KEMMERERCOAL/WATERFUELS

Sample: Raw PDU #35 PDU #36 PDU #38A PDU #38B

Prox. Analysis
(ml, wt%)

Vol. Matter 4]..9 39.4 38.5 41.1 39.7
Fixed Carbon 53.8 57.7 56.9 56.6 58.1
Ash 4.3 2.9 4.7 2.3 2.2

Ult. Analysis
(maf, wt%)

Carbon 76.7 75.4 77.5 77.5 76.5
Hydrogen 5.5 4.4 5.2 5.1 4.8
Nitrogen 1.4 2.3 1.4 1.3 1.4
Sulfur 0.2 0.2 0.3 0.3 0.3
Oxygen a 1.6.2 17.7 15.6 15.8 17.0

Heating Value 12,650 12,540 12,840 12,930 12,920
(ml, Btu/Ib)

a by difference

The fuel from PDU #38A was prepared like that of PDU #35 but at a lower
overall acid concentration° Note the lower nitrogen and oxygen levels of the
PDU #38A fuel obtained while maintaining excellent cleaning efflciency. The
fuel has a higher carbon contents, lower ash, nitrogen, and oxygen content,
and a higher heating value.

The fuel made in PDU #38B was physically cleaned prior to chemical
cleaning and HWD. The physical cleaning prior to acid leaching helped to
decrease the post acid leaching ash content to less than 1.5 wt% as reported
earlier (5). The ash level increased to 2.2 wt% during HWD, which can be
attributed to the loss of volatile matter. The best Kemmerer fuels were
produced d,_ring PDU #38, acid concentration was maintained low enough that
little oxidation occurred.

Table I0 contains the proximate, ultimate, and heating value analyses for
a HWDproduct made from Usibelli subbituminous coal. The results have been
discussed in detail in a previous report (5). In summary, the increase in
nitrogen and oxygen contents indicate that an excess amount of nitric acid was
used in the process, thus lowering the heating value of the final product.
This fuel did not attain the goal of 2.0 wt% or lower ash, as was produced on
the bench--scale (I). This may be attributable to inadequate optimization of
the processing steps.



TABLE i0

PROXIMATE, ULIIMATE, AND HEATING VALUE ANALYSES FOR
USIBELLI HWDPRODUCT

: , ,/

, Raw Phys. Cleaned Chem. Cleaned Cent° Cake
Pro_,c.Arf'alysis

' I

Vol. Matter 47.0 49.1 51.1 45.4
Fixed Carbon 44.3 44.7 46.3 51oi
Ash 8.7 6.2 2.6 3.5

Ult. Analysis
(maf, wt%)

Carbon 69.6 69.2 68.5 73.0
Hydrogen 5.2 5. i 5.3 5.0
Nitrogen 0.7 0.7 I.I 1.0
Sulfur 0.i 0.1 0.i 0.I
Oxygen a 24.4 24.9 25.0 20.9

Heating Value 1.0,850 11,090 11,360 12,070
(mf, Btu/Ib)

a by difference

Table 11 contains the results for proximate, ultimate, and heating value
analyses of Beulah lignite. Ali of the fuel preparation schemes involved
physical and chemical cleaning followed by HWD. The fuels prepared in PDU #34
and #36 were physically and chemically cleaned by AMAX prior to HWDat EMRC.
The fuel made in PDU #40 was processed entirely at EMRC. The overall analyses
of products from each step in the processing of the fuels have been presented
in previous reports (2, 5, 6).

Table ii compares the final fuels for each of the PDU runs performed on
Beulah lignite. There was an increase in the fixed carbon content for each of
the fuels, compared to the raw coal, which can be attributed to the HWD
process. The table indicates no significant difference between any of the
final fuels.

3.3.1.2 X-ray Fluorescence Analyses (XRFA)

The x-ray fluorescence analysis presented in Table 12 summarizes all the
final fuels produced using Kemmerer subbituminous coal, The XRFA of each
individual fuel has been interpreted in earlier reports (2, 5). The data in
Table 12 indicates that when the fuels were prepared by HWDonly, as in PDU
#36, the soluble cations such as sodium, calcium, and magnesium were removed
or reduced. Sodium was completely removed in the process. When cleaning
steps were incorporated in the process, additional reductions were achieved,
as discussed in previous reports (2, 5). A comparison between the replicate
tests, PDU #35 and #38B, indicated differences attributed to the concentration
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TABLE 11

PROXIMATE, ULTIMATE, AND HEATING VALUE ANALYSESFOR
BEULAH LIGNITE HOT-WATERDRIED SAMPLES

Raw PDU #34 PDU #36 PDU #40
Prox. Analysis

(ml, wt%)

Vol. Matter 42.5 41.2 38.2 41.6
Fixed Carbon 49.7 56.4 59.6 56.0
Ash 7.8 2.4 2.2 2.4

Ult. Analysis
(maf, wt%)

Carbon 70.6 74.0 73.2 73.0
Hydrogen 4.6 4.2 4.1 4.5
Nitrogen 0.9 1.3 1.2 1.2
Sulfur 0.9 0.5 0.5 0.8
Oxygen a 23.0 20.0 21.0 20.5

Heating Value ii,010 11,850 11,910 11,920
(mf, Btu/Ib)

a by difference

of acid used. The most noticeable difference was in the calcium oxide content
of the fuels. The calcium oxide content irl PDU #35 was lower than in PDU

, #38B, due to the higher acid concentration used in PDU #35.

TABLE 12

KEMMERERSUBBITUMINOUSX-RAY FLUORESCENCEANALYSIS

- High Temperature
Ash Results PDU Run #

(% of ash, SO3-free) Ra___ww 35 36 38_ A 38B

: Silica 50.0 60.6 50.3 49.0 44.5
Aluminum Oxide 19.1 19.8 19.6 22.0 20.3
Ferric Oxide 6.1 9.0 7.9 14.5 19.0

; Titanium Oxide 0.9 1.3 1.0 1.2 1.3
Phosphorous Pentoxide i.i 0.4 0.8 0.4 0.4
Calcium Oxide 1.5.7 5.8 14.5 9.1 10.2
Magnesium Oxide 5.6 2.6 5.1 3.5 4.3
Sodium Oxide 0.7 0 0 0 0
Potassium Oxide 0.8 0.5 0.8 0.3 0

Percent Ash 4.3 2.9 4.7 2.3 2.2



The XRFA of physically and chemically cleaned and HWDUsibelli
subbituminous coal is presented in Table 13. The results from this data
indicate that physical cleaning reduced the silica and aluminum oxide
concentrations in the ash. Instead of a decrease in ferric oxide content as
has been observed with other coals (5), the ferric oxide content was
increased. This same pattern was observed with Usibelli on the bench-scale
(i)_ Chemical cleaning reduced the contents of soluble cations such as
sodium, calcium, and magnesium. Chenical cleaning of Usibelli removed all the
sodium. Additionally, the HWDproce!_s reduced the calcium and magnesium
concentrations. There was an increase in iron content after HWD, which could
be attributed to the leaching of non-]tainless steel equipment used in the HWD
process.

The data in Table 14 is for the Beulah fuel prepared in PDU #40, showing
similar trends (i, 5). When t,_is data is compared to that for earlier fuel
preparation, the improved Fuel quality reflects the process improvements {2,
5). One obvious improvement was the ferric oxide removal, whereas an earlier
test did not result in comparatively low levels due to magnetite contamination
(2). Another noticeable difference with this fuel was the calcium oxide
content, which was not reduced to the levels of prior tests, due to the use of
a lower acid concentration.

3_3.1.3 Particle Size Distributions

Figures 8, 9, and i0 depict the particle size distributions for deep-
cleaned Beulah, Kemmerer, and Usibelli coals. The average size of the
physically cleaned coal in all cases was 2.8 mm in mass mean diameter (MMD).
The coal was then pulverized to a 30-to 50-micron MMDfor chemical cleaning.

TABLE 13

USIBELL! SUBBITUMINOUSX-RAY
FLUORESCENCEANALYSIS

High Temperature
Ash Results Phys. Chem. PDU Cent.

(% of ash, S03-free) Raw Cleaned Cleaned Cake

Silica 36.8 21.5 49.8 36.9
Aluminum Oxide 15.3 12.9 23.6 19.0
Ferric Oxide 8.7 11.7 11.4 32.0
Titanium Oxide 1.4 1.3 1.8 1.4
Phosphorous Pentoxide 0.1 0 0.3 0.i
Calcium Oxide 32.0 46.2 10.6 8.4
Magnesium Oxide 3.7 4.7 1.5 i.i
Sodium Oxide i.i 1.3 0 0
Potassium Oxide 0.9 0.3 I.i 1.0

Percent Ash 8.7 6.3 2.6 3.5



TABLE 14

PDU #40 BEULAHX-RAY FLUORESCENCEANALYSIS

High Temperature
Ash Results Phys. Chem. PDU

(% of ash, S03-free) Raw Cleaned Cleaned Cent. Cake

Silica 21.0 15.8 30.1 27.4
Aluminum Oxide 13.8 16.4 24_8 24.4
Ferric Oxide i0.i 6.3 10.6 21.0
Titanium Oxide 1.6 0.9 1.8 1.9
Phosphorous Pentoxide 1.5 I.i 2.0 1.7
Calcium Oxide 30.3 36.6 22.3 18.0
Magnesium Oxide 8.4 10.6 6.0 5.2
Sodium Oxide 13.2 12.2 2.0 0
Potassium Oxide 0.1 0.1 0.3 O.L

Percent Ash 7.8 5.9 2.2 2.4

A slight increase in the average size, from 35 to 40 microns, occurred
after chemical cleaning due to the removal of small particles from the feed
slurry during centrifugation. Tile clean coals were screened to atop size of
600 microns prior to hydrothermal treatment. Figures 8, 9, and I0 show the
size reductions due to screening and HWD, with the MMDreductions averaging 10
to 20% in comparison to the feed. After HWD, the centrifuge cake was
reslurried and then micronized to a final product size of 10 to 15 microns
MMD.

3.3.2 PDU-scale Material Balance

Beulah lignite From North Dakota, Usibelli subbituminous from Alaska, and
Kemmerer subbituminous coal from Wyoming, were selected for PDU-scale
processing because of their ability to be cleaned to less than I wt% ash on
the bench-scale (I). Figure ii shows the process steps for production of
deep cleaned LRCs.

The HWDconditions were 626°F, 2200 psi, and a residence time of 5
minutes. System material balances for each process run were completed to
determine percent product recoveries and losses. Material losses occurred
during mixing and transferring of the coal, conversion of coal to gas, and
removal of minerals during processing.

After chemical cleaning, the clean coal was slurried and fed into the HWD
Process Development Unit (PDU). The HWDproduct was concentrated by
centrifugation, reslurried to approximately 55 wt% solids and fed into the
Attritor mill for final grinding. Final clean-coal recovery from the PDU
processing was 87% of the feed cqal weight. Table 15 summarizes the complete
process material balance for PDU Run #38.
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TABLE 15

MATERIAL BALANCEFOR ACID-CLEANED KEMMERERFUELS

Feed Acid HWD Final Final
Coal wt. Cleaned Product Fuel Yield

Run # _ (lb)_ (lb) (lb) _ (lb)

36 558 --- 525 505 91
38 2620 2530 2330 2280 87

A small batch of acid cleaned Kemmerer was processed during PDU run
#36. The first processing step included HWDthe coal at a solids loading of
about 30 wt%. The final Kemmerer fuel was a bimodal blend of 80 wt% coarse
particles (40-micron average) and 20 wt% fine particles (lO-micron average).
Blending was done to achieve an optimum solids loading. An excellent solids
recovery of 91 wt% was achieved For the Kemmerer.

3.3.3 Overall Product Recovery for Deep-Cleaned Fuels

Three coals were processed using the complete deep-cleaned scenario
illustrated in Figure Ii, which incorporates both physical and chemical
cleaning of the raw coal. The product recoveries for Usibelli, Kemmerer, and
Beulah coals at different stages of processing are presented in Table 16. The
physical cleaning step was not optimized For the Usibelli or the Kemmerer, as
indicated by low recoveries (30 to 40 wt%), compared with 65 to 75 wt% for
bench-scale Certigrav washability testing. PDU #40 with Beulah is more
representative of an acceptable yield for physical cleaning. Table 17 is a
summary of projected PDU-scale performances for deep-cleaned LRCs. The low
total energy recoveries were due to a 30- to 45-wt% coal loss during physical
cleaning. At a commercial-scale CWFplant, the energy of the middlings or
tailings could be utilized in a coal slurry preheat system, thus saving on the
overall energy costs.

3.3.4 Conceptual Fuel Economics

3.3.4.1 Background

Using physical data determined by PDU-scale preparation at EMRC, costs
for production of CWFs from Kemmerer, Usibelli and Beulah coals were estimated
based on the coal product and rheological performance of the fuels.
Estimations of cost per million Btu (MMBtu) and per ton of CWFwere based on
revision of an October 15, 1986, clean, low-rank CWFfeasibility study (7).

3.3.4.2 Operating Costs and Revenues

Table 18 lists operating costs for various production schemes for a
combustion-ground, LRC fuel plant producing 800,000 tons of fuel per year.
Process parameters that varied during production included physical cleaning,
chemical cleaning, hot water drying, and composition of an additive package of
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TABLE 16

OVERALL MATERIAL BALANCEFOR DEEP-CLEANEDFUELS

Coal Type Feed Phys. Acid HWD Final Final Yield
___(_Ib____ _ _]_b)_ Fuel_(.l____ ____

Usibelli 223 82 71 55 50 22
Kemmerer 295 96 80 61 57 20
Beulah #40 3054 1780 1620 1275 1230 40

anionic dispersant and xanthan gum. Micronizing the fuel would result in a
$0.25 - $O.35/MMBtu increase in fuel costs due to the additional processing
required and the reduced theological performance (7). Cost estimations for
Kemmerer CWFranged from $3.]8/MMBtu to $3.73/MMBtu, the Usibelli estimations
varied from $4.00/MMBtu to $4.62/MMBtu, while Beulah ranged from $2.63/MMBtu
to $4.20/MMBtu, depending on which production scheme was implemented.

Included in the operating cost estimates were the cost of coal at the
mines and physical cleaning costs, labor costs, utilities expenses, general
maintenance costs, fixed charges on capital investment, and reagent costs.

TABLE 17

PROCESSINGPERFORMANCERANGESFOR LOW-RANKCOALS

Process Step Ash Reduction Coal Yield Energy Recovery
.... (wt%) ..... (wt%) (%)

Physical Cleaning 25 - 40 55 - 70 62 - 72
Chemical Cleaning 40 - 60 86 - 91 90 -93
Hot Water Drying -I0 - 0 80 - 93 82 - 95
Micronizing 0 93- 99 93 .- 99

Total Process
Performance 60 - 80 40 - 60 45 - 70

* Values are based on dry coal processed

A. Coal at Mine and Physical Cleaning

Coal-at-mine rates were conservatively determined to be $8/ton for the
Kemmerer subbituminous coal, $20/ton for the Usibelli subbituminous coal and
$12/ton for the North Dakota lignite, respectively.
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TABLE 18

OPERATINGCOSTS FOR AN 800,000 TON/YEAR
CWFPLANT ($/MMBtu)

Kemmerer Usibelli Beulah

Coal Cost 0.49 1.27 0.76

Physical Cleaning 0.12 0.12 0.13

Chemical Cleaning 0.91 0.95 0,95

Hot-Water Drying 1.22 1.27 1.34

Additives* 0.47 0.48 0.49

Micronizing 0.52 0.53 0.51

Chem. Cleaning,
Hot-Water Drying,
Micronized,

w/ Additives 3.47 4.15 3.86

Phys. Cleaning,
Chem. Cleaning,
Hot-Water Drying,

w/ Additives 3.18 4.00 3.63

Physical Cleaning,
Chemical Cleaning,
Hot-water Drying,
Micronized

w/ Additives 3.73 4.62 4.20

* Additives- Fractionated Ammonium Ligno-Sulfonate _3-I-9-2)
and Xanthan Gum

B. Labor

Estimated labor requirements for a coal slurry fuel plant were determined
using the state of Wyoming employee wage rates.

C. Utilities

Utility costs include electricity, estimated to be $O.07/kwh, and others. A
majority of the electricity cost is created by operating the 2000 hp Attritor
wet grinder used to micronize the coal during final fuel production. A direct
heating fluid bed combustion system was used to heat the coal to HWD
conditions to eliminate additional costs of heating the slurry. The category,
others, includes estimations for natural gas, process and cooling water,
reverse osmosis, and ion exchange water (18).
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TABLE 19

REAGENTSFOR DEEP-CLEANEDCWFPRODUCTION

Process
Area Price Source

i. Magnetite Area 200 ($120/ton) from AMAX report
2. Dispersant Area 600 ($0.30/Ib) Reed Lig.
3. Formaldehyde Area 600 ($0.25/Ib) Chem. Mark. Rep.
4. Nitric Acid Area 300 ($195/ton) Chem. Mark, Rep, _
5. Xanthan Gum Area 600 _$0.20/Ib) Pfizer Corp.(R.K.)
6. Ammonia. Area 300 ($210/ton) from AMAX report
7. Filter Aid Area 300 from AMAX report

D. Reagents

The amount of each reagent used is dependent upon which processing steps were
used to produce the fuel. ]he reagents are listed in Table 19.

E. Maintenance and Materials

Maintenance and materials costs include a general maintenance cost of 3% of
the total capital outlay and any _rinding supplies needed to micronize the
fuel.

F. Fi×ed Charges

Charges include an estimation for capital amortization at 12% for 20-yeaY" life
based on total capital cost, assuming a salvage value of $4,000,000.

G. Revenue and Payback Period Estimations

Estimations were also calculated on the revenue that would be generated by the
various production methods. Using a before-tax minimum rate of return of 20%,
prices for the CWFs were determined on a $/MMBtu basis. Applying the three
CWFproduction schemes described in Table 18, the Kemmerer prices ranged from
$4.35/MMBLu fo__ the combustion grind fuel to $5.20 for the deep-cleaned
micronized fuel. The Usibelli prices ranged from $5.25/MMBtu to $6.!/MMBtu,
while the Beulah fuel prices varied from $4.90/MMBtu to SJ.8/MMBtu.

The amount of time needed to pay off the plant was determined by dividing the
fixed capital investment by the sum of the average after-tax cash flow and the
average depreciation per year. The payback period was determined to be about
6 years,
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3.3.4.3 Capital Costs

A. Major Equipment Costs

Current prices For the major equipment items were obtained as either written
or verbal quotations from suppliers. Other equipment prices were obtained
from internal files and published sources_ Costs were last updaLed to the
last quarter of 1988 using cost index values.

B. Installation Costs

Equipment installation costs were estimated as 40 percent of original
equipment costs when manufacturer's estimates could not be obtained. Other
components of the capital cost estimate such as piping, electrical,
instrumentation, engineering and construction costs, and others were
determined as direct percentages of equipment costs.

3.4 Water Treatment Studies

3.4.1 Ultrafiltration

3.4.1.1 Background

Results of ultrafiltration studies at EMRChave been presented previously
(2). Testing has concluded ultrafiltration is effective at removing fine
solids from hot-.water drying centrifuge centrate. An additional attribute of
ultrafiltration "is rejection of soluble alkali material with the permeate
(ultrafilter waste). Without this separation, recombination of the recovered
solids with the centrifuge cake is not possible and water recycle for
processing cannot be performed.

Ultrafilter tests indicated that the permeate flux rate is primarily
dependent upon liquid temperature, centrate solids concentration, and
ultrafilter membrane type (8). A linear equation, as a function of these
variables, was modeled to predict the average ultrafilter permeate flux rate
for a commercial hot-water drying plant producing 800,000 ton/yr of CWF. The
centrifuge centrate, containing 3 wt,_ dry solids, is concentrated to i0 wt%
dry solids for addition to the centrifuge cake. The product is a 60 wt% dry
solids CWF. A diagram of a feed and bleed ultrafilter system, envisioned for
use in a commercial hot-water drying plant, is shown in Figure 12,

3.4.1.2 Operating Costs and Revenues

Operating expenses for the system include the cost of electricity for
pumps, three-year membrane replacement costs, 10% interest expenses on the
capital cost, labor, cleaning solution, and miscellaneous costs. Table 19
summarizes these costs for the conceptual system.

The value of the recovered fines produced in a HWDplant can be
determined by the estimated value of the CWF. The cost of nominally
$2.00/MMBtu for a HWDCWFproduct, including coal costs, has been cited by
three different studies (9, !0, ii). Depending upon coal rank, a HWDcoal,
cleaned to less titan 2 wt% ash (dry basis), costs $3.00 to $4_O0/MMBtu.
Recovering 7380 Ib/hr of centrate coal fines with a heating value of i].,900
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Btu/Ib, can save $i,405,000 to $2,810,000/yr based upon 8000 hours of yearly
operation. Based on this scenario, ultrafilter recovery of the centrate coal
fines would be economically justified.

3.4.1..3 Capital Costs

After applying the linear equation to a 3 wt% dry solids centrate stream
at 120°F, a flux rate of 109 gal/ft -day was determioed. Producing 469,300
gallons/day of ultrafilter permeate requires 4740 _t _ (including a 10% safety
factor) of ultrafilter surface area. Five 1200 ft" membrane units were
selected for the commercial system at an estimated price of $200,000 per
unit. The price estimate includes the membranes, permeate collection systems,
recycle pumps, and instrumentation. Additional capital costs are installation
costs at 20% of the membrane cost, make-up pump costs and make-up storage tank
costs. The system items and their estimated capital costs are listed in Table
20.

3.5 Activated Sludge Treatment of Ultrafilter Permeate

Results of treatment of ultrafilter permeate have been presented in a
previous report (2). The permeate from the ultrafiltration process is a
liquid waste stream containing some soluble organic, as well as inorganic
contaminants. These contaminants must be removed prior to recycle or
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Figure 12. Schematic of Ultrafiltration Test System
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discharge. A treatability study was performed to verify the ability of the
activated sludge process to reduce organic contaminant "levels to assumed
discharge standards. Removal of inorganic contaminants was beyond the scope
of this wastewater treatability study.

Activated sludge effluent quality targets were based on New Source
Performance Standards (NSPS) for related industries such as petroleum refining
and coke making. After treatment at a 30-day mean cell residence time (MCRT),
all target effluent discharge criteria were met except phenol content and
chemical oxygen demand (COD). Also, soluble inorganic contaminants may be
effectively removed by ion exchange or reverse osmosis processes. Future
ultrafilter permeate treatment studies should investigate effects of reduced
hydraulic retention times of CODremoval.

TABLE 20
i

OPERAIING & CAPITAL. COSTSFOR AN ULTRAFIt.TRATION SYSTEM

TOTAL OPERATINGCOSTS

Pump Electrical Costs $190,000
Membrane Replacement 227,000
Cleaning Solutions 7,000
Labor 26,000
Miscellaneous 18,000
Interest on Capital Costs 157,000

Total Operating Expenses $625,000

TOTAl_CAPITAL COSTS

Ultrafilter Membranes $i,000,000
Instal lation 200,000
Make-up Pumps 45,000
Storage Tanks 113,000
Electrical Transformers 76,000
Bui Idings 17,000
Piping 93,000
Contingency 154,000

Total Capital Costs $1,698,000
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4.0 CONCLUS!ONS

i. Heavy-media separation is a viable method of reducing the ash levels from
some LRCs, with reductions as high as 40 wt%. Proper washing techniques
are essential during the operation of the unit to avoid contamination.

2. The PDU-scale physical cleaning results approach the results from bench-
scale physical cleaning. Yet additional modifications are needed to
insure clean coal quality.

3. A screening of froth flotation reagents showed none of the reagents
tested were viable for LRC froth flotation.

4. Continuous bench and PDU-scale chemical cleaning reduced the ash levels
of the physically cleaned samples by an additional 25 to 40 wt%.

5. Modifications to the mixers in the acid column will improve the mixing
action, thus increasing exposure to the acid media.

6. Proxima:e, ultimate, and heating value analyses can indicate if too much
acidification was performed on the coal by an increase in both nitrogen
end _xygen content and a decrease in carbon content and heating value.

7. X-ray Fluorescence Analysis can indicate possible magnetite contamination
of the coal/water fuel products by substantial increases in the amount of
ferric oxide present in the ash.

8. The overall recovery of the coal yield from the complete deep-clean
micronized process scenario varied from 40 to 60 %. A majority of the
coal was lost during physical cleaning. Without physical cleaning, coal
recoveries ranged from 65 to 85% of the original coal.

9. Ultrafiltration has been shown to be a technically feasible concept for
removing fine solids, from 2 to 10 wt%, from the centrate water produced
during concentration of the hot-water dried product. An economic study
indicates that the fine solids recovered would pay for the cost of
ultrafiltration.

10. Soluble organic and inorganic contaminants contained in the permeate can
be removed prior to reuse or discharge to the environment. A bench-scale
activated sludge process was used to reduce permeate contaminants to
levels that meet the criteria in the targeted discharge standards.

'r_llll_,,rllr,_.... _ tl_rl,lpff.... li rqll,r_,_r=' ,'_in_in_,'p,



5.0 RECOMMENDATIONS

i. To improve material balances on the UNDEMRCbeneficiation treatment
scheme of physical and chemical cleaning, followed by hot-water drying, a
nitrogen-free, gas accumulation system should be included in the hot-
water drying pilot plant. This would allow collection of gas samples for
more accurate analyses.

2. To increase the yields on the heavy media cone separation physical
cleaning, it may be prudent to use a cyclone or spiral in place of the
cone. This would also allow the physical cleaning of smaller particle
sizes.

3. The necessity of perfornling the physical and chemical cleaning steps in
series is taxing on the process economics. A combination physical,
chemical process to achieve similar cleaning results, like an oil
agglomeration technique, might prove more economically feasible, if
comparable cleaning results are obtainable.

4. lt may be possible, due to the high quality of the ultrafiltration
permeate, to directly feed a reverse osmosis unit with this water° This
would allow direct recycle of cation-free, organic-rich water for process
reuse. This scenario should be tested on a small reverse osmosis unit to
complete economic feasibility studies on water treatment for the hot-
water drying process.
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ABSTRACT

Slurry combustion research at the University of North Dakota Energy and
Mineral Research Center (UNDEMRC) began in 1983 and has continued under the
U.S. Department oF Energy (DOE). Coal research by DOE is directed toward
increasing coal usage in existing markets and introducing new, premium-
quality, coal-based fuels to markets currently dependent on oil oY natural
gas. The overall objective of the UNDEMRC project was to expand the
scientific and engineering data base on combustion of advanced low-rank coal
(LRC) fuels for residential and commercial applications (i). To accomplish
the overall goal, three-year goals _ere to design, construct, and evaluate two
prototype coal/water fuel (CWF) combustors suitable for providing space and
water heat to residential and commercial buildings. These small.-scale
combustion systems would burn the fuel on a packed bed, eliminating the need
for atomization, and would De dedicated to the combustion characterization of
beneficiated low-rank CWFs.

Combustion of coal/water fuel in the packed-bed system was studied on the
bench and pilot scale. Bench-scale testing studied ignition, combustion ratc,
bed material size, and control of maximum bed temperatures. More than 80
Lench-scale tests were run in batch mode using CWFs in the range of 46 to 54
wt% solids and gravel sizes in the range of i/4 to i inch in diameter.
Results of a statistical analysis were used to design the stationary packed.-
bed and rotating-bed combustion systems for pilot-scale testing.

The stationary packed-bed combustor was designed to burn a beneficiated
(l.0%-ash, low-sulfur), low-rank CWF irl b_,tch mode with heat storage in the
packing. Pilot-scale tests were designed to study ignition, combustion rate,
thermal rating, ash removal and collection, gaseous emissions, and continuous
cycling. The fuels used for testing were non-beneficiated, high-ash (up to
7%, dry basis) slurries, which accelerated the ash build-up rate in the
packing. Initial testing indicated that ordinary gravel and quarried granite
were unacceptable bed materials. Ceramic spheres were used to replace the
rock as packing for the combustor and were found to be very compatible with
the combustion of CWFs.

Pilot-scale combustion results indicated that fuel distribution across
the packing surface, ash deposition within the packing, and gaseous emissions
were the parameters that must be controlled to successfully burn CWF in the
packed-bed system. Fuel distribution was a function of the theological
properties of the fuel, and in general, fuel with a viscosity between 500 and
700 cP and a yield stress between 5 and I0 Pa would distribute itself both
radially and vertically through the packing. Ash removal from the packing was
increased by vibrating the packing for i0 minutes at the end of each
combustion cycle. Vibration of the packing reduced ash levels in the packing
from 84% with no vibration to below 30% with vibration. The ash was also m_re
evenly distributed through the packing after vibration, indicating a steady
state removal of ash from the system. During normal operation, levels of CO
we're observed at more than 25,000 ppm. A platinum/palladium catalyst was put
on line, and when operated at 600UF with 5% excess air, the CO emissions were
reduced to below 40 ppm (2).
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Continuous cycling tests of up to 52 hours were performed, burning nearly
two million BTUs of 2.8%-ash CWF. This was equivalent to approximately i/9th
the amount of 1.0%-ash CWF required (providing a similar BTU yield) prior to
maintenance during a typical residential heating season. Recommendations were
made to incorporate the various modules into a compact design with special
attention given to the conversion of gaseous emissions. Design of heat
exchange equipment would also be required (2).

The rotating-bed combustor was designed to operate in semibatch mode with
the combustion chamber rotating at between I and 5 rpm. The rotation would
ensure ash removal through the packing and an even temperature profile in the
combustion zone, lowering CO, hydrocarbon_ and NOx emissions. Shakedown
testing of the rotating bed was not completed and further evaluation testing
was recommended.

Rheological evaluation of two low-rank CWF additive packages indicated
that D319-2, an anionic lignosulfonate dispersant, and T-Mulz, a non-ionic
surf_ctant, can both be used in conjunction with xanthan gum to provide
stability and improve flow behaviors of the fuel. Rheological analysis of the
additive packages indicated relatively little difference between the anionic
and non-ionic additives, as each had a pseudoplastic or shear-thinning effect
on the fuel. No significant differences were noted under freeze/thaw
conditions; however, when tested under high temperature/high pressure
conditions, the non-ionic surfactant tended to agglomerate and gel at higher
temperatures (>180°C), increasing the viscosity of the Fuel. Therefore, the
anionic dispersant_ D319-2, was considered the best additive for high
temperature applications.

Work on the stationary packed-bed and rotating-bed combustors was
discontinued as of June 30, 1989. Future work under the cooperative agreement
with DOE will focus on combustion characteristics such as flame stability,
carbon burnout, ash fouling, and ESP performance for industrial- and utility-
scale coal-fired systems.
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1.0 INTRODUCTION

Coal research by the Pittsburgh Energy Technology Center (PETC) of the
U.S. Department of Energy (DOE) is directed toward increasing coal usage in
existing markets and introducing new, premium-quality coal-based fuels to
markets currently dependent on oil or natural gas (3). Accordingly, the work
concentrates on coal cleaning, fuel 'Formulation and handling, combustion, and
f_ue gas cleaning -- all necessary technologies in the direct use of coal.
Progress achieved over the past several years through PETC and related
federal- and private-sector research activities has considerably strengthened
these technologies, consequently enhancing the possibility of meeting DOE's
coal research goals.

In the area of coal beneficiation, processes to reduce ash concentrations
to less than 1.0% have progressed to advanced stages of development and are
also capable of extracting most of the pyritic sulfur from the raw coal. Coal
fuels of this quality are becoming available in either slurry or dry powder
form, in quantities necessary for engineering performance evaluation.

In parallel with these advancements, technologies for mixing ultra-fine
(top size of 40 microns) beneficiated coal products with water or liquid
carriers have also progressed to the pilot-production level. Handling of coal
liquid mixtures from bulk transport and storage to ultimate tY'ansfer to a
combustion device has been investigated for a variety of projected applica-
tions. Injection and combustion characteristics have also been studied in
relation to the requirements of specialized applications_ Other technical
advances have l)een made in the design of combustors, heat exchangers, improved
materials, and gas cleaning processes.

At present, gas- and oil-fired furnaces and boilers dominate the market
for space heating and the production of process steam. However, recent
technological developments offer the prospect that premium coal-based fuels
such as coal/water mixtures or dry, ultra...fine coal, when combined with
advanced fuel handling, storage, and combustion concepts, can approach
standards of performanc_ expected by users of natural gas and petroleum in
small- to moderate-scale apG_ications.



DOE research is currently directed toward the development of coal-based
advanced combustion system technologies suitable for the following
applications:

• New boilers/fluid heaters for producing steam and process heat for
industrial purposes.

• Space and water heating in commercial buildings.

• Residential space and water heating.

• Combustors for retrofitting existing oil- and gas-fired boilers, and
process heat applications.

The introduction of coal-based fuels into the residential, commercial,
and industrial markets is dependent upon successful pursuit of high-risk R&D
programs. DOE has developed a multi-year program to address the R&D needs
relevant to each of the four application areas. The work completed by the
University of North Dakota Energy and Mineral Research Center (UNDEMRC) over
the past three years was directed toward fulfilling those needs. While work
to date had concentrated on deve!oping an alternative to oil- and gas-fired
combustion systems on the residential and commercial scale, the overall
objective For the project was changed for the upcoming year and will involve
combustion characterization For industrial- and utility-scale coal-fired
systems. This final report is a summary of the work performed at UNDEMRCover
the past three years.

2.0 GOAI.SAND OBJECTIVES

The purpose of the slurry combustion project at UNDEMRC was to expand the
scientific and engineering data base on combustion of advanced low-rank coal
(LRC) fuels for residential, commercial, and moderate industrial processes by
investigations into the operational and environmental effects of burning
slurry fuels made with low-rank coal. To achieve this goal, planned three-
year objectives included:

• Design of an LRC/water combustion system with future applications in the
residential, commercial, or moderate industrial sectors.

• Investigation of effects of t.RC fuel type on slurry combustion character-
istics such as ignition limits and flame stability, and on operational
problems such as fouling and slagging.

• Production of selected LRC fuels for off-site testing in industrial-scale
boilers. Combustion runs would be performed with slurry produced by
UNDEMRC's hot-water-drying process.

Specific goals for the third year were tc)-

i. Evaluate and optimize the stationary packed-bed slurry combustor built
during FY87. The combustion and operational characteristics to be



evaluated include ignition limits; start-up and response time; CO,
particulate, and hydrocarbon emissions; combustion and steady-state
efficiencies; and heat transfer characteristics.

2. Construct the rotating packed-bed slurry combustor designed in FY87 and
begin evaluation testing, focusing on combustion characteristics and
operational problems.

3. Finalize the design of, and construct a combustion system to be used in
the combustion characterization of dry, ultra-fine, low-rank coal.

3.0 PROPOSEDWORKFOR THE THIRD YEAR (4/88-6/89)

To achieve the specific goals for the third year, a four-task program was
developed. The tasks included optimization of the stationary packed-bed
slurry combustor built during FY87; construction of the rotating packed-bed
slurry combustor designed dur'ing FY87; finalization of the design of a dry,
ultra-fine, low-rank coal combustor; and performance of rheologic_l studies
including optimization of an additive package to upgrade the coal/water
slurries.

3.1 Task A. Stationary Packed-Bed Slurry Combustor Optimizati,Dn

Task A involves evaluating and optimizing the stationary packed-bed
slurry combustor built in FY87, focusing on combustion characteristics and
operational combustor problems. Characteristics to be evaluat_d include
ignition limits; start-up and response time; CO, particulate, and hydrocarbon
emissions; combustion and steady-state e Fficiencies; and heat transfer
characteristics.

3.2 Task B. Construction of the Rotating Packed-Bed Slurry Co,mbustor

Task B consists of the construction of the rotating packed-ibed slurry
combustor designed in FY87. Evaluation testing of the unit will also be
initiated to investigate the effects of LRC fuel types on combustion
characteristics and operational goals. Performance goals are simila_r to those
outlined for the stationary packed-bed slurry combustor.

3.3 Task C_ Design of a Dry, Ultra-Fine Low-Rank Coal Combustion System

Task C is directed at finalizing a design of a commercial-scale combus-
tion system to be used in the combustion characterization of dry, ultra-fine,
low-rank coal. The prototype combustion system will be const_ructed and
evaluation testing initiated, focusing on the combustion characteristics,
operational problems, and the safety and reliability of firing dry L.RC.

3.4 Task D. OptimizBtion of the Coal/Water Fuels Rheological Properties

The focus of Task D will be on performing theological studies of an
additive package to enhance CWF transport, storage, handling, and combustion
for a residential- or commercial-.sized slurry combustion system. The effect
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of temperature on the rheology of clean CWF, including freeze-thaw and high-
temperature and pressure effects, will be investigated, as will additive
degradation and CWFdilatancy at high temperatures. The changes in system and
combustion characteristics as a result of these rheological phenomena will be
determined.

4.0 ACCOMPLISHMENTS

The milestones not met in the previous annual project plan were rolled
into this year's annual project plan. Accomplishments for the first three
years of the project include the completion of bench-scale testing, the design
and construction of two prototype combustors, and testing on the pilot
scale. This section is a summary of those accomplishments.

4.1 Bench Scale Testing

A 5.5-inch-inside diameter incinerator was modified to serve as a packed
bed combustor for initial studies and is shown in Figure I. The combustor was
lined with 3.5 inches of an insulating refractory, and nine thermocouples were
placed in the combustor. The combustion air, bed material and exit gas temp-
eratures were monitored continuously on a chart recorder. Analysis of the

flue gas for CO, 0_ CO2 and NO was performed with on-line analyzers. Airflow was from the _p to the bottom and was monitored with an orifice plate;
the air was preheated electrically to ignite the coal/water fuel. The bed
material and fuel were pre-mixed prior to placement within the incinerator,
with the weight of the packing recorded before and after saturation with the
fuel (4).
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Figure 1. Experimental Packed Bed Combustor.



4.1.1 Ignition Testing

Tests were performed to determine the effects of flow rate, bed material
size, slurry density, and rate of heating on the minimum ignition temperature
required to ignite the slurry, which was indicated when the outlet air
temperature became greater than the inlet air temperature. The effects of air
flow rate, bed material size, and slurry density were found to be minimal.
When any two of the three effects were held constant, the minimum ignition
temperature required ranged from just above 400°F to just below 500°F. Low
air flow rates, small rock sizes, and highly concentrated slurries were the
most favorable conditions for lowering the minimum inlet air temperature
required for ignition (4).

The heating rate was found to have the greatest impact on the required
ignition temperature. _s the CWF was heated, small exothermic reactions
released heat and carbon monoxide. The additional heat generated by these
reactions caused further oxidation of the volatile matter within the fuel,
releasing more heat and promoting _dditional oxidation, until combustion was
sustained. Figure 2 shows the carbon monoxide concentration versus time when
very slow increases in inlet air temperature were made. As the temperature
was increased from 350 to 500°F ove_ a period of eight hours, the CO concen-
tration increased with each step change for a short period, and then decreased
with no indication of ignition. Additional testing indicated that the CWF
would ignite each time with a step change from room temperature
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Figure 2. Flue Gas CO Concentration Versus Time.
Effect of Slow Heating Rate on Minimum Ignition Temperature.



to 375°F. Apparently, the heat generated by the small exothermic reactions
was dissipated before appreciable changes in bed temperature could occur when
the fuel was heated slowly, whereas those reactions occurred simultaneously,
generating enough heat to sustain combustion, when the fuel was heated
quickly.

To study the maximum turndown ratio possible, reignition tests using cold
air were performed. The slurry-saturated bed was ignited with preheated
air. As soon as ignition was indicated, room temperature air was introduced
for the combustion air. When any of the thermocouples in the bed indicated
1500°F, the fan was turned off and the inlet valve to the combustor was
closed. The bed temperature was allowed to drop until a preset temperature
was reached. The inlet valve was then opened and the Fan restarted. If the
bed reignited, the temperature was allowed to increase until the highest
temperature in the bed reached 1500°F and the system was again shut down. The
temperature in the bed was then allowed to decrease to a temperature below
that of the original set point. This procedure was repeated until the bed
could not be reignited with cold air (4).

The tests evaluated the minimum restart temperatures of the bed as a
function of air flow rate. Figure 3 illustrates the average minimum bed
temperature needed to restart tile combustor at various combustion air flow
rates. Clearly, by using lower air flow rates for reignition, the fan could
be shut off for longer periJds of time. Apparently, when large amounts of
cold air were introduced i,to the warm bed, the cooling effect overcame the
heating effect of the exo!hermic reactions. While the lower combustion air
flow rates lowered the temperature at which the bed would reignite, the time
required to reignite the bed was significantly increased (4). Figure 3 also
shows the time required to achieve 1500°F in the packing after reignition at
various combustion air flow rates, and indicates that higher air flow rates
will reignite the packing much more quickly than low air flow rates. These
results indicate that a trade-off between response time and turndown ratio
must be made during continuous operation of the combustor on the pilot scale.

4.1.2 Combustion Temperature and Rate Tests

To determine the effect of bed material size, slurry concentration, and
air flow rate on the maximum combustion temperature and rate of combustion, a
2-by-3 matrix with four midpoints was designed. After completing the matrix
and statistically analyzing the data, curvature of the model was indicated and
nine additional tests were performed to develop a quadratic model (4). The
run conditions, maximum observed temperatures, and combustion times are shown
in Table I.

The experimental procedure used in the matrix was designed to yield
results applicable to both the stationary packed-bed and the rotating ubed
combustion systems. For each test, the bed material was saturated with slurry
and the excess slurry allowed to drain off. The weight of the bed material
and remaining slurry was carefully measured and recorded. To ignite the
slurry, an inlet combustion air flow rate of 20 scfm



Figure 3. Minimum Restart Temperature and Restart Time Versus Flow Rate.

was maintained at a temperature of 5500F. When the highest thermocouple temp-
erature in the bed reached 1500°F, the preheater and fan were turned off and
the inlet air valve to the packed bed was closed. The bed was allowed to cool
until the highest thermocouple reading in the bed was 600°F. The fan was then
restarted by drawing cool air through the packing, reigniting the fuel. The
run was terminated when the fuel was completely oxidized and the temperature
of the packing was below IO0°F. The time in minutes to burn one linear foot
of the bed and the maximum combustion temperature were recorded (4).

The equations for prediction of the maximum bed temperature and
combustion rate were arrived at using three different statistical
procedures" a forward selection procedure, a backward selection procedure,
and a maximizing R-Square procedure (5). The three different statistical
procedures produced the same equation for the maximum bed temperature at the
95% confidence level for all terms. The equation was determined to be-

2

Maximum Bed Temperature = 1829 - 67X + 237Y + 47Z - 133X*Z + 74Y*Z - 152Y

where X = (Bed material diameter in inches - 0.578)/0.297
Y = (Dried slurry wt_ in grams - 707.5)/247.9
Z = (Scfm - 17)/15

The test variables, parameter estimates for those variables, standard
error of the parameter estimates, F ratios, and significance of the F ratios
for each term in the model are shown in Table 2. lt should be noted that the



TABLE i

INDEPENDENTVARIABLES AND RESPONSES
FOR MAXIMUMBED TEMPERATUREAND COMBUSTIONRATE TESTS

Packing Air Flow Slurry Dried Maximum Combustion
Size Rate Conc. Slurry Wt. Temperature Time

(inches) (scfm) (wt%) (grams) (°F) (minutes)

0.375 x 0.53 17.0 50 782.0 1,883 8.9
0.75 x io0 2.0 54 553.61 1,685 43.1
0.75 x 1.0 2.0 46 68.72 * *
0.25 x 0.3125 32.0 54 950.29 2,234 9.0
0.375 x 0.53 17.0 50 667.0 1,766 7.9
0.25 x 0.3125 32.0 46 459.59 1,619 5.08
0.375 x 0.53 17.0 50 699.25 1,865 8.8
0.75 x 1.0 32.0 46 131.28 * *
0.25 x 0.3125 2.0 46 401.03 1,325 45.0
0.25 x 0.3125 2.0 46 468.51 1,417 38oi
0.375 x 0.53 17.0 50 632.45 1,787 6.1
0.75 x 1.0 32.0 54 775.71 1,7_1 2.3
0.25 x 0.3125 2.0 54 938.52 1,747 56.1
0.25 x 0.3125 17.0 50 711.75 1,931 10.6
0.375 x 0.53 2.0 50 573.65 1,635 41.4
0.375 x 0.53 2.0 50 595.50 1,546 39.1
0.375 x 0.53 2.0 54 955.26 1,760 47.4
0.375 x 0.53 17.0 46 258.98 * *
0.375 x 0.53 17.0 46 255.76 * *
0.75 x 1.0 17.0 50 198.0 * *
0.375 x 0.53 32.0 50 536.5 1,663 4.3
0.375 x 0.53 2.0 50 600.5 1,666 34.2

* Indicates no ignition

TABLE 2

STATISTICAL MODELFOR MAXIMUMBED TEMPERATURE
R-SQUARE = 0.96813797

Intercept Coefficient Standard Error F Ratio Prob > F

X -67.52544377 19.48330150 12.01 0.0071

Y 237.16920824 17.48787256 183.93 0.0001

Z 46.88639016 15.75244891 8.86 0.0155

X*Z 132.53087165 18.28537194 52.53 0.0001

Y*Z 73.79573524 17.80162944 17.18 0.0025

Y -152.12503544 32.19504068 22.33 0.0011



least significant term in the model is significant at the 2% level. This
fact, coupled with the fact that all three statistical procedures produced the
same equation, is a very good indication that the model is sufficient. A plot
of the actual data versus the predicted data from the model is shown in Figure
4, and indicates good agreement between the model and the actual data. Since
low temperatures are undesirable in terms of combustion efficiency and heat
transfer, and high temperatures can fuse the packing with ash and produce
excess NOx, this model will be used to determine the operating conditions for
the pilot-scale combustors.

The equation for prediction of the combustion rate measured in minutes to
combust one linear foot of the bed was determined to be:

Combustion Rate = 729 + 4.46Y - 19.6Z - 4.4Y*Z + 6.97X 2 + II.96Z 2

where X, Y, and Z are as defined previously.

The variabJes, parameter estimates for those variables, F ratios, and
significance of the F ratios for each term in the model are shown in Table
3. Again, the least significant term in the model is significant at the 2%
level. A plot of the actual data versus the data predicted by the model is
shown in Figure 5 -- the close scatter of data points about the 45-degree line
indicates that the model is sufficiently accurate. This model will be used to
determine the minimum combustor size required for a given thermal load.
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TABLE 3

STATISTICAL MODELFOR COMBUSTIONRATE
R-SQUARE= 0.98746072

Intercept Coefficient Standard Error F Ratio Prob > F

Y 4.46391284 i. 05606293 17.87 O. O018

Z -19.64221197 0.83612451 551.87 0.0001

Y* Z -4. 38840282 i, 16687810 14,14 O. 0037

X2 6.97391414 2. 36783309 8.67 O. 0147

Z2 i i. 95841802 2.00355459 35.62 O. 0001
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4.1.3 Emissions Testinq

High levels of carbon monoxide were noted during bench-scale testing of
the packed bed. The temperature profile through the bed when the top of the
packing was ignited ranged from above 1500°C to below 300°F. Since the
temperature range was a continuum through the bed, there were low-temperature
combustion reactions occurring that produced CO levels in excess of I0,000
ppm. Two methods were proposed to minimize CO emissions. The first method
was to use a platinum/palladium catalyst similar to the types used in
automobile or woodburning stove catalyst systems, which oxidizes the CO to

CO2 The second method was to slowly agitate the packing in a rotating bed so
th_it the temperature distribution was uniform and CO would not be formed.

A honeycomb catalyst was purchased from a wood stove vendor and placed in
the outlet piping of the combustor. The minimum operating temperatu,e for the
catalyst was 400°F, so the outlet pipe was heated externally to ensure that
the proper operational temperature was reached. Each test used 2 scfm of
combustion air to permit adequate residence time in the catalyst. The first
test showed a 98% reduction in CO from 11,500 to 180 ppm at catalyst operating
temperatures of just under 500°F. Because an open flame was used to heat the
outlet piping from the combustor (which could possibly cause hot spots on the
piping, subsequently oxidizing CO), a repeat run was performed without the
catalyst in place. The CO concentration remained above I0,000 ppm for the
entire run, indicating that the catalyst was responsible for the reduction in
CO observed in the first test. A third test was conducted to determine if the
results of the first test could be repe_ted. Again, large decreases in the CO
concentration were observed (6).

4.2 Results of Task A. Stationary Packed-Bed Co,mbustor Optimization

'The information generated in the bench-scale tests was used to design the
stationary packed-bed combustor and the rotating packed-bed combustor. The
objective of the pilot-scale systems was to investigate the operational and
er_vironmental effect;_ of burning low-rank CWF in a residential/moderate
cemmercial-sized combustion device. To accomplish this goal, the combustion
systems were designed in modules so that each aspect of the combustion cycle
could be studied independently. Optimization of these individual components
would ultimately lead to the design of an actual combustion device,
incorporating each module into a compact design suitable for installation in
residential and commercial buildings. The modules in the designed test rig
incl.ude the combustor (the prototype combustors are interchangeable in the
test rig), the storage tank and feed pump, the catalyst test section, and the
baghouse (6). A schematic of the st.ationary packed-bed combustor and the
modular test rig is shown in Figure 6.

4.2.1 Bed Material

Prel_.minary testing Qf bed material for the packed-bed slurry combustor
indicated that locally procured gravel would not be a viable bed material for
combus_ion of coal/water slurries. The gravel used contained limestone, which
disintegrated when it came into contact"- with water. As the limestone (CaCO3)
is heated, carbon dioxide is driven off leaving calcium oxide, which readily
dissolves in water, .Breakup of the packing would lead to plugging of the bed,
air distribution problems and, eventually, shutdown of the combustor (i).
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Figure 6. Stationary Packed-Bed Combustor and Modular Test Rig.

The second bed material tested was 3/8-inch by 5/8-inch granite obtained
From a quarry in Ortonville, Minnesota. During shakedown testing, the slurry
was pumped onto the rocks, ignited, and allowed to burn through. The packing
was then removed and screened. Approximately ii percent of the granite Fell
through a i/4-inch screen. Samples of the unaffected and thermally affected
bed material were then analyzed by x-ray diffractometry to determine their
respective bulk mineralogical compositions, and to see if changes in the
character of the original mineral components might be detected, and, in turn,
related to the breakdown of the material at elevated temperatures. The
analyses were done by Dr. R.j. Stevenson, director of the National Materials
Analytical Laboratory. Careful comparison of the diffractograms revealed no
discernible differences in the mineral suites of the two samples or in the
character of the minerals that were identified. This suggests that the
observed breakdow,_ was not due to thermally related mineral transformations.
The possibility that partial dehydration may have had some effect still
exists; however, that was unable to be determined. Another possibility is
that breakdown was controlled by structural weaknesses in the material
resulting from stress ex_perienced during or subsequent to its formation.
Detailed petrographic analysis would be required to investigate this
alternative; this was not done. The instability of the granite under the
conditions required for the combustion of CWF in the packed bed make it an
undesirable bed material (i).



In subsequent tests, 3/8-inch by 5/8-inch gabbro obtained from a quar;'y
in Duluth, Minnesota, was used as packing for the combustor. In each run the
slurry was ignited and allowed to burn completely. Again the packing was
removed and screened to i/4-inch. Less than two percent of the gabbro fell
through the screen, suggesting that gabbro may be a suitable packing for
combustion of coal/water slurries in a stationary packed-bed combustor.

Further combustion testing used 3/4-inch ceramic spheres obtained from
Norton Ceramics, which were found to show no significant signs of degrada-
tion. Because this packing was compatible with the combustion of CWF in the
packed-bed system and because it was very easy to handle, it was chosen as the
bed material for the majority of the combustion tests performed. The only
other bed material tosted was ceramic Berl saddles (I).

Half-inch Berl saddles, with a void space of 60%, were used as packing to
determine whether greater void space could facilitate ash removal from the
combustor. Testing indicated that combustion of CWF over the saddles was
independent of slurry distribution through the packing; however, combustion
temperatures in excess of 2000°F caused fusion of the ash in the packing and
inhibited removal of the ash from the packing. For these reasons, the I/2-
inch Berl saddles were determined to be an unacceptable bed material (7).

4.2.2 Fuel Distribution

Distribution of the CWF throughout the packing was considered the most
critical step in the batch mode operation of the stationary packed-bed
combustor, lt dictates the distribution of air during combustion ar,J impacts
nearly all other phases of the combustion cycle. For this reason, much of'the
testing over the past year centered around evaluation of the fuel distribution
phase and on improving distribution over a wider range of"fuel properties and
characteristics.

The fuel distribution phase begins as the fuel is pumped to the surface
of the packing, where it spreads radially across the surface of, and verti-.
cally through the packing. An even distribution of the fuel ensures that the
entire bed is available for combustion and increases the combustor's thermal

output (6). More importantly, even distribution of the fuel prevents areas of
low pressure drop from developing in the packing. As the fuel coats the
packing, the void space in that region is reduced and the pressure drop is
increased accordingly. The areas not coated with fuel will have a
substantially lower pressure drop than coated areas and will allow ignition
and combustion air to bypass the coated regions, decreasing the combustion
rate and the thermal rating of the combustor.

As a result of distribution testing, the internal diameter of the
combustor -- which was originally 24 inches -- was reduced to 15 inches. The
reduced cross-sectional area enabled the pump to easily flood the packing
surface, and in subsequent,testing the combustion rate was greatly improved.
Because the pressu:_e drop was basically t_e same at all points across the
surface, there was no preference for combustion air flow and the air by-pass
problem was eliminated (8).

Further testing indicated that bed material size and fuel properties such
as yield stress and viscosity played important roles in the distribution of
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the fuel (6). Yield stress dictated the radial extent of slurry distribution
across the packing surface when the yield stress was in the range from 3 to I0
Pascals. Outside of this range, the fuel tended to remain in the central
portion of the packing. An increase in viscosity of the fuel tended to
decrease the rate at which the fuel was delivered to the packing surface. The
viscosity of the fuel limited the amount of fuel that could be drawn into the
suction side of the peristaltic pump, decreasing the pressure-side flow rate
even though the pump was positive displacement on the pressure side.

The physical si'a of the packing plays an important roT_ in the
distribution of the fuel. As the fuel is delivered to the center of the
packing surface, it quickly fills the void space in that region and begins to
flow radially toward the walls of the combustor. The larger packing sizes
have a greater local void space between adjacent particles, requiring a larger
portion of the fuel to fill the void, simultaneously slowing the radial flow
of the fuel. Distribution tests were conducted using uniform ceramic spheres
with diameters of 3/8, 1/2, and 3/4 inch. Results indicated that smaller
packing sizes increased radial flow at a given yield stress, but generally
hindered ash removal from the packing (6). The limited success of the
physical redirection of the fuel using the smaller packing size led to the
development and testing of metal screens that could accomplish the same task
over a much smaller volume of total packing space (9). A 304.-SS screen was
used during a continuous combustion run in an attempt to evenly distribute a
fuel with a yield stress and viscosity outside the range of the fuels previ-
ously used. The test was successful; however, further testing was deemed
necessary to optimize thi_ method of fuel distribution.

In conjunction with the development of the metal screens, a number of
spraying methods (non-atomizing) were tested to determine their effect on fuel
distribution in the packing (9). Again, the properties of the fuel tended to
inhibit the performance of the nozzles. Each nozzle tested provided a spray
pattern that would adequately cover the packing surface when using water, but
when used to spray the CWF they were not effective. A solid cone pattern
could be achieved at fuel solids loadings of <50%; however, the fuel is highly
unstable at this level and would be expected to settle in the storage tank and
feed line during continuous operation. Under these conditions, spraying of
the CWF to achieve good distribution in the packing is not feasible. The
conditions that would favor development of spray nozzles for this purpose
would preclude the production of a stable CWF whose rheological properties
more closely resembled those of water -- low yield stress and low viscosity.

4.2,3 Continuous Operation

The stationary packed-bed combustor was designed to burn a beneficiated
(l.0%-ash,low-sulfur), low-rank coal/water fuel in batch mode with heat
storage in the packing. Pilot scale tests were designed to screen various bed
materials and to study ignition, combustion, thermal rating, ash removal and
collection, gaseous emissions control, and continuous cycling during the
combustion of these beneficiated fuels (6). Fifty-nine combustion tests were
conducted, with a number of the tests using multiple cycles to study various
aspects of combustion during continuous operation.

Each combustion cycle has five stages. First, the fuel is pumped from
the storage tank to the packing surface where it spreads radially across the
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surface and downward through the packing. A small purge of water follows the
fuel to clean the delivery pipe. Electrical heaters located above the packing
surface are then turned on until a set temperature is reached, indicating
ignition of the fuel. During the ignition phase, an induced draft fan is used
to draw air through the packing, transferring heat from the elements to the
fuel. The induced draft is a safety precaution that prevents products of
combustion from leaking into the area surrounding the combustoro When
ignition is indicated, a computer-controlled bypass is closed to increase the
amount of air drawn by the fan through the packing during the combustion
phase. The flue gas, which is laden with particulate and gaseous emissions,
is then drawn through the baghouse for particulate removal and through the
catalyst test section for oxidation of CO and hydrocarbon emissions to CO2 and
H20. When complete combustion of the fuel has been achieved, the packing is
alr-cooled to a set temperature, preparing the packing for the next cycle. In
the last phase of the combustion cycle, a vibrator is turned on to facilitate
ash removal through the packing. Temperatures and air flow rates are recorded
by a computer-controlled data acquisition system that is also used to control
the feed pump, water flush, heaters, fan, and vibrator. Gaseous emissions are
monitored on-line and are manually recorded throughout the cycle (6).

The main objective of the continuous cycling tests was to simulate the
long-term operation of a sma11-scale combustor for the purpose of providing
space- and water-heat for residential and commercial applications. The most
recent of the cycling tests burned more than 277 Ibs of CWFover a period of
approximately 50 hours and 17 combustion cycles. The time required for
ignition of the fuel was typically 12 minutes and the average cycle time was
2.9 hours. Air flow for the stationary packed-bed combustor is typically in
the range from i0 to 15 scfm during ignition and between 20 and 25 scfm during
the combustion phase (9). At these flow rates, the pressure drop across the
packing is normally between i and 3 inches of water, depending upon the amount
of fuel in the packing and the degree of ash removal from the packing.

Bench-scale testing and shakedown testing on the pilot-scale indicated
that ash removal from the packing and control of gaseous emissions needed to
be addressed to make the packednbed combustion system a viable alternative to
oil- and natural gas-fired systems. With an operational goal of twice-annual
maintenance, cycling tests were designed to burn the equivalent of a
beneficiated 1.0%-ash coal/water fuel for a duration of one-half of a heating
season. To accomplish this goal, fuels with much higher ash levels were used
to accelerate the process and more quickly evaluate the results of each
continuous test. The fuels used during continuous operation included a 4.9%-
ash Spring Creek, a 7.1%-ash Jacob's Ranch, a 4.7%-ash Kemmerer, and an acid-.
cleaned Kemmerer with 2.8% ash. Initial tests indicated that ash build-up
within the packing (84% of the total ash) hindered continuous operation of the
combustor (i0). To alleviate this problem, an electric vibrator was mounted
on the outside combustor wall and used as described above. Subsequent long-
term testing indicated that vibration of the packing reduced the level of ash
in the packing from 84% t.o below 30% in the most recent continuous test, and
also evenly distributed the ash throughout the packing, indicating a steady
state removal of ash from the system (9).
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4.2.4 Emissions Control

Emissions control in the modular design of the pilot-scale packed-bed
combustion system was accomplished using a baghouse for particulate capture
and a platinum/palladium catalyst for conversion of carbon monoxide and
various hydrocarbons. The baghouse and catalyst test sections are shown as
part of the modular test rig in Figure 6.

The baghouse was constructed to measure the pressure drop and required
cleaning frequencies for the bags at various air-to-cloth ratios. When both
bags were used, the air-to-cloth ratio was 3 to i. By using only one chamber
and by using bags that have had their collection area reduced by intentional
blinding, air-to-cloth ratios as high as desirable could be studied. The
baghouse was oversized to ensure that an adequate air-to-cloth ratio could be
obtained for any prototype combustion device (6). For the testing completed
on the packed-bed combustion system, the baghouse was used primarily as a
collection device to quantify the levels of ash in the system. Further
testing is required to determine collection efficiency and optimum operating
parameters.

The primary function of the catalyst test section was to study the
effects of various catalyst types and configurations on the conversion of
carbon monoxide and hydrocarbons. The test section was designed to study
optimal operating temperature, catalyst life, required residence time, and
overall catalytic conversion efficiency. A natural gas preheater was used to
control the temperature of the flue gas entering the test section. Gaseous
emissions were monitored on..line for CO, CO2, and 02 before and after the
catalyst (6). Initial pilot-scale testing used _he same platinum and
palladium catalyst described in section 4.1, Bench-Scale Testing.

Five combustion tests were designed to monitor the effectiveness of the
catalytic converter while varying the operating conditions. Initial testing
had shown sporadic reduction of carbon monoxide emissions. A maintenance
check of the bench-scale catalyst indicated that flue gas passed through the
test section in plug-flow, bypassing a major portion of the available surface
area of the catalyst. Before the first combustion test, a standard platinum/
palladium automotive catalyst was installed that had more surface area than
the bench-scale catalyst_ The greater pressure drop across this catalyst
forced even distribution of the flue gas through the test section, and as a
result, carbon monoxide emissions were reduced from above 20,000 ppm to below
40 ppm. Subsequent testing varied inlet flue gas temperature and excess
oxygen levels to determine the optimum operating conditions for the reduction
of carbon monoxide in the flue gas. Results from these combustion tests
indicated that effective catalyst operation could be achieved by maintaining a
flue gas temperature of 600°F and an excess oxygen level of 5% (8).

An increase in temperature from catalyst inlet to exit of more than 500OF
was observed in these tests. This rise in temperature could not be accounted
for by the conversion of CO alone and was most likely due to the conversion of
hydrocarbons in the flue gas. To evaluate the level of hydroca_'bons in the
flue gas and their effective level of conversion in the catalyst test section,
a sampling system was designed using methylene chloride as the solvent. A
metering pump was used to draw the flue gas through an impinger filled with
methylene chloride. A reflux condenser and fabric filter were used to reduce
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any hydrocarbon loss through the system and to protect the pump from contami-
nation. Samples were taken at three points in the system: i) post-combustor,
2) pre-catalyst, and 3) post-catalyst. The samples were then submitted for
gas chromatographic analysis to qualitatively determine the effect of the
platinum/palladium catalyst on the conversion of hydrocarbon emissions.
Results of the analyses indicated that straight-chain and aromatic hydro-
carbons in the range from CI through C40 are evolved as a result c)f the slow
heating of the fuel caused by the transfer of heat from the combustion zone
through the packing. Initial studies indicated that t_,e catalyst converted
all straight chain and aromatic hydrocarbons below C8. ' No quantitative
results were available to determine the extent of converslon of higher order
hydrocarbons or the relative distribution of the various hydrocarbon emis-
siopso However, an on-line hydrocarbon analyzer indicated that hydrocarbons
were present at the post-combustor and post-catalyst locations at levels of
10,000 and 5,000 ppm, respectively. The heating value of the hydrocarbon
emissions was significant and conversion was considered essential to obtaining
the desired thermal rating and meeting environmental regulations. Future
studies burning coal/water fuel in the packed-bed combustor would require the
testing of different catalyst types and the effect of surface area and
residence time on hydrocarbon conversion in those catalysts.

cCyOc21were monitored during testingOther gaseous emissions, SO., NOx, and 'i operationand were present at low levels _uring the c of the combustor.
Further testing would be required to determine the environmental impact of SOx
and NO_, and also to determine the level of reduction required for continuous
operatlon.

4.3 Results of Task B. Rotating Packed-Bed Combustor

The rotating packed bed combustor was designed to run in semi-batch mode,
with fuel delivered to the packing surface intermittently to achieve the
desired thermal output. The combustor chamber could be rotated between i and
5 rpm to create an even temperature profile in the combustion zone, reducing
the level of carbon monoxide and hydrocarbon emissions. The slow rotation
imparts a mixing action in the packing, moving the fuel into the combustion
zone and removing the ash from the packing for collection in a hopper below
the rotating chamber. The packing temperature was to be maintained during
non-use hours by feeding small amounts of fuel to the packing surface where
rotation of the chamber would move the fuel into the combustion zone. The bed
was also designed to study combustion at angles of inclination between 30 and
90 degrees front horizontal. A schematic of the rotating packed-bed combustor
and modular test rig can be seen in Figure 7. The arrows show the direction
of air flow through the combustor. During continuous operation, combustion
air surrounds the rotating chamber, insulating the combustor and preheating
the combustion air.

Shakedown testing attempted to evaluate ignition procedures and determine
the impact of air flow rate, fuel feed rate, angle of inclination, and
rotat_nnal speed on the combustion characteristics of low-rank CWF. A number
of m_,_!_cations to the system were made to reduce local velocities and
increase the residence time of the fuel in the packing (9). These changes
resulted in limited success and combustion of the fuel in the packing was
difficult to s:_'_,tain.
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Figure 7. Rotating-Bed Combustor and Modular Test Rig.

4.4 Results of Task C. Design of a Dry, Ultra-Fine, Coal
Combustion System

As part of the three year objectives, the design of a dry, ultra-fine
coal combustion system was begun. A separate combustion device was not
considered, as the stationary- and rotating-bed combustors were to be used.
Because the dry, ultra-fine coal presented an explosion hazard if not handled
properly, the main objective was to design a feed system that was both safe
and reliable. Two feed system configurations were considered" The first was
an extruder feeding a slightly dampened fuel, and the second was an entrained-
coal feed system using nitrogen to convey the dry coal (10).

The extruding screw feeder would receive dampened coal fed from a hopper
directly to the screw. The diameter of the screw shaft would increase along
the length of the screw through a constant diameter pipe to slightly compact
the fuel as it was conveyed. The slightly pelletized lumps would then fall
onto the cop of the packing of either the stationary- oY" rotating.-bed
combustor. The lump form of the coal was considered to aid in air and fuel
distribution, while the sIjghtly dampened coal would ensure complete safety of
the fuel while in storage and in the feed system (10).

The use of nitrogen as a carrier gas for a dry, ultra-fine coal had two
advantages. First, the very Fine coal would require extremely low carrier
velocities in the feeder pipe to remain fluidized. Thus, the relatively
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inexpensive nitrogen would not represent a significant cost to the system
because of the small amounts required to feed the dry fuel. Secondly, by
keeping a constant nitrogen pressure in the storage tank (hopper) and in the
feed line, the explosion hazard of the dry, ultra-fine fuel would be
significantly reduced. Calculations made using a i/4-inch, 20-guage 304-SS
tube indicated that between approximately 3 and 8 standard sized cylinders of
nitrogen would be required to deliver I00 million BTUs of fuel, which is the
average annual consumption on the residential scale (Ii).

To concentrate on the optimization of the stationary packed-bed combustor
and on construction of the rotating-bed combustor, the design of the dry coal
feed system was discontinued (8). Contract modifications were requested and
granted, so no further development of the dry, ultra-fine combustion system
was undertaken (9).

4.5 Results of Task D - Rheological Evaluation of Low-Rank CWF

A quantity of Kemmerer subbituminous coal was pulverized to 80% minus 200
mesh and processed in the pilot-scale, continuous process development unit
(PDU) at UNDEMRC. The PDU uses a hydrothermal process that produces CWF at
625°F and 2200 psi with a five-minute residence time. The hydrothermal
treatment (also called hot-water drying) forces inherent moisture out of the
coal structure using carbon dioxide formed during the decarboxylation of the
coal and increases the heating value of the product fuel. Tars are also
exuded from the coal structure during treatment, sealing the micropore
structure, reducing the surface area, and increasing the hydrophobicity of the
coal. The CWF product slurry was concentrated using a solid-bowl centrifuge.
A portion of the centrifuge cake was then processed in an attritor mill and
blended to 80% coarse grind (39-micron average) and 20% fine grind (lO-micron
average). Xanthan gum was then added at the O.2-wt% level to provide both
dynamic and static stability to the fuel. In addition, D319-2, a ligno-
sulfonate anionic dispersant, was added at the l.O-wt% level. The dispersant
typically contains 3000 ppm formaldehyde, which prevents biodegradation of the
CWFand its additives (9).

To illustrate the effectiveness of the hot-water drying process, a curve
showing apparent viscosity of treated and untreated CWFs over a range of
solids loadings is shown in Figure 8. Prior to hydrothermal treatment, the
maximum solids loading achievable at a given viscosity was 50 wt%, while after
treatment the solids loading achieved was above 58 wt% at the same viscosity.
When blended at 80% coarse/20% fine grind, a further increase to 60-wt% solids
was noted at the given viscosity (9).

Two fuels were produced utilizing Kemmerer coal and UNDEMRC's hydro-
thermal treatment for combustion in the stationary and rotating packed-bed
combustion systems. The first fuel produced had an ash content of 4.67 wt%,
while the second fuel was cleaned with, dilute nitric acid for 45 minutes to
reduce the ash content from 4.67% to 2.8% prior to hydrothermal processing. A
sample of the 4.67%-ash Kemmerer CWF was submitted for proximate, ultimate,
and heating value analyses and is presented in Table 4. The rheological
evaluation of the Kemmerer CWFsdescribed above was completed and the results
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Figure 8. Apparent Viscosity of Treated and Untreated CWFs.

tabulated in Table 5. The chemical cleaning of the fuel decreased the yield
stress of the product fuel, changing the flow behavior to that of a more
Newtonian fluid. This was the result of a decrease in cation content during
the acid-washing of the fuel. The yield stress and viscosity of each fuel
were plotted versus solids loading and are presented in Figures 9 and I0,
respectively. Chemical cleaning did not appear to affect the viscosity of the
fuel (9).

The rheological behavior, especially the Newtonian or non-Newtonian
nature of the slurries, is a primary concern for combustion purposes. The
behavior of a slurry at low, intermediate, and high shear rates essentially
dictates its behavior during transportation, pumping, and atomization (12).
Rheological properties of the hot-water-dried fuels were investigated using a
concentric-cylinder Haake RVIO0 viscometer equipped with an MVII-p profiled
rotor and sample cup. Shear stress-versus-shear rate rheograms were recorded
over the shear rate range of 0 to 440 sec -_.

The study involved c_ptimization of particle size and investigation of
additives to improve fuel rheological performance and stability, in comparison
to the performance of fuels produced by directly mixing clean, hot-water-
dried, combustion-grind centrifuge cake with water and no additives. A
portion of the centrifuge cake was processed in the attritor mill and blended
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TABLE 4

PROPERTIESOF KEMMERERCWF

Date Sampled 1/17/89
Sample Number 89-0031

As-received Moisture-free
Proximate Analysis, wt%

Moisture 45.80 ---
Volatile Matter 20.82 38.45
Fixed Carbon 30.84 56°88
Ash 2.52 4,67

Ultimate Analysis, wt%

Hydrogen 7.78 4.96
Carbon 39.99 73.84
Nitrogen 0.71 1.31
Sulfur 0.18 0.33
Oxygen 48.79 14.86
Ash 2.52 4.67

Heating Value, BTU/Ib 6,956 12,842

TABLE 5

RHEOLOGICALEVALUATION RESULTS FOR KEMMERERCWFs

Consistency Flow Yield
Viscosity Factor Factor Stress

Wt% Solids IcP) (cP)__ (n) _. (Pa) _

55.74 799 2235 0.753 ].5.04
4.67 wt% ash

Mean particle size 54.00 461 1256 0.761 7.90
33.5 microns

53.03 323 437 0.879 6.39

54.71 632 1201 0.816 6.02
2.80 wt% ash

Mean particle size 53,87 402 705 0.839 3.76
22.0 microns

51.82 237 520 0.801 3.01
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to yield an 80%-coarse/20%-fine-grind mixture and surfactants were added to
lower the surface tension between the hydrophobic coal particle surfaces and
the water, allowing the particles to be wetted and suspended. An anionic
dispersant, D319-2, a lignosulfonate, and a non-ionic surfactant, T-Mulz, were
added at the l-wt% level. The anionic dispersant is adsorbed at particle
surfaces and counteracts the Van der Waal forces present irl the coal. The
strength of the repulsive forces governs the degree of floculation of the
suspended particles. The non-ionic surfactant has a surface effect on the
coal. Settling can be slowed through the use of polymeric additives that form,

gel structures with water. Xanthan gum was added at the O.2-wt% level to
provide aggregate stability to the coal/water fuel.

A summary of the power law flow behavior iFor the cleaned fuel at a
viscosity of 500 cP and a shear rate of i00 sec- is shown in Table 6. The
Kemmerer fuel tested showed no distict differences between the anionic and
non-ionic stabilizers. Both additive packages had a solids loading of greater
than 55-wt% with an energy density of just over 7000 BTU/lb. The flow factor,
which is the barometer of flow behavior for CWFs, For both additive packages
was less than one, indicating a pseudoplastic (shear-thinning) fluid. This
implies that as the fuel is pumped, its viscosity is lowered and the energy
required to deliver the fuel to the combustor is reduced. This property is
even more important for combustion systems utilizing atomization. As tile fuel
is delivered to the atomizer tip, its viscosity decreases allowing it to flow
through the orifice more freely and with less chance of plugging than would be
expected of a more Newtonian or dilatant fuel. A flow factor of one indicates
a Newtonian fluid, while a flow factor greater than one indicates a dilatant
(shear-thickening) fluid.

The Kemmerer fuel was also tested under high temperature and high
pressure conditions to determine which additive package was better suited to
combustion applications. The effect of temperature on the rheology of the CWF

TABLE 6

SUMMARYOF POWERLAWFLOWBEHAVIOR FOR KEMMERERCWFs
AT 25°C AND 500 cP

Solids Energy Consistency Flow
Additive Loading Density Factor Factor

Description (wt% mf) (BTU/Ib)__ __(cp) n

No additive 56.3 7250 2900 0.78

D319-2, anionic 55.3 7100 1300 0.80

T-Mulz, non-ionic 55.9 7150 850 0.85
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depends on the type of interpartic!e interaction (whether electric double
layer, solvation, or steric) and the degree of adsorption of the additive.
The temperature of the fuel was varied from 30°C to 240°C, while the pressure
of the system was increased from 14.7 psi to 800 psi to prevent the fuel from
dewatering at the elevated temperatures. Results of the tests indicated that
thermal breakdown of the non-ionic surfactant package caused the fuel to
agglotnerate and gel, increasing the viscosity of the fuel. No breakdown of
the anionic package was observed and, therefore, this was considered the most
desirable of the two additive packages for high temperature applications. The
temperature/pressure effect on the viscosity of the fuel can be seen in
Figure 11.

The Kemmerer coal/water fuel was also tested under freeze-thaw conditions
in which each sample was frozen for one week and allowed to thaw for 3 days
prior to testing. Results indicated a slight system loss of water; however,
no change in rheology for the samples at a given solids loading was noted (9).
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Figure 11. Viscosity Effect of High Temperature and High Pressure
on Two CWFs Prepared with Different Additives.
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5.0 SUMMARY,CONCLUSIONS, AND RECOMMENDATIONS

Combustion of coal/water fuel on a packed-bed was studied at the bench
and pilot scale and determined to be a promising method of providing space and
water heat for residential and commercial applications. By eliminating the
need for atomization, one of the most difficult problems in combustion of CWFs
was circumvented. Bench-scale testing quantified the effects of air flow
rate, packing size, and fuel density on the maximum temperature achieved in
the packing and the overall combustion rate. The data was used to design two
prototype packed-bed combustors and a modular test rig to study combustion
characteristics such as ignition and combustion rate, fuel storage and
delivery, particulate capture, and gaseous emissions control.

The nearly 60 pi lut-scale combustion tests conducted on the stationary
packed.,.bed combustor indicated that this mode of combustion for coal/water
fuels has merit. Pilot-'.:._le combustion test results include:

i. The stationary-bed combustor can be continuously cycled to study the
effects of long-term operation on ash bui!dup, emissions control,
catalyst efficiency and life, and particulate capture. Ash removal frorn
the packing and conversion of gaseous emissions will ultimately determine
the viability of this mode of combustion as an alternative to oil- and
gas..fired combustion systems.

2. Uniform ceramic spheres are a good packing material on which coal/water
fuels can be burned. The instability of various rock packings at the
high temperatures achieved in the system made them incompatible with the
combustior_ of CWF.

3. The coal/water fuel can be ignited safe_y and reliably with electric
heaters located above the packing surface. Ignition of the fuel was
typically observed within 15 minutes, using approximately 10.5 kW of
electrical energy.

4. A standard platinum/palladium catalyst operated at 600°F and 5% excess
air will effectively reduce carbon monoxide emissions from above 20,000
ppm (in a few tests, CO levels as high as 25,000 ppm were observed) to
below 40 ppm.

5. Vibration of the packing at the end of each combustion cycle can reduce
the amoun_ of ash retained in the packing from 84% with no vibration, to
below 30% with vibration.

6. The coal/water fuel can be delivered to the combustor reliably with the
use of a peristaltic pump.

Rheological evaluation of two low-rank CWF additive packages indicated
that D319-2, an anionic lignosu!fonate dispersant, and T-Mulz, a non-ionic
surfactant, can both be used in conjunction with xanthan gum to provide
stability and improve flow bei_aviors of the fuel. Rheological analysis of the
additive package.-, indicated relatively little difference between the anionic
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and non-ionic additives, as each had a pseudoplastic or shear-thinning effect
on the fuel. No significant differences were noted under freeze/thaw
conditions; however, when tested under high temperature/high pressure
conditions, the non-ionic surfactant tended to agglomerate and gel at higher
temperatures (>180°C), increasing the viscosity of the fuel. No breakdown of
the anionic package was observed and, therefore, this was considered the most
desirable of the two additive packages for high temperature applications.

This concludes all testing on the residential- and commercial-scale
combustion systems. Should the need to investigate this method of combustion
arise in the future, it is recommended that a compact design for the
stationary-bed combustor incorporate all modules -- including heat exchange
equipment -- in the test rig. The design should include a method for the
conversion of the hydrocarbon emissions, whether it be a reburner or a
catalyst system. Limited testing in this area indicated that the
platinum/palladium catalyst was effective for conversion of lower-order linear

and aromatic hydrocarbons in the range from CI to C7.. However, further
testing is required to determine the level of converslon for higher-order
hydrocarbons and the effect of residence time and increased surface area on
the conversion efficiency of the platinum/palladium catalyst, or whether'
another catalyst system would be appropriate_ Further study of fuel
distribution across the packing surface was also deemed warranted, as a more
effective method of distribution could broaden the range of fuel properties
compatible for combustion in the packed-bed system. Testing on the rotating-
bed concept is also recommended, as the inherent advantages of low CO, NOx
and SO production during combustion of the fuel, and increased ash remova_
from t_e rotating chamber could make this a viable alternative to present
small-scale combustion systems.

Future work under the Cooperative Agreement will focus on combustion
characteristics such as flame stability, carbon burnout, ash fouling, and ESP
performance, and are outlined in the annual project plan for this year.
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dilatory problems 3/15/89 6/30/89

* Unit was not successfully operated to allo_ completion of these te ts.
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DIESEI_UTILIZATION OF LOW-RANK COALS

1.0 INTRODUCTION

Lignite chars have a higher reactivity than chars of higher-rank coals,
indicated by particle burning rates four' to five times higher than observed
for bituminous coals used in coal/water slurries investigated as potential
heat engine fuels. A lignite slurry will therefore offer improved engine
performance and, if ash concentrations are reduced to limit particulate
emissions, may be used in higher-RPM diesel applications. In order to take
advantage of low-cost coal as a fuel for heat engine systems, a major
challenge is to produce a highly beneficiated fuel (with an ash content of
less than l wt%, preferably less than 0oi wt%).

The utilization of coal slurry fuels in medium-speed diesel engines
offers the opportunity to replace premium petroleum-derived distillate fuels
with fuels from more economical and abundant coal. Burning coal in diesel
engines is not a new idea, but commercial success has yet to be achieved.
Research into the coal-fueled compression-ignition engine began with Rudolph
Diesel and continued with extensive work in Germany using a coal dust engine
until 1945_ These early diesel engine experiments with powdered coal were
somewhat discouraging because of the deposits of unburned coal that formed
between the piston and the cylinder. Therefore, the majority of further
engine development concentrated on petroleum fuels_ Since then several
studies have been conducted in the United States involving the use of coal/oil
slurry fuels in research engines. Additional attention was focused on the use
of coal-fueled diesel engine technology after the oil embargo in the early
1970s. Much of the current research in the area was begun by the U.S.
Department of Energy. The 'technicalproblems being addressed by this research
include: 1) unsatisfactory carbon utilization because of incomplete burnout
of the coal particles in the very limited combustion time, 2) corrosion and
erosion of metal surfaces by ash constituents and particulates, and 3) exces-
sive SO /NO and particulate exhaust gas emissions. Recent advances in coalX X
technologies such as the ability to prepare satisfactory coal/water slurries
and the efforts to reduce the mineral content of parent coals in the clean
coal program, suggest that coal-derived fuels with very low mineral contents
soon may be technically feasible to produce and utilize in a cost-effective
manner in diesel engines.

Until very recently, low-rank coals were not considered as parent coals
for coal/water slurry fuels because of their high intrinsic moisture levels.
lt is extremely difficult to prepare a pumpable slurry of as-mined lignite
with a dry solids loading of over 35 wt%. However, with the advent of
UNDEMRC's hydrothermal drying process, lignite slurries have been produced
with solids loadings of up to 62 wt% and heating values of 6800 Btu per pound
of slurr.y_ Subbituminous coals also respond very well to hydrothermal
treatment and produce high-quality slurries. With the availability of a
slurry with a high enough fuel value, it is now possible to take advantage of
a main characteristic of low-rank coals; namely, the higher reactivity of
their nonvolatile carbonaceous component. Consequently, a low-rank coal
slurry should require less residence time in the cylinder of an engine to
obtain complete combustion. Another advantage of low-rank coal slurries is
their relatively nonagglomerating properties during atomization and



combustion. Consequently, micronization to extremely fine coal particle sizes
and atomization to fine spray droplet sizes will be less critical than it is
for bituminous coal slurries.

2.0 GOALS AND OBJECTIVES

The overall objective of this program is to develop a scientific and
engineering data base on the utilization of subbituminous and lignite coals
(LRCs) for emerging heat engine technologies, specifically diesel appli-
cations. Research will be directed toward understanding the characteristics
of LRC fuels produced from existing and advanced beneficiation processes for
diesel engine applications. Combustion studies will provide functional
relationships between fuel properties and the subsequent products of
combustion. The formation of nitrogen and sulfur oxides and other potential
environmentally detrimental species along with methods to reduce their
emission levels will be investigated. The impact of LRC fuels on diesel
engine components, including injection systems and combustion chambers, will
also be studied.

The investigation of diesel engine utilization of low-rank coals at
UNDEMRCis a multi-year program. Three-year goals were established at the
beginning of the program, but were modified at the start of the second program
year in response to changes in direction and funding level for the project.
The current emphasis of the project is to study the characteristics of diesel
performance using low-rank coal-derived fuels, and to optimize the diesel
system for use with these fuels. The modified three-year goals are discussed
in the following text.

2.1 Three-Year Objectives

1. Technology Assessment -- To better understand the concerns and needs
for the use of coal-derived fuel in diesel engine applications, a
technology assessment will be made. This assessment will include a
determination of which market segments will be the most likely to
make use of this technology. The results of this assessment will be
used to direct the program. This objective will be completed during
the first year of the program.

2. Reactivity of Fuel in Diesel System -- The reactivities of low-rank
coal-derived fuels will vary with coal properties and preparation
methods. Fast, simple and inexpensive experiments in a constant-
volume combustion bomb will provide basic information about the
pressurized combustion behavior of these fuel_. This information
will be critical in determining the fuel specifications of coal.-
derived liquid fuels for use in heat engine applications. D_ta
collected during these tests will include the heat of combustion
(calorimetry) of the fuel, the burning-time/reactivity (from pressure
sensors) of the fuel, and the products of combustion of the fuel
under various conditions (subsequent. gas analysis). Parameters to be
investigated include fuel type, gas composition, and combustion bomb
temperature and pressure at fuel injectiorl and initial system
pressure. This testing will provide semi-quantitative information
in a fast and inexpensive manner.



3. Characteristics of Diesel Performance Using Low-Rank Coal-Derived
Liquid Fuels -- This task will involve testing on a bench-scale,
single-stroke diesel simulator to study fuel properties affecting
injection, atomization, and heat release rates. Before testing of
various fuels is initiated, baseline testing will establish the
reliability of the system. Measurement methods include photography
to examine particle size and distribution, and optical pyrometry to
measure chamber temperatures and enable the high-speed acquisition of
the operating pressures and temperatures.

4. Demonstrate the Feasibility of Using Low-Rank Coal-Derived Liquid
Fuels in a ,Diesel Engine -- UNDEMRChas a 30-hp diesel engine capable
of firing liquid fuels. Based on the findings irl Tasks B and C, the
low-rank coal-derived fuels possessing the fuel specifications most
desirable for use in a reciprocating engine will be tested in this
engine. Overall performance of this engine will be evaluated.
Performance will be measured in terms of the particulate and gaseous
emissions from the engine, deposition on internal surfaces, the
engine's operational characteristics (i.e., overall thermal
efficiency, load-following and RPM range), and the amount of
corrosion/erosion experienced by the cylinder, rings, and fuel
injectors.

5. Optimization of LRC Heat Engin_ ApplicationF -- Although conventional
diesel engines can sustain combustion of coal-derived liquid fuels,
it is expected that several design modifications will be necessary
before efficient operation can be expected. These changes will be
required due te the inherently different properties of low-rank coal-
derived fuels. To determine the impact and potential design changes
for heat engine components, the information obtained from the
previous four tasks will be evaluated. Some of the major systems
that will be evaluated include the fuel injection system, combustion
chambers, reciprocating surfaces, and the post-combustion and exhaust
components to potentially allow burning fuels with higher levels of
contaminant species.

2./ Third-Year Objectives

Specific objectives of the Diesel Utilization of Low-Rank Coal Project
for the third year include:

I. Perform reactivity tests in the constant-volume combustion bomb using
various low-rank coal-derived liquid fuels. The heat of combustion,
fuel reactivity and combustion products will be determined. Data
will be compared to results obtained in Task 3 to docL,ment
differences (where available) in diesel performance.

2. Perform shakedown and baseline testing of bench-scale single-stroke
diesel simulator. Conventional diesel fuel will be used for
shakedown testing. The fuel chosen for" the baseline test will be one
for wI_ich data from operation of a large-scale system exists.



3. Test low-rank coal-derived fuels and coal-based slurries in the
diesel simulator and investigate the effects of tile various fuel
properties on the interactions that occur within the system. Effects
on pumping, injection and atomization, ignition delay, total burn
time and rate of heat release during combustion will be investigated
for several potential fuels.

4. Test low-rank coal-derived liquid fuels in UNDERMC's 30-hp diesel
engine. Data to be evaluated will include gaseous and particulate
emissions; deposition on, and corrosion and erosion of internal
surfaces; operational characteristics; and ease of fuel handling and
injection.

5. Evaluate information produced in Tasks I, 2, and 3 to determine the
impact and potential design changes necessary to optimize heat engine
components. Conceptual designs of various components identified
during the evaluation process will be developed.

3.0 REACTIVITY OF FUEL IN DIESEL SYSTEMS

Coal-derived liquids were extracted from the condensate water from the
mild gasification process. This process is being investigated at UNDEMRC
under sponsorship by the Department of Energy, which makes these liquids
readily available for the diesel program. These liquids weFe recovered using
a single methylene chloride batch extraction in a separatory funnel. The
organics recovered constituted approximately I% of the total volume of
condensate, and were extracted at a neutral pH.

The qualitative characterization of the organics is presented in
Table i. Butylacetate is believed to have been solubilized from the sample
container while in storage. The coal liquids were analyzed quantitatively for
carbon, hydrogen, nitrogen, sulfur, ash, and moisture. These results and the
calculated heating value are shown in Table 2.

In addition to the mild gasification coal liquids, UNDEMRChas access to
the Great Plains Gasification Plant (GPGP) by-product coal liquid streams.
This plant produces 150 million cubic feet per day of synthetic natural gas
(SNG) and, as coal liquid by-products, produces nominally 880 barrels per day
(BPD) of rectisol naphtha, 920 BPD of crude phenols, and 3450 BPD of tar oils.
Under contract by the Department of Energy (DOE), extensive physical and
chemical characterization of these streams were performed to determine their
suitability as jet fuels (I).

Table 3 presents distillation data and elemental analyses for the various
GPGP by-product streams and a typical diesel fuel found in the eastern United
States. Data for by-product streams was reprinted from the report entitled
"Production of Jet Fuels from Coal-Derived Liquids," by C.L. Knudson (i). The
rectisol naphtha stream is much too light for use as a diesel fuel. Because
of its high content of benzene (30%), toluene (10%), and xylene (3%), this
stream would be better utilized as a chemical feedstock.
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TABLE 1

QUALITATIVE ANALYSIS OF MILD GASIFICATION COAL LIQUIDS

Carbon-13 NMR: Carbon, %

Aromatics 64.1
Ether/Alcohols 2.6
Methylene Chloride 1.9
Aliphatics 31.4

GC-MS Elution Order Chemical Species

I Methylene Chloride (Solvent)
2 Toluene
3 Butylacetate
4 C2-Benzene
5 C3-Benzene
6 Phenol
7 C3-Benzene
8 Indene
9 o,m,p-Cresol

i0 Cl-lndene
II C2-Phenol
12 Naphthalene
13 C2-Phenol
14 C2-Phenol
15 C3-Phenol
16 C3-Phenol
17 CI-Naphthalene
18 C14-Olefin
19 C14
20 C2-Naphthalene
21 C2-Naphthalene
22 C15-Olefin
23 C15
24 C3-Naphthalene
25 Cl6-Olefin
26 C16
27 Cl7-Olefin
28 C17
29 Phytene

30-38 Cl8-Olefin,Cl8 to C22-Olefin_C22
39-44 C23 to C28

5



TABLE 2

COMPOSITIONAND CALCULATEDHEATING
VALUE OF MILD GASIFICATION COAL LIQUIDS

Weight %

Carbon 77.30
Hydrogen 8.29
Nitrogen 0.77
Oxygen (by diff) 13.23
Sulfur 0.22
Ash 0.07
Moisture 0.12

Calculated Heating
Value, Btu/Ib 15,200 a

a Calculated from equation for coal liquids (3).

The crude phenol stream also exhibits much lower distillation
temperatures than a typical diesel blend. In addition, the quantities of
carbon and hydrogen in this stream are lower, being replaced mainly by the
oxygen associated with phenolics. This stream may also be of value as a
chemical feedstock for phenol and benzene. From the data in "Fable 3, the tar
oil stream appears to be most suited for use as a diesel fuel, although the
presence of nitrogen compounds and residual insolubles would have to be
addressed.

The preliminary testing with coal-derived liquids consisted of estimating
ignition delay and indicated work output, lt is expected that the final form
of these coal liquids could be improved through a combination of hydrogena-
tion, distillation, blending, or additive enhancement.

3.1 Constant-Volume Combustion Bomb

The constant-volume combustion bomb was constructed from a Parr 1108

oxygen combustion bomb. The bomb has an easily removable head that seals
internally when pressurized and an internal volume of 345 ml. Figure I is a
photograph of the complete combustion bomb. Figure 2 shows a cross-sectional
view of the head and sealing rings in the combustion bomb. Also shown in this
figure are the electrodes and the nickel alloy fuse used for igniting the lean
mixtures of H2/O2/N2 in the bomb. In addition_ openings for a pressure
transducer and thermocouple were machined in the head of the combustion bomb
for monitoring the comb_;stion behavior of the fuel. Another opening was
machined in the head for feeding the H2/O2/N2 mixture into the combustion bomb
and for venting the combustion gas through the pressure relief valve if the
bomb should over-pressurize. Combustion bomb and fuel injection pressures are
obtained using Kistler Piezotron pressure transducers.

b



TABLE 3

DISTILLATION DATA AND ELEMENTALANALYSESFOR GPGP
BY-PRODUCTSTREAMSAND NO. 2 DIESEL FUEL

Crude Rectisol Diesel
Tar Oil Phenols N_a_phtha L_

a
Barr. Press. (mm Hg) 756 742 731 --

Distill. Temp. (°F),
Volume Recovered:

IBP 199 206 109 462b
5 275 208 145 --

I0 338 365 156 493
20 383 374 168 --
30 410 379 174 --
40 437 379 181 --
50 482 384 186 536
60 505 393 192 --
70 545 410 201 --
80 566 444 215 --
90 577 505 246 571
95 .... 269 --

Maximum Temp. (°F) 577 509 269 589

Sp.Gr. (60/60 F) 1.015 1.060 0.821 0,85

Elemental Analysis, wt% as-received

Carbon 83.76 72.18 87.65 85.04
Hydrogen 8.83 7.49 10.12 13.19
Nitrogen 0.52 0,28 0.00 0.01
Sulfur 0.39 0.04 0.00 0.22
Water 1.20 4.48 ....
Oxygen (by diff) 5,30 15.53 2,23 1.54

HHV (Btu/lh) c 17000 14000 18200 19900

a Values unknown.

b Source for diesel fuel data:
Internal Combustion Engines, Colin R. Ferguson, 1986 (2),

c Values calculated from empirical equation for coal liquids (3).
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Figure 1. Photograph oF the constant-volume combustion bomb.
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Figure 2. Detailed schematic of the constant-volume bomb.



A gas mixing system that allows various concentrations of gases to be
accurately mixed and fed to the combustion bomb was constructed. This system
mixes gases to the desired partial pressures in an evacuated pressure vessel
before feeding this gas to the combustion bomb or allowing a gas sample to be
obtained for analysis. A Bosch KCA 18 S 48 nozzleholder and DNOS225 pintle
nozzle are used for the injection of the test fuels into the combustion
bomb. This fuel injector has a screw-in seal and is capable of injecting
fuels at pressures of up to 8700 psia while the PFRIK diesel fuel pump is
capable of pumping approximately 0°2 gm of fuel/stroke at pressures of up to
7250 psia. Three Delco-Remy 1115556 starter solenoids supply the force needed
to push the diesel fuel pump plunger against the injection pressure.

Testing with this solenoid has shown that reproducible response times of
27 milliseconds can be obtained with this injection system. This response
time is fast enough to allow the computer to control the fuel injection timing
so that the fuel can be injected at preselected temperatures or pressures.
The data acquisition was accomplished using a Metrabyte Dash 16 board capable
of sampling its eight input channels at 25,000 conversions per second. This
board also has four digital inputs and outputs for triggering events. The
software for the Metrabyte Dash 16 analog/digital board will allow various
timing sequences to be tested.

3.1_I Results and Discussion

Table 4 shows the test matrix used to evaluate fuels in the combustion
bomb. This two-level, three-variable full factorial matrix examines the
effects of solids loading, and bomb pressure and temperature at the time of
injection, The combustion bomb temperature is varied by changing the number
of loops performed by the software before it triggers the solenoids on the
fuel injection system. Bomb pressure is varied by changes in the initial
pressure of the H_/O2/N2 gas mixture loaded into the bomb.

TABLE 4

CONSTANT-VOLUMECOMBUSTIONBOMBTEST MATRIX

Bomb Bomb Solids
Temperature Pressure Leading

R_u_u_ ....... (K) (psiq)__ (wt%)

i 9O0 4O0 45
2 1300 400 45
3 900 800 45
4 1300 80O 45
5 90O 4OO 55
6 1300 400 55
7 90O 80O 55
8 1300 800 55
9 ii00 600 50

i0 ii00 60O 50



Table 5 lists the ultimate analysis of the No. 2 diesel fuel used for the
baseline diesel testing. The analyzed sample of this fuel contained no
detectable moisture, fixed carbon or ash. Table 6 lists the properties of the
hot-water-dried coal slurries used in the combustion bomb testing to date.
These included Beulah and Velva (North Dakota) lignites, Kemmerer (Wyoming)
subbituminous, and Otisca (Virginia) high-volatile bituminous.

Figure 3 shows the pressure traces of the injection and ignition of a
No. 2 diesel fuel in the combustion bomb after an H2/O2/N2 mixture was ignited
in the bomb. This figure indicates that approximately 51 msec into the start
of the data acquisition program, the H2/O2/N2 mixture (with mole fractions of
0.1605/0.2775/0.5620) was ignited. This mixture burned within 15 msec,
followed by a period of approximately 473 msec before the diesel fuel was
injected at 5500 psia, resulting in the second pressure rise in the combustion
bomb. Figure 4 highlights the pressure traces from Figure 3 in the vicinity
of the diesel fuel injection. This figure indicates that this pressure rise
(pressure recovery delay) started within I_3 milliseconds of the diesel fuel
injection, indicating a high reactivity of diesel fuel under these injectic)n
conditions.

Figure 4 also highlights how the ignition delay is determined from the
combustion bomb and fuel injection pressure traces. The start of the ignition
delay period is defined as the point where the fuel injection pressure trace
first decreases after the injector has been pressurized with the fuel pump. A
best-fit straight line is drawn through the declining portion of the
combustion bomb pressure trace. Likewise, a quadratic equation is used to fit
the rising combustion bomb pressure trace. The transition data point between
the straight line and the curve is varied until the sum of the errors for the
two lines is minimized. This point constitutes the end of the ignition delay
period and the beginning of combustion. Figure 5 shows a graphical
representation of this process. In this figure, To is the point of transition
from the linear to quadratic curve fit, while the horizontal line denotes the
95% confidence interval.

TABLE 5

ULTIMATE ANALYSIS OF NO. 2 DIESEL FUEL USED
IN COMBUSTIONBOMBBASELINE TESTING

Wt% Moisture-Free

Hydrogen 13.19
Carbon 85.04
Nitrogen 0.01
Sulfur 0.22
Oxygen (by dill) 1.54
Ash 0.00

Heating Value (Btu/Ib) 19_900

i0



TABLE 6

PROPERTIES OF HYDROTHERMALLYTREATEDSLURRIES

Velva Otisca Beulah Kemmerer

Lignite Bituminous Lignite Subbituminous

Proximate (wt%, mf):

Moisture NA NA NA NA
Volatile Matter 41.94 36.50 38.18 41.10
Fixed Carbon (by diff) 56.12 62.42 59.52 56.62
Ash 1.94 1,08 2.20 2.28

Ultimate (wt%, mf):

Hydrogen 4.85 5.66 3.95 5.03

Carbon 71.61 84.35 71.72 75.72

Nitrogen 1.15 1,48 1.21 1.30

Sulfur 0.38 0.52 0.47 0.26

Oxygen (by dill) 20.06 6.89 20.54 15.40

Ash 1.94 1.08 2.20 2.28

HHV (Btu/Ib) 12154 15401 11907 12925

Particle Size:

Mean (vm) 8.0 4.6 13.9 i0.I
Top Size (vm) 50.0 17.4 76.0 56.6

Ash Composition (wt% as
oxides, S03 free):

SiO2 49.6 35.0 42.5 49.0

AI203 19.9 35.3 14.6 22.0

Fe203 21.7 18.8 35.4 14.5

TiO 2 2.1 3.8 2.9 1.2

P205 0.2 0.4 0.0 0.4
CaO 3.4 11.8 3.3 9.1

MgO 1.6 2.5 0.6 3.5

Na20 0.7 0.8 0.0 0.0

K20 0.7 1.6 0.6 0.2

Ii
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Figure 3. Combustion bombpressure traces using No. 2 diesel fuel.
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Figure 4. Combustion bomb pressune traces highlighting fuel injection
and combustion events for No. 2 diesel fuel,
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Figure 5. Sum-of-squares error versus pressure recovery time (To).

Table 7 contains the pressure of the bomb at fuel injection, tile
calculated temperature at injection, the solids loading when applicable, and
the calculated ignition delay for several combustion tests. These tests were
run in accordance to the matrix shown in Table 4 and were accumulated over the
course of the year. Due to problems of high viscosity and instability, the
Beulah lignite slurry was run only at a single solids loading of 40%.

The highlights of the statistical analyses performed on the various fuels
are shown in Table 8. The results expressed in this table are valid only over
the experimental range of the variables shown in Table 4. The values
expressed in this table are the probabilities (confidence levels) of an effect
occurring merely by chance; i.e., 0.0001 means that data producing a certain
effect will occur randomly once in I0,000 observations. Usually, a proba-
bility value of 0.05 is deemed significant for decision making purposes. Also
contained in the table are the R-square values for the linear models used to
fit data. An R-square value of one represents a perfect fit, which means all
data can be expressed by the model.

Several generalizations can be made about the effects of temperature,
pressure, and solids loading on the ignition delays of various fuels:

i. Within the bounds of the experimental model, the ignition de'lay for
diesel fuel was found to be independent of temperature and pressure.

2. The temperature at the time of injection had a very significant
effect on all coal/water slurry ignition delays, i.e., increasing
temperature decreased ignition delays.

13



TABLE 7

COMBUSTIONBOMBFUEL INJECTION CONDITIONS
AND MEASUREDIGNITION DELAY

Solids Operating Operating Ignition
Loading Pressure Temperature Delay

Test Fuel .__ (psia) ....... (K) _ms)

Diesel Fuel NA 413 1415 I.i
Diesel Fuel NA 702 873 i.i
Diesel Fuel NA 862 1369 1.6
Diesel Fuel NA 398 878 1.3
Diesel Fuel NA 377 1283 0.38
Diesel Fuel NA 381 865 0.38
Diesel Fuel NA 775 1368 0.82
Diesel Fuel NA 720 864 0.82

Otisca Slurry 45.0 823 1353 4.6
Otisca Slurry 45.0 404 1326 2.6
Otisca Slurry 450 406 891 9.5
Otisca Slurry 45.0 436 1365 2.9
Otisca Slurry 45.0 762 908 10.7
Otisca Slurry 45.0 727 944 8.0
Otisca Slurry 50.0 646 1181 2.8
Otisca Slurry 50.0 637 1137 5.2
Otisca Slurry 52.7 452 992 8.9
Otisca Slurry 52.7 843 1210 4.6
Otisca Slurry 52.7 427 1126 3.8
Otisca Slurry 52.7 710 961 7.6

Beulah Slurry 40.0 411 1303 2.9
Beulah Slurry 40.0 397 1195 4.9
Beulah Slurry 40.0 751 894 7.4
Beulah Slurry 40.0 814 1339 2.9
Beulah Slurry 40,0 384 886 8.8
Beulah Slurry 40.0 414 855 9.5
Beulah Slurry 40.0 374 1172 5.2

Kemmerer Slurry 45.0 410 1237 0.68
Kemmerer Slurry 45.0 661 838 8.0
Kemmerer Slurry 45°0 840 1294 2.9
Kemmerer Slurry 45.0 390 856 7.4
Kemmerer Slurry 48.0 718 1266 1.9
Kemmerer Slurry 48.0 682 1203 2.0
Kemmerer Slurry 48.0 543 1057 2.6
Kemmerer Slurry 48.0 599 1132 2.9
Kemmerer Slurry 51,0 407 1262 1.6
Kemmerer Slurry 51.0 877 1350 3.4
Kemmerer Slurry 51.0 775 941 6.1
Kemmerer Slurry 51,.0 416 894 9.7
Kemmerer Slurry 51.0 431 954 7,9
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TABLE 8

STATISTICAL HIGHLIGHTS OF COMBUSTIONBOMBTEST

Probability of Parameter Estimate <> 0

Diesel Beulah Otisca Kemmerer

Variable
Solids (S) .... 0.5964 0.0690
Pressure (P) 0.3995 0,0521 0.5860 0.2097
Temperature (T) 0.8136 0.0002 0.0111 0.0001
PxT_ 0.8143 0.0383 0.4239 0.0104
SxP ..... 0.8098 0.1329
SxT .... 0.4681 0.9614
R-square b 0.2592 0.9947 0.8747 0.9742

a Designates 2-way interaction of variables.
b Calculated for complete model including interactions.

3. The effect of pressure alone was not significant, although its
interaction with temperature at times was.

4. Solids loading was not significant for Otisca slurry, but was
marginally significant for Kemmerer.

In the cases of the Beulah and Kemmerer slurries, there were significant
temperature-pressure interactions, although none existed with Otisca. Because
of the intimate relationship between temperature and pressure on water vapor
formation, one might expect an interaction, although the reason Otisca
(bituminous) remained unaffected is unclear.. This is possibly the result of
the solids loading being lower and/or the reactivity being higher for the
former slurries. Alternate explanations may involve differences among
physical properties such as viscosity, pore structure, and particle size after
atomization, or simply too much variability in data to discern effects.

Figures 6 through 9 show graphically the relationship between pressure,
temperature, and ignition delay for each of the fuels used in combustion bomb
testing. Each figure displays the actual value of ignition delay used to
calculate the surfaces as well as a grid consisting of lines of constant
pressure and temperature, lt should be noted that the scaling of the ignition
delay axis is approximately equal for all figures so that relative comparisons
can be made. The distortions in the grids, such as with Otisca, show the
experimental error of measurement, since one would expect a relatively smooth
response surface.

Among the slurries, only small differences in ignition delay are seen
under these experimental conditions. However, all tests with Beulah slurry
were conducted at only 40% solids, and solids loadings for Kemmerer slurries
were again appreciably lower than those used in the Otisca tests.
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Figure 6. Ignition delay as a function of pressure and temperature
for Beulah CWS,

Y,,13 g 52

"i |'1 - ,

"4
L I Ii-, :_,:_ "" • . ' " . """ '.. ,_'i_ -. ""

• . ... " . • l.flll _ _ .

'.."-,,", "!-,i.'
": 1';:1 ". ". ' "'.., "I,.,Z !

i

(i _fl ! * "-"

• .

. • " _,,¢, ,_.1_."'-

,._.._ _,,_

I}EULAII (:'WF

Figure 7. Ignition delay as a function of pressure and temperature
for diesel fuel.
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3.2 Single-Stroke Diesel Simulator

Figure 10 is a schematic drawing of the Cooper-Ajax AE-22 diesel engine
used to supply the base engine and flywheel along with the supporting frame
for mounting the test cylinder. The diesel simulator system uses a
7.5-horsepower electric motor to bring the system up to speed before injecting
a single shot of fuel during a test.

Figure !1 shows the ported two-cycle test cylinder with a bore of 2.375"
and an 8" stroke. The test cylinder is 'linedwith standard hydraulic cylinder
tubing with a 2.375" ID and 0.25" wall thickness. The cylinder head in this
figure has since been modified to a flat-head design to allow for higher
compression ratios. The current head has both the fuel injector and the
optical access port directed parallel to the axis of the bore.

A major consideration in designing this diesel simulator was the need for
a variable compression ratio. Variation of the compression ratio is achieved
by varying the length of the rod connecting the original piston and the test
cylinder piston, thus changing the proportion of the 8" stroke that is
actually doing useful compression of the intake air.

The fuel injuction system consists of an American Bosch APFIA fuel pump
and two KB95SA pintle type injectors. The dummy fuel injector will be set at
a lower injection pressure than the injector in the test cylinder head so that
as the engine is coming up to speed, conventional diesel fuel only is being
circulated. At the start of the test cycle, a fast-acting, high-pressure
solenoid valve closes the fuel line to the dummy injector, thereby forcing the
diesel fuel into the small hydraulic accumulator prefilled with the desired
test fuel. The ability to feed preheated and compressed air was added to
simulate the effects of turbocharging the intake air.

Instrumentation was included in the system to determine piston position
and engine speed, pressures in the fuel lines and combustion chamber, and
temperatures of the intake and exhaust gases, cylinder wall, piston surface,
and combustion chamber.

3.2.1 Results and Discussion

The detailed test plan for the diesel simulator involves testing low-rank
coal-derived fuels (i.e., mild gasification liquids, GPGA gasification tars,
etc.) and some of the same coal-based slurries used in the combustion bomb
studies. In addition to fuel type tests, the effect of variables such as
intake air temperature, cylinder wall temperatures, cylinder compression ratio

, and fuel injection pressure were examined_

Preliminary work was initiated using coal/water slurries as the test
fuels. With wall temperatures of lO0°F and a compression ratio of
approximately 14, little or no combustion occurred as evidenced by pressure

: traces and letectable noise, lt should be noted that No. 2 diesel fuel easily
ignites under these conditions. The combination of small clearance volume
associated with the test cylinder and the low volatility of this fuel resulted
in piston and wall impingement and, consequently, poor combustion. Further
testing with slurry fuel was impossible with the current setup and, therefore,
testing was terminated.
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Table 9 shows the test matrix used to evaluate the combustion behavior of

GPGP tar oil relative to diesel fuel in the single combustion cycle diesel
simulator. When running this matrix, the fuel quantity, engine speed,
temperature, and compression ratio were held constant to reduce the number of
variables. The measured responses included ignition delay (chamber pressure
definition), peak heat release rate and angle, peak chamber pressure and
angle, piston temperature, and work (i.e., integral of the PV curve). The
matrix is an eight-run full-factorial for three variables, designed to resolve
the main effects and their interactions using a linear model.

TABLE 9

SINGLE COMBUSTION CYCLE DIESEL SIMULATOR TEST MATRIX VARIABLES

Variables (+) ...... (-) ,_

Engine RPM 200 200
Injection Timing 12 BTDC 6 BTDC
Compression Ratio 17 17
Quantity Fuel Injected 35 mm 35 mm
Injection Pressure 5500 psig 3500 psig
Inlet Air Temperature 22°C 22°C
Wall Temperature 120°C 120°C

The variables and measured responses for the test matrix are presented in
Table 10. Piston temperature and dynamic timing were added as variables after
the matrix was completed, Dynamic timing is defined in the table as the time
elapsed from the start of fuel injection to the top-dead-center (TDC) mark.
This variable was later defined because it accurately defines the true start-
of-injection point, l]ynamic timing was found to correlate closely to static
timing and, for the purposes of analysis_ these variables are interchangeable.
Piston temperature was added as a variable since there were slight run-to-run
differences in temperatures that could not be avoided. Most of the values
presented in the table are averages of at least three separate tests, with the
correspondi,_gstandard deviation listed after the mean.

The most obvious effect shown in the Table 10 is the effect of fuel

injection pressure on ignition delay. From the data it can be seen that the
ignition delay varied directly with injection pressure. This result is
contrary to the expected result of shorter ignition delays with higher
injection pressures. Two explanations, mechanical overload and/or spray
impingement, could yield this result. Under higher pressure the atomizing
spray, with more penetrating energy, impinged upon the piston crown. This is
somev'at substantiated by the fact that the piston temperature had a signi-
ficant effect on ignition delay,
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The complete statistical analysis of the test matrix is presented in
Table 11. The values expressed in this table are th,_ probabilities of the
effect occurring by chance. Also contained in the table are the R-square
values for the linear models used to fit data. The values in the table marked

with an asterisk are those values that remained significant after systematic
removal of least significant variables. Only the variables that were
significant to the O.10-1evel remained after this "backward" elimination
procedure. In analyzing the data, all interactions were ignored for
simplicity. Inclusion of the interactions could potentially produce a better
model.

From the data in Table 11, it is interesting to note that injection
pressure and fuel type were significant variables in almost every response,
and that dynamic and static timing variables were similarly correlated, except
for the case of the peak heat release angle. In addition, it should be noted
that the responses in the table are not necessarily independent and are, to
some extent, measurements oF the same parameter; e.g., angles of peak pressure
and heat release.

Figure 12 shows a plot of"predicted versus measured values for ignition
delay. The figure shows a good correlation of the reduced mathematical model
with the measured data. Because the resolution of"determining ignition delay
is 0.35 ms, the data on the graph appears at distinct intervals along the
x-axis. The correlation could actually be much stronger (or weaker) if the
data points were measured with more resolution.
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Figure 12. Measured versus predicted ignition delay values.
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A comparison of GPGP tar oil and diesel fuel pressure traces is shown in
Figure 13 for each of the test conditions. From these traces the effects of
timing and injection pressure are readily observed. The preignition TDC
pressure is higher for the GPGPtar oil traces in all cases. This effect was
due to slight variances in compres._ion ratio and not to a difference in fuels.
Although the GPGP tar pressure trace started out at a higher pressure, the
overall peak pressure and the descending pressures were lower in general for
the GPGP fuel. This is most likely due to the lower heating value of GPGP
tar, since all tests were conducted using volumetrically equivalent fuel
injections. In one case, at 5500 psig injection pressure and 12° BTDC timing,
the overall peak pressure exceeded that of diesel fuel. This is probably due
to the fact that the combined effect of ignition delay and injection timing
created an optimum condition for peak pressure.

Heat release rates were calculated using the First Law for a simple
closed system and neglecting heat losses. This one-zone model assumes that
the thermodynamic state (variables) of the combustion chamber is represented
by average values between the burning and unburning zones. Because of the
simplicity of this heat release model, only qualitative comparisons can be
made between different fuels combusted in the same engine. The plots of heat
release as a function of crank angle are shown in Figure 14. The slightly
longer ignition delays and the characteristic broader peak for GPGP tar oil
can be easily recognized. The majority of both fuels were burned in the
premixed combustion state as evidenced by the single narrow band of heat
release. This is due to the rapid injection of small quantities of fuel and
long ignition delays.

3.3 Demonstration Diesel Engine

UNDEMRChas a Cooper-Ajax AE-30 ported 2-cycle diesel engine that was
originally designed to fire on natural gas. This particular engine has a 7.25"
bore with an 8" stroke and was originally rated at 30 hp. A new head was made
to convert the engine to fire liquid fuels and allow both the test fuel and a
diesel fuel pilot to be injected into the precombustion chamber. This head
also has an opening for a glow plug for starting the engine with diesel fuel
and openings for inserting a thermocouple and a pressure transducer for
monitoring the combustion chamber temperature and pressure. The fuel
injection pressure, the head cooling water, and exhaust gas temperatures can
also be monitored during a test.

Two American Bosch (now United Technologies Diesel Systems) APFIB fuel
pumps and two KB95SA fuel injectors are used in both the test fuel and pilot
diesel fuel feed systems. A cambox is run off the layshaft to provide control
of both the fuel injection timing in relation to TDC and between the pilot
fuel injection and the test fuel injectioF_.
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The injection system used for injecting coal liquid fuels is shown in
Figure 15. This simple system has been used successfully for testing with
both coal slurries and coal-derived liquids. A conventional diesel fuel jerk-
pump with its check valve removed supplies the pressure to the free-moving
piston. The pressurized slurry feed fills the cylinder and restores the
piston to the delivery position. A check valve in the slurry line prevents
the slurry from being forced back into the supply vessel. The obvious
shortcoming to this design is the check valve, but small leakages hopefully
can be te!erated with the fast-acting jerk-pump.

Pressurized SLurry--i
Feed

Check-Vatve

__ TT i

--_l- Fuel InjectorF ,,,

Figure 15. Demonstration diesel high-pressure coal liquid fuel feed system.

3.3.1 Preliminary Testing of 30-hp Ajax Diesel

Openings in the exhaust gas piping allow gas and particulate sampling
probes to be inserted for evaluating emissions and determining the combustion
efficiency of the test fuel. Table 12 shows the analyses of gaseous emissions
while the diesel was operated under no-load and full-load conditions. The
decrease in combustion efficiency with increasing load can easily be seen from
this data. The relatively high concentration of oxygen is believed to be
partly the result of intake air short-circuiting through the exhaust port.
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TABLE 12

GC ANALYSIS OF DIESEL GASEOUSEMISSIONS

Concentration, Mole %
Co__on]9onent No-Load Fu I 1-Load

H2 O. 13 1.28

CO2 3.30 5.20
CO 0.32 2.16

CH4 0.00 0.72

C2H4 0.02 0.28

C4 0.00 0.14

02 14.3 9.93

N2 81.9 80.3

Particulate sampling was performed using a high-volume sampler located
approximately 12" from the exhaust ports. The particulate was captured by a
borosilicate glass filter supported by wire mesh. Particulate samples were
drawn from the exhaust pipe while burning diesel fuel and while burning a
50/50 blend of Otisca bituminous slurry and diesel fuel. The diesel and
slurry were injected through separate injectors and combined within the
precombustion chamber. Table 13 presents the ultimate and heating value
analyses for these two samples.

TABLE 13

ULTIMATE AND HEATING VALUE ANALYSES FOR PARTICULATE SAMPLES

Ultimate Anal_sis, wt% Diesel Fuel Diesel/Slurr_

Hydrogen 1.15 2.54
Carbon 91,79 90.27
Nitrogen 0.31 1.23
Sulfur 0.12 0.50
Oxygen (by diff) 4.69 3,86
Ash 1.94 1.60

Heating Value, Btu/Ib
HHV 14413 14585
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Particle size distributions were determined for the exhaust particulate
samples analyzed in Table 13. When running the analyses on a Malvern flow-
cell particle sizer, the distributions slowly shifted from a bimodal distribu-
tion to the smaller distributions shown in Figure 16, suggesting that the
captured particulates were agglomerates of smaller particles. The equilibrium
distributions shown are those obtained from the flow-cell when stirred and
sonicated simultaneously. The mean particle size diameters for the diesel fuel
and diesel/slurry tests were 27.3 and 22.1 microns, respectively. The slight
difference between these values is probably within experimental error.

0 "-_r-'-'_ 1 L ..... i I [ I _ "

I I0 I00

Particle Size (frm)

Figure 16. Particle size distributions for diesel exhaust emissions,

3.3.2 Diesel Testinq of GPGPTar Oil

The GPGP coal tars were pumped to the fuel injection system at 300 psig
via a Moyno pump. An isolation piston pump was operated from the action of
the standard diesel jerk pump to inject fuel through the multi-hole nozzle. A
system of valves was installed to facilitate switching between diesel fuel and
GPGP tars while the engine was running and using a single injector. This
allowed the engine to be preheated and tested on diesel fuel, followed by a
smooth transition to GPGPtars.

The effect of fuel-type, injection pressure, and injection timing were
determined by monitoring performance characteristics and exhaust emissions at
various loads. A typical test would consist of bringing the engine up to full
load at 600 rpm, at which point the power output would be measured and used to
calculate the power output at the partial loads of 10%, 25%, 50%, 75%, and 90%
;sed for test conditions. At each test condition, the engine was allowed to
,quilibrate before recording engine temperatures, air and cooling water flow
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rates, torque, rpm, fuel cOnsumption, and exhaust emissions. Table 14 shows
the experimental test matrix used to compare diesel fuel and GPGP tar oil.
Prior to designing this test matrix both diesel fuel and GPGPtar oil were run
through the engine to determine the optimum engine timing with respect to
power output. These values were then used as the center points of 'the matrix.

TABLE 14

EXPERIMENTALTEST MATRIX USED TO COMPAREDIESEL NO. 2 AND GPGPTAR OIL

Injection Pressure Injection Timing
Fuel Type (psig) .... (BTDC)., _

Diesel 2000 22
Diesel 2000 14

Diesel 4000 22
Diesel 4000 ' 14

GPGP 2000 26
GPGP 2000 18

GPGP 4000 26
GPGP 4000 18

Center Points

Diesel 3000 18
GPGP 3000 22

The results from the regression analysis of the factorial test matrix
showed that injection timing, injection pressure, load, and fuel type had
significant effects on engine power output. Decreased injection pressure and
advanced timing relative to the respective center points of the two fuels
produced more power. Diesel fuel produced more power than GPGP tars due to
the lower energy density of the tars. lt was also found that timing and load
had a significant effect on the brake-specific fuel consumption (BSFC). The
more advanced timing showed better fuel economy.

Figure 17 presents the performance characteristics of the Ajax 30-hp
diesel firing GPGPtar oil and diesel No. 2. These tests represent the center
points for the respective fuels as defined in Table 14. The performance
curves for the two fuels are nearly identical with the exception of power
output. The difference in power output is directly proportional to the
difference in energy density of the two fuels as seen irl Table 3. Since the
fuel was delivered on a constant-volume basis and the fuel pump was run to its
maximum output, fewer Btus could be delivered per stroke. Tile overall
performance of the engine was poor when compared to modern multi-cylinder
4-cycle diesel engines, which can have thermal efficiencies of 40%.
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Figure 17, Diesel engine performance data firing diesel fuel and GPGP
coal tars under center point conditions.
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Gaseous emissions were measured at two positions" immediately after the
exhaust port, and approximately 7 feet downstream at the muffler. Figure 18
presents gas emission data for the corresponding center point _ests shown in
Figure 17, and also the exhaust port temperature where the gases were
sam_)led. The diesel fuel gas emissions were sampled only at the port. lt was
found later that combustion was occurring in the exhaust pipe downstream of
the port at high loads, and therefore provisions were made for gas sampling
near the muffler. The exhaust port temperature was found to vary with load as
expected. At high loads, it was found that the exhaust pipe temperature
exceeded the port temperature, indicating further combustion downstream.

The SO.x emissions at the exhaust port for the two fuels were low, near
the detectlon limit, showing that the formation of these compounds occurred
further downstream as indicated by the readings recorded near the muffler.
The concentration of SOx also increased with relation to load (or fuel input)
as would be expected since GPGPtar oil contains 0.39% sulfur.

On the other hand, NO. emissions from GPGP tar oil showed a nearly
constant level of formation _that was dependent only on the location at which
the emissions were measured. The reason for this is unclear. The formation

of thermal NOx may be suppressed under fuel-rich conditions. The diesel fuel
NOx emissions were considerably lower and are probably indicative of thermal
NOx production.

The CO emissions for both diesel fuel and GPGP tar oil show nearly the
same trends. The emissions remain low until about the 75% load condition.
This appears to be the transition point where normal combustion can not be
completed in the cylinder: and continues into the exhaust pipe. 'This problem
is probably related to poor fuel-air mixing in the combustion chamber and the
short-circuiting tendencies of a ported 2.-cycle engine.

Althdugh ignition delay was not explicitly measured during the diesel
engine testing, it is interesting to note that the difference in injection
timing between Diesel No. 2 and GPGP tar oil at optimal conditions was
approximately 4 degrees. At 600 rpm, this difference translates into 1.1 ms
•in ignition delay. Diesel simulator data showed the ignition delay to be

• 1.56 ms for diesel fuel at an injection pressure of 3500 psig when inject_ at
6 degrees BTDC at 200 rpm. Comparable run data for GPGP tar oil (12 degrees
BTDC) showed an ignition delay of 2.34 ms. The difference in the delay
between the two fuels under simulation conditions was 0.78 ms, showing the
similarity of this data with actual engine performance. In addition,
combustion bomb data displays the same trend with an ignition delay of 1.12 ms
for diesel fuel and 2.6 ms for GPGPtar oil at 750 psia and 1700°F (5).

3.3.3 Engine Modifications and Preliminary Slurry Testinq

The Ajax 30-hp diesel engine has evolved during the past year through
numerous modifications. O_iginally, the engine was of a prechamber design,
producing only 5-8 hp, or 27% of the rated brake output power. Later, the
prechamber was enlarged and the cylinder head was contoured to the piston to
reduce volume. This effort resulted in a net power output of 16 hp, or 53% of
the rated output. The preliminary testing of the engine reported in Section
3.3.1 was performed under the prechamber operating conditions (5-16 hp). The
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engine was then further modified to a direct-injection design using multi-hole
injection nozzles to align our program with the mainstream research effort.
In this configuration the engine produced 20 hp, and was used to perform the
tests using GPGPcoal tars.

Presently, the engine is producing 25 hp, oY" 83% of the rated power
output, with the head and piston design shown in Figure 19. This design is
approaching the practical limit for further improvement in power. The
torroidal cup was added to the piston to allow extra clearance for injection
and enhance turbulence. The central core of the head containing the injectors
is removable to facilitate using other inject:ion systems or configurations as
required in future testing.
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Figure 19. Cross-sectional view of the piston and head for the Ajax
30-hp diesel engine.

Using this final configuration, slurry was successfully burned when using
a diesel pilot fuel. When running this test, Beulah lignite slurry at 49%
solids loading was injected while using a minimal amount of diesel fuel. The
extra power output from the slurry was absorbed using the dynamometer,
producing about 8 hp at 600 rpm. The maximum power output was governed by the
size of the fuel pump, since it was sized For diesel fuel. About one-third of
the maximum power output should be expected under this configuration due to
the lower energy density of the slurry.
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Approximately one hour of slurry testing in three separate runs was
performed using a single multi-hole nozzle. Figures 20 and 21 show scanning
electron microscope (SEM) pictures of a new nozzle and one used for an hour of
testing, respectively. The diameter of the measured hole increased from
0.378 mm to 0.448 mm in this short period. This translates into a 40%

increase in the cross-sectional area for fluid flow. ._

An automated engine analyzer consisting of a data acquisition system, gas
analyzers, and temperature, engine speed, air and water flow rate, and torque
monitors was constructed and tested and is currently available for future
testing. In addition, a high-speed data acquisition system is being assembled
to collect and average engine pressure-cycle data.
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Figure 20. Photograph of New Bosch multi-hole diesel injector.

Figure 21. Photograph of Bosch multi-hole diesel injector after
one hour of fuel injection of Beulah CWS.
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DIRECT LIQUEFACTIONOF LOW-RANKCOALS

EXECUTIVE SUMMARY

The primary objective of the Direct Liquefaction project at the Energy
and Mineral Research Center (EMRC) is to expand the scientific and engineering
data base of liquefaction GF low-rank coals (LRCs) by investigating direct
liquefaction processes that will produce the most competitive feedstocks or
liquid fuels. During the 1988-89 program year (4/88-6/89), work was performed
in four areas: the ChemCoal Process, LRC agglomeration, co-processing, and
staged direct liquefaction of LRCs.

Extensive analytical work was performed to determine the chemical
properties of the ChemCoal Process solid product. The analyses were performed
on ChemCoal solids prepared from Indian Head lignite. To better study the
solids, they were separated into base-, tetrahydrofuran (THF)-, and methylene
chloride-soluble and insoluble fractions and each fraction was analyzed.
Elemental analysis, nuclear magnetic resonance (NMR) spectroscopy,
thermogravimetric analysis (TGA), and gel permeation chromatography (GPC) were
performed on the resulting fractions. The ChemCoal solid product was
subsequently derivatized by acetylation, alkylation, and methylation and the
derivatives were analyzed. Photolysis was also examined as a method of
determining if the ChemCoal solids could be hydrogenated.

Twenty-two runs were performed on the continuous process unit (CPU)
during the program year. Some of the runs were performed as shakedown and/or
operator-training runs, while others were performed to produce ChemCoal either
for analysis or end-use studies. During these runs, iL was found that the
cIlanges that had been made in the reactor, downstream processing, and control
panel areas improved system operability, reliability, and safety. Mass
balances of ±2% were easily obtained with the redesigned CPU.

Two runs _ere performed to produce ChemCoal solids from Wyodak
subbituminous coal and to obLain data that could be used to mathematically
model the system. Run pass conditions were set as per a statistical
experimental matrix, and the engineering data gathered were entered into a pc-
based SAS orogram. The resulting mathematical equations were combined with
the mass- and material-balanced flowsheet to produce an interactive flowsheet
that can be used to predict conversion and product yield structures as a
function of temperature, pressure, residence time, gas flow rate, and caustic
loading. Temperature, pressure, and caustic loading were found to
significantly affect the conversion and product slate. Surprisingly, it was
found that residence time had very little effect on conversion or product
slate. Although the flowsheet can be used as a tool to understand reaction
mechanisms and to predict the run conditions necessary .to obtain a given
product slate and conversion, its real value will be as the cornerstone of an
upcoming engineering economics evaluation of the ChemCoal Process. Two sets
of ChemCoal operating conditions were recommended from an engineering
economics point of view: I) temperature of 350°C, pressure of 1750 psi,
residence time of 3 hours, gas flow rate of 12 scfh, and caustic loading of
8 wt% of the moisture- and ash-free (MAF) coal loading; and 2) temperature of
350°C, pressure of 2000 psi, residence time of 0.6 hours, gas flow rate of



12 scfh, and caustic loadir_g of 8 wt% of the MAF coal loading. Both sets of
conditions result irl an approximately 85% conversion; selection of one would
be made based upon the capital costs of the pressure and the residence time.

The results of the original Indian Head lignite recycle run were
successfully verified. A conversion of approximately 75% was achieved.
Product gas made up 1.5%, coal-derived distillate comprised 30%, and solid
ChemCoal product made up 43.5% of the exit stream. Hydrogen consumption was
low, and sodium recovery during the run was 85%-88%. Due to the new reactor
configuration, the residence time was reduced by a factor of 8 over the
residence time of: tile original recycle run.

During studies of the prucipitation of the ChemCoal solid from the
product slurry, it was found that it is easier to recover the ash/sodium if
the methanc l partitioning solvent has been acidified.

ChemCoal solids were produced for possible end-use testing as a diesel
fuel extender. The testing met with many delays, primarily due to contractu-_l
difficulties with the testing subcontractor, Southwest Research Institute
(SwRl). lt is anticipated that it wi)l take place at some point during the
1989-90 program year.

indian Head lignite was successfully agglomerated in the crude phenol
stream of the Great Plains Gasification Plant by the addition of Tr,ton X-lO0
surfactant. An addition of 3 wt% Triton X-lO0 appears to be the most
effective.

Co-processing studies had been scheduled to take place on the CPU. Due
to facilities repair and improvement in the control panel area, the CPU was
not available for use during part of the year and the CPU co-processing runs
were not performed. These studies are important to the co-processing data
base, and the runs will be rescheduled for performance during the 1989-90
program year.

Studies oF the hydrotreatment of ChemCoal solids were performed to
determine hydrogen transfer mechanisms and to determine if the ChemCoal
Process could produce a product suitable for the liquid fuels market. The
fact that the hydrogenation required a catalyst that is used in other
catalytic upgrading processes indicates that the transfer of hydrogen to the
ChemCoal solid occurs by a reaction mechanism that is at least similar to that
of other upgrading processes. The ChemCoal solids were successfully upgraded
to a product with three distinct distillate regions: a gasoline fraction, a
recycle phenolic fraction, and a heavy oil bottoms fraction.

Further investigations of staged liquefaction were performed on a batch
scale using CO as the first-stage reductant and H2S as a reaction promoter.
Indian Head Lignite and a phenolic solvent served as the feedstocks for the
first-stage tests. Two second-stage tests were performed using hydrogen as
the reductant and products of two of the first-stage tests as feedstock.
Analytical results were not available for all of the tests, but preliminary
results indicate that the addition of H2S results in higher conversions and a
more homogeneous product.



1.0 INTRODUCTION

Co-processing of low-rank coals (LRCs) with petroleum residual under mild
conditions may produce a product that extends petroleum refinery feeds with a
partially coal-derived material. These co-processing products may also
provide a lower-cost way to introduce coal-derived materials into the
commercial market. In this staged process, the petroleum residual acts as a
solvent, aiding in the solubilization of the coal during the first stage, and
both the dissolved coals and the residual are upgraded during a second-stage
catalytic hydrogenation.

Another method of upgrading coal in a liquefaction process is the
ChemCoal Process. The process uses chemical methods to transform coal into
clean solid and liquid products, lt features low-severity conversion of coal
in a phenolic solvent, using an alkali promoter and carbon monoxide as the
reductant.

Oil agglomeration has been used to reduce the ash and mineral matter in
bituminous coals to obtain a product with increased heating value, reduced
moisture, and lower sulfur content. This method can be used to produce a
clean coal feedstock for LRC liquefaction. During agglomeration, an oil is
used to preferentially wet the organic phases of the coal,, and water is used
to wet the minerals, resulting in a separation of ash and water from the coal.

2.0 GOALS AND OBJECTIVES

The primary objective of this project is to expand the scientific and
engineering data base of LRC liquefaction by investigating direct liquefaction
processes that will produce the most competitive feedstocks or liquid fuels.
Work scheduled for the 1988-1989 program year (4/88-3/89) dealt with the
ChemCoal Process, LRC agglomeration, and co-processing of LRCs with petroleum
resid.

2.1 Proposed Work for the Third Year (4/88-3/89)

2.1.1 Task A - ChemCoal Process Verification

This task included further verification of the ChemCoal Process using

higher-rank coals. The testing was scheduled for the Energy and Mineral
Research Center (EMRC) Continuous Process Unit (CPU) and included:

I. The performance of a statistically based parametric study to
determine solvation step sensitivity as a function of various system
parameters including pressure, residence time, catalyst loading, and
reducing gas composition. This study was aimed at determining the
optimum operating condiBions For a select Powder River subbituminous
coal, as well as the effect of solvation step variability on the
downstream processing Ioopo

2. The performance of a similar matrix on a select midwestern
bituminous coalo This test series was scheduled to verify the early

processing testing, which suggested that bituminous coals produced
yields of ChemCoal solids that were at least as good as those



produced by LRCs when processed in the sodium/phenol system. Based
on this earlier work by Carbon Resources, Inc. (CRI), it was
expected that the change in feed coals would result in a
significantly different yield structure during the solvation step.
Since improvements in downstream processing had not been tested with
any higher-rank coals, operation of the solvent recovery
system/downstream processing loop required verification. The
secondary matrix was aimed at producing the largest variation in
feed to the downstream processing loop to develop enough information
to evaluate the success of the ChemCoal Process on higher-rank
coal s.

2.1.2 Task B - Utilization lestin£

This task was directed at producing samples of both liquid and slurry
ChemCoal product for testing as diesel fuel extenders and in gas turbines.
Testing of the product wa; to be performed by laboratories known for their
reputation in diesel or gas turbine testing, as appropriate.

2.1.3 Task C - ChemCoal Economics Update

Tile _erformance of an economics update for the ChemCoal Process is a key
element in its Further development, ro be effective, this evaluation should
be performed by a reputable, nationally known engineering firm. An evaluation
by such a firm will provide the necessary credibility to generate the private-
sector funding needed to commercialize the process. Gathering the process
information required for the performance of the update was the objective of
this task.

2.1.4 Task D - LRC Aqglomeration

Testing continued to determine how to produce an easily handled, dry,
low-ash LRC product using oil agglomeration techniques. Various solvents were
tested to improve upon previously attained ash and moisture content reduction
of LRCs. lhe use of additives to neutralize the oleophobic properties of the
surface functional groups on coal was to be investigated.

2.1.5 Tasks E and F - Determination ef Co-Processinq
Yield Structures

The goal of this task was to determine the variability of the product
slate during LRC/resid co-processing. The results of batch testing performed
during the 1987-88 program year were to be used to define the ranges for the
parametric variab _es (temperature, pressure, reducing gas composition,
residence time, relative concentrations of coal/solvent, and catalyst
systems), lt was planned that the independent variables would be evaluated on
the CPU as part of a statistically designed test matrix. The data obtained
during the CPU runs were to be statistically analyzed to formulate
mathematical models for predicting yield structures. Key variables that
emerged in the models were to be used to select run samples for detailed
chemical analyses.
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A particular co-processing yield structure was to be selected and a long-
term CPU run made at the corresponding conditions determined by the
mathematical model. The test was t_) be performed to determine the effects of
long-term operation on the catalyst system and to validate the predictive
model.

2.1.6 Task 6 - Comparison of LRC-Derived Solvent
and Co-Processing Tests

Results of the experimental matrix of Task G were to be compared to
equivalent test points obtained using an LRC-derived solvent produced during
earlier activities. In essence, this task added an additional variable to the
experimental matrix of Task E.

2.1.7 Task H - CPU Analytical Su___grt

Samples produced during CPU co-processing operations were to be analyzed
to determine yields of distillate, solubles, and solids. The chemical nature
of these fractions was to be determined and compared to material produced
previously.

2.1.8 Task I - Hydrogen Transfer in the ChemCoal Process

To determine hydrogen transfer mechanisms that occur during the ChemCoal
Process, coal was to be reacted with and without deuterated solvent and water
in microreactor tests. Yields were to be determined and the product reactions
analyzed to determine changes in the chemical composition as well as locations
of hydrogen transfer between the reactants and the coal.

2.2 Change of Scope

The CPU co-processing runs from Tasks E, F, and G were not performed due
to scheduling difficulties that followed facilities repair. These are
important tests with respect to the co-processing data base; therefore, they
will be performed when they can be scheduled during the Year 4 work effort.

A transition quarter was added to Year 3 as part of the change of the
Cooperative Agreement program year to a start date of July i. The work
scheduled for the transition quarter (4/89-6/89) dealt with staged direct
liquefaction of LRCs. This work was incorporated into the Year 3 Program Plan
as Task K, Low-Severity Direct Liquefaction. Testing took place in a time-
sampled batch autoclave system, where the first stage was a low-severity stage
and the second stage was performed at higher-severity conditions. Phenolic
solvent, H_S, and HA061 were investigated as additives. Solid, liquid, and
gas samples were collected and analyzed to determine their chemical charac-
teristics and the product yield structure. The batch testing was to be
followed by a CPU run to confirm the batch data and to obtain information on
process performance. Due to the fact that the analytical data were incomplete
at the end of the transition quarter, the CPU run was postponed until Year 4.

Other analytical work scheduled during the transition quarter involved
the characterization of various fractions of the ChemCoal Process and
co-processing product slates to enable their comparison to the products of
conventional direct liquefaction processes.



3.0 ACCOMPLISHMENIS

3.1 Results of Task A .- ChemCoal Process Verification

3,1.1 Chemical Properties

Extensive analytical work was performed during the .july through September
quarter to determine the chemical properties of ChemCoal Process solid
pr'oduct. D_.tails of this work were presented in the July through September
Quarterly Technical Progress Re_ort (I). A condensed version of t._.e result!;
•is presenI:ed in the followir,g subsections.

The analyses were _)erformed on ChemCoal solids prepared previously from
]ndian Head lignite. To better study the solids, they were separated into
base.-_ tetrahydrofuran (TIIF)-, and methylene chloride-soluble and insoluble
fractions and each fraction was analyzed. Elemental analysis, nunlear
magnetic resonance (NMR) _pectroscopy, thermogravimet_"ic (TGA) analysis, and
gel permeation ch"omatography (GPC) were performed on the resulting
fr_ctions. The ChemCoal solid product w,_s subsequently derivatized by
acetylation, alkylation, and methylation and the derivatives were analyzed,
Photolysis was also examined as a method r_i: determining if the ChemCoal solids
could be hIydrogenated.

3.!.1,1 Solubili_:y and EZlemental Analyses

Solubility ,:]ata and _e,-ults of: elemental analyses are presented in
Table i. As the table shows, the ChemCoal solid product was the most soluble
in I HF and the least soluble in methylene chloride (MeCl_,). The fact that

TABt.E i

_{_[1Siii[. "['S ()f:l S')LUB]LITY AND ELE",_ENrALANALYSESOF
CHEt,!(,OA[PROCESSSOLID PRODUCIS

Sol ub i i i I y

CnemCoal Process 80,66 6.31 0,97 0.19 i:[,.87
Solid ProduCt

Base-,Soluble 36o_I 78,61 7,02 0.93 0.31 13.13
Base.-!nsolub!e 62.7 75.99 5.24 0.94 0.13 17.70

Mass Balance %, 99.5

M.eCI .-Solub_e 18.9 85.51 13.38 0,00 0.24 0.87
MeCI ,.- Insoluble 76,<:) 79.59 5,27 1.02 0.23 ].3.89

Mass Balance ,,. 94.9

THF-Soiub !e 60.S 8! ,47 7,15 0.85 0.20 10.33
THF-Insoluble 38.9 75.87 5.01 1,08 0.31 14,73

........................................................................................................................................................................................... I ................... .................................................

a [)etermr_ed by difference.



38,9 wt% of the original ChemCoal Process solid products were insoluble in THF
indicates that they are lleavier than preasphaltenes and that the !3henolic
solvent used during the processing cut deep into the coal to extract very
heavy material. The table also shows that, as solubility increased, the
hydrogen content of the insolubles decreased. The insoluble fractions were
all higher in oxygen and, to a certain extent, nitrogen content than the
soluble fractions.

3.1.I.2 NMRAnalyses

The results of the solid-state C-13 NMR analyses of the sol'_h,le and
insoluble fractions are given in Table 2. The insoluble fractions
consistently contained more carboxyl, phenolic, and methoxyl functionalities
(accounting for their nigher oxygen content.) and were more aromatic than the
soluble fractions. This indicates how polar, aromatic materials are
solubilized during the ChemCoal Process, which makes use of a very polar,
aromatic solvent.

Proton NMR analysis indicated that the soluble fractions may contain
larger aromatic systems which have few protons attached directly to the
aromatic carbon structure. The fractions do not appear to have been heavily
substituted, as indicated by the low alpha and beta aromatic regions of the
prcton spectrum and the fairly narrow arematic region of the carbon
spectrum, The main Drotonated species present were the aliphatic methyl and
methylenes, _.,hich contained over 70% of the protons in the methylene chloride-
soluble fraction. Compared to the MeCl_-soluble fraction, tI_e THF- and base-
soluble fra.ctions had a little larger aromatic region and more alpha and beta
aromatic protons, which would indicate that they ,,,,_re substituted to a greater
extent. However, the methyl and methylene protons still accounted for the
majority of the protons in these samples.

3.1.1.3 "hermogravimetric Analysis

Thermogravimetric analyses were performed on each fraction to obtain
proximate data. These data are presented in Table 3. The insoluble fractions
had fairly similar proximate analyses, whereas the soluble fractions had a
wider- range of volatile matter and fixed carbon vaiues. In general, the
insoluble fractions were lower irl volatile matter and higher in fixed carbon
than the soluble fractions. The temperatures at which the volatile matter and
fixed carbon were determined were higher for the insoluble fractions tha.n for
tI_e soluble fractions.

3,.i.].4 Holecular Weight Determination

Molecular weight distributions were determined for the soluble fractions
using GP£ arid are shown in Figure I. The ChemCoal solid was found to be more
soluble in THF (60.8 wt%) than the other solvents; this fraction also
contained the heaviest material. As the figure shows, the molecular weight of
the material that _,_assolubilized increased with solubility.
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THF Soluble
60.8%

Base Soluble
36.8%

Methylene Cllloride
Soluble 18.9%

I ' i '12200 3500 650 150 Molecular Weight
22000 6200 1400 310

Figure i. Molecular weight distribution of THF-, base-, and MeCl_-soluble
fractions of ChemCoal Process solid product.

3.1.1.5 Derivatization

The C-13 NMR spectrum of ChemCoal solids was compared with the spectrum
obtained from ChemCoal solids following acetylation. The spectrum of the
original ChemCoal solid indicates the presence of oxygen-substituted aromatic
carbons, specifically phenolics or aromatic ethers. The oxygen-substituted
aromatic carbon peak found in the acetylated spectrum is shifted upfield.
Data indicate that the addition of the acetyl group occurred at a phenolic
site. The spectra of the ChemCoal solids and the acetylated ChemCoal solids
are compared in Figure 2. The solubility of the ChemCoal solids in hexane
increased from 2 to 10 wt% after acety'lation, as shown in Table 4. This
change in solubility indicates that the polarity of the acetylated surface was
somewhat reduced. The solubility of the acetylated product in THF was not
determined.

Alkylation of the £hemCoal solids increased their solubility in hexane
from 2 to i0 wt% and in THF from 70 to 80 wt%. Figure 3 compares the solid
C-13 NMR spectra of the THF-soluble fraction of ChemCoal solids and alkylated
ChemCoal solids. The NMRdata indicates that two additional isopropyl groups
per 100 carbon atoms were added to the THF-soluble fraction of the alkylated
product. The larger aromatic area in the spectrum of the alkylated material
is probably due to the increased solubility of the product.
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Figure 2. Solid C-13 NMRspectra of (a) ChemCoal Process solid product and
(b) acetylated ChemCoal Process solid product.

TABLE 4

SOLUBILITY DATA FOR CHEMICAL PROCESSSOLID PRODUCTDERIVATIVES

Hexane THF

ChemCoal Process Solid Product 2 70
a

Acetylated I0 --

Alkylated I0 80

Methylated t(CH3)2SO4J I0 55

Methylated ICHMN2J 0 70

a Not determined.

11



b

b

250 200 150 lO0 50 O-SPPM 0

Figure 3. Solid C-13 NMRspectra of THF-soluble fraction of (a) ChemCoal Process
solid product and (b) alkylated ChemCoal Process solid product.

ChemCoal solids were methylated by two methods, the first using dimethyl
sulfate and the second using diazomethane. The solid C-13 spectra for the
THF-soluble fractions of the methylated products are compared to the C-13
spectrum for ChemCoal solids in Figures 4 and 5. The spectra indicate that
the methylation took place on hydroxyls, resulting in the formation of
methoxyl attachments. Diazomethane-methylated ChemCoal solids showed no
increase in solubility. ChemCoal solids methylated with dimethyl sulfate did
exhibit some changes in solubility, although the changes were not as
significant as those shown in the alkylated products. This information
suggests that large alkyl groups on the aromatic ring can increase solubility,
while aliphatic methyl groups have little or no ability to increase
solubility.

The NMR spectra of ChemCoal solids and photolyzed ChemCoal solids are
compared in Figure 6. The data indicate that photoreduction had little effect
on the ChemCoal solids.
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Figure 4. Solid C-13 NMRspectra of (a) ChemCoal Process solid product and
(b) addition spectra of THF-soluble and insoluble spectra of
ChemCoal Process solid product methylated with diazomethane.

Figure 5. Solid C-13 NMRspectrum of (a) ChemCoal Proces_ solid product and
(b) addition spectrum of THF-soluble and insoluble spectra of
ChemCoal Process solid product methylated with diazomethane.
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Figure 6. [Top] NMR spectra of (a) ChemCoal Process solid product and
(b) solid product photolyzed at 254 nra. [Bottom] NMR spectra
of (a) ChemCoal Process solid product and (b) solid product
photolyzed at 350 nra.
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3.1.2 [estin_ Performed on the CPU

Twenty-two CPU runs were performed during the 1988-1989 program year.
Some of the runs were performed as shakedown runs, while others _vere performed
to produce ChemCoal product either For analysis or end-use studies. A brief
synopsis of each run is included in the following paragraphs, and a summary of
the 22 runs is presented as Table 5.

TABLE 5

SUMMARYOF CHEMCOALCPU SHAKEDOWNRUNS

Run Date Conditions/Comments

C136 4/04/88 Distillation column shakedown at IO0°C.
i

C137 4/22/88 Distillation column shakedown at 200°C; mass
overheads:mass bottoms = 0.I0.

C138 4/24/88 Pot temp. = 260°C, overheads temp. = 210°C;
mass overheads:mass bottoms= 0.27.

C139 5/13/88 Ash/lOM-removal centrifuge shakedown;
centrifuged -4.5 gallons.

C140 5/19/8_ Centrifuged 15-20 gallons; initiai testing of
and homogenizer.

5/23/88

C141 6/07/88 Final level indicator check; operator training
and run. Liquid flow rate = 3 l')s/hr, gas flow

6/14/88 rate = 15 scfh. Air lines flooded twice.
Conversion = 75%.

C142 6/2]/88 Operator training run. House air failed.
Conversion = 75%.

C143 6/28/88 Liquid flow rate = 1.8 Ibs/hr, gas flow
rate = 8 scfh. (Extension of residence time
was an attempt to attain higher conversion.)

C144 7/06/88 Excess water in house air. Difficulties with
high-voltage wiring.

C145 7/27/88 Final shakedown of large distillation unit.

Continued ..o
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TABLE 5 (CONT.)

SUMMARYOF CHEMCOALCPU SHAKEDOWNRUNS

RUN Date Condi t ions/Comment s

C146 7/31/88 Run to verify Indian Head recycle run conversions
of 79%-80%. Conversion on this run _75%. Liquid
flow rate = 1.8 Ibs/hr, gas flow rate >15 scfh.

C147 8/09/88 Investigation of polish filter as part of the down-
stream processing. Processed approximately 15 gal
of material produced during Run C146.

C148 8/14/88 Primary compressor failed during heatup.
,

C149 8/22/88 Indian Head run with liquid flow rate varied from
3 to 3.5 Ibs/hr, gas flow rate = 17.5 scfh.
Reactor temperatures were varied from zone to zone
within reactor. Reached conversion of 70%.
Difficulties found with coal pulverizer°

C150 9/!2/88- Indian Head verification recycle run. Difficulties
9/14/88 encountered with peristaltic slurry pump.

C151 9/26/88- Downstream shakedown run using methanol. ChemCoal
10/07/88 solids precipitated, phenolic solvent cleaned

for recycle.

C152 10/16/88- Wyodak subbituminous coal run at matrix-determined
10/24/88 conditions. Run terminated by flash tower plug.

C153 10/25/88- Completion of Wyodak matrix run.
I0/31/88

C154 -- Distillation tower heater burned out during start-up.

C155 11/29/88- Pittsburgh No. 8 bituminous coal run at matrix-
!i/30/88; determined conditions.
12/05/88

C156 12/10/88 Continuation of Pittsburgh No. 8 matrix run.

C157 12/14/88- Indian Head recycle verification run.
1/12/89
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3.1.2.1 Shakedown Runs

At the end of FY87-88, a glass distillation column was installed to
Facilitate easier solvent recovery. The reboiler cracked during its initial
shakedown run and was replaced by a stainless steel reboiler. Run C136
(4/4/88) was performed to shake down the repaired distillation column. The
system was heated to IO0°C and the column operated as expected.

Run C137 (4/22/88) was also performed as a distillation column shakedown
run. The column was insulaLed and the system was heated to 200°C. The target
mass ratio of overheads Lo bottoms for shakedown runs was 0.30; the ratio for
this run was determined to be 0.10.

Run C138 (4/24/88) was performed with a liquid temperature of 260°C and
an overheads temperature of 210°C. The mass ratio of overheads to bottoms was
determined to be 0.27.

Run C139 (5/13/88) was performed as the initial shakedown run of the
ash/IOM-removal centrifuge. Approximately 4.5 gallons of slurry were pumped
through the system. The filtered liquid was sampled and analyzed for THF
insolubles. No change was observed in the THF insoluble content of the
samples with time during the operation of the centrifuge. The accumulated
filter cake was left in the centrifuge bowl and_allowed to spin down for
visual observation. Inspection of the filter cak_ showed that a coal-like
solid/paste had developed. The filter cake was approximately 1 inch thick, or
half of the volume of the centrifuge bowlo This filter cake was removed
manually.

Run C140 (5/19/88) was the first long-term run performed with the
ash/IOM.-removal centrifuge. The goal of this run was to determine if it would
be possible to operate the centrifuge without manually removing the filter
cake. Approximately 15 gallons of product slurry were pumped into the
centrifuge at a constant rate, producing 11 gallons of clarified liquid and 4
gallons of concentrated solids. The filter cake was successfully removed
using the removal tube supplied with the unit, making automatic operation of
the downstream loop possible. In general, the centrifuge worked better than
had been anticipated.

Run C140 continued four days later (5/23/88) when the clarified stream
(deashed product slurry) that had been obtained during earlier CPU operation
was used to shake down the homogenizer. Equal amounts of methanol and deashed
product slurry were homogenized as a tesL batch. The homogenizer worked very
well during the testing. However, the quality of the resulting ChemCoal solid
indicated that a greater quantity of methanol should have been used during the
mixing step.

Run C141 (6/7/88) was performed as the final check on the level
indicator, which was integrated into the cumput_r control system prior to the
run. However, flooded air lines forced a shutdown of the CPU. The run was
attempted again one week later (6/14/88), at which time the air lines again
had to be drained and the valves purged. The system was operated at a 3-1b/hr
slurry feed rate and a gas flow rate of 15 scfh. A 75% conversion of the coal
was obtained. The level indicator functioned consistently throughout the run.
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Run C142 (6/21/88) was performed as an operator training run. The system
ran well until the house air failed. This situation exhibited the intrinsic
safety of the unit, as it handled the air shutoff without dangerous
consequences. A 75% conversion was attained during this run

A target conversion rate of 85%-90% had been set for Run C143
(6/28/88). Previous slurry and gas feed rates of 5 Ibs/hr and 15 scfh,
respectively, resulted in a coal conversion of 55%. For Run C143, the pumps
were set so that the slurry Feed rate was 1.8 Ibs/hr and the gas feed rate was

= 8 scfh. The resulting increase irl residence time should have increased the
conversion, but approximately the same level was attained. The fact that the
conversion did not increase indicated that the reaction is gas-limited rather
than residence time-limited and that not enough gas was present during this
run.

: CPU Run C144 was initiated on 7/6/88, but was terminated during startup
due to excess water in the house air. Additional problems developed with the
high-voltage wiring due to faulty initial wiring. These problems had to be
resolved prior to further operation of the high-pressure portion of the
system.

CPU Run C145 began on 7/27/08 as a final shakedown of the large
distillation unit. The bottoms pump had been added earlier in the month, and
the control loop was added during the run. The unit functioned weil,
duplicating ASTM distillation data. A distillation of the feed material under
the ASTM distillation procedure indicated that a pot temperature of 260°C
would produce an overheads temperature of 230 ° to 240°C and a separation of
30% by volume. During the CPU test, a pot temperature of 260°C produced an
overhead rate of approximately 28% by weight. Taking into account the_

difference in specific gravity between the over_leads and the bottoms, 28 wt%
is very close to the 30 vol% observed during the ASTMprocedure.

CPU Run C146 was initiated on 7/31/88 Indian Head lignite slurry was
fed at a rate of 1.8 Ibs/hr, producing a residence time of approximately 90

= minutes. The gas Flow rate was in excess of ].5 scfh. The resulting THF
i insolubles content of the product was 9.43 wt%, which is equivalent to a coal

conversion of approximately /5%. This conversion level is reasonably close to
the 79%-80% required to duplicate the Indian Head recycle test results.

Run C147 was initiated on 8/9/88 and was performed to investigate the
< effectiveness of a polish filter on the downstream processing. The smallest

polish filter that could be conveniently added to the loop for the test was a
7-micron filter', but it actively collected a fraction of the solid particles
in the product slurry prior to precipitation of the solid product.
Approximately 15 gallons oF material that had been produced during Run C146
were processed during this run to train operators on the use of the downstream
precessing loop.

Run C148 began on 8/14/88 as a run to finalize operator training, to add
a new shift, and to obtain a conversion closer to the 80% required to verify
the recycle run. During heatup, the primary compressor failed and the system

. was shut down. The compressor was replaced, the level indicator was updated,
and the balance of the week was spent performing additional downstream
processing.

_
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Run C149 was initiated on 8/22/88. Indian Head slurry was pumped in at a
rate of 3.5 Ibs/hr. The gas flow rate was 17.5 scfh. During previous runs,
the reactor temperature had been set at a constant 330°C. During this run,
the entrance zone (i.e., the top 30% of the reactor) was set at a temperature
of 280°C, and the balance of the reactor was set at 330°C. At these condi-
tions, the THF insolubles content was approximately 12.5 wt%. The entrance
zone temperature was increased to 330°C, with the balance of the reactor reset
at 340°C_ These changes lowered the product THF insolubles content to
approximately 11.5 wt%. The slurry feed rate was lowered to 3.0 Ibs/hr and
the temperature increased to 350°C, which lowered the THF insolubles content
further to approximately 10.5 wt%. This THF insolubles content is approxi-
mately equivalent to a 70% conversion of the feed coal. At a flow rate of
3 Ibs/hr, the total liquid volumetric flow rate is equivalent to a residence
time of 0.9 hrs. With the gas volume throughput remaining the same, the
equivalent liquid residence time is between 25 and 45 minutes. The
unconverted particles appeared to be quite large, indicating that a problem
existed with the pulverizer. Further investigation of the pulverizer found
this to be the case. Because the coal must be ground very close to the time
of use, it is unlikely that problems with the pulverizer would show up until
during or after a run.

The Indian Head recycle verification run, C150, was initiated on
9/12/88. The run was terminated on 9/14/88 when difficulties were encountered
with the peristaltic slurry pump.

Run C151 was performed as a downstream shakedown run using methanol.
ChemCoal solids were precipitated and the phenolic solvent cleaned for
recycle.

3.1.2.2 ChemCoal Production Runs

Two runs (C152 and C153) were performed to produce ChemCoal solids from
Wyodak subbituminous coal and to obtain data that co_Jld be used to
mathematically nlodel the system. Run conditions were determined using a
statistical experimental design. The experimental matrix was built around
what were thought to be the most important three variables: residence time,
pressure, and temperature. The effects of caustic loading and gas flow rate
were also determined based upon the results of four tests performed in
addition to the matrix tests.

lt was assumed that the effects of residence time, pressure, and
temperature on the conversion of coal to ChemCoal products would not be linear
and a full response surface estimation would be necessary. A Box-Behnken
design was chosen because this design is fairly sparing in its use of runs.
In addition, Box-Behnken designs are three-level designs, making the actual
running of the experimental program fairly easy. Both simple and interactive
relationships between the independent, or x, variables and the dependent, or
y, variables can be determined with this design. A Box-Behnken design for
three factors is presented in Table 6, while the actual run matrix is given in
Table 7. Table 7 also shows the four runs made to determine the effects of
gas flow rate and caustic loading.
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TABLE 6

BOX-BEHNKEHSTATISIICAL EXPERIMENTALDESIGN FOR THREE FACTORS

Run X_ X_ X3

i -i -i 0
2 1 -1 0
3 -.i i 0
4 i i 0
5 -I 0 -i
6 1 0 -i
7 -i 0 I
8 i 0 I
9 0 -i -I

i0 0 ! -I
11 0 -I i
12 0 I 1
13,14,1§ 0 0 0

TABLE 7

INDEPENDENTVARIABLES AND [HEIR RANGESINCLUDED IN THE
WYODAKCHEMCOALEXPERIMENTALMATRIX

Run/ Avg. Temp. Avg. Pressure MAFa Coal NaOH In Gas Flow
Run Pass .... [L___. ..... (,Es_!_.)..... Ir__L._(.,qm_/_nr__)__ MA__F]_ _._(_s__

Run C152
I 351.3 1756 315.0 3 16.4
2 350,2 1759 306. i 5 16.4
3 309.4 2495 288.2 5 17.6
4 345.i 2504 148.6 5 17.6

Run C153
I 343.6 2521 471,0 5 17,6
2 375.4 2499 209,5 5 17.6
3 307.4 i746 469.7 5 16.4
4 307.6 1739 123.4 5 1.6.4
5 346,2 1741 298.8 5 16.4
6 347.2 1739 298.8 5 12.6
7 346,4 1765 299.9 5 20.4
8 343,7 1744 298,8 5 16.4
9 378.9 ].741 441,3 5 16.4

i0 383.0 1,750 123,4 5 16.4
11 376.8 1017 343.6 5 16.0
12 344.8 1019 507,5 5 16.0
13 344,9 985 101.5 5 16,0
14 308,9 986 321.8 5 16.0
15 344.4 1757 311.0 8 16.4

a Moisture- and ash-free,
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The first run, C152, was initiated on 10/16/88. During additional
operator training on 10/24/817, the flash tower plugged. Following cleanup,
Run C153 was begun on 10/25/88. The experimental matrix was completed on
10/31/88. During these tests, the CPU was operated in a single-pass mode with
consistent recycle solvent (i.e., solvent that had been through the process at
least two times.) With the exception of the flash tower plug that occurred
due to operator error, the system ran flawlessly during the two runs.

An experimental design identical to that used for the Wyodak testing was
planned using Pittsburgh No. 8 bituminous coal to provide a comparison of the
results of the two tests. Run C154 was slated as the bituminous coal run;
however, the distillation tower heater burned out during run start-up. A new
heater was fabricated and Run C155 was begun on 11/29/88. Difficulties with
coking and plugging of the system were experienced, and the system had to be
shut down for cleaning. Due to these difficulties, an abbreviated matrix was
planned incorporating data from Run C155 in an effort to obtain some
information about the performance of the Pittsburgh No. 8 coal in the ChemCoal
Process. Run C156 was performed on 12/10/88 to obtain data from two
additional run passes. Run pass conditions for this matrix are presented in
Table 8.

TABLE 8

RUN CONDITIONS OF ABBREVIATEDMATRIX FOR PITTSBURGHNO. 8 BITUMINOUS COAL

Slurry CO
Temp. Press. Flow Flow Caustic

Run Pass __C.)__ s_. (!b/hrL_ _sc__. _fr. maf_a

C155-1 345 1750 3 15 0.02

C155-2 345 1750 3 15 0.05

C155-3 310 2500 3 15 0.05

C156-I 310 1750 3 15 0.05

C156-2 380 1750 3 15 0.05

a Fraction of the moisture.- and ash-free coal loaded.

The recycle verification test using Indian Head lignite, Run C157, was
initiated on 12/14/88 and continued through 1/12/89. The run was performed to
verify the results obtained during the original ChemCoal recycle run using
Indian Head lignite and to provide data for a detailed mass balance of the
solvent and sodium streams.

3.1.3 Results of the ChemCoal Production Runs

3.1,3,1 Analyses of Product Samples

During the April through June quarter, the product samples from the end
of each pass of Runs C152 and C153 were analyzed with respect to structure,
molecular weight distribution, and solubility in methanol.
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Methanol solubilitydata is used in the calculationof product yields in
the ChemCoal Process. The yield of ChemCoal solid product is determined by
subtractingthe weight percent of the product slurry that is soluble in hot
phenolic solvent (POH) and tetrahydrofuran(THF) from the weight percent of
productslurry that is solublein methanol. (Solubilityin POH also provides
an indication of the ease with which the product can be put in a liquid
form. This informationcould be of value when designingprocessescapableof
achieving ultra-high conversionsusing LRCs.) Liquid product (distillate)
yield is determinedby subtractingthe quantity of the starting solventthat
is present in the product slurry from the methanol-solublefraction of the
product. The methanol solubilitiesof the product slurry samples are listed
in Table 9.

TABLE 9

METHANOLAND THF SOLUBILITIESOF PRODUCTSLURRIES

MeOH MeOH THF Sol. of Additional Calc. Total
Run Pass Sol. Insol. MeOH Insol.a THF Sol.b THF sol_c

ID .(wt%) (wtf__. ______. ____ (wt%)

C152-I 80.07 19.93 7.18 1.43 81.50
-2 79,10 20,90 7,58 1,58 _0,68
-3 81,61 18,39 3,54 0,65 82,26
-4 79,72 20,28 6.86 1,39 81,11

C153-i 81,18 18,82 5.74 1.08 82,26
-2 82,25 17,75 14,48 2,57 84,82
-3 78.18 21.,82 4.19 0,91 79.09
-4 76.17 23.83 1.22 0.29 76.46
-5 81.61 18.39 3.87 0.71 82.32
-6 80.32 19.68 4.92 0.97 81.29
-7 80.90 19.10 8.28 1.58 82.48
-8 79.49 20.51 10.54 2.16 81.65
-9 82.63 17.37 8.04 1.40 84.03
-10 78.64 21.36 20.92 4.47 83.11
-11 80.10 19.90 8.49 1.69 81.79
-12 80,45 19.55 4,49 0,88 81,33
-13 79,19 20_81 12,63 2,63 81.82
-14 80.36 19_64 4,49 0,88 81,24
-15 83.27 16,73 12.47 2,09 85,36

a Portion of MeOH-insoluble fraction that is soluble in THF,
b Portion of product slurry that is insoluble in MeOHbut soluble in THF =

(MeOHInsolubles)(THF-soluble MeOHInsolubles)/lO0,
c Calculated THF-soluble fraction of product slurry = MeOHsolubles +

THF _olubles from footnote b,
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To obtain information about ChemCoal product structure, proton NMR
analysis of the methanol--soluble fraction of the product slurries was
attempted. Each sample was dissolved in deuterated methylene chloride that
contained an internal reference standard (TMS). The samples exhibited a poor
solubility in the NMR solvent, even with the aid of sonication. The spectra
obtained were all very similar and showed very poor resolution. Figure 7 is a
typical spectrum, and it shows the cresol resonance pattern with aromatic
resonances from 6.5 to 7.2 ppm and alpha-to-aromatic resonances from 2 to
2.5 ppm. Some aliphatic resonances occurred within the 0.9- to lo5-ppm
region. Due to severe line broadening and the solubility problems, these
spectra were found to be of little use and further proton NMRanalysis of the
samples was abarlaned.

Gel permeation chromatography (GPC) was performed using high-pressure
liquid chromatography equipment (HPLC) and size distribution columns. This
analysis provided molecular weight information about the nonvolatile aromatic
products. The methanol-soluble fraction of each product slurry sample was
evaporated to remove methanol and much of the cresol processing solvent, which
otherwise masked the higher-molecular-weight material. A known weight of the
material was solubilized in THF and chromatographed. The separation obtained
was dependent on the molecular weight and polarity of the different compounds
present in the sample and was referenced to a series of polyglycol standards
of known molecular weights.

f

"1 I r 'a T l , l i i "--=T

10 PPM 8 7 6 5 4 3 2 1 0

Figure 7. Typical proton NMRspectrum of the methanol-soluble fraction of
ChemCoal product made during Runs C152 and C153 (Sample C153-9).
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The molecular weight distribution (MWD) obtained for sample C152-1 prior
to evaporation is shown in Figure 8. Figure 9 shows the MWD of the same
sample after evaporation. Figure 9 also shows the MWD for the methanol
insoluble-THF soluble fraction of the Sample C152-I product slurry. Figure I0
shows the MWDfor Sample C153-II. Comparison of Figures 9 and I0 illustrates
the changes in MWDthat occur due to a change in CPU operating conditions.

Figure I0 shows the positions in the profile that "were measured and
compared f.o evaluate the effects of changes in the processing conditions. The
cresol solvent peak is marked, as is the position of toluene (if present). To
put the data on a common base, calculations using internal ratios were
performed on the data. The Peak I region was designated as the base region.
The height of Peak i and the ratios of Peaks 2 through 6 to Peak I are
presented in Table i0. The ratio of the cresol peak to Peak i would have been
proportional to its concentration in the mixture if the evaporation step had
not been required to reduce'solvent masking.

Cresol

\

i....1.....I ....1 I " I I
3000 1550 1000 720 570 460 380 320 270

Figure 8. Molecular weight distribution obtained for Sample C152-I
prior to evaporation.
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Figure 9. Molecular weight distribution obtained for Sample C152-I
after evaporation.
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Figure 10. Molecular weight distribution obtained for Sample C153-11.
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TABLE 10

PEAK DATA FROMHPLCMOLECULARWEIGHTSTUDIES

Peak i Height Ratios
Run Pass Height Peak 2/ Peak 3/ Peak 4/ Peak 5/ Peak 6/

I.D. (in.) Peak I Peak I Peak i Peak i Peak I

C152-I 1.53 0.90 1.02 0.59 1.26 0.37
-2 0.62 0.97 0.90 0.)0 5.84 0.32
-3 1.15 0.87 0.80 0.50 0.77 0.17
-4 2.05 0.94 0.95 0.61 1.00 0.40

C153-I 1.35 0.88 0.84 0.55 1.87 0.24
-2 1.69 1.00 1.03 0.70 1.16 0.50
-3 0.95 0.79 0.83 0.49 1.79 0.24
-4 1.0_ 0.82 0.77 0.43 1.13 0.23
-5 1.33 0.95 0.99 0.63 1.47 0.35
-6 1.27 0.91 0.93 0.61 2.05 0.33
-7 1.16 0.89 0.97 0.58 2.16 0.43
.-8 1.20 0.92 0.96 0.60 1.92 0.36
-9 1.48 1.05 0.47 0.67 1.86 0.49
-10 1.39 1.50 2.44 0.65 1.02 1.45
-ii 1.62 1.09 1.85 0°65 1.25 1.38
-12 1.04 0.91 1.13 0.55 1.72 0.54
-13 1.59 1.21 1.03 0.57 1.38 0.40
-14 1.06 0.89 1.01 0.55 1.55 0.34
-15 1.42 0.90 0.93 0.61 1.51 0.35

The most obvious change in the data was noted in the nigher ratios of
Peaks 2, 3, and 6 for run passes C153-2, -9, -i0, and -.ii. During these run
passes, the operating temperature was over 360°C. The magnitude of the
changes in MWDsuggests that the solvent polymerizes at more severe operating
conditions. A less polar" aryl ether dimer formed from cresol solvent would be
much less polar than cresol and would probably account for Peak 6. Dimers or
polymers formed from solvent that retain the polar hydroxide functional group
would have a higher molecular weight than cresol and would elute after cresol,
as Peak 3 does. The presence of different isomers could account for the other
peaks. The base peak, Peak I, probably represents a region where the higher-
molecular-weight coal-derived material is relatively free of the polymerized
solvent.

3.1.3.2 Development of an Interactive Flowsheet for the Application
of the ChemCoal Process to Wyodak Subbituminous Coal

An interactive process flowsheet was developed to provide a basis for a
comparison of the ChemCoal Process to the existing data bank within the
current DOE liquefaction program. The flowsheet generates data concerning the
clfects of changes in operating conditions and feedstocks on the product slate
and yield, lt is set up in such a manner that individuals not familiar with
the Chemcoal Process can review process variables and their effects owl the
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product yield structures. Because its major use will be as a tool during the
upcoming engineering economics evaluation, tht_ flowsheet itself will be
illustrated and explained in detail in Section 3.3, ChemCoal Economics
Update. The following paragraphs summarize the procedures used in the
development of the flowsheet.

Mass and material balances were performed based on the results of
analyses of samples taken at the end of each run period. The data from Runs
C152 and C153 are summarized in Table ii. Stream samples were also taken one
hour prior to the end of each run period for comparison to the end-of-run
samples to be certain that steady-state conditions were achieved. In most
cases, functional lineout was achieved prior to the intermediate time
sampling.

The mass balance was within 2.0% closure in most instances. For improved
accuracy of the material balance based upon the mass-balanced model, all lost
or excess material was assumed to be liquid product and was added or
subtracted as appropriate from the liquid product flow rate.

The data were entered into a pc-based SAS program for the purpose of
formulating model equations describing the system. The data entered into the
computer program are listed in Table 12. The program use2d independent

variables, their squares, and cross-product terms (A_ Ax i , and AX.Xqrespectively). These values were incorporated by computer int_
functions that were defined in such a manner that the computer read the
variables as approximately -i, O, or I. The eleven Z functions that were
input into the computer are listed in Table 13. The computer performed a
stepwise regression of variables based upon an 85% confidence level.
Subsequent manual selection or exclusion of specific steps was based upon a
95% confidence level.

Table 14 summarizes the response variables that were calculated. The
complete results of the regression analysis are contained in the Appendix.

The general formula of the equation for each response variable is given
by Equation i.

Y = intercept + (coefficient * Z) {ii

where the y, intercept, coefficient, and Z values are defined as in Table 15.
If a coefficient is not listed for a given variable, the variable was not
considered to be statistically important in that instance.

The computer-formulated model equations describe the liquid and gas flow
rates out, components of the product gas, product solubility in hot phenolic
solvent (POH) and THF, conversion of MAF feed to desired product, liquid
product water content, product insolubility in methanol, and molecular weight
ratios of the product as functions of the gas flow rate }n, residence time,
caustic loading, temperature, and pressure. The equations were incorporated
into the mass- and material-balanced flowsheet to make it interactive for use
in predicting yield structure at a particular set of process conditions.

27



"[ABLE 11

SUMMARYOF DATA COLLECTEDDURING RUNSC152 AND C153

Run Pass Nominal Average Nominal Average AR
ID Temp. Temp. Pressure Pressure Coal In a POH In b

Number __C_ ___ __(P_!_9_)_ (ps ig) ___(_]____ _(gm)

152-01- i 345 35i. 3 1750 1756 890 18i0
152-01-2 345 351.3 1750 1756 890 1810
152-02- i 345 350.2 1750 1759 890 1810
152-02 -2 345 350.2 1750 1759 890 18i0
152-03- I 3i0 309.4 2500 2495 890 18I0
152-03-2 3i0 309.4 2500 2495 890 1810
152-04-I 345 345. i 2500 2504 890 1810
152-04-2 345 345. I 2500 2504 890 1810
153-0 i- i 345 343.6 2500 2521 890 1810
153-01-2 345 343.6 2500 2521 890 1810
153-02- i 380 375.4 2500 2499 890 1810
153-02- 2 380 375.4 2 _00 2499 890 ],810
153-03- I 310 307.4 1750 1746 890 1810
153-03-2 310 307,4 1750 1746 890 1810
153-04- i 3I0 307.6 1750 1739 890 18I0
153-04-2 3i0 307.6 1750 1739 890 18I0
153-05- i 345 346.2 1750 1741 890 18i0
153-05-2 345 346,2 1750 1741 890 18i0
153-06-2 345 347.2 1750 1739 890 1810
153-07- I 345 346.4 1750 1765 895 1810
153-07- I 345 346.4 1750 1765 895 1810
ib_-_7 2 _45 3,!5.4 1750 1765 890 1810
153-08-2 345 343.7 1750 1744 890 1810
i53-09- i 380 378.9 1750 1741 890 1810
153-09-2 380 378.9 1750 1741 890 1810
153- i0- i 380 383.0 1750 1750 890 18i0
153--I0-2 380, 383,0 1750 1750 890 1810
I_,_-!i- _ 380 376.8 I000 i017 890 1810

:153-] 2. :i 380 376.8 i000 1017 890 1810
i 153 12-i 345 344.8 i000 1019 890 1810

"153-12-2 345 344,8 i000 1019 890 1810

i 3-13-i 345 344.9 i000 985..... °°_ 1810
153-13-2 3_4§ _C]_._ iO()(] 986 890 1810
153--14-2 3I0 308.9 i000 986 890 18I0
153- ]5-I 345 344.4 1750 1757 895 1810
153-15-.2 345 344.4 1750 1757 895 18].0

,,

_) As-received coal in feed slurry,
Phenolic solvent in feed slurryo ,.. . ,

Continued .....
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TABLE 11 (CONT.)

SUMMARYOF DATA COLLECTEDDURING RUNS C152 AND C153

NaOH Added Ash NaOH Coal Nom. Liq. Act. Liq.
In a HgO In b (wt.fr. c In (fr. Moisture Flow In Flow In

____ coal) MAF Coal)_ _(wt.fr.) _(_Ib/ht) __(l_b__/hr__

15.5 I00 0.0653 0.02 0.2405 3 3.162
15.5 100 0.0653 0.02 0.2405 3 3.162
39.0 i00 0.0653 0,05 0.2405 3 3.099
39.0 i00 0.0653 0.05 0.2405 3 3.099
39.0 I00 0.0653 0.05 0.2405 3 2.917
39.0 i00 0.0653 0.05 0.2405 3 2.917
39.0 100 0.0653 0.05 0.2405 I 1.504
39.0 I00 0.0653 0.05 0.2405 i 1.504
39.0 I00 0.0653 0.05 0.2405 5 4.768
39.0 i00 0.0653 0.05 0.2405 5 4.768
39.0 i00 0.0653 0.05 0.2405 3 2.120
39.0 I00 0.0653 0.05 0.2405 3 2.120
39.0 I00 0.0553 0.05 0.2405 5 4.754
39.0 I00 0.0653 0.05 0.2405 5 4.754
39.0 100 0.0653 0.05 0.2405 i 1.249
39.0 100 0.0653 0.05 0.2405 1 1.249
39.0 I00 0.0653 0.05 0,2405 3 3.024
39.0 i00 0.0653 0.05 0.2405 3 3.024
39.0 100 0.0653 0.05 0.2405 3 3.024
39.0 i00 0.0653 0.05 0.2405 3 3.024
39.0 i00 0.0653 0.05 0.2405 3 3.024
39.0 i00 0.0653 0.05 0.2405 3 3.024
39.0 i00 0,0653 0.05 0.2405 3 3.024
39.0 I00 0.0653 0.05 0.2405 5 4.466
39.0 I00 0.0653 0.05 0.2405 5 4.466
39.0 i00 0,0653 0.05 0.2405 i 1.249
39.0 I00 0.0653 0.05 0.2405 _ 1.249
39.0 I00 0.0653 0.05 0.2405 3 3.478
39.0 I00 0.0653 0.05 0.2405 3 3.478
39.0 i00 0.0653 0.05 0.2405 5 5.136
39.0 i00 0.0653 0.05 0.2405 5 5.136
39.0 i00 0.0653 0.05 0.2405 1 1.027
39.0 I00 0.0653 0.05 0.2405 i 1.027
39.0 I00 0.0653 0.05 0.2405 3 3.257
39.0 I00 0.0653 0.05 0.2405 3 3.257
62.5 i00 0.0653 0.08 0.2405 3 3.162
62.5 i00 0.0653 0.08 0.2405 3 3.162

a NaOH in feed slurry.
b Added H20 in feed slurry.
c Weight fraction. Continued ...

2t_



TABLE ii (CONT,)

SUMMARYOF DAIA COLLECTEDDURING RUNS C152 AND C153

MAF Coal Ash H_O POH Act, Liquid Nom, Gas
In In In In Flow Out Flow In

(gm/hr) __ r_]_ _g_m_/hEl (gm/hr) _ (Ib/hr) .__f h_]_

315.0 37,5 160,1 922,9 3,04 15
315,0 37.5 160,1 922,9 3,02 15
306.1 48,1 155,6 896,9 2,97 15
306.1 48.1 155,6 896,9 2,97 15
288.2 45,3 146,5 844,3 2,82 15
288,2 45,3 146.5 844,3 2,82 15
148,6 23.4 75,5 435,4 1,42 15
148,6 23.4 75.5 435,4 1,42 15
471.0 74.0 239.4 1380,0 4,56 15
471,0 74,0 239,4 1380,0 4,56 15
209,5 32,9 106,5 61.3,7 1,96 15
209,5 32,9 106.5 613,7 1,96 15
469,7 73.8 238,7 1375,9 4,63 15
469,7 73.8 238.7 1375,9 4,63 15
123,4 19.4 62.7 361,6 1,22 15
123,4 19.4 62,7 361,6 1,22 15
298.8 47,0 151.9 875,3 2,90 15
298,8 47,0 151.9 875,3 2,89 15
298,8 47,0 151,9 875,3 2,94 I0
299,9 47,0 152.2 873,8 2,94 20
299,9 47.0 152.2 873,8 2,94 20
298.8 47.0 151.9 875,3 2,94 20
298,8 47.0 151,9 875,3 2,86 15
441.3 69,4 224,3 1.292,8 4,22 15
441,3 69.4 224.3 1292,8 4,22 15
123,4 19.4 62.7 361.6 1,07 15
123,4 19,4 62,7 361,6 1,07 15
343,6 54.0 174,7 1006,6 3,46 15
343,6 54.0 ].74,7 1006,6 3,46 15
507,5 79,8 258,0 1486,7 5,06 15
507,5 79.8 258,0 1486.7 5,06 15
101,5 16.0 51,6 297,3 0,98 15
10].,5 16.0 51.6 297,3 0,97 15
321,8 50.6 163.6 942.8 3,30 15
321,8 50.6 163.6 942,8 3,29 15
311.0 60.5 157.8 906,1 2,96 15
311.0 60.5 157,8 906,1 2,96 15

Continued oo.
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TABLE ii (CONT.)

SUMMARY OF DATA COLLECTED DURING RUNS C152 AND C153

Act. Gas Gas Gas Gas Gas Out
Flow In In Out Out -Gas In
( scfh ) (gin) _.s_ (gm/h r ) ( gin/ht )

16.408 581.0 17.60 638.4 57.4
16.408 581.0 17.60 643.3 62.3
16.408 581.0 17.28 639.8 58.8
16.408 581.0 17.28 639.3 58.3
17.562 621.8 18.24 664.4 42.5
17.562 621.8 18.24 666.4 44.6
17.562 621.8 18.34 660.8 39.0
17.562 621.8 18.34 660.8 39,0
17.562 621.8 19.26 716.2 94,4
17.562 621.8 19.26 716.7 94.9
17.562 621.8 18.91 695.1 73.3
17.562 621.8 18.91 696.1 74.3
16.408 581.0 17.30 637.0 56.0
16.408 581.0 17.30 636.8 55.8
16.408 581.0 16.48 594,1 13.2
16,408 581.0 16.48 593.5 12.5
16,408 581.0 17.31 638.2 57.2
16.408 581.0 17.31 639.9 58.9
12.622 446.9 13.02 485.7 38.7
20.406 722.6 20.83 758.5 35.9
20. 406 722.6 20.83 762.9 40.3
20.406 722.6 20.83 761.9 39.3
16.408 581.0 17.92 657.1 76.1
16.408 581.0 18.44 693.7 112.7
16.408 581.0 18.44 693.0 112.0
16.408 581.0 18.34 662.1 81.1
16.408 581.0 18.34 662.8 81.9
15.994 566.3 15.59 573.2 6.9
15.994 566.3 15.59 573.7 7.4
15.994 566.3 16.17 600.6 34.3
15.994 566.3 16.17 599.4 33ol
15.994 566.3 16.32 589.5 23.2
15.994 566.3 16.32 590.1 23.7
15.994 566.3 15.11 547.2 -19.1
15.994 566.3 15.11 550.9 -15.4
16.408 581.0 18.31 674,6 93.6
16.408 581.0 18.31 672.2 91.2

Continued ooo
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TABLE ii (fONT.)
I

SUMMARYOF DATA COLLECTEDDURING RUNSC152 AND C153

<- Normalized ................. >
H_ C02 H_S C2 Cl CO

(mol% (mol% (mol% (mol% (mol% (mol%
Gas Out)_ Gas Out) Gas Out_ Gas Out) Gas Out_)_ Gas Out)

O, 578 5.204 O. 000 O. 000 O. 000 94.217
0.613 6.637 0.000 0.000 0.000 92. 750
2.097 II.445 0.000 0.000 0.065 86. 393
2,155 11.406 0.000 0.021 0.062 86.357
1,226 7,012 0.000 0.000 0.000 91,762
I, 603 8. 188 O. 000 O, 000 0.000 90,209
1,770 6.005 0.000 0.011 0.063 92. 151
1,444 5.455 0.000 0.000 0.042 93.059
2,525 12.935 0.000 0.000 0.041 84.499
2.497 13.022 0.000 O. 000 O. 041 84.440
2.829 ii.370 0.000 0.022 0.131 85.649
2,911 11.779 0.000 0.031 0.135 85,144
0,950 8.539 0.000 0.000 0.000 90.511
O, 968 8.503 O. 000 O. 000 O.000 90. 529
O, 515 4.022 0.000 0.000 0.000 95.463
O, 539 3.859 O. 000 O. 000 O.000 95,602
1,497 9,691 0.000 0.000 0.053 88.759
1.410 I0.046 0,000 0.000 0.051 88.492
2,334 13.210 0.000 0.021 0.064 84. 371
0,911 6. 453 0.000 0.000 0.000 92. 636
0.904 7. 480 0.000 0.000 0.000 91.616
0,672 6.873 0o000 0.000 0.000 92,455
1,389 8.523 0.000 0.000 0.052 90.036
2,184 14.630 0,000 0.043 0.195 82,948
2,295 14.618 0.033 0,049 0r211 82. 794
2.032 6.850 0.000 0.051 O, 184 90,883
1. 730 6. 570 0.030 0,048 O. 198 91.425
0,801 8. 173 0.027 0.048 0.204 90.747
0.734 8. 204 0.036 0.047 0,206 90. 773
0,572 9. 553 0.033 0.000 0.064 89. 779
O, 627 9,285 O,000 O. 000 O, 060 90.028
0,669 4.612 0.000 0.000 0.000 94.719
O. 741 4.899 0.000 0.000 0.000 94. 360
O. 399 4. 624 O.000 O. 000 O. 000 94.978
0,473 5.969 0.000 0.000 0.000 93. 558
2,846 Ii, 774 0.000 0.010 0.072 85. 297
2. 569 10,661 0.000 0.000 0.052 86.718

Continued ...
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TABLE ii (CONT.)

SUMMARYOF DATA COLLECTEDDURING RUNSC152 AND C153

Karl Fisher

POHTHFIa Conv. H_O Out MeOHIb H20 HPLC
(wt% Prod. (wt% MAF (wt% Prod. (wt% Prod. (wt% Prod. Mol. Wt.
Slurry)___ Coal in)_ Slurry)_ Slu_____Erry) Slurry) Ratio c

12.95 55.3 6.8 __d ....
13.15 54.6 6,8 19.93 11.57 0.90
NAe NA 5,7 ......

ii.34 65.8 5.7 20.90 Ii.34 0.97
18.07 35.4 10.8 .... --
17.00 40.2 i0.8 18.24 15.54 0.87
10.62 69.7 4,5 ......
9.98 72.5 4.5 20.28 9,09 0.94
NA NA 5.4 ......

10.35 70.2 5.4 18.82 11.68 0°88
9.2] 76.6 4.1 ......

i0.15 72.7 4.1 17.75 II.04 1.00
15.77 45.2 7.5 ......
15,28 47.3 7.5 21.82 12.89 0.79
14.66 49.9 4.9 .......
15.93 44. i 4,9 23.83 12.09 0.82
12.27 61.7 6.9 ......
12.40 61.2 6.9 18.39 12.63 0.95
!1.31 65.2 5,8 19.68 12.23 0.91
NA NA 7.1 ......

11.16 66,1 7.1 ......
12.48 60.0 7. i 19.03 12.97 0.89
11,91 64,0 6.5 20.51 11.97 0.92
12.14 63.1 8.7 .......
I0.65 69,5 8.7 17.37 13.97 1.05
10,37 74.9 6.9 ......
10.92 72.8 6.9 21o36 11.99 1.50
13.27 55.0 9.8 ......
13.61 53.5 9.8 19.55 13.65 i. 09
14.99 47.9 8.4 .......
14.45 50.3 8.4 20.81 11.10 0.91
]2.83 59.7 5.5 ......
12.57 60.9 5.5 19.64 13.95 1.21
15.17 45.1 8.9 ......
15.44 44.0 8.9 16.73 12.06 0.89
11.01 72.0 5.4 ......
10.05 76.0 5.4 19.90 14.23 0.90

a Portion of product slurry that is insoluble in hot phenolic solvent and
tetrahydrofuran,

b Portion of product slurry that is insoluble in methanol.
c Ratio of Peak 2 height to Peak I height, as determined during HPLC analyses°
d Analysis performed for end-of-run samples only,
e Data is unavailable,
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TABLE 13

DEFINITIONS OF Z FUNCTIONSUSED

Zl : (XI- 345)/35
Z2 = (X2- 1750)/750
Z3 = (X3- 300)/200
z4 = (x4 - z5)/3
z5 = (x5- 5)/3
Z6 = Zl * Zl
Z7 = Z2 * Z2
Z8 = Z3 * Z3
Z9 = Z1 * Z2

ZlO = ZI * Z3
ZII = Z2 * Z3

TABLE 14

RESPONSEVARIABLES FOR THE WYODAKCHEMCOAL
EXPERIMENTALMATRIX

Y Description

YI Liquid Flow Out, Ibs/hr
Y2 Gas Flow Out, scfh
Y3 H_ in Gas Out, wt%
Y4 C02 in Gas Out, wt%
Y5 H_S in Gas Out, wt%
Y6 CI in Gas Out, wt%
Y7 C2 in Gas Out, wt%
Y8 CO in Gas Out, wt%
Y9 POHTHFIa, wt% product slurry
YIO Conversion, wt% MAF coal
Y11 Water, in product slurry, wt%
YI2 MeOHIb, wt% product slurry
Y13 Karl Fisher water, wt% product slurry
Y14 HPLC molecular weight ratio

a Portion of product slurry that is insoluble in hot
phenolic solvent and tetrahydrofuran.

b Portion of product slurry that is insoluble in methanol,
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3.1.3.3 Discussion of the Results of the Statistical Analysis

The following discussion of the results of the statistical analysis of
the CPU run data was originally contained in the January through March
Quarterly Technical Progress Report. After the remaining analytical results
became available during the April through June quarter, mathematical model
equations were established to describe the results of Karl Fisher water,
methanol solubility, and molecular weight analyses. New model equations were
also developed describing the production of H2S and Cl and C2 hydrocarbon
gases. (Originally, several data points were missing for each of these
product gas components, making the model equations preliminary at best.) The
new H2S, CI, and C2 model equations were incorporated into the inteructive
flowsheet. The printouts of the statistical development of the new model
equations are contained in the Appendix.

Variable YI - Product Slurry Flow Rate (Ibs/hr)

The product slurry flow rate was affected by temperature, pressure, feed
slurry rate, and the cross-product of pressure and feed slurry rate. The
relationship between product slurry flow rate and pressure was not a linear
one. As expected, the feed slurry rate had the greatest effect on the product
slurry flow rate.

Variable Y2 - Product Gas Flow Rate (scgh)

The product gas flow rate was affected by temperature, pressure, and feed
gas flow rate. As expected, the feed gas flow rate greatly influenced the
product gas flow rate The relationship between product gas flow rate and
pressure was not linear. The feed slurry rate, or residence time, did not
significantly affect th_ product gas flow rate. This was unexpected, and it
must be assumed that th_ effect of residence time is either too small to be of
importance, or the increased production of gas due to longer exposure at
reaction conditions is approximately equal to the amount of feed gas consumed.

Variables Y3, Y4, YS, YII and Y13 - Water-Gas Shift Components (H2, CO_, CO,
H_O, and Karl Fisher H20)

The independent variables that affected the gas-phase water-gas shift
components were temperature, pressure, residence time, gas flow rate, and
caustic loading. The two COx gas-phase reactants in the water-gas shift
reaction are essentially inverse functions of similar value. The H2 model
coefficients are of the same sign as the C02 model coefficients, indicating
that the water-gas shift reaction dominates the gas-phase model. Additional
influences on the hydrogen composition included interactions between
temperature and pressure and between pressure and residence time.

The model equation for water is not in the same general format as the
other water-gas shift, reactants, lt is not nearly as linear, and is not as
directly linked to the other reactant species, lt was determined that the
differences could be due to either questionable analytical results or more
complex reaction mechanisms. The water content values had been obtained
during product slurry distillation analysis. To check the accuracy of the
analytical results, product slurry water content was determined by Karl Fisher
water analysis. The results of this analysis were input into the SAS
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program. The resulting model equation indicated that only the cross-product
of temperature and pressure affected the production of water. The results of
the Karl Fisher water analyses appear to be even less reliable than the
original product water content data; therefore, the model equation based upon
the original data was left in the interactive flowsheet.

Variable Y5 - H_S

The quantities of H2S produced during the processing appear to have been
below the sensitivities of the available analytical instrumentation. A model
equation was developed which showed that temperature, pressure, the
temperature/pressure cross-product, and the temperature-squared terms affected
the production of H2S. Temperature was shown to exert the greatest effect on
the yield of H2S in the product gas.

Variables Y6 and Y7 - Hydrocarbon Gas Composition

The newly calculated model equations showed that the C2 gas production
was influenced by temperature, gas flow rate, and the square of the
temperature. The CI gas production was affected by more variables:
temperature, feed slurry flow rate (i.eo, residence time), gas flow rate,
caustic loading, and the square of the temperature. In both instances, the
temperature and the square of the temperature significantly affected the
production of hydrocarbon gases.

Variables Y9 and YIO - POHTHFI and Conversion

These are essentially functions of each other since conversion is
calculated using the POHTHFI value (as well as mass flow rates). As a result,
only conversion will be discussed. Conversion was most affected by the
temperature, pressure, and caustic loading. The most surprising element of
the model equation describing conversion was the fact that the residence time
(feed slurry rate) appeared only in the interaction term of pressure and feed
slurry rate and was not very significant.

Variable Y12 - Methanol Insolubles

The model equation indicated that only the square of the feed slurry flow
rate influenced the production of methanol-insoluble material, lt is
difficult to tell if the process operating conditions actually have so little
an effect on the product methanol solubility or if the analytical results are
suspect.

Variable Y14 - HPLC Molecular Weight Ratio

The ratio of the second peak Lo the first peak of a spectrum obtained
during HPLC of each product slurry sample was input into the SAS program.
This ratio compares the height of the peak caused by the lighter, more
volatile material present in the product to that of the heavy material.
Depending upon the conversion of coal to ChemCoal product, a larger value may
indicate that more light material (distillate, the preferred liquid product)
is being produced at the expense of the production of heavy material. The
model equation developed using the SAS program indicated that the ratio of
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light to heavy molecular weight material in the product slurry was strongly
influenced by the temperature as well as the MAF coal loading rate, the
temperature/feed slurry rate cross-product, and the pressure.

3.1.3.4 Effects of the Independent Variables on the System

To determine the effect of each of the independent variables on the
system, the others were held constant at the center point conditions listed in
Table 16. Each variable under evaluation was input into the interactive mass
flow sheet in incremental values from low to high test variance. The results
were tabulated and plotted and are discussed in the following paragraphs.

TABLE 16

CENTERPOINT CONDITIONSFOR INDEPENDENTVARIABLES

I

Variable Center Point Value

XI Temperature, 345°C
X2 Pressure, 1750 psig
X3 Slurry feed rate, 300 gm MAF coal/hr
X4 Gas treatment rate, 15 scfh
X5 Caustic loading, 5 wt% MAF coal

Temperature

Increases in temperature resulted in increases in overall conversion, as
shown in Figures Ii through 14. As Figure ii shows, the production of coal-
derived liquids (CDLs) also increased as the temperature increased to 350°C;
at higher temperatures, the additional canversion was lost to gas produc-
tion. Figure 12, the plot of the production of CI and C2 hydrocarbon gases,
shows that the minimum production of hydrocarbon gas occurred at approximately
320°C. The CI gas yield increased much more rapidly than the C2 gas yield as
the temperature increased. Figures 13 and 14 show the efficiency of reductant
utilization during the process as a function of temperature. The plot of
Figure 13 shows that an increase in temperature resulted in a decrease in the
utilization of the hydrogen charged to the system. As shown in Figure 14, CO
utilization decreased as temperature increased, with a minimum utilization
efficiency occurring at 360'C. The CO utilization efficiency was calculated as

wasCOe''defined=(COi'a -sH_',_ ICO ,)/MAF=_ coal(,1,oles'n'whileH2produced/molesthe hydrogenCOutilizationconsumed), efficiency
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Figure 13. Effect of temperature on hydrogen utilization.
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Figure 14. Effect of temperature on carbon monoxide utilization.
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Pressure

The plots of Figures 15 through 18 show the effect of an increase in
pressure on the yield structure. Figure 15 shows that both conversion and CDL
production increased as the pressure increased. The CDL yield is derived from
the unconverted insoluble organic matter (IOM) material balance, tile water
analysis equation, and the mass balance. The IOM material balance is based on
the POHTHFI and mass balance equations. As discussed previously, evidence
exists which suggests that the water analysis equation may not be valid in
certain regions of the model. In the region of pressures less than 1600 psig,
the plot of Figure 15 indicates that more CDL was produced than coal
converted. This is obviously not possible, and the result is probably due to
the fact that the water analysis equation is not valid in this area.

Figure 16 plots the effect of pressure on hydrocarbon gas production and
shows a slight increase in hydrocarbon gas production at pressures of less
than 1800 psig. Further increases in pressure appear to have no effect on the
hydrocarbon gas yields. This is fairly consistent with the upper region of
the plot of CDL yield in Figure 15. The figure shows that, as pressure
increased, the CDL yield increased slightly faster than the overall
conversion, laken together, Figures 15 and 16 indicate that increases in
pressure do not result in increased gasification of CDLs. Figures 17 and 18
show that minimum H. and CO utilization efficiencies occurred at approximately
1800 and 2000 psig, respectively.
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Figure 15. Effect of pressure on conversion and yield of
coal-derived liquids.
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Figure 18. Effect of pressure on carbon monoxide utilization.

Residence Time Effects

Changes in the residence time were made by varying the liquid flow rate,
i.e., the MAF coal charged, into the system. The effective residence times
for the three primary set points of 100, 300, and 500 grams of MAF coal/hour
were 2.9, 1.0, and 0.6 hours, respectively.

The effects on the product yield structure of increasing the residence
time are shown in Figures 19 through 22. Figure 19, a plot of the effect of
liquid flow rate c)n the conversion and production of CDLs, shows that
conversion decreased slightly and the production of CDLs increased as the
_esidence time decreased. The middle region of the CDL plot is a plateau with
sharper changes at both short and long residence times. Once again, due to
the dependence of the calculation of the CDL on the water analysis results,
this plot may be affected by the water analysis equation. The yield of
hydrocarbon gases increased as the MAF coal loading decreased (i.e., residence
time increased), as shown in Figure 20. The increase was significant at the
lowest MAF coal loading, but it should be noted that the hydrocarbon gases
comprised only a very small portion of the product stream (approximately
0.135 mol% of the product gas). As these plots show, an increase in residence
time did not have the large positive effect on conversion that was expected.

i
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Figures 21 and 22 show that as the residence time decreased, the
utilization of both CO and 14:, increased. The gas treatment rate was held
constant as the residence time was decreased, which had the same effect as
increasing the gas treatment rate. This would result in a less effective
utilization for the same net conversion and was probably the major cause of
the loss of reductant utilization efficiency in this case.

Gas Flow Rate

As mentioned earlier, the gas flow rate was a secondary variable and was
varied (luring only four run periods. Results of mass and material balances
based upon the model indicate that the gas flow rate affected only the H2
utilization efficiency. Maximum efficiency occurred at approximately 15 scfh,
as shown in Figure 23,

Caustic Loading

Caustic loading was also a secondary variable with a limited number of
data points. Results indicate that as the caustic loading was increased,
conversion and CDL.production increased, as shown in Figure 24. This result
was not expected, as earlier testing had indicated that increases in caustic
loading had a detrimental effect on the process (2). Increased caustic
loading also increased the si_ift from CO to H2, as shown in Figure 25, and the
efficiency of both _I: and CO utilization., as shown in Figures 26 and 27,
respectively.
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Figure 24. Effect of caustic loading on conversion and yield
of coal-derived liquids.
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3.1.3.5 Validity of the Model

A check on the validity of the system model involves the mass balance
resulting from the calculated material balance derived from the model. If the
model were not valid, the calculated mass balance from the model-derived
material flowsheet would produce significant deviation from unity. Within the
range over which the model was developed, no set of conditions was found that
resulted in a calculated mass balance worse than _+2%closure. This is as good
as the original data and serves as validation of the fit of the model.

3.1.3.6 Runs Using Pittsburgh No. 8 Bituminous Coal

As mentioned in Subsection 3.1.2.2, the runs using Pittsburgh No. 8
bituminous coal were very difficult to perform due to plugging and coking
problems. Rather than attempting to perform the entire experimental matrix,
an abbreviated matrix of five test points was performed. The analytical
results are not available and preliminary conclusions regarding the use of
Pittsburgh No. 8 bituminous coal in the ChemCoal Process system cannot be made
at this time.

3.1.3.7 Indian tiead Recycle Verification Run

This run was performed to verify the results obtained during the original
ChemCoal recycle run using Indian Head lignite. During the first recycle run,
the system remained operable for 40 passes, solvent balance was achieved,
conversions of 80%-90% were attained, sodium recovery was 62%, and the

: reductant composition in hydrogen equivalents was approximately 1.5% MAF coal
fed. The system was redesigned between the first recycle run and the

: verification run to include at least two rinses of the centrifuge cake to
recover solvent and sodium, as well as a different reactor configuration and
degree of solvent recycle_ The target conversion of the recycle verification
run was 80%; a conversion of approximately 75% was achieved. In addition, the

: gas make was only 1.5%, while coal-derived distillate comprised 30% and solid
ChemCoal product made up 43.5% of the exit stream. Hydrogen consumption
during the run was low. Due to the different reactor configuration, the

; residence time was reduced by a factor of 8. Sodium recovery during the run
: was 85°/ ooo//O--O010 ,

3.1.4 Precipitation of ChemCoal Process Solid Product in the CPU

During the July through September quarter, an effort was made to adapt
: the laboratory-scale admix procedure that had been developed previously into

the routine operation of the CPU. The laboratory.-scale procedure was
: discussed in a previous Quarterly Technical Progress Report (3). Efforts to

adapt this method to the CPU are summarized in the following paragraphs.

Various admixture procedures were evaluated under both laboratory-scale
and continuous-process conditions. Table 17 summarizes the ash contents of
ChemCoal solids produced during these tests. As the table shows, the best
results were obtained during the laboratory-scale testing, with the lowest ash
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TABLE 17

RESULTSOF CHEMCOALPROCESSSOLID PRODUCTADMIXTLIRETESTS

Admixture Corstituent_s_/Method A__sh.(___%_)_

ICC 2 parts MeOHadded to i part PS. a 7.67

2CC 4 parts MeOHadded to I part PS. 8.33

3CC Stoichiometric amount b of formic acid added to 2.98
Hz; 2 parts MeOHadded to 2 parts of the acid
solution; I part PS added to the MeOH/H_/acid.

4CC Stoichiometric amount of formic acid added to 3.38
H_; I part PS added to 2 parts of the acid
solution; 2 parts MeOH added to the PS/H2/acid,

5CC Stoichiometric amount of formic acid added to 3.78
MeOH; I part PS added to 4 parts MeOH/acid.

6CC i part MeOHadded to i part PS. 7.67

7CC* i part PS added to 4 parts MeOH. 5.29

8CC* i part PS added to 4 parts MeOH, 8.09

9CC* ! part Ps added to 4 parts MeOH; stoichiometric 6.18
amount of formic acid added after precipitation
step,

IOCC* i part PS added to 2 parts MeOHand 2 parts water. 8,69

IICC* i part PS added to 2 parts MeOHand 2 parts water, 10.23

12CC* i part PS added to 2 parts MeOHand 2 parts water; 8.43
stoichiometric amount of formic acid added after
precipitation step°

a Deashed product slurry.
b Equal to the quantity of sodium initially present in the slurry.
* Continuous rather than laboratory-scale runs.
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level of 2.98 wt% obtained using product slurry, water, methanol, and formic
acid (3CC). Although this ash content is approximately three times lower than
that obtained using the previous method of precipitation, it is not as low as
the 1.4 wt% ash level obtained during earlier laboratory-scale testing using
the same quantities of water, methanol, and formic acid with the product of
Run N403. The results of this earlier testing are given in Table 18. Two
explanations for the difference in final product ash contents were suggested:
either the product slurry ash contents were different or the order in which
the water, methanol, and formic acid were combined with the product slurry was
important.

Examination of the data presented in Table 17 showed that the order in
which the constituents were mixed significantly affected the ash content of
the precipitated product. The results of three precipitations were examined:
I) 4 parts methanol added to i part product slurry; 2) I part product slurry
added to 4 parts methanol, followed by the addition of a stoichiometric amount
of formic acid; and 3) I part product slurry added to 4 parts methanol that
had been acidified using a stoichiometric amount of formic acid. The best
result, in terms of ash removal, was achieved by Combination 3, the acidified
precipitation. These results are shown graphically in Figure 28. The least
effective was the nonacidified precipitation, with the post-precipitation
acidification intermediate in its ash removal, lt is clear from these results
that it is easier to recover the ash/sodium if the precipitating solvent has
first been acidified.

3.2 Results of Task B - Utilization Testing

3.2.1 As a Diesel Fuel Extender

Planned tests of the use of ChemCoal Process solid product as a diesel
fuel extender met with many delays. Initial delays were due to difficulties
with the subcontract with Southwest Research Institute (SwRI). After the
wording of the subcontract was changed to meet with the approval of all
parties, a sample of ChemCoal Process solid product was prepared from Indian
Head lignite and submitted for an in-house analytical workup to ascertain t,hat
the sample met SwRl requirements prior to shipment as a methanol/water slurry
of suspended product.

Analysis of the sample indicated that the slurry had an unusually high
ash content and low ChemCoal solid product content. Subsequent investigation
showed that the temperature of the partitioning solvent is critical to the
yield structure of the centrifuge streams. Earlier work at the laboratory
scale suggested that product particle size can easily be controlled by the
temperature of the precipitation solvent. The testing for this year was set
up to utilize room-temperature partitioning solvent to produce a very fine
particulate solid product suitable for utilization testing. These conditions
produce very small particles but also, unfortunately, low concentrations of
ChemCoal product. Because of the lower concentrations of solid product and
the highly effective centrifuge system, all of the ash and the solid product
were removed. This resulted in a good product from a particle-size point of
view, but it had an unacceptable ash content of 5.29%.
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FABLE 18

RELATIONSHIP BETWEENACID CONCENTRATIONAND FINAL. ASH CONTENT
FOR RUNN403a

Acid'Sodium pH Ash (wt%)

1.23:1 5.2 1.4
0.5:! 5.8 4.1

0"I 7,9 8.1

a Methanol:water:product slurry = 2"2:1.

9 _ No Acid

B

7

Post Prec

6 -
N

0 4 - Prec'w.p

3

I

2CC 9CC 5CC

Run Number

Figure 28. Comparison of admix procedures for methanol-only case°
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This development can offer significantly improved downstream opera-
bility. If the methanol/water partitioning solvent is kept at or slightly
above room temperature, it can be added to the product slurry immediately
after the letdown and prior to the first centrifuge. Since most of the solid
product is soluble in warm partitioning solvent plus phenolic solvent, more of
the solid product would pass through the first centrifuge and would not have
to be rinsed out of the ash cake. Modification of the downstream processing
loop in this manner could eliminate at least one rinse of the ash cake and,
due to the low viscosity of the product slurry/partitioning solvent mix,
improve the operability of the primary centrifuge.

3.2.2 As Fuel for Coal-Fired Gas Turbines

A letter was received from the Allison Gas Turbine Division of General
Motors concerning a ChemCoal solid sample that had been prepared and shipped
in March 1988. The letter stated that improvements had been made in fuel
properties when compared to the samples submitted to Allison previously. The
ash content was lower and tile particle size was better' controlled. The letter
stated that researchers at Allison "... are impressed by the improved quality
of the Chemcoal product and it appears that this process could produce an
acceptable commercial coal-fired gas turbine fuel .... With proper develop-
ment, we feel that the Chemcoal product could become an acceptable ultraclean
fuel." (4).

3.3 Results of Task C - ChemCoal Economics

Performance of an engineering economics evaluation of the ChemCoal
Process will require information concerning the effects of changes in the
feedstocks or the operating parameters on the product slate and system
operation. An interactive flowsheet was developed based upon the results of
more than 2000 hours of operation during 46 CPU runs over a 2-year period as
well as the model formulated to describe the behavior of Wyodak subbituminous
coal in the system.

l he flowsheet is shown Figures 29 through 32. The feed slurry and feed
gas enter the reactor. The operating conditions, conversion, hydrocarbon gas
make, and residence time are listed to the right of the reactor. The liquid
product is fed into Centrifuge i, the first separation. The centrifuge
efficiency and percent solids loading in the slurry out of the centrifuge are
also noted. The centrifuge efficiency and effluent solids loading are based
upon data gathered during approximately 500 hours of operation. The model was
developed based on the single-pass efficiency of 95%_ although it is possible
to obtain an efficiency as high as 99% when a recycle is used. For this
model, a 60 wt% solids loading was calculated for the effluent. The centri-
fuge is capable of producing virtually any effluent solids loading up to
70%-75%, although at solids loadings higher than 60 wt%, the effluent is
essentially a solid paste. The effluent from Centrifuge i enters Centrifuge
2. The higher efficiency of this centrifuge, 99%, is due to the fact that the
material entering the second centrifuge has a lower viscosity. Information
concerning the efficiency of the second centrifuge is derived from approxi-
mately 1600 hours of operation. Again, the desired centrifuge efficiency and
effluent solids loading are noted and could be changed. The methanol-to-water
ratio in the partitioning solvent can also be set at this point.
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Figure 29. InteractiveFlowsheetfor the ChemCoalProcess at 80% conversion.
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Figure 30. Interactive flowsheet for the ChemCoal Process at 85% conversion
and 3-hour residence time.
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Figure 31. Interactive flowsheet for the ChemCoa! Process at 85% conversion
and O.6-hour residence time.
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Figure 3;_. Interactive flowsheet for the ChemCoalProcess at 85% conversion
and 9% caustic loading.
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The effluent from Centrifuge 2 enters the first distillation column.
This distillation column has been operated continuously in a recycle mode as
well as for bulk distillation and recovery of solvent in excess of 600 hours
during the processing of over 6 barrels (330 gal) of material. The second
distillation recovers the phenolic solvent and separates the liquids. In
practice, this distillation column has processed over a barrel and a half of
material, but not in the recycle loop. Its inclusion in this flowsheet is
based upon the data derived during those operations.

The model is based on substantial quantities of real-world data with only
two elements not verified by recycle: the aforementioned second distillation
column and the water contact for CDL recovery. The stream in which the
solvent is recycled to the front of the system was not integrated into the
program since the nature of this recycle stream has not been verified by
actual operation with respect to the second distillation.

lt was assumed that the sodium in the system was converted from NaOH to
an equal mixture of Na_C03 and NaHC03. When following the sodium through the
reactor and material balance flowsheet, it can be noted that it gains
weight, lt can also be seen that more Na is recycled than was originally
present. These apparent anomalies are due to the differences in molecular
weight between the NaOH and the Na_CO_ and NaHCO3.

When the original economics study on the ChemCoal Process was performed
by Bechtel, the lowest acceptable conversion rating was set at 80%. Figure 29
shows the total mass-balanced flowsheet at a conversion of approximately
80%. To achieve the 80% conversion, the temperature was set at 350°C, the
pressure at 1200 psi, the residence time at 3 hours (based upon slurry feed
rate), the gas flow rate at; 12 scfh, and the caustic loading at 8 wt% of the
MAF coal fed to the system. Depending upon capital and operating cost
sensitivities, these generally low-pressure, moderate-temperature, and long-
residence-time conditions will satisfy the 80% conversion rating. Should it
be more appropriate to target an 85% conversion, the pressure would need to be
increased from 1200 psi to 1750 psi. Figure 30 shows the flowsheet for this
option.

If the capital cost of pressure is less than that associated with
residence time, the residence time can be significantly reduced by increasing
the pressure. Figure 31 shows the material balance for an 85% conversion at a
residence time of 0.6 hours. This reduction in residence time would require
an increase in pressure from 1750 psi to 2000 psi. The pressure increase
would provide the additional benefit of a reduction in the hydrocarbon gas
yield by a factor of 4, or 0.4 wt% MAF coal fed.

Either set of operating conditions (shown in Figures 30 and 31) and yield
structures and would be acceptable as the basis for the engineering economics
evaluation. The engineering company responsible for the evaluation should be
able to select either of these conditions ba_ed on their in-field expertise
with respect to relative capital costs between reactor volume and pressure
design criteria.

An interesting speculation relative to the overall 'economics of this
process may be seen in Figure 32. This figure shows what happens to the
material balance as calculated by the model when the caustic loading is
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increased from 8 wt% to 9 wt% of the MAF coal loading. While this supposition
is not valid because it is outside of the range of the model and the actual
testing, it does suggest that significant processing improvements could be
made with small changes in the caustic loading level. According to the model,
raising the caustic loading from 8 wt% to 9 wt% would result irl a reduction of
the pressure from 1750 psi (as shown in Figure 30) to 1200 psi. Additional
research could verify this supposition.

3.4 Results of Task D - LRC Agglomeration

The agglomeration studies of LRCs continued during this program year
using Indian Head lignite and two different binding oils.

Mixtures of p-xylene and Mandan Decant Oil from the Amoco Oil Refinery
located in Mandan, North Dakota, served as the binding oil for the first
tests. The viscosity obtained by mixing the two was more conducive to the
formation of agglomerates than Mandan Decant Oil alone. The experiments were
carried out using a 1.8-1iter ceramic ball milling apparatus. The results are
summarized in Table 19. The rollers turned at a maximum of approximately
200 rpm, resulting in a rotation of the jaY" of 88 rpm. Variations in mixing
time and quantities of oil or water used produced a coal/oil slurry rather
than agglomerated products.

Successful agglomeration tests were performed using Indian Head lignite,
the crude phenol stream from the Great Plains Gasification Plant _ (GPGP) near
Beulah, ND, and a surfactant, Triton X-lO0. Triton X-lO0 was added to four
50-gram samples of -200 mesh Indian Head lignite as either 1%, 5%, 10%, or 20%
by weight of coal. Further details of the preparation of the agglomerates may
be found in Reference (5). Each of the samples yielded agglomerates9 and it
was found that the particle size of the agglomerate formed was determined by
the amount of surfactant present. The agglomerates are shown in Figure 33.
Reductions in ash content of 15% to 25% were achieved in all cases. The
results of proximate analysis performed on the agglomerates after washing and
air drying for nonuniform time periods are shown in Table 20. As the table
shows, an addition of 3 to 5 wt% surfactant was the .most effective in
producing agglomerates from the coal/oil mixture. An addition of 3 wt% Triton
X-lO0 appears to have been the most effective.

Air drying was observed as a function of time for an agglomerated sample
prepared with 3 wt% Triton X-lO0. Most of the moisture was removed during the
first day. After 24 hours, agglomerated moisture content decreased from
29.5 wt% to 11.8 wt%. A substantial amount of volatiles was also lost during
this time period due to the phenolic character of the oil used for the
agglomeration. Volatile content decreased from 64 wt% to less than 60 wt%
during the 24-hour period. Figure 34 shows both the moisture and ash contents
as a function of time. The ash content is plotted on a moisture- and oil-free
basis.
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Figure 34. Moisture and ash contents (on a moisture- and oil-free basis)
as a function of air drying time for agglomerates of a mixture
of 50 wt% Indian Head and 50 wt% GPGPphenols with Triton X-lO0
added as 3 wt% of the coal present.

3.5 Results of Tasks E ,_nd F - CPU Co-Processing Tests

The reconfiguration of the CPU in preparation for the co-processing
screening tests was completed in May 1989. However, due Lo a lack of time
caused by facilities repair of the CPU control a_-ea, the tests could not be
performed as scheduled° These tests are important to the data base;
therefore, they have been rescheduled to take place during the Year 4 program.

3.6 Results of Task G - Comparison of LRC-Derived Solvent
and Co-Processing Tests

LRC-derived solvent was prepared in October 1988 for use in these
studies. However, as mentioned previously, tests that involve the CPU have
been rescheduled to take place during the Year 4 program.

3.7 Results of Task H - CPU Support

Because the CPU was noL operated in a co-processing mode during Year 3,
the analytical support for these runs could not take place. The CPU runs have
._een rescheduled for the Year' 4 prog_'am.
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3.8 Results of Task ! - IIydrogenTransfer in the ChemCoal Process

To increase its viability, it is important that the products of the
ChemCoal Process have access to various end-use markets. At this time, the
liquid fuels market appears to be the most likely target. After determining
if it is possible to upgrade the ChemCoal solids to a liquid fuel, it will be
necessary to determine the effect of the catalyst on the phenolic solvent that
may or may not be present in the hydrotreating stage. The upgrading scheme
will need to be compared mechanistically to other catalytic upgrading
processes to determine if the format of the coal-derived liquids from the
ChemCoal Process is similar'to those produced by other catalytic processes.
In other words, lt is necessary to determine if the ChemCoal Process operates
under the same general mechanism as the other catalytic processes.

3.8.1 Hydrogenation Tests

During these studies, hydrogen transfer mechanisms during a second (i.e.,
hydrotreating) stage of the ChemCoal Process were investigated. The studies
began with a microreactor screening of the conditions required to upgrade
ChemCoal solids to liquids. Two microreactor runs were performed. The First
run consisted of tests using (i) ChemCoal solids produced from Indian Head
lignite, (2) ChemCoal solids with catalyst, (3) solvent only, and (4) ChemCoal
solids, solvent, and catalyst. The initial hydrogen gas pressures varied from
400 to 1000 psi and the total reaction time for the run was 6 hours. The
reactants and hydrogen pressures used in each of the microreactors during this
run are listed in Table 21.

TABLE 21

CHEMCOALSOLIDS HYDROGENATIONTESTS

Microreactor Reactant a Pressure _.psi_

A ChemCoal 400
B ChemCoal 600
C ChemCoal 800
D ChemCoal i000
E ChemCoal + CoMolyb 400
F ChemCoal + CoMoly 600
G ChemCoal + CoMoly 800
H ChemCoal + CoMoly i000
I Cresols c 600
J ChemCoal + Cresols 600
K ChemCoal + Cresols + CoMoly 600
L ChemCoal + Cresols + CoMoly i000

a 1.0 g of each was used.
b Catalyst.
c

m,p-Cresol solvent.
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The results of the first microreactor run indicated that hydrogenation
did not occur without a catalyst. Therefore, various catalysts were screened
during the second nlicroreactor run. Twelve catalysts were investigated, and
the amount of hydrogen consumed was estimated for each of the reactions. This
quantity was determined as follows. After loading the microreactors with
ChemCoal solids, catalyst, and solvent, 2000 psi of hydrogen was added to
each. The hydrogen gas was slowly removed from each reactor through a
manometer and the volume of water displaced was measured and recorded. The
reactors were repressurized to 2000 psi and reacted at 390°C for 2 hours.
Following the reaction, the water displaced by the remaining hydrogen was
measured, and the difference between the displacement prior to reaction and
after reaction was calculated. Table 22 lists the reactants and quantity of
hydrogen consumed per gram ChemCoal solids for each microreactor during the
second run.

TABLE 22

CATALYST SCREENINGDURING CHEMCOALSOLID HYDROGENATIONTESTING

H2 Consumed
Micro- Quantity of Reactants _g___ at STP
reactor ChenlCoal Cresol CataI_]__5__ Catalyst (ml/g ChemCoal_

A 0.91 4.05 1.01 Pyrrohtite 1060

B 0.99 3.92 1.08 NT-550 500

C 0.97 4.04 0.99 Trilobe HDN-60 908

D 0.94 3.91 i.]4 Engelhard (Pt) 468

E 0.96 4.10 0.95 SiOAI2 390

F 0.96 4.03 1.01 Trilobe HDN-30 901

G 0.99 4.00 1.01 Co-Mo 529

H 0.99 4.02 0.99 ZnCI2 387

I 0.99 4.02 1.18 (NH,)2MoO,, 770

j 1.01 4.06 0.88 Pd on Carbon 427

K 1.02 4.00 0..98 Quinoline 344

L ]..06 4.02 0.95 NaOH 792

To produce enough product to complete the analytical work, it was
necessary to perform an autoclave run. The test was performed in a 1-'liter
autoclave using one of the catalysts that performed well during the
microreactor screening test, Trilobe HDN-60. Trilobe HDN-60 (SPS 0489-99) is
an American Cyanamid Company catalyst. Rigorous reaction conditions were
chosen for' the autoclave run so that maximum product hydrogenation might take
place.
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Prior to the autoclave test, the catalyst was ground and sieved to -100
mesh and was activated by heating to 370°C for i hour. The feed materials
(200 g finely divided ChemCoal solid product, 800 g commercial m,p-cresol, and
200 g Trilobe HDN-60) were charged at room temperature and a hydrogen gas
pressure was maintained at 3500 psi throughout the test. The autoclave was
heated to and held at 390°C for 3 hours, after which the reactor was allowed
to cool to room temperature and the gas was metered out. Material collected
in the cold trap was added to the bulk product.

3.8.2 Analytical Scheme

The product slurry was fractionated by filtration and distillation to
provide four fractions for analysis, as shown in Table 23. Several analyses
were performed on the feeds and product samples. Standard carbon, hydrogen,
nitrogen, sulfur, Karl Fisher, and ash analyses were performed to provide
elemental information. Thermogravimetric analysis was performed to provide a
proximate analysis of volatiles, fixed carbon, and noncombustibles (ash).
Proton NMR analysis was usually performed on the deuterated methylene
chloride-soluble fraction to provide information about the product
structures. Gas chromatography with flame ionization detection of volatiles
was performed, usually followed by gas chromatography/mass spectroscopy for
component identification. Gel permeation chromatography was performed to
provide a molecular weight distribution of the THF-soluble fraction of the
product. Short-column separation on activated silica gel produced four
fractions: normal alkanes, branched alkanes, aromatics, and polar
compounds. These fractions were analyzed further. Standard solubilities in
excess hexane, methylene chloride, and THF were determined, and the soluble
fractions were analyzed by GPCo Not all samples received the same analytical
workups; the sample analysis scheme is given in Table 24.

3.8.3 Analytical Results

Product slurry recovered was filtered to remove the catalyst. The
catalyst cake was analyzed using rGA and elemental analysis. The results of
the elemental analyses are presented in Table 25. The catalyst cake appeared
to contain too few solids. This is probably due to the difficulty in
obtaining representative small samples when solids are present. The hydrogen-
to-carbon ratio of 1.7 was also considered to be high, presumably due to
excess hydrogen adsorbed on the catalyst. For the calculation of conversions,
the liquids absorbed by the catalyst were considered to be the same as
filtrate.

The filtrate was distilled to provide a cresol-rich solvent fraction and
a converted ChemCoal solid fraction_ [he distillation results are presented
in Table 26. With the exception of sulfur, good elemental and water balances
were obtained for the total filtrate and the two fractions. The higher sulfur
mass balance error is due to the low sulfur concentrations; this problem also
occurs with the nitrogen compounds° Special calibrations would be necessary
to improve the mass balances of these compounds.
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TABLE 23

SUMMARYOF CHEMCOALSOLID HYDROTREATMENT

Equipment and Materials

l-gal Autoclave system
800 g m,p-Cresol solvent
200 g ChemCoal solids
200 g HDN-60 catalyst
H2 Reducing gas

Conditions

390°C Temperature
3 hrs Residence time
3000 psig pressure

Product Recovery

Loss on charging = 17 g
Weight charged = 1183 g
Weight recovered = 1187.6 g
Loss on transfer = 60.8 g
Weight filtered = 1126.8 g

Filtrate:

769.5 g Distillate:
84.6 g

I126.8 g > 72.1 wt%a 104.6 g > 81 4 wt%a

Cake: Bottoms >222°C

298°0 g a27.9 wt% 19.3 g (18.6 wt%) a

a Normalized.
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TABLE 25

RESULTSOF ELEMENTALANALYSIS OF DISTILLATE AND BOTTOMS
FRACTIONSOF HYDROGENATEDCHEMCOALSOLIDS

C H N S H20 Ash H:C
Fraction _t__ (wt%) (wt%) _wt%) Iwt%1 (wt%) Ratio

ChemCoal
Solids 74.26 6.42 1.06 0.30 __a 4.53 1.037

Filter Cake ]7.44 2.47 0.28 0,27 -- 53,26 b 1.700

Filtrate 75.67 8.73 0.23 0,07 4.26 -- 1.384

Distillate 76.12 8.90 0.21 0.00 5.28 -- 1.403

Bottoms 80.78 8.62 0.14 0.06 -- 3.86 b 1.281

Dist. Bottoms 77.42 8.82 0.19 0.02 3.81 ....

Bottoms
Aromatics 86.78 9.01 0.37 0.04 .... 1.246

a Not determined.
b Determined by TGA.

TABLE 26

HYDROGENATEDCHEMCOALFILTRATE D86 DISTILLATION DATA

Volume Distilled (ml) Filtrate (wt%) a Temp. (_C)

IBP 0 76
5 4.78 84

i0 9.56 86
2O 19.12 93
3O 28.68 195
40 38.24 198
50 47.80 200
60 57.36 200
70 66.92 202
80 76.48 205
90 86.04 210
95 90.82 --

Max. Volume (ml) 90
Max. Temp. ("C) 222

wt% Distilled 80.88
wt% Resid 18.45
wt% Lost 0.67

a Assumes a density of i.
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Thermogravimetric analysis was used to obtain information about the
volatility of the distillalr, bottoms; the information is presented in
Table 27. At 45°C, light n'dterial was removed that had been trapped in the
distillate bottoms during the bulk distillation° This material would not be
observed during the GC analysis due to co-elution with the GC solvent.
Material removed at 205"C would be approximately the same as would be seen by
the GC. The material observed at 460°C consisted of the volatile matter
contained in the solids, the fixed carbon of the solids as determined by
combustion weight loss obtained by introducing air, and the ash (or catalyst)
remaining after combustion.

TABLE 27

RESULTS OF TGA OF HYDROGENATEDCHEMCOAL
FILTER CAKE AND DISTILLATION BOTTOMSa

Filter Cake Distillation

Component __(wt_____ Bottoms (wt%_

Moisture (Solvent) (45°C) 14.37 1.25
Volatile Matter (250°C) 13.53 36.50
V,_latile Matter #2 (460°C) 12.39 44.24
Fixed Carbon 6.15 13.45
Ash 53.26 3.86

a Unnormalized.

Solubilities in hexane, methylene chloride, and THF were determined for
both the total filtrate and the distillate bottoms. The results are presented
in Tables 28 and 29. From a fuels production point of view, the most
important of these values is the conversion to hexane solubles (oils) of 83 to
86 wt%. Proton NMR analysis uses deuterated MeCI2, and a high solubility of
90 to 94 wt% indicates that most of the material can be analyzed by NMR

1

spectroscopy. Molecular weight determinations are made by GPC, which uses [HF
as a solvent. The high solubility of the product in I HF indicates that the
molecular weight distribution of virtually all of the product can be observed
by GPC. In general, the solubility of the product in the various solvents
tested indicated that the results of the planned analyses would be representa-
tive of virtually the entire product sample.

The quantity of normal aliphatics, branched aliphatics, aromatics, and
polar compounds in a number of fractions was determined using short-column
chromatography. The results of the short-column fractionation are listed in
Table 29. The resulting compound-type samples were analyzed by NMRand GC to
identify the specific compounds present and their structures. Polar compounds
(primarily cresol solvent) comprised the main compound type present in the
distillate fraction, while aromatic compounds (i.e., converted ChemCoal
solids) made up the bottoms fraction.
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TABLE 28

SOLUBILITY OF CHEMCOALSOLID IN VARIOUS SOLVENTSa

Solvent ChemCoal Solid Hydrogenated Product

Hexane 0 83-86

MeCI2 19 90-94

THF 61 91-95

Cresol 90 I00

a Values in wt%.

TABLE 29

RESULTSOF ANALYSIS OF FRACTIONATEDPRODUCTSLURRYa

Analysis Filtrate Bottoms Distillate

Short-Column
Chromatography:

Normal Aliphatics 6.8 4.9 4,8

Branched Aliphatics 0.6 0,4 0.4

Aromatics 10.6 65.2 64.0

Polars 65.0 29.4 28.8

Total 83.0 99.9 98.0

Water 4.26 __b 5.28

Solubility:

Hexl 2.70 16.96 --

MeCI21 1.82 6.19 --

THFI 1.83 5.52 --

a Results in wt%.
b Not analyzed.
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Molecular weight distribution (MWD) determinations were made using GPC
analysis on HPLC equipment at conditions that emphasize the presence of
aromatics. The MWDvalues obtained during the analysis were compared to those
of a standard mixture of polyglycols. Figure 35 shows the molecular weight
profiles of the hexane-, methylene chloride-, and THF-soluble fractions of the
distillate bottoms. The profiles of the methylene chloride- and THF-solubles
are only slightly different, while the hexane solubles exhibit the presence of
less of the higher molecular weight material. This is consistent with lower
solubility. The molecular weight profile of the filtrate is compared to that
of the distillate bottoms in Figure 36. The large amount of cresol solvent
and toluene product are readily apparent in the filtrate profile. Extensive
depolymerization of the solids during hydrotreating into distinct molecular
weight groups can be seen by the shoulder between the cresol and toluene peaks
and the peak at slightly higher molecular weights than cresol. In the initial
coal product, only 60 wt% was soluble in THF and the solubles had a molecular
weight profile that indicated the presence of material greater than 570 MW
units. After hydrotreating, over 90 wt% was soluble in THF. and the MWprofile
shows that most of the material weighed less than 570 MWunits.

Proton NMRanalyses were performed to provide information on the hydrogen
distribution in the samples. As shown in Figure 37, the distillate contained
aromatic cresol protons located near 7 ppm, while alkyl groups resonated near
2.3 ppm. The peaks near 0.9 and 1.2 ppm indicate that aliphatic function-
alities were present either in longer side chains on aromatics or in discrete
aliphatic molecules. The splitting of the O.9-ppm peak indicates that the
aliphatics were branched.

Figure 38 shows the proton NMR spectrum for the distillation bottoms.
The strong aromatic peaks due to cresol are missing, but a sizable alkyl
proton peak is still present. The multiple overlapping peaks occurring
between 2 and 3 ppm indicate the presence of numerous different alkyl groups
on aromatics, while the peaks between 0.9 and 2 ppm indicate the presence of
numerous aliphatic functionalities. The low terminal methyl peak at 0.9 ppm
and the large peak at 1.2 ppm indicating methyl groups located nearer to a
more polar group (an aromatic) or methyl groups in an aliphatic functionality

, suggest that the aliphatic functionalities were in general longer and/or
highly branched and/or were attached to an aromatic ring.

Proton NMR spectra of the short-column fractions of the distillation
bottoms are shown in Figure 39. Branching of the aliphatic fraction is
indicated by the splitting of the peak at 0.9 ppm. The aromatics appear to
have been highly alkylated, with diverse aliphatic material present in longer
chains, lhe polar fraction exhibits the presence of residual cresol and
diverse aliphatic functionalities attached to polar aromatics. However, the
al iphatics attached to the polar aromatics were shorter in length than those
attached to the nonpolar material.

The aromatics present after hydrotreating contained less multiple-ring
aromatics. This can be seen in Figure 40. Comparison of the aromatic NMR
region of the distillate bottoms to that of the THF-soluble fraction of the
ChemCoal solids indicates a substantial decrease in multiple-ring material.
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Figure 35. Molecular weight profiles of the hexane, methylene chloride-,
and THF-soluble fractions of the distillaLion botLoms of
hydrogenated ChemCoal solids.
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Figure 37. Proton NMRspectrum of hydrogenated Chem(,',,oalsolids distillai:e.
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Figure 39, l_roton NMR spectra of the short-column fractions of
hydrogenated ChemCoal solids distillation bottoms.
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The volatile components of the various fractions were analyzed by GCwith
a flame ionization detector (FID) to obtain relative concentrations and by
GC/MS to identify individual compounds, lt was found that the distillate
fraction was entirely volatile and contained primarily methyl cyclohexane,
toluene, phenol, cresol, and more alkylated phenolics. The methyl cyclohexane
and toluene are undoubtedly hydrotreated products of the initial cresol
solvent. The I_l_eno]icould have been coal derived or dealkylated cresol.
However, the hiener_alkylated,. phenols are likely to be coal derived, The
majority of co&i p_bducts are observed in the distillatebottoms fraction.
Residual cresol p_'Ocessing_ solvent was present as was dimethylphenylether,
which may have been produced from the solvent. The presence of alkylated
tetralinsor indanes as well as phenanthreneand tetrahydrophenanthrenewere
noted. A series of easily identifiedalkanes (C21-C29)wa_ present in the
bottoms. These alkanesmust have been present originallya_ long side chains
on aromaticsthat broke off during processing.

The resultsof the analysesof the hydrotreatedChemCoalsolids show that
the ChemCoal solids can be upgraded to a liquid fuel, The fact that the
hydrogenationrequired a catalyst that is used in other catalytic upgrading
processesindicatesthat the transferof hydrogento the ChemCoal solid occurs
by a reaction mechanism that is at least similar to that of the other
upgrading processes. The products of the hydrogenationof ChemCoal solids
fall into three distinct distillateregions: a gasolinefraction, a recycle
phenolic fraction, and a heavy oil bottoms fraction. This product yield
structureis similarto that of other catalyticupgradingprocesses.

3.9 Resultsof Task K - Low-SeverityDirect Liquefaction

Further investigationsof staged liquefactionwere performed during the
April through June transitionquarter. The studieswere performed on a batch
scale using CO as the first-stagereductant and H2S as a reaction promoter,
lt is known that staged liquefactionresults in higherconversionsof the coal
and a higher yield than liquefactionin which the conversion and hydro-
treatment take place in a single step. The highest conversions have been
obtained when a low-severityfirst stage is employed prior to subsequent
higher-severity treatment. The EMRC data base for staged liquefaction
consists primarily of data from runs in which CO served as the first-stage
reductant and H2S was added as a reaction promoter. The ability to make
direct comparisons with the existing data base determined that CO and H2S
would be used in the currentstudies.

Ten autoclave runs were performed. Indian Head lignite and phenolic
solvent in a lignite to liquid solvent (as opposedto liquid and vapor-phase
solvent) ratio of 1:3 were the feedstocksfor each of the seven first-stage
runs. Three second-stageruns were attempted using first-stage products as
feedstocks. Difficultieswere experiencedduring the quenchingof one of the
second-stage runs and no product was obtained. The autoclave YJns are
summarizedin Table 30.
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TABLE 30

SUMMARYOF THE BATCH STAGEDLIQUEFACTION TESTS PERFORMEDDURING JUNE
(all runs performed with POH and Indian Head lignite)

Run Temp. Avg. Press. Res. Time
No. _(_ .... (psi) _ Reductant Additive

1st Stage N439 356 3379 60 CO None
Ist Stage N440 370 4153 60 CO None
1st Stage N441 375 3405 60 CO H2S
ist Stage N442 374 3469 60 CO None

Ist Stage N443 374 3373 60 CO H2S
2nd Stage N444 430 3831 12 H2 HA061

1st Stage N445 374 3457 60 CO H2S
2nd Stage N446 Run not completed.

1st Stage N447 374 3470 60 CO H2S
2nd Stage N448 412 4092 19 H2 POH

The analytical results were not available for all of the runs. Table 31
presents the analytical results obtaineci for Runs N441 and N442. The runs
were made with the same feedstocks at nominally the same conditions. The only
difference was that H2S was added to Run N441 as a promoter. Both product
slurries were fairly light, but they differed greatly. The product of N441
was quite homogenous and thin, while thee N442 product contained some hard
solid material, indicating that coking may have occurred. During these runs,
the lignite was converted to soluble resid.

The solubility of the product slurriJes was determined both in THF and in
the phenolic solvent (POH). The THF solubility was determined using the
standard method used during previous analyses. The phenolic solvent-insoluble
(POHI) fraction was determined by dissolving approximately 0.2 g of the
product slurry in 25 ml of the phenolic solvent. This solution was heated to
boiling and, while hot, filtered through a 0.5-micron Millipore filter. When
all of the liquid had passed through the filter, the solid residue was rinsed
with room temperature POHuntil the washings were colorless.

Neither the THFI or POHI values are true conversion numbers; they are,
however, indicative of the conversions and can serve as rough estimates. The
low POHI value indicates a high conversion in the N441 sample in which H2S was
present. The POHI value for the product of Run N442 (5.19 wt%) was nearly as
low as tile POHI value of the N441 product (4.18 wt%). This is most likely due
to the adsorption of H2S on the reactor walls during Run N441.
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TABLE31

ANALYTICALRESULTSOF N441 ANDN442

Prod. Slurry Prod. Slurry
IndianHead Solw;nt N441 N442

_as recd.) (NIF) (POI_) (H2S) (no H2S)

E1emental •
C (wt%) 44.34 60.07 77.97 70.63 70.03
H (wt%) 6.09 8.25 7.61 7.57 7.44
N (wt%) 0.50 0.68 0.01 0.01 0,00
s o71 i.oo ooo o53 o18
Ash (wt%) 8.25 11._8 .._a 3.03 2,51
H20 (wt%) 26.18 NAu 0.15 7.05 7.96

Solubility:
THFI (wt%) ...... 4.90 5,48
POHI (wt%) ...... 4.19 5.18

ASTM D86 Distillation
Sp. Gr. 1.085 Io085
Baro. Press.(mm Hg) 741.0 730.8
Room Temp. (°C) 21 19

Wt% Dist. 79.24 78.56
Wt% Resid. 18.68 20.15
Wt% Lost 2.07 1.29

Vol. % Dist. Temp. (°C)
IBP 100 100
5% 101 101

10% 195 106
20% 2OO 2OO
30% 201 201
40% 201 202
50% 202 202
60% 202 202
70% 203 203
80% 210 210

Max. Vol. 85 83,5
Max. Temp. 215 215

a Not performed yet.
b Not applicable.
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The results of these preliminary analytical workups indicate that the
addition of H2S results in higher conversions and a more homogeneous product.

3.10 Papers/Presentations Made Based Upon the Results of Year 3 Work

The following presentations were made based upon the results of Year 3
work :

• "Low-Severity Liquefaction Using a Phenolic Solvent" by John R. Rindt,
Melanie D. Hetland, and Curtis L. Knudson. Presented at the Direct
Liquefaction Contractors' Review Meeting; Pittsburgh, PA; October 1988.

• ChemCoal Program keview Meeting; Washington, DC; February 1989.

, ChemCoal Program Review Meeting; Pittsburgh, PA; May 1989.

• "Preliminary Investigation of the ChemCoal Process Using Wyodak
Subbituminous Coal" by John R. Rindt, Melanie D. Hetland, and Randal S.
Sauer. Presented at the Fifteenth Biennial Low-Rank Fuels Symposium; St.
Paul, MN; May 1989.

• "Low-Rank Coal Oil Agglomeration" by R.C. Timpe, R.W. Kulas, and C.L.
Knudson. Presented at the Fifteenth Biennial Low-Rank Fuels Symposium;
St. Paul, MN; May 1989.

• ChemCoal Technical Review Meeting; Grand Forks, ND; June 1989.

3.11 Conclusions

Task A - ChemCoal Process Verification:

• The phenolic solvent cuts d_ep into the coal to extract very heavy
materials that appear to be heavier than preasphaltenes.

• Changes made in the CPU in the reactor, downstream processing, and
control panel areas improved system operability, reliability, and safety.

• Mass balances of ±2% were easily obtained with the redesigned CPU.

• Due to retrograde polymerization reactions involving the solvent, the
ChemCoal Process should not take place at temperatures greater than
360°C.

• Changes in temperature, pressure, and caustic load.ing were found to
significantly affect the conversion and product slate. Surprisingly,
residence time had very little effect on either conversion or the product
slate.

• Pittsburgh No. 8 bituminous coal did not perform well in the ChemCoal
Proces_ system.

° The original Indian Head recycle run was successfully verified_
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• lt is easier to recover the ash/sodium if the partitioning solvent has
been acidified.

Task B - Utilization Testing:

° Modification of the downstream processing loop to incorporate slightly
warm partitioning solvent could eliminate at least one rinse of the ash
cake and improve the operability of the primary centrifuge.

° lt appears that the ChemCoal Process could produce an acceptable
commercial coal-fired gas turbine fuel.

Task C - ChemCoal Economics:

• From an engineering economics point of view, the recommended ChemCoal
operating conditions are as follows:

Temperature = 350°C
Pressure = 1750 psi
Residence Time = 3 hours
Gas Flow Rate = 12 scfh
Caustic Loading = 8 wt% MAF coal loading

OR

Temperature = 350°C
Pressure = 2000 psi
Residence Time = 0.6 hours
Gas Flow Rate = 12 scfh
Caustic Loading = 8 wt% MAF coal loading

Both sets of conditions result in an approximately 85% conversion.
Selection of the appropriate set of conditions would be made based upon
the capital costs of the pressure and the residence time.

Task D - LRC Agglomeration:

° Indian Head lignite can be successfully agglomerated in the GPGP crude
phenol stream by the addition of Triton X-lO0 surfactant. An addition of
3 wt% Triton X-lO0 appears to be the most effective.

Task I - Hydrogen Transfer in the ChemCoal Process:

• The ChemCoal solid product can be upgraded to a liquid fuel. lt appears
that the mechanism by which this occurs is similar to that of other
catalytic hydrogenation reactions.

Task K - Low-Severity Direct Liquefaction:

° lhe addition of H2S to low-severity first-stage reactions involving
Indian Head lignite and a phenolic solvent appears to result in higher
conversions and a more homogeneous product.
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4.0 FUTURE OBJECTIVES

° The Year 3 _fforts involving CPU co-processing runs (Tasks E, F, G, and
H) will be completed when the runs can be scheduled during the Year 4
activities.

• The analytical work on the low-severity staged liquefaction samples will
be completed and tile data reduced,

° The CPU will be operated at the preferred conditions established by the
batch tests to confirm the batch data and to obtain process performance
information.

° Analysis of various fractions of the ChemCoal Process and co-processing
product slates will be performed to enable their comparison to the
products of conventional direct liquefaction processes.

° Further investigations into low-severity liquefaction processes will
continue with the investigation of preconversion treatment of LRCs.
'These tests will be performed on the microreactor system and will be used
to screen conditions, solvents, and gases for their effects on the
conversion of LRCs.

° Preconversion treatment tests will be performed on a batch scale using
hydrogen-donating solvents in an effort to improve product selectivity
and overall conversion.
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55 infile 'a:wyopoohl.dat' ;

56 input runid $ xl x2 x3 y! x4 x5;

57 label xl='Avg Tem+perature' ;

58 label x2='Avg Pressure';

_'9 label x3=PAvg MAF Feed';
60 label x4='Gas Flow In' ;

6! label x5='Caustic Loading';

62 label yl='Liquid Flow Out' ;

63 proc print;

_OTE: The infile 'a:wyopoohl.dat' is file A:\WYOPOOHI.DAT.

._OTE: 19 records were read from the infile A:\WYOPOOHI.DAT.

The minimum record length was 69.

The maximum record length was 69.
NOTE: The data set WORK.X has 19 observations and 7 variables.

._OTE: The DATA statement used 23.00 seconds.

64 data ya
NOTE: The PROCEDURE PRINT used 20.00 se.conds.

65 infile 'a:wyopooh2.dat' ;

66 input y2-y8;

67 label y2='Gas Flow Out, scfh' ;

63 label y3='H2' ;

69 label y4='C02';

70 label y5='H2S' ;

71 label y6=,C2, ;

72 label y7='Cl' ;

73 label yS='CO' ;

74 proc print;

NOTE: The infile 'a:%_yopooh2.dat' is file A:\97YOPOOH2.DAT.
NOTE: 19 records we.re read from the infile A:\WYOPOOH2.DAT.

The minimum _:ecord length was 63.

The ztaximum record length was 63,
_{OTE: The data set WOR/[_YA has 19 observations and 7 variables.

NOTE: The DATA statement used 24.00 seconds.

75 data yb ;
NOTE" The PROCEDURE PRINT used 20.00 seconds.

76 infi!e 'a:wyopooh3.dat' ;

77 input yg-yll;

78 label y9='POHTHFI' ;

79 label yl0='Conversion';

80 label yll-=tWater ';

8! proc print;

.....: The in file 'a:wyopooh3 dat' is file A:\WYOPOOH3 DAT
"TOTE: 19 records were read from the infile A:\WYOPOOH3.DAT.

The minimum record length was 30.

The maximum record length was 30.
NOTE: The data set WORK.YB has 19 observations and 3 variables.

_OTE. + The DATA statement used 20.00 seconds.

82 data z ;
:OTE: The PROCEDURE PRINT used ].7.00 seconds.

83 set x;

84 zl=(xl-345)/35;

85 z2=(x2-1750 )/750 ;

86 z3=(x3-300)/200 ;

87 z4=(x4-15)/3 ;

B8 zS= (xS-. 05)/. 03 ;

89 data regtot;
+[OTE: +he data set WORK.Z has 1¢_ observations and 12 variables.
[OTE: The DATA statement used 21.00 seconds.

90 set z;
]

9! drop xl-x5;

92 z6=zl*zl ; A-!
93 z7=z2*z2 ;



98 merge ya ;

99 merge yb ;
I00 proc print;

:_OTE: The data set WORK.REGTOT has 19 observations and 23 variables.
>_OTE: The DATA statement used 34.00 seconds.

i01 proc reg data=regtot;
DTE: The PROCEDURE PRINT used 37.00 seconds.

102 model yl=zl-zll/se!ecuion=stepwise r;

103 proc reg data=regtot;
NOTE: 19 observations read°

19 obser%,ations used in computations.
_qOTE: The PROCEDURE REG used 1.35 minutes.

104 model y2=zl-zll/selection=stepwise r;

105 proc reg data=regtot;
NOTE: 19 observations read.

19 observations used in computations.

NOTE: The PROCEDURE REG used I..32 minutes, i
106 model y3=zl-zll/selection=stepwise r;

107 proc reg data=regtot;
NOTE: 19 observations read.

19 observations used in computations.
>_OTE" The PROCEDURE REG used 1.57 minutes.

108 model y4=zl-zll/selection=stepwise r;

109 proc reg data=regtot;
. 0TE: 19 observations read.

19 observations used in computations.
NOTE: The PROCEDURE REG used 1.33 minutes_

ii0 model y5=zl-zll/selection=stepwise r;

iii proc reg data=regtot;
NOTE: 19 obsez_ations read.

16 observations have missing values.

3 observations used in computations.
:_OTE: The PROCEDURE REG used 56.00 seconds.

112 model y6=zl-zll/selection=stepwise r;

113 proc reg data=regtot;
;OTE: 19 observations read.

13 observations have missing values.

6 observations used in computations.
:_OTE: The PROCEDURE REG used 1.20 minutes.

114 model y7=zl-zll/selection=stepwise r;

115 proc reg data=regtot;
iqOTE: 19 observations read.

7 observations have missing values.

12 observations used in computations.
NOTE: The PROCEDURE REG used 1.48 minutes.

116 model y8=zl-zll/selection=stepwise r;

117 proc reg dat_=regtot;
_OTE: 19 observations read.

19 observations used in computations.
,TOTE: The PROCEDURE REG used 1,43 minutes.

i18 model yg=zl-,zll/selection=stepwise r;

i19 proc reg data=regtot;
[OTE: 19 observations read.

19 observations used in computations.
9TE: The PROCEDURE REG used 1,43 minutes.

120 model ylO=zl-zll/selection=stepwise r;

121 proc reg data=regtot;
OTE: 19 observations read.

19 obse_-vations used in computations.
OTE: The PROCEDURE REG used 1.43 minutes.

122 model yll=zl-zll/selection=stepwise r;

123 run; A-2
r



LI +LL 1+ LJ_.... , , I_LL_ .... ,

OBS RUNID XI+ X2 X3 Y1 X4 X5

1 152-03-2 309.4 2495 288. 192 2.8].86 17.5616 0.05

2 152-04-3 345.1 2504 148.608 1.4183 17.5616 0.05

3 153-01-2 343.6 2521 471..043 4.5585 17.5616 0.05

4 153-02-2 3'75 •4 2499 209 .497 1 •9567 17 •5616 O. 05
5 5" + ....1,.2-01--2 351 3 1756 315 019 3 0248 16 4080 0 02

6 152-02-2 350.2 1759 306 •147 2 •9701 16. 4080 0 .05

7 153-03-2 307.4 1746 469.669 4.6307 16. 4080 0.05

8 153-04-2 307.6 1739 123.436 1,2218 16. 4080 0.05

9 153'-05-.2 346 •2 1741 298 •787 2 •8943 16 •4080 0 •05

l0 153-06-2 347.2 1739 298.787 2.9388 12,6224 0.05

i! 153-07-2 346.4 1765 298.787 2.9374 +20.4064 0.05

i2 153--08-2 343 .7 1744 298 .787 2 .8565 16. 4080 0.,05

13 153-09-2 378.9 1741 441. 292 4 .2197 16. 4080 O. 05

114 153-10-2 383.0 1750 123.436 1.0690 16.4080 0.05

15 153-15-+2 344 .4 1757 311+ 044 2 .9611 16. 4080 0 .08

16 153-11-2 376.8 i017 343 .605 3 .4615 15. 9936 0 .05

17 153-12-2 344 .8 1019 507. 486 5. 0635 15. 9936 0 .05

18 153-13-2 344 .9 985 i01. 494 0 .9749 15. 9936 0 .05

19 153--14-2 308.9 986 321. 811 3. 2911 15. 9936 0.05
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OBS Y2 Y3 Y4 Y5 Y6 Y7 Y8

1 18.24 1.6033 8.1880 • • , 90.2087

2 18.34 1.4443 5.4551 . , 0.0416 93.0590

3 19,26 2,4974 13.0216 . . 0.0411 84.4399

4 18.91 2o9109 11.7788 . 0.0312 0.1351 85.1440

5 17.60 0.6130 6.6371 .... 92,7499

6 17.28 2.1548 11,4058 . 0.0207 0.0622 86.3566

7 17,30 0.9677 8,5032 , • . 90.5291

8 16.48 0_5392 3.8588 . • . 95.6021

9 17.31 1.4102 10.0463 . . 0.0515 88.4920

I0 13.02 2.3342 13.2095 • 0.0212 0.0637 84.3714

Ii 20.83 0.6715 6.8734 • • . 92.4551

12 17,92 1.3892 8,5231 • . 0.0522 90.0355

13 18,44 2.2948 14.6185 0.0326 0.0489 0.2108 82.7943

14 18,34 1,7299 6.5695 0.0300 0.0477 0.1979 91.4250

15 18.31 2.5687 10.6610 • . 0,0522 86.7182

16 15.59 0,7344 8.2040 0.0361 0_0467 0.2059 90.7729

17 16.1"7 0.6274 9_2849 , . 0.0597 90.0280

18 16,32 0.7405 4,8994 • • . 94.3601

19 15.11 0.4726 5.9694 . • . 93,5580
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OBS Y9 YIO YII

1 0. 1700 0. 4023 O. 108

2 0.0998 0.7248 0.045
3 0.1035 0.7025 0.054

4 0.1015 0.7268 0.041

5 0.1315 O. 5459 0.068

6 O. i134 0. 6577 O. 057

7 O. 1528 O. 4732 O. 075

8 0.1593 0.4413 0.049

9 0 _1240 0. 6119 O. 069

i0 O. 1131 0 .6522 O. 058

II 0. 1248 0. 6002 O. 071

12 0.1191 0.6402 0.065

13 0.1065 0.6948 0.087

14 0.1092 0.7278 0.069

15 0.1005 0.7603 0.054

16 0.1361 0.5347 0.098

17 0.1445 0.5026 0.084

18 0.1257 0.6090 0.055

19 O. 1544 O. 4403 O. 089
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OBS RUNID Y1 Z1 Z2 Z3 Z4 Z5 Z6

1 152-03-2 2.8186 -I. 01714 0. 99333 -0. 05904 0. 85387 0 1.03458

2 152-04-3 1.4183 0.00286 1.00533 -0.75696 0.85387 0 0.00001

3 1.53-01.-2 4. 5585 -0. 04000 !. 02800 0.85522 O. 85387 0 Or 00160
4 153-02-2 1.9567 0.86857 O. 99867 -0.45251 0.85387 0 0.75442

5 152-01-2 3.0248 0. 18000 0. 00800 0. 075].0 O. 46933 -i 0.03240

6 152-02-2 2.9701 0. 14857 0. 01200 0.03073 0.46933 0 0.02207

7 153-03-2 4. 6307 --1.07429 -0.00533 0.84835 0.46933 0 1.15409

8 153-04-2 1.2218 --1.06857 -0.01467 -0.88282 0.46933 0 1.14184

9 153-05-2 2.8943 0.03429 -0.01200 --0.00606 0.46933 0 0.00118

i0 153-06-2 2.9388 0,06286 -0.01467 -0.00606 -0.79253 0 0.00395

II 153-07-2 2.9374 0.04000 O. 02000 -0.00606 1.80213 0 0.00160

12 153-08-2 2 •8565 -_0.03714 -0 •00800 -0. 00606 0 •46933 0 O. 00138

13 153-09-2 4.2197 0.96857 -0. 01200 0.70646 0,46933 0 0.93813

14 153-10-2 i. 0690 i. 08571 0 •00000 -0. 88282 0 .46933 0 i. 17878

15 153-15-2 2.9611 -0.01714 O. 00933 0.05522 0.46933 1 0.00029

16 153-11-2 3 •4615 O. 90857 -0. 97733 O. 21803 0 .33120 0 O. 82550

OBS Z7 Z8 Z9 ZIO ZII Y2 Y3 Y4

! 0.98671 0.00349 -1.01036 0.06005 -0.05864 18.24 1 6033 8.1880

2 1.01070 0.57299 0.00287 -0.00216 -0.76100 18.34 1.4443 5.4551

3 1.05678 0.73140 -0.04112 -0,03421 0.87916 19.26 2.4974 13. 0216

4 0.99734 0.20477 0.86741 -0,39304 -0.45191 18.91 2.9109 11,7788

5 0.00006 0.00564 0.00144 0,01352 0.00060 17.60 0.6130 6.6371

6 0.00014 0,00094 0,00178 O, 00457 0.00037 17.28 2.1548 ii,4058

7 0.00003 0.71969 0.00573 -0.9113'7 -0.00452 17,30 0.9677 8,5032

8 0,00022 0.77938 0_01567 0.94336 0.01295 16,48 0.5392 3.8588

9 0,00014 0.00004 -0.00041 --0.00021 0.00007 17.31 1.4102 10,0463

i0 0,00022 0,00004 -0.00092 -0.00038 0.00009 13,02 2.3342 13,2095

ii 0.00040 0.00004 0.00080 -0.00024 -0.00012 20.83 0.6"715 6,8734

12 0.00006 0.00004 0.00030 0.00023 0.00005 17,92 1.3892 8,5231

13 0.00014 0.49909 -0.01162 O. 68426 -0.00848 18.44 2.2948 14, 6185

14 0.00000 0.77938 0.00000 -0.95849 0.00000 18.34 1.7299 6. 5695

15 0. 00009 0. 00305 -0.00016 -0. 00095 0.00052 18.3]. 2.5687 I0. 6610

16 0.95518 0.04754 -0.88798 0.19809 -0.21308 15.59 0.7344 8.2040

OES Y5 Y6 Y7 Y8 Y9 YIO YII

! . . . 90,2087 O. 1700 O. 4023 O. 108

2 . . 0.0416 93.0590 0.0998 0.7248 0,045

3 . . 0.0411 84.4399 0.1035 0,,7025 0,054

4 . 0o0312 0.1351 85.1440 0.1015 0.7268 0.041

5 . . . 92. 7499 0. 1315 0 •5459 0. 068

6 . 0.0207 0. 0622 86. 3566 0.1134 0. 6577 0o057

7 . , . 90. 5291 O, 1528 O. 4732 O. 075

8 , . . 95. 6021 0. 1593 O. 4413 O. 049

9 . . 0.0515 88.4920 0_1240 0_6119 0.069 =

!0 . 0.0212 0.0637 84,3714 0.1131 0,6522 0.058

ii . . . 92.4551 0.1248 O. 6002 0.071

12 . , 0.0522 90. 0355 0.1191 O, 6402 0.065

13 0u0326 0.0489 0.2108 82,7943 0.1065 0.6948 0.087

14 0.0300 0.0477 O. 1979 91. 4250 0,1092 0.7278 0.069

15 . • 0. 0522 86. 7182 0. 1005 0 •7603 0. 054

16 0.0361 0,0467 0,2059 90.7729 0.1361 0.5347 0.098
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OBS RUNID Y1 Z1 Z2 Z3 Z4 Z5 Z6

17 153-12-2 5.0635 -0.00571 -0.97467 1.03743 0.33120 0 0.00003

18 153-13-2 0.9749 -,0,00286 -1.02000 -0.99253 0,33120 0 0.00001

19 153-14-2 3.2911 -1.03143 -1.01867 0,10906 0.33120 0 1.06384

OBS Z7 Z8 Z9 ZIO ZII Y2 Y3 Y4

17 0.94998 1.07626 0,00557 -0.00593 -1.01115 16.17 0.6274 9.2849

18 1.04040 0.98511 O.002Sl 0,00284 1.01238 16.32 0,7405 4.8994

19 1. 03768 0,01],89 i, 05068 -0,11248 -0. ili09 15o 13, 0. 4726 5. 9694

OBS Y5 Y6 Y7 Y8 Y9 Y!0 YII

17 , . 0.0597 90,0280 0.1445 0.5026 0,084

18 o . . 94 •3601 0. 1257 0. 6090 0. 055

19 . . . 93 •5580 0. 1544 0,4403 0. 089
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Stepwise Procedure for Dependent Variable Y1

Step i Variable Z3 Entered R, square = 0.99663950 C(p) = 28.83705246

DF Sum of Squares Mean Square F Prob>F

qegression 3 25.54477390 25.54477390 5041.77 0.0001
Error 17 O. 08613271 0. 00506663

Total 18 25. 63090661

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 2. 92091599 O. 01633076 362. 08557153 31990.8 0. 0001

Z3 i. 99471836 O. 02809248 25. 54477390 5041.77 0. 0001

Bounds on condition number: I, 1

Step 2 Variable Z2 Entered R-square = 0.99774010 C(p) = 16.47989494

DF Sum of Squares Mean Square F Prob>F

Regression 2 25. 57298339 12. 78649169 3531.98 0. 0001
qrror 16 O. 05792322 0. 00362020

Total 18 25. 63090661

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

_NTERCEP 2. 92093012 O. 01380426 162. 08711804 44773.0 0. 0003

Z2 -0.05954227 0.02133016 0.02820949 7.79 0.0133

z3 i. 98809910 _ o. 02386445 25. 12498480 6940.22 o. 0001

Bounds on condition number: 1.009972, 4.039886

Step 3 Variable Zl Entered R-square = 0.99861538 C(p) = 7.06209092

DF Sum of Squares Mean Square F Prob>F

Regression 3 25.59541752 8.53180584 3606.10 0.000!
_rror 15 0. 03548908 0. 00236594

Total 18 25. 63090661

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

_NTERCEP 2 o92092053 0. 01115960 162. 086043.51 68508.1 0o 0001

Z1 -0. 05258066 0. 01707549 0. 02243414 9.48 0. 0076

Z2 -0.05990165 0.01724406 0.02854974 12.07 0.0034

Z3 1.98386154 0.03934145 24.89134441 10520.7 0.0003

Bounds on condition number: 1.01511, 9.090649
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qtep 4 Variable Z7 Entered R-square = 0.99908803 C(p) = 2.89642686

DF Sum of Squares Mean Square F Prob>F

Regression 4 25.60753206 6.40188301 3834.36 0.0001
Error 14 0. 02337455 0. 00166961
Total 18 25. 63090661

Paramecer Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 2. 89936057 0. 01232666 92. 36962985 55324.0 0. 0001

Z1 -0.05010976 0.01437359 0.02029222 12.15 0.0036

z.2 -0.06045023 0.01448733 0.02906931 17.41 0.0009

Z3 i. 98437720 0. 01624894 24. 90082927 14914.2 0. 0001

Z7 0. 05098063 0. 01892603 0. 01211453 7.26 0. 0175

Bounds on condition number: 1.015251, 16. 15617

Step 5 Variable ZII Entered R-square = 0.99929790 C(p) = 2.15871213

DF Sum of Squares Mean Square F Prob>F

9egression 5 25. 61291122 5. 12258224 3700.59 0. 0001
srror 13 0. 01799539 0. 00138426

Total 18 25. 63090661

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

_NTERCEP 2.89893494 / 0.01122605 92.30835117 66684o2 0.0001

Zl -0 05269755w 0.01315347 0.02221868 16.05 0.0015
-0[ 06123928 _" 0.01319743 0.02980569 21.53 0.0005Z2

Z3 1.98040_02__ 0.01493217 24.34884793 17589.8 0.0001
Z7 0 04846_44 w 0.01728020 0.01088846 7.87 0.0149

Zfi -0.0_90_440 -'_. 0.01981168 0.00537917 3.89 0.0704

Bounds on condition number: i.034111, 25.53053

All variables in the model are significant at the 0.1500 level.

No other variable met the 0.1500 significance level for entry into the model.

Summary of Stepwlse Procedure for Dependent Variable Y1

Variable Number Partial Model

Step Entered Removed In R**2 R**2 C(p) F Prob>F

1 Z3 1 0.9966 0.9966 28.8371 5041.7681 0o0001

2 Z2 2 0.0011 0.9977 16.4799 7.7922 0.0_

3 Z1 3 0.0009 0.9986 7.0621 9.4821 0.0076

4 Z7 4 0.0005 0o9991 2.8964 7.2559 0.0175

5 Zil 5 0.0002 0.9993 2.1587 3.8859 0.0704
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k_H

Dep Var Predict Std Err Std Err Student
Obs Y1 Value Predict Residual Residual Residual

1 2.8186 2.8249 0.022 -0.00630 0.030 -0.211
2 1.4183 1.4168 0.026 0.00147 0.027 0.054

3 4.5585 4.5486 0.032 0.0099 0.019 0.512

4 1.9567 1.9618 0.023 -0.00513 0.029 -0.177

5 3. 0248 3. 0377 0. 011 -0. 0129 0. 035 -0. 363

6 2.9701 2.9512 0.013. 0.0189 0.035 0.533

7 4.6307 4.6361 0.022 -0.00542 0.030 -0.179

8 i. 2218 1. 2073 0. 023 0. 0145 0. 029 0. 499

9 2.8943 2.8859 0.011 0.00844 0.035 0.238

i0 2.9388 2.8845 0.011 0.0543 0.035 1.530

ii 2.9374 2.8836 0.011 0.0538 0.035 1.516

12 2.8565 2.8894 0.011 -0.0329 0.035 -0.927

13 4.2197 4.2480 0.020 -0.0283 0.031 -0.908

14 i. 0690 I. 0934 0. 021 -0. 0244 0. 030 -0. 801

15 2.9611 3.0086 O.Oll -0.0475 0.035 -1.340

16 3.4615 3.3973 0.022 0.0642 0.030 2.149

17 5. 0635 5. 0990 0. 028 -0. 0355 0. 024 -I. 483

18 0.9749 1.0068 0.031 -0.0319 0.020 -1.604

19 3. 2911 3. 2863 0. 023 0. 00482 0. 029 0.166

Cook's

Obs -2-1-0 1 2 D

1 0.004

2 0.000

3 * 0.120

4 0.003

5 0.002

.6 * 0. 005

7 0.003

8 0.026

9 0.001

I0 *** 0.039

ll *** 0.038

12 * 0.014

13 * 0.058

14 * 0.053

15 ** 0.030

16 **** 0.424

17 ** 0.521

18 *** 1.070

19 0.003

Sum of Residuals 7.771561E-16

Sum of Squared Residuals 0.0180

nredicted Resid SS (Press) 0.0467

A-lO



Stepwise Procedure for Dependent Variable Y2

Step 1 Variable Z4 EI'_tered R-square = 0.78924342 C(p) = 21.768'71095

DF Sum of Squares Mean Square F Pz'ob>F

_egression 1 42.19198947 42. 19198947 63.66 O. 0001
Error 17 11.266789,18 0. 66275232

Total 18 53. 45877895

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 1.5.69929042 0.28424474 2021.74518540 3050.53 0.0001
Z4 3.25685946 0.40818745 42.1.9198947 63.66 0.0001

Bounds on condition number: I,
m,mm_.

Step 2 Variable Z2 EDtered R-square = 0.85085968 C(p) = ].3.01910355

DF Sum of Squares Mean Square F Prob>F

Regression 2 45. 4859].956 22. 742959?8 45.64 0. 0001
"rror 16 7. 972859 ....:ii 0.4.9830371

Total 18 53. 45877895

Parameter Standard Type II
Variable Estimate Error Sum of Sq_ares F Prob>F

-NTERCEP 15. 89435650 0.25788312 ].892.92834935 3798.7{ 0. 0001

Z2 0.69186289 0.26909765 3.29393010 6.61 0. 0205

Z4 2.88406043 0.38249055 28.33096750 56.85 O. 0001

Bounds on condition number: 1.167829, 4.6'71316

Step 3 Variable Z1 Entered R-sc_Jare = 0.89330068 C(p) = 7.61482372

DF Sum of Squares Mean Square F Prob>F

Regression 3 47.'75476337 15.91825446 41.86 0. 0001
"rror 15 5. 70401558 0. 38026771

Total 18 53. 45877895

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

"% i _ _ , , • ._ _ER_-P 3.5 88767498 0 22529554 1891 05841859 _9'72.97 0 0001

Z1 0.52749939 0.21595556 2.26884380 5.97 0.0274

Z2 0.68837701 0.23507994 3.26070126 8.57 0.0104

Z4 2.89649241 0.33417100 28.56912.123 75.13 0.0001

Bounds on condition n_imber: 1.1681, I0.00861
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3tep 4 Variable Z7 Entered R-square = 0.92313115 C(p) = 4.41058188

DF Sum of Sq%_ares Mean Square F Prob>F

Regression 4 49. 34946429 12. 33736607 42.03 0. 0001
Error 14 4. 10931466 0. 2935224.8
"oral 18 53. 45877895

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 16. 08888691 0. 21594278 1629. 35603490 5551.04 0. 0001

_l 0. 50017872 0. 19009360 2. 03215475 6.92 0. 0197

Z2 0. 67065198 0. 2066"7394 3. 090753.47 I0.53 0. 0059

Z4 2. 98874858 0. 29624827 29. 87503827 :01.78 0. 0001

Z7 -0.59016371 0.25319409 1.59470092 5.43 0.0352

Bounds on condition number: I. 18933, 17. 54129 //

Step 5 Variable Z8 Entered R-square = 0.93606338 C(p) = 4.15441803

DF Sum of Squares Mean Square F Prob>F

qegression 5 50.04080545 i0.00816].09 38.07 0.0001
Error 13 3. 41797350 0. 262923.04

Total 18 53.45877895

Parameter Standard Type II

Variable Estimate Error Sum of Squares F ]?rob>F

INTERCEP 1.5.95803179 0.21973097 1386.76045615 5274.44 0.0001

Z1 0. 50200705 0. 17991527 2. 04695801 7.79 0. 0153

Z2 0_70984840 0.19709187 3.41050848 12.97 0.O032

_4 2. 9913"190 0.28038517 29.92650962 113.82 0. 0001

Z7 -0. 69551955 0. 24828417 2. 06322205 7.85 0. 0150

Z8 0.51490196 0.31753457 0.69134116 2.63 0.1289

Bounds on condition number: 1.189369, 27.85408

All variables in the model are significant at the 0.1500 level.

'Io other variable met the 0.1500 significance level for entry into the model.

Summary of Stepwise Procedure for Dependent Variable Y2

Variable Number Partial Model

Step Entered Removed In R*_2 R**2 C(p) F Prob>F

1 Z4 1 0.7892 0.7892 21. 7687 63.6618 0.0001

2 Z2 2 0.0616 0.8509 13.01.gl 6.6103 0.0205

3 Z1 3 0.0424 0.8933 7. 614:8 5_9664 0. 0274

4 Z7 4 0. 0298 0.9231 4.4106 5.4330 0.0352

5 Z8 5 0.0129 0.9361 4.1544 2.6295 0. 1289
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Dep Var Predict Std Err Std Err Student
Obs Y2 Value Predict Residual Residual Residual

1 18.2400 18.0223 0.329 0,21'77 0. 394 0.553
2 18. 3400 18.8194 0.263 -0.4'794 0. 440 -1,090

3 19.2600 1.8,8635 0.286 0.3965 0,425 0.932

4 18.9100 19.0690 0.307 -0. 1590 0o 411 -0,387

5 17.6000 17. 4609 0.175 0,1391 0.482 0.289

6 17.2800 17,4455 0.175 --0,1655 0.482 -0.343

7 17. 3000 17. 1894 0. 292 0. 1106 0. 421 0. 262

8 16.4800 17,2163 0.301 -0.7363 0.415 -1.775

9 17.3100 17,3706 0,174 -0.06106 0.482 -0.126

i0 13.0200 13.6083 0.396 -0.56183 0.326 -1.803

II 20.8300 21.3829 0.409 -0.5529 0,310 -1.785

12 17,9200 17. 3376 0. 175 0. 5824 0. 482 i. 208

13 18,4400 18.0966 0.242 0.3434 0.452 0.759

14 18,3400 18.3083 0.297 0.0317 0,418 0.076

15 18.3100 17.3615 0.174 0.9485 0,482 1.966

16 15.5900 16.0713 0.337 -0,4813 0.386 -1.246

17 16,1700 16. 1475 0. 304 0. 0225 0. 413 0,055

18 16o3200 16.0069 0.300 0.3131 0.416 0.753

19 15.1100 14.9923 0.360 0,1177 0.365 0.323

Cook 's

Obs -2-1-0 1 2 D

1 * 0.036

2 ** 0.071

3 * 0.066

4 0.014

5 0,002

6 0,003

7 0,006

8 *** 0,2'77

9 0,000

I0 *** 0,796

ii *** 0.924

12 ** 0.032

13 * 0.027

14 0.000

15 *** 0.084

16 _* 0,197

17 0.000

18 * 0.049

19 0.017

Sum of Residuals 7,993606E-14

Sum of Sqllared Residuals 3,4180

nredicted Resid SS (Press) 9.4945
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Stepwise Procedure for Dependent Variable Y3

Step i Variable Z2 Entered R-square = 0.37261882 C(p) = '70.68969790

DF Sum of Squares Mean Square F Prob>F

F_gression 1 4.32132421 4.32132421 i0.I0 0.0055
Error 17 7.27584694 0.42799100

Total 18 ii.59717115

z Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

: INTERCEP 1.45743629 0.15008626 40.35821071 94.30 0.0001

Z2 0.73329992 0.23077594 4.32132421 i0.I0 0.0055

Bounds on condition number: I, 1
m_

Step 2 Variable Zl Entered R-square = 0.54241815 C(p) = 49.49796980

DF Sum of Squares Mean Square F Prob>F

Regression 2 6.29051617 3.14525808 9.48 0.0019
F_ror 16 5.30665498 0.33166594

Total 18 11.59717115

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

_'ITERCEP 1.45728865 0.13212169 40.35002612 121.66 0.0001

Z1 0.49137529 0.20165998 1.96919196 5.94 0.0269

Z2 0.73314137 0.20315320 4.31945541 13.02 0.0024

Bounds on conditicn number: i, 4

Step 3 Variable Z5 Entered R-square = 0.72431983 C(p) = 26.65326622

DF Sum of Squares Mean Square F Prob>F

Regression 3 8.40006101 2.80002034 13.14 0.0002
Frror 15 3.19711014 0.21314068

Total 18 i1.59717115

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

7"_TERCEP 1.45728134 0.10591485 40.34962117 189.31 0.0001

Z1 0.51623053 0.16185289 2.16826702 10.3.7 0.0061

Z2 0.73296275 0.16285700 4.31735037 20.26 0.0004

Z5 1.02824694 0.32684076 2.10954485 9.90 0.0067

Bounds on condition number: io002389r 9.014332
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_tep 4 Variable Z4 Entered R-square = 0.84967963 C(p) = ii.53122958

DF Sum of Squares Mean Square F Prob>F

Regression 4 9.85388009 2. 46347002 19.78 0.0001
Error 14 1.74329106 0. 12452079

_otai 18 ii, 59717115

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP I. 80012052 0. 12892256 24. 27656320 194.96 0. 0001

"i 0. 50978120 0. 12372537 2. 11393651 16.98 0. 0010

Z2 0. 90723090 0. 13452155 5. 66361570 45.48 0. 0001

Z4 -0. 65340038 0. 19122520 i. 45381908 ii. 68 0. 0042

Z5 1.02749b04 0.24981824 2.10645916 16.92 O.0011

Bounds on comdition number: 1,168101, 17. 36394
m_

Step 5 Variable Z3 Entered R-square = 0.87564475 C(p) = 9.98483154

DF Sum of Squares Mean Square F Prob>F

regression 5 i0. 15500205 2. 03100041 18.31 0. 0001
Error 13 I. 44216910 0. 11093608

Total 18 ii. 59717115

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP i. 80078292 0. 12168772 24. 29416761 218.99 0. 0001

Z1 0. 52358507 0. 11708173 2. 21854935 20.00 0. 0006
Z2 0. 92628002 O. 12749717 5. 85539685 52.78 0. 0001

Z3 0.21821260 0.13244'789 0.30112195 2.71 0.1234

Z4 -0. 65217943 0. 18049463 i. 44836650 13.06 0. 0032

"5 1.03101144 0.23580739 2.12072797 19.12 0.0008

Bounds on condition number: 1.177557, 26.85571
n,

Step 6 Variable Z9 Entered R-square = 0.90558903 C(p) = 7.89494808

DF Sum of Squares Mean Square F Prob>F

Regression 6 i0. 50227094 I. 75037849 19.18 0. 0001
Error 12 i. 09490021 0. 09124168

Total IS II. 59717115

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

,_NTERCEP i. 80131501 O. 11035914 24. 30837811 266.42 0. 0001
_1 0. 53054521 0. i0624154 2. 27535603 24.94 0. 0003

_2 0. 94367986 0,11597087 6. 04150084 66.21 0. 000i

_3 0.24307672 0.12079147 0.36949409 4.05 0.0672
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Z4 -0.65302054 0.16369146 1.45209475 15.91 0.0018

Z5 1.03218125 0.21385497 2.12552645 23.30 0.0004
Z9 0.31032570 0.15906750 0.34726889 3.81 0.0748

Bounds on condition number: 1.184563, 38.4472

Step 7 Variable Zll Entered R-square = 0.93823011 C(p) = 5.43672584

DF Sum of Squares Mean Square F Prob>F

Regression 7 10.88081519 1.55440217 23.87 0.0001
_rror ii 0.71635596 0.06512327

Total 18 11.59717115

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F
#

_NTERCEP 1.81148376 0.09333052 24.53339740 376.72 0.0001

Z1 0.552].3458 0.09020206 2.44001878 37.47 0.0001

Z2 0.95117948 0.09802552 6.13172783 94.16 0.0001

Z3 0.27898451' 0.10312985 0.47657097 7.32 0.0205

Z4 -0.64850203, 0.13830483 1.43180605 21.99 0.0007

Z5 1.03470177, 0.18067501 2.13584840 32.80 0.0001

Z9 0.34354755_ 0.13509026 0.42117426 6.47 (].0273

ZII 0.32847430. 0.13624205 0.37854425 5.81 0.0346

Bounds on condition number: 1.185757, 52.42236

\ii variables in the model are significant at the 0.1500 level.

No other variable met the 0.1500 significance level for entry into the model.

Summary of Stepwise Procedure for Dependent Variable Y3

Variable Number Partial Model

_tep Entered Removed In R**2 R**2 C(p) F Prob>F

1 Z2 1 0.3726 0.3726 70.6897 10.0968 0.0055

2 Z1 2 0.1698 0.5424 49.4980 5.93'73 0.0269

3 Z5 3 0.1819 0.7243 26.6533 9.8974 0.0067

4 Z4 4 0.1254 0.8497 11.5312 11.6753 0.0042

5 Z3 5 0.0260 0.8756 9.9848 2.7144 0.1234

6 Z9 6 0.0299 0.9056 7.8949 3.8060 0.0748

7 ZII 7 0.0326 0.9382 5.4367 5.8127 0.0346
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Dep Var Predict Std Err Std Err Student
Obs Y3 Value Predict Residual Residual Residual

1 1.6033 1,2581 0.194 0.3452 0. 165 2.086

2 1.4443 1.7554 0.166 -0.3111 0,194 -1.602

3 2.4974 2.7267 0,203 -0.2293 0o 155 -1.484

4 2.9109 2.7105 0.187 0.2004 0. 174 1.154

5 0,6130 O. 6011 0. 190 O. 0119 0. 170 0. 070

6 2 _1548 I, 6099 0. 061 O. 5449 0. 248 2. 199

7 0. 9677 i. 1461 0. 139 -0. 1784 0. 214 -0. 832

8 0. 5392 0. 6665 0. 149 -0. 1273 0,207 -0.6!5

9 I. 4102 i. 5128 0,059 -0. 1026 0,248 a-0,413

i0 2.3342 2.3442 0,191 -0.0100 0. 169 -0,059

ii 0.6715 0.6824 0,186 -0.0109 0.175 -0.063

12 i. 3892 I. 4774 0. 059 -0. 0882 0. 248 -0. 355

13 2. 2948 2. 2208 O, 133 0. 0740 0. 218 0. 340

14 1. 7299 i. 8603 0. 140 -0. 1304 0. 213 -0. 612

15 2. 5687 2. 5568 0,190 O, 0119 0. 170 0. 070

" 16 0. 7344 0. 8545 O. 184 -0. 1201 0,177 -0. 679

17 0.6274 0.6257 0,188 0.00173 0.173 0.010

18 0. 7405 0.68]6 0. 200 0. 0589 0. 159 0. 371

19 0.4726 0.4132 0,195 0.0594 0.165 0,360

Cook 's

Obs -2-1-0 1 2 D

1 *e** 0.749

2 *** 0,233

3 ** 0.475

4 _* 0.193

5 0o001

6 **** 0.037

7 e 0.036

8 * 0.024

9 0.001

i0 0.001

Ii 0,001

12 0.001

13 0.005

14 * 0°020

15 0.001

16 * 0.062

17 0.000

18 0.027

19 0.022

Sum of Residuals -6.10623E-16

Sum of Squared Residuals 0.7164
_redicted Resid SS (Press) 2.1499
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Stepwise Procedure for Dependent Variable Y4

_tep 1 Variable Z3 Entered R-square = 0.33908980 C(p) = 42.43152127

DF Sum of Squares Mean Square F Prob>F

regression 1 55. 98796948 55.98796948 8.72 0.0089
Zrror 17 109. 1245433 5 6. 41909079

Total 18 165. 11251283

Parameter Standard Type II

7ariable Estimate Error Sum of Squares F Prob>F

ZNTERCEP 8.84463469 0.58127768 1486.16156499 231.52 0.0001

Z3 2.95309836 0.99992474 55.98796948 8.72 0.0089

Bounds on condition number: i, 1
mm ------ " --" ...

3tep 2 Variable Z1 Entered R-square = 0.52927390 C(p) = 27. 90497657

DF Sum of Squares Mean Square F Prob>F

Regression 2 87. 38974335 43. 69487167 9.00 0. 0024
-trot 16 77. 72276948 4. 85767309

?otal 18 165. 11251283

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

-NTERCEP 8. 84499652 0. 50566285 1486. 28304789 305.97 0. 0001

Z1 1.96715456 0.'77370524 31.40177387 6.46 0.0217

Z3 3. 11013981 0.87204085 61.78946773 12. '72 0. 0026

Bounds on condition number: 1.005042, 4.020168

3tep 3 Variable Z2 Entered R-square = 0.64725525 C_p) = 19.65267830

DF Sum of Squares Mean Square F Prob>F

Regression 3 106.86994067 35.62331356 9.17 0.0011
_rror 15 58. 24257216 3. 88283814

Total 18 165. 11251283

Parameter Standard Type II

i Variable Estimate Error Sum of Squares F Prob>F

: "NTERCEP 8.84462710 0.45208654 1486.15869960 382.75 0.0001

_i 1.97764101 0.69174493 31.73600382 8.17 0.0119

_2 i. 56471196 0. 69857392 19. 48019732 5.02 0. 0407

"3 3. 28492462 0. 78354118 68. 24588259 17.58 0. 0008

Zounds on condition number: 1.01511, 9.090649
{
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_tep 4 Variable Z4 Entered R-square = 0.77554375 C(p) = i0.50471369

DF Sum of Squares Mean Square F Prob>F

Regression 4 128.05197660 32.01299415 12.09 0.0(302
Error 14 37.06053623 2.64718116
Total 18 165. i1251283

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 10.15322955 0.59443187 772. 30332146 291.75 0.0001

'7,1 1.95262167 0.57123556 30_93067528 i1.68 0.0042

Z2 2.22924240 0.62281054 33. 91457187 12.81 0.0030

Z3 3. 27742548 0. 64696779 67. 93350089 25.66 0. 0002

Z4 -2.49408659 0.88].69729 21.18203593 8.00 0.0134

Bounds on condition number: 1.177557, 17.46453

Step 5 Variable Z5 Entered )-square = 0.83622763 C(p) = 7.23).42892

DF Sum of Squares Mean Square F Prob>F

qegression 5 138.07164489 27. 61432898 13.28 O.0001
Error 13 27 o04086794 2. 08006676

Total 18 165. 11251283

Paramater Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

£NTERCEP 10.15245543- 0.52692522 772.18521385 371.23 0.0001

Z1 2.00752399- 0.50698061 32. 61490134 15.68 0.0016

Z2 2.22944474 " 0.55208096 33.92072772 16.31 0.00].4

Z3 3.28881857 _ 0.57351827 68.40102282 32.88 O.0001

Z4 -2.49251195 , 0.78156751 21.15528001 10.17 0.0071
Z5 2.24103002 , 1.02107970 I0.01966829 4.82 0.0469

/

Bounds on condition number: 1.177557, 26.85571

All variables in the model are significant at the 0.1500 level.

_o other variable met the 0.1500 significance level for entry into the model.

Summary of Stepwise Procedure for Dependent Variable Y4

Variable Number Partial Model

Step Entered Removed In R**2 R**2 C (p) F Prob>F

1 Z3 1 0.3391 0.3391 42.4315 8.7221 0.0089

2 Z1 2 0.1902 0.5293 27. 9050 6. 4644 0. 0217

3 Z2 3 0.i180 0.6473 19. 6527 5. 0170 0.0407

4 Z4 4 0. 1283 0.7'755 I0. 5047 8. 0017 0 o0134

5 Z5 5 0.0607 0.8362 7.2314 4.8170 0.0469
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Dep Var Predict Sta Err Std Err Student
Obs Y4 Value Predict Residual Residual Residual

1 8. 1880 8. 0027 0. 795 0. 1853 1. 204 0. 154

2 5. 4551 7. 7817 0. 719 -2. 3266 1. 250 -I. 861

3 13. 0216 13. 0484 0. 826 -0. 0268 I. 182 --0.023

4 ii.7788 I0.5061 0.770 1.2727 1.219 1.044

5 6. 6371 7. 3678 i. 075 -0 °7307 0. 962 -0. 760

6 ll. 4058 9. 4087 0. 343 i. 9971 i. 401 i. 426

7 8. 5032 9. 6042 0. 781 -I. I010 1. 212 -0. 908

8 3.8588 3.9013 0.836 o-0.0425 I.].75 -0.036

9 I0. 0463 9. 0048 0. 334 i. 0415 i. 403 0. 742

i0 13. 2095 12. 2014 I. 078 i. 0081 0. 958 I. 053

ii 6. 8734 5. 7656 i. 048 I. 1078 0. 990 1. I19

12 8.5231 8.8703 0.334 -0.3472 1.403 -0.247

13 14. 6185 13. 2237 0. 739 I. 3948 i. 238 I. 126

14 6.5695 8.2588 0.792 -1.6893 1.205 -1.401

15 I0. 6610 ii. 3917 I. 075 -0. 7307 0. 962 -0. 760

16 8. 2040 9. 6891 0. 764 -i. 4851 I. 223 -i. 214

17 9. 2849 I0. 5544 0.8.1.2 -i. 2695 I. 192 -I. 065

18 4.8994 3.7829 0.874 Io1165 i. 147 0.973

19 5. 9694 5.3439 0o809 0.6255 1.194 0.524

Cook' s

Obs -2-1-0 I 2 D

1 0.002

2 *** 0.191

3 0.000

4 ** 0.072

5 * 0.120
6 ** 0. 020

7 * 0.057

8 0.000

9 * 0.005

I0 ** 0.234

Ii ** 0.234

12 0.001

13 ** 0.075

14 ** 0.141

15 * 0. 120

16 ** 0.096

17 ** 0_088

18 * 0.092

19 * 0.021

Sum of Residuals -2.93099E-14

Sum of Squared Residuals 27.0409

_redicted Resid SS (Press) 58.3266
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Stepwise Procedure for Dependent Variable Y5

Step 1 Variable Z8 Entered R-square = 0.99756950 C(p) = .

DF Sum of Squares Mean Square F Prob>F

_egression 1 0.00001869 0.00001869 410.44 0.0314
Error 1 0. 00000005 0. 00000005

Total 2 0. 00001874

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0. 03655973 0. 00021867 0. 00127323 27953 .9 0. 0038

Z8 -0. 00827994 0. 00040870 0. 00001869 410.44 0 .0314

Bounds on condition number: I, 1

All variables in the model are significant at the 0.1500 level.

No other variable met the 0.1500 significance level for entry into the model.

Summary of Stepwise Procedure for Dependent Variable Y5

Variable Number Partial Model

Step Entered Removed In R**2 R**2 C(p) F Prob>F

1 Z8 1 0.9976 0.99"76 . 410.4383 0.0314
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Dep Var Predict Std Err Std Err Student
Obs Y5 Value Predict Residual Residual Residual

l . 0.0365 0.000 . • •
2 , 0.0318 0,000 • . •

3 . 0,0305 0,000 • • •

4 . 0.0349 0.000 • • •

5 . 0.0365 0,000 • • •

6 . 0.0366 0.000 • • ,

7 . 0.0306 0.000 • - •

8 . 0.0301 0.000 • • •

9 . 0,0366 0.000 • • •

I0 . 0.0366 0.000 • • •

ii . 0.0366 0.000 • • •

12 . 0.0366 0.000 • • •

13 0. 0326 0. 0324 0. 000 0. 000173 0. 000 1. 000

14 0. 0300 0. 0301 0. 000 -0. 00011 0. 000 -I. 000

15 . 0.0365 0.000 • • •

16 O. 0361 0,0362 0,000 -0. 00007 0. 000 -i. 000

17 . 0.0276 0.000 • , ,

18 . 0.0284 0,000 • • •

19 . 0,0365 0.000 • • •

Cook's

Obs -2-1-0 1 2 D

1

2

3

4

5

6

7

8

9

I0

ii

12

13 I* 1 0,26414 * 1,506

15

16 I *I 1 4v06
17

18

19

Sum of Residuals 2.775558E-!7

Sum of Squared Residuals 0.0000
_redicted Resid SS (Press) 0.0000
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Stepwise Procedure for Dependent Variable Y6

Step 1 Variable Z6 Entered R-square = 0.85727089 C(p) = .

DF Sum of Squares Mean Square F Prob>F

_egression 1 0. 00076634 0. 00076634 24.03 0. 0080

Error 4 0. 00012759 0. 00003 190
Total 5 0. 00089393

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0. 02045657 0. 00393176 0. 000.86347 27.07 0. 0065

Z6 0.02515830 0.00513273 0.00076634 24.03 0.0080

Bounds on condition number: i, 1

x

Step 2 Variable Z2 Entered R-square = 0.96417150 C(p) = .

DF Sum of Squares Mean Square F Prob>F

Regression 2 0. 00086191 0. 00043095 40.37 0. 0068
_rror 3 0. 00003203 0. 00001068
Total 5 O. 00089393

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

_NTERCEP 0. 02071039 0. 0022'7623 0. 00088380 82.78 0. 0028

Z2 -0.00700201 0.00234038 0.00009556 8.95 0.0580

Z6 0.02476177 0.00297241 0.00074090 69.40 0.0036

Bounds on condition number: 1.001992, 4.007969

Step 3 Variable Z3 Entered R-square = 0.99398605 C(p) = .

DF Sum of Squares Mean Square F Prob>F

Regression 3 0.00088856 0.00029619 110.19 0.0090

=trot 2 0.00000538 0.00000269

Total 5 0.00089393

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

_NTERCEP 0.02022891 0°00115235 0.00082834 308.16 0.0032

Z2 -0.00532721 0.00128918 0.00004590 17.08 0.0539

Z3 0.00473429 0.00150351 0.00002665 9.92 0.0878

Z6 0_02602587 0.00154457 0.00076319 283.92 0.0035

Bounds on condition number: 1.267238, 10.64806
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_tep 4 Variable ZI Entered R,-square = 0.99995930 C(p) = •

DF Sum of Squares Mean Square F Prob>F

Regression 4 0.00089390 0.00022347 6142.65 0. 0096
Error 1 0. 00000004 O. 00000004

Total 5 0 o00089393

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0. 02230268. 0. 00021742 0. 00038280 10522.0 0. 0062
Z1 -0. 01900836 • 0. 00156900 0.00000534 146.77 0.0524

Z2 -0. 00466092 0. 00015975 0. 00003097 851.30 0. 0218

Z3 0. 00590536" 0. 00019985 0. 00003177 873.17 0. 0215

Z6 0.04344619 . 0.00144910 0.00003270 898.89 0.0212

Bounds on condition number: 69. 88552, 561.9617

All variables in the model are significant at the 0.1500 level.

No other variable met the 0.1500 significance level for entry into the model.

Summary of Stepwise Procedure for Dependent Variable Y6

Variable Number Partial Model

Step Entered Removed In R*_2 R**2 C (p) F Prob>F

1 Z6 1 0.8573 0.8573 . 24.0251 0.0080

2 Z2 2 O. 1069 0. 9642 . 8. 9510 0. 0580

3 Z3 3 0. 0298 0. 9940 . 9. 9151 0. 0878

4 Z1 4 0.0060 1.0000 . 146.7724 0.0524
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Dep Var Predict Std Err Std Err Student
Obs Y6 Value Predict Residual Residual Residual

1 . 0.0816 0.003 . • •

2 . 0.0131 0.000 . . •

3 , 0.0234 0.000 . . •

4 0. 0312 0. 0312 0. 000 -0. 00004 0. 000 -i. 000

5 . 0. 0207 0. 000 . • •

6 0,0207 0. 0206 0. 000 0. 000137 0. 000 I. 000

7 . 0. 0979 0. 004 . • •

8 . 0. 0871 0,003 . • •

9 , 0.0217 0. 000 . • •

i0 0. 0212 0. 0213 0. 000 -0. 00011 0. 000 -1. 000

ii 0. 0215 0,000 • • •

12 . O, 0231 0. 000 . • •

13 0. 0489 0. 0489 0. 000 0. 000022 0,000 i. 000

14 0.0477 0.0477 0.000 0.000035 0.000 1,O00

15 . 0.0229 0,000 , • •

16 0. 0467 0,0467 0. 000 -0,00004 0. 000 -I, 000

17 . 0.0331 0.000 • . •

18 , 0.0213 0.000 . • •

19 . 0. 0935 0 o003 . • •

Cook's

Obs -2-1-0 1 2 D

1

2

3 , •

4 I *I I 3.9o3
5

1 I* I o.lss
7
8 •
9

lo I *1 I o.=79
11
].2

13 I i, 14. 524

14 il I* 5. 725
15

16 I *1 I 4.361
17

18

19

Sum of Residuals 3.816392E-17

Sum of Squared Residuals 0.0000

_redicted Resid SS (Press) 0.0000

A-25



Stepwise Procedure for Dependent Variable Y7

Step 1 Variable Z1 Entered R-square = 0_94000478 C(p) = .

DF Sum of Squares Mean Square F Prob>F

Aegression 1 0. 04927827 O. 04927827 156.68 0. 0001
Error I0 0. 00314515 0. 00031452

Total ll 0. 05242342

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0. 05037197 0. 00637036 0. 01966489 62.52 0. 0001

Z1 0. 14307446 0. 01143024 0. 04927827 156.68 O. 0001

Bounds on condition nun%ber: i, 1

Step 2 Variable Z9 Entered R-square = 0.98030220 C(p) = .

DF Sum of Squares Mean Square F Prob>F

Regression 2 0.05139080 0.02569540 223.95 0.0001
"_rror 9 0. 00103263 0. 00011474

Total Ii 0. 05242342

Parameter Standard Type II

Variable E3timate Error Sum of Squares F P rob>F

,NTERCEP 0. 05038541 0. 00384763 O. 01967537 ].71.48 O. 0001

Z1 0.14243612 0.00690535 0.04881686 425.47 0.0001

Z9 -0.037016"79 0.00862676 0.00211253 1.8.41 0.0020

Bounds on condition number: 1.000464, 4.001857

Step 3 Variable ZI0 Entered R-square = 0.98818870 C(p) = .

DF Sum of Squares Mean Sq%_are F Prob>F

Regression 3 0. 05].80423 0. 01726808 223. ii 0. 0001
_rror 8 0. 00061919 0. 00007740

Total ii 0. 05242342

Parameter Standard Type I I

Variable Estimate Error Sum of Squares F Prob>F

.NTERCEP O. 05023376 0. 00316085 0. 01954868 252.57 0. 0001

Z1 0.14525203 0.00580094 0.04852669 626.97 0o000!

Z9 -0.03090416 0.00756291 0.00129238 16.70 0.0035

ZI0 0. 01769795 0. 00765746 0. 00041344 5.34 0. 0496

Bounds on condition number: 1.18211, 10.10582



"tep 4 Variable Z6 Entered R-square = 0.99356946 C(p) = .

DF Sum of Squares Mean Square F Prob>F

Regression 4 0.05208631 0.01302158 270.39 0.0001
Error 7 0.00033711 0.00004816

_otal ii 0,05242342

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0.05144296 0,00254287 0.01970967 409.27 0.0001

_i 0.06137518 0.03495807 0.00014844 3.08 0.1226

Z6 0.08673932 0,03584006 0.00028208 5,86 0.0461

Z9 -0.02675039 0.00620766 0.00089429 18.57 0.0035

ZI0 0.02501832 0.00675527 0.00066055 13,72 0.0076

Bounds on condition number: 63.02571, 507.3034
• _ m m----mm_m--m----------_W--m_'

Step 5 Variable Z2 Entered R-square = 0.99860254 C(p) = .

DF Sum of Squares Mean Square F Prob>F

_egression 5 0.05235016 0.01047003 857.50 0.0001
Error 6 0.00007326 0.00001221

Total Ii 0.05242342

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0.05297259 0,00132200 0,01960443 1605.62 0.0001

Z1 0.04950020 0,01778658 0.00009457 7.75 0.0319

Z2 -0.00952447 0.00204889 0.00026385 21.61 0.0035

Z6 0,09743820 0.01819245 0.00035026 28.69 0.0017

Z9 -0.03.596349 0,00389288 0.00020532 16,82 0,0064

710 0.02547687 0.00340286 0.00068441 56.05 0,0003

Bounds on condition number: 64.05083, 657,480"7

Step 6 Variable Z4 Entered R-square = 0.99979202 C(p) = .

i
DF Sum of Squares Mean Square F Prob>F

Regression 6 0.05241252 0.00873542 4006.00 0.0001
Error 5 0.00001090 0.00000218

Total ii 0.05242342

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0°05538153 0°00071?67 0.01298540 5955.01 0.0001

Z1 0.04294503 0.00761592 0,00006934 31.80 0.0024

"2 -0.00735184 0,00095644 0.00012884 59.08 0.0006

Z4 -0.00647525 0.00121088 0.00006236 28.60 0.0031
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"6 0. 10527399 0.00782654 0. 00039453 180.93 0. 0001
Z9 -0.01609562 0. 00164532 0. 00020868 95.70 0.0002

ZI0 0. 02615682 0. 00144366 0. 00071583 328.28 0. 0001

Bounds on condition number: 66. 37752, 823.4959

All variablesl in the model are significant at the 0.1500 level.

No other variable met the 0.1500 significance level for entry into the model.

Summary of Stepwise Procedure for Dependent Variable Y7

Variable Number Partial Model

Step Entered Removed In R**2 R**2 C (p) F Prob>F

1 Zl 1 0. 9400 0. 9400 . 156. 6800 0. 0001

2 Z9 2 0. 0403 0. 9803 . 18. 4120 0. 0020

3 ZI0 3 0. 0079 0. 9882 . 5. 3417 0. 0496

: 4 Z6 4 0. 0054 0. 9936 . 5. 8573 0. 0461
5 Z2 5 0 °0050 0. 9986 . 21. 6096 0. 0035

6 Z4 6 0. 0012 0. 9998 o 28. 5963 0. 0031
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Dep Var Predict Std Err Std Err Student
Obs Y7 Value Predict Residual Residual Residual

1 . 0.1256 0.016 . . .

2 0.0416 0.0425 0.001 -0.00088 0.001 -0.766

3 0.0411 0.0405 0.001 0.000587 0.001 0.548

• 4 0o 1351 0. 1350 O.OO1 0.000111 O. 001 0.187

5 . O. 0638 O. 001 . . .

6 0. 0622 0. 0610 0. 001 0. 00115 0. 001 i. 037

7 . 0. 1038 O. 017 . . .

8 . 0 _1512 0. 018 . . .

9 0. 0515 0. 0540 0. 001 -0. 00253 0. 001 -i. 853

I0 0. 0637 O. 0637 O. 001 -0. 00004 0. 000 -0. 202

II . 0.0454 0.002 . . .

12 0. 0522 0. 0510 0. 001 0. 00125 0. 001 0. 962

13 0. 2108 0. 2109 0. 001 -0. 00007 0. 000 -0. 173

14 0. 1979 O_ 1980 0. 001 -0. 00009 0. 000 -0. 212

15 0. 0522 0. 0515 O. 001 0. 000654 0. 001 0. 487

" 16 0.2059 0.2058 0.001 0.000081 0.001 0.142

17 0.0597 0.0599 0.001 -0.00022 0.001 -0.246

18 . 0.0606 0.001 . . •

19 . 0.1086 0.017 . . •

Cook's

Obs -2-1-0 1 2 D

1

2 * 0.054

3 * 0.038

: 4 0.026

5

6 j I** 1 oi19
7

8

9 ***1 I 0.084I0 0.299

0 ii

12 * 0.039

13 0.049

14 0.068

15 0.007

16 0.016

17 0.016

18

19

Sum of Residuals -2.77556E-17

Sum of Squared Residuals 0.0000

_redicted Resid SS (Press) 0.0000
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Stepwise Procedure for Dependent Variable Y8

Step 1 Variable Z3 Entered R-square = 0.23787422 C(p) = 59.05581977

DF Sum of Squares Mean Square F Prob>F

qegression 1 59.67437724 59.67437724 5.31 0.0341
Error 17 191.19087888 11.24652229

Total 18 250.86525612

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 89.61832130 0.76940678 152580.78144434 13566.9 0.0001

Z3 -3.04876887 1.32354794 59.67437724 5.31 0.0341

Bounds on condition number: l, 1
m_w wmw

"%

Step 2 Variable Z1 Entered R-square = 0.45502218 C(p) = 39.95553646

DF Sum of Squares Mean Square F Prob>F

Regression 2 114.14925475 57.07462738 6.68 0.0078
_rror 16 136.71600137 8.54475009

Total 18 250.86525612

Parameter Standard Type II
Variable Estimate Error Sum of Squares F Prob>F

_NTERCEP 89.61784472 0.67065102 152579.14656340 17856.5 0.0001

Z1 -2.59095294 1.02615054 54.47487751 6.38 0.0225

Z3 -3.25560926 1.15657119 67.70475625 "7.92 0.0125 _

Bounds on condition number: 1.005042, 4.020168

Step 3 Variable Z2 Entered R-square = 0.62370126 C(p) = 25.56497678

DF Sum of Squares Mean Square F Prob>F

Regression 3 156.46497713 52.15499238 8.29 0.0017
_rror 15 94.40027899 6.29335193

Total 18 250.86525612

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

TNTERCEP 89.6].838920 0.57555647 152580.98025634 24244.8 0.0001

Zl -2.60640843 0.88066827 55.12419520 8.76 0.0097

Z2 -2.30615560 0.88936234 42.31572238 6.72 0.0204

Z3 -3.51321639 0.99753511 78.06123887 12.40 0.0031

Bounds on condition number: 1.01511, 9.090649
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itep 4 Variable Z4 Entered R-square = 0.76081866 C(p) = 14.24126902

DF Sum of Squares Mean Square F Prob>F

Regression 4 190.86296778 47.71574195 11.13 0.0003
Error 14 60.00228834 4.28587774

_otal 18 250.8652561.2

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 87.95079485 0.75636277 57950,74590858 13521.3 0.0001

"I -2.57452548 0.72684749 53.77093367 12.55 0.0033

Z2 -3.15298819 0.79247216 67.84478002 15.83 0.0014

Z3 -3.50365999 0.82321015 77.63583950 18.11 0.0008

Z4 3.17829507 1.12188300 34.39799065 8.03 0,0133

Bounds on condition number: 1.177557, 17.46453

Step 5 Variable Z5 Entered R-square = 0.84797619 C(p) = 7.77216562

DF Sum of Squares Mean Square F Prob>F

egression 5 212.72776286 42.54555257 14.50 0.0001
Error 13 38.13749326 2.93365333

Total 18 250.86525612

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 87.95193840 0.62577001 57952.22691283 19754.3 0.0001

Z1 -2.65562844 0.60208403 57.07280292 19.45 0.0007

Z2 -3.15328709 0.65564466 67.85764186 23.13 0.0003

Z3 -3. 52049013 0. 68110335 78. 37707034 26.72 0. 0002

34 3.17596897 0.92818011 34.34763049 i1.71 0.0045

"5 -3. 31050089 i. 21262188 21. 86479508 7 _45 0. 0172

Bounds on condition number: 1.177557, 26.85571
mm----mmmm_--._--_--"

Step 6 Variable Zll Entered R-square = 0.87364579 C(p) = 7.27784839

DF Sum of Squares Mean Square F Prob>F

Regression 6 219.16737429 36.52789571 13.83 0.0001
Error 12 31.69788183 2.64149015

?otal 18 250.86525612

Parameter Standard Type II

7ariable Estimate Error Sum of Squares F Prob>F

_NTERCEP 87.91044987 0_59438693 57781.85657197 21874.7 0.0001

11 -2.74115222 0.57393684 60.25416861 22.81 0.0005

2 ....3.17641517 0.62231704 68.81769764 26.05 0.0003

3 -_.65689799 0.652].7652 83.05090513 31.44 0.0001
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3.15706010 0.88083266 33.93343918 12.85 0.0038

-3.32032872 1.15067320 21.99414893 8.33 0.0137

1 -1.34772650 0.86317020 6.43961143 2.44 0.1444

unds on condition number: 1.178224, 38.55648
m_ wm. w 4 m_m

1 variables in the model are significant at the 0.1500 level.

other variable met the 0.1500 significance level for entry into the model.

Summary of Stepwise Procedure for Dependent Variable Y8

Variable Number Partial Model

ep Entered Removed In R**2 R**2 C(p) F Prob>F

1 Z3 1 0.2379 0.2379 59.0558 5°3060 0.0341

2 Zi 2 0.2171 0.4550 39.9555 6.3752 0.0225

3 Z2 3 0.1687 0.6237 25.5650 6.7239 0.0204

4 Z4 4 0.1371 0.7608 14.2413 8.0259 0.0133

5 Z5 5 0.0872 0.8480 7.7722 7.4531 0_0172

6 ZII 6 0.0257 0.8736 7.2778 2.4379 0.1444
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Dep Var Predict Std Err Std Err Student
Obs Y8 Value Predict Residual Residual Residual

1 90.2087 90.5340 0.897 -0_3253 1.355 -0.240

2 93.0590 91. 1987 1.052 1.8603 1.239 1.501

3 84. 4399 83. 1381 i. 283 1. 3018 0. 998 i. 305

4 85. 1440 87. 3169 0. 929 -2 o1729 I. 334 -i. 629

5 92.7499 91.9182 1.212 0.8317 1.083 0.768

6 86. 3566 88. 8339 0. 389 -2. 4773 i. 578 -I. 570

7 90.5291 89.2577 0.881 1.2714 1.366 0.931

8 95.6 95.6 0. 946 0. 0233 I. 321 0. 018

9 88.4920 89.3584 0.378 -0.8664 1.581 -0.548

i0 84. 3714 85. 3047 I. 216 -0. 9333 i. 079 -0. 865

II 92. 4551 93. 4491 i. 182 -0. 9940 i. 115 -0. 891

12 90. 0355 89. 5415 0. 378 0. 4940 I. 581 0. 313

13 82. 7943 84. 2032 0. 845 -i. 4089 i. 389 -I. 015

14 91. 4250 89. 6444 0. 892 I. 7806 I. 358 i. 311

15 86.7182 85.8865 1.212 0.8317 1.083 0.768

16 90.7729 89.0598 0.867 1.7131 1.375 1.246

17 90.0280 89. 6367 1.3.94 0.3913 1.103 0.355

18 94 o3601 94.5 I. 271 -0. 1089 i. 013 -0. 107

19 93.5580 94.8 0.9201 -1.2120 1.340 -0.905

Cook's

Obs -2-1-0 1 2 D

1 0.004

2 *** 0.232

3 ** 0.403

4 *** 0. 184

5 * 0.106

6 *** 0.021

7 * 0.052

8 0.000
9 * 0.002

i0 * 0 o136

Ii * 0.128

12 0.001

13 ** 0. 054

3.4 ** 0. 106

15 * 0. 106

16 ** 0.088

17 0.021

18 0.003

19 * 0. 055
i

Residuals -1.98952E-13

Squared Residuals 31.6979

Resid SS (Press) 79.9799
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Stepwise Procedure for Dependent Variable Y9

Step 1 Variable Z1 Entered R-square = 0.50846380 C(p) = 45.00646002

DF Sum of Squares Mean Square F Prob>F

qegression 1 0.00433578 0.00433578 17.59 0.0006
Error 17 0.00419144 0.00024656

Total 18 0.00852722

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0.12578062 0.00360230 0.30059445 1219.18 0.0001

Z1 -0.02305701 0.00549827 0.00433578 17.59 0.0006

Bounds on condition number: I, 1

Step 2 Variable Z6 Entered R-square = 0.64714159 C(p) = 30.07675467

DF Sum of Squares Mean Square F Prob>F

Regression 2 0.00551832 0.00275916 14.67 0.0002
qrror 16 0.00300890 0°00018806

Total 18 0.00852722

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

-NTERCEP 0.I1899578 0.00414951 0.15465301 822.38 0.0001

Z1 -0.02110182 0.00486479 0.00353834 18.82 0.0005

Z6 0.01580497 0.00630276 0.00118254 6.29 0.0233

Bounds on condition number: 1.026365, 4.105459

Step 3 Variable Z2 Entered R-square = 0.75224625 C(p) = 19.24563"/12

DF Sum of Squares Mean Square F Prob>F

Regression 3 0.00641457 0.00213819 15.18 0.0001
_rror 15 0.00211265 0.00014084

Total 18 0.00852722

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

_NTERCEP 0.11914776 0.00359155 0.15500466 1100.55 0.0001

Z1 -0.02113948 0.00421009 0.00355094 25.21 0.0002

Z2 -0.01056365 0°00418762 0.00089625 6.36 0.0234

Z6 0.0].547339 0.00545608 0.00113278 8.04 0.0125

Bounds on condition number: 1.026961, 9.161757
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3tep 4 Variable Z9 Entered R-square = 0.83318020 C(p) = I1.36526661

DF Sum of Squares Mean Square F Prob>F

Regression 4 0. 00710471 0. 00177618 17.48 0. 0001
Error 14 0. 00142251 0. 00010161

Total 18 o. 00852722

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0. 11917321 0. 00305056 0. 15506929 1526.16 0. 0001

Z1 -0. 02138450 0. 00357714 0. 00363122 35.74 0. 0001

Z2 -0. 01122818 0. 00356595 0. 00100738 9 .91 0. 0071

Z6 0. 01542008 0. 004634..26 0. 00112497 ii. 07 0. 0050
Z9 -0. 01375702 0. 00527860 0. 00069014 6.79 0. 0207

Bounds on condition nunuber: 1 0270_:_7 16 26244

Step 5 Variable Z5 Entered R-square = 0.90408910 C(p) = 4.70874883

DF Sum of Squares Mean Square F Prob>F

qegression 5 0.00770936 0.00154187 24.51 0.0001
Error 13 0. 00081785 0. 00006291

Total 18 0. 00852722

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0.11926259 0.00240056 0.15527958 2468.21 0.0001
Z1 -0. 02183152 0. 00281843 0. 00377471 60.00 0. 0001

Z2 -0. 01123019 0. 00280594 O. 00100774 16.02 0. 0015

Z5 -0.01741130 0.00561621 0.00060466 9.61 0.0084

Z6 0.01521218 0.00364717 0.00109447 17.40 0.0011

Z9 -0. 01378171 0. 00415358 0. 00069262 ii. 01 0. 0056

Bounds on condition number: 1.029782, 25o35694

Step 6 Variable Zfi Entered R-square = 0.92450782 C(p) = 4.21604222

DF Sum of Squares Mean Square F Prob>F

Regression 6 0.00788348 0.00131391 24.49 0.0001
Error 12 0.00064374 0.00005364

Total 18 0.00852722

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0.3.1928412 0.00221675 0.15533114 2895.55 0.0001

Z1 -0.02232367 0.00261689 0.00390381 72.77 0.0001

"2 -0.01135524 0.00259198 0.00102957 19.19 0.0009

Z5 -0.01747116 0.00518621 0.00060880 11.35 0.0056
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-6 0.01454912 0.00338791 0.00098932 18.44 0.0010
Z9 -0.01438801 0.00385022 0.00074913 13.96 0.0028

Zfi -0.00701175 0.00389200 0.00017411 3.25 0.0968

Bounds on condition number: 1.041127, 36.78499

All variables in the model are significant at the 0.1500 level.

No other variable met the 0.1500 significance level for entry into the model.

Summary of Stepwise Procedure for Dependent Variable Y9

Variable Number Partial Model

Step Entered Removed In R**2 R**2 C(p) F Prob>F

1 Z1 1 0.5085 0.5085 45.0065 17.5854 0.0006

2 Z6 2 0.1387 0.6471 30.0768 6.2882 0.0233

3 Z2 3 0.1051 0.7522 19.2456 6.3635 0.0234

4 Z9 4 0.0809 0.8332 11o3653 6.7922 0.0207

5 Z5 5 0.0709 0.9041 4.7087 9.6112 0.0084

6 ZII 6 0.0204 0.9245 4.2160 3.2457 0.0968
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Dep Var Predict Std Err Std Err Student

Obs Y9 Value Predict !P:_sidual Residual Residual

1 0,1700 0,1607 0,006 0,00929 0.005 2.058

2 0.0998 0.1131 0.004 -0.0].33 0.006 -2.290

3 0,1035 0,1030 0.005 0.000546 0.005 0.I00

4 O, 1015 0.O902 0,006 O. 0113 0_005 2. 337

5 0,1315 0,1331 0. 006 -0. 00159 0 o005 -0. 339

6 0,1134 0,1161 0o002 -0,00272 0,007 -0.389

7 0, ].528 0,1601 0,004 -0,00727 0,006 -I. 160

8 0,1593 0,1596 0,004 -0,0003 0. 006 -0,048

9 0,1240 0, I187 0,002 0,00532 0,007 0. 762

I0 0,1131 0,1181 0,002 -0,00502 0. 007 -0,718

iI 0,1248 0,1182 0,002 0,00662 0,007 0,948

12 0,1191 0,1202 0,002 -0,00112 0. 007 -0,160

13 0,1065 0,1117 0,004 -0,00517 0,006 -0. 820

14 0,1092 0,1122 0. 004 -0,00300 0. 006 -0. 517

15 0,1005 0,1021 0,006 -0,00159 0,005 -0,339

16 0,1361 0,1364 0 o005 -0,00028 0,005 -0. 058

17 0,1445 0,1375 0. 005 0,00701 O. 005 i, 374

18 0,1257 O, 1238 0,005 0,00191 0,005 0,370

19 0,1544 0. 1550 0,006 -0o 00062 0o 004 -0. 138

Cook's

Obs -2-1-0 1 2 D

1 **** 0,989

2 **** 0,443

3 0,001

4 **** 1,015

5 0,023

6 0,002

7 ** 0.071

8 0,000

9 * 0,008

I0 * 0.007

ii * 0,013

12 0.000

13 * 0,033

14 * 0,023

15 0,023

16 0.001

17 ** 0,286

18 0,020

19 0.005

Residuals 2.775558E-16

Squared Residuals 0,0006

Resid SS (Press) 0,0023



Stepwise Procedure for Dependent Variable YI0

Step 1 Variable Z1 Entered R-square = 0.49314456 C(p) = 72,19486958

DF Sum of Squares Mean Square F Prob>F

qegression 1 0.11020572 0. 11020572 16.54 _ 0.0008
Error 17 0. 11326977 0. 00666293

Total 18 0. 22347549

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0.60251767 0.01872646 6.89752188 1035.21 0.0001

Z1 0.11624421 0.02858260 0.11020572 16.54 0.0008

Bounds on condition number: i, 1
wmo..

Step 2 Variable Z5 Entered R-square = 0.61945312 C(p) = 52.46587571

DF Sum of Squares Mean Square F Prob>F

Regression 2 0. 13843259 0. 06921629 13.02 0. 0004
".rror 16 0. 08504290 0. 00531518

Total ].8 0. 22347549

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

NTERCEP 0.60251681 0o01672562 6,89750208 1297.70 0.0001

Z1 0.11911932 0.02555914 0.11544891 21.72 0.0003

Z5 0.11894176 0.05161335 0.02822687 5.31 0.0349

Bounds on condition number: 1.002388, 4.009554

Step 3 Variable Z2 Entered R-square = 0.74520377 C(p) = 32.83285983

DF Sum of Squares Mean Square F Prob>F

Regression 3 0.166534"78 0.05551].59 14.62 0.0001
_rror 15 0. 05694071 0. 00379605

Total 18 0. 22347549

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

-NTERCEP 0. 60246286 0. 01413479 6. 89625354 1816.69 0. 000!

Z1 0.i1909952 0.02159997 0.11541052 30.40 0.0001

Z2 0.05913483 0.021'73397 0.0281.0219 7.40 0.0158

Z5 0.11890039 0.04361831 0. 02820723 7.43 0.0156

Bounds on condition number- 1,002389, 9.014332
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_tep 4 Variable Z6 Entered R-square = 0.83534802 C(p) = 19.32525095

DF Sum of Squares Mean Square F Prob>F

Regression 4 O, 18667981 0.04666995 17.'76 0.0001
Error 14 0. 03679568 0. 00262826

"_otal 18 0,22347549

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP O. 63048059 0,01551598 4,33964143 1651,14 0,0001

"i O, 11098171 0. 01821066 0,09761586 37.14 0,0001

Z2 0,05792841 0. 01808980 0. 02695161 I0,25 0. 0064

Z5 0. 11705333 0,03630035 0. 02732843 i0.40 0. 0061

Z6 -0,06526344 0.02357330 0,02014503 7.66 0.0151

Bounds on condition number: 1.029068, 16. 23873

Step 5 Variable Z9 Entered R-square = 0.90023331 C(p) = 10.16296831

DF Sum of Squares Mean Square F Prob>F

_egression 5 0. 20118008 0,04023602 23.46 0. 0001
Error ]3 0.02229541 0.00171503

Total 18 0. 2234754.9

Parameter Standard Type II
Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0,63036311 0,01253381 4_33797935 2529.39 0.O001

Z1 0,11210901 0,01471560 0.09953987 58.04 0.000!

Z2 0.06097445 0.01465037 0.02970784 17.32 0,0011

Z5 0.11721682 0.02932333 0,02740473 ]5,98 0.0015

26 -0.06501711 0.01904260 0.01.999286 Ii.66 0.0046

"9 0.06305857 0.02168663 O. 01450027 8.45 O. 0122

Bounds on condition number: 1.029782, 25.35694

Step 6 Variable Zll Entered R-square = 0.92497910 C(p) = 7,90592418

DF Sum of Squares Mean Square F Prob>F

Regressiorl 6 0.206'71015 0,03445169 24.66 0.0001
Error 12 0. 01676533 O, 00139711

!ota_ 18 0,22347549

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Pr ob>F

INTERCEP 0.63024175 0.0].131277 4.33618312 3103.68 0.0001

Z1 0,11488258 0.01335478 0,10338700 74 o00 0.0001

-2 0,06167922 0.0].322768 0.03037675 21.74 0.0005

Z5 0°11755415 0.02646681 0.02756155 19.73 0.0008
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"6 -0. 06128033 0.01728955 0.0175513.6 12.56 O. 0040

Z9 0. 06647548 0.01964884 0.01599116 Ii.45 0_0054

Zfi 0. 03951609 O. 01986204 0. 00553008 3.96 0. 0699

Bounds on condition number: 1.041127, 36.78499

All variables in the model are significant at the 0.1500 level.

No other variable met the 0.1500 significance level for entry into the model.

Summary of Stepwise Procedure for Dependent Variable YI0

Variable Number Partial Model

Step Entered Removed In R**2 R**2 C (p) F Prob>F

1 Z1 1 0.4931 0.4931 72.1949 16.5401 0.0008

2 Z5 2 0.1263 0.6195 52.4659 5.3106 0.0349

3 Z2 3 0. 1258 0. 7452 32. 8329 7. 4030 0. 0158

4 Z6 4 0. 0901 0. 8353 3.9.3253 7. 6648 0. 0151

5 Z9 5 0. 0649 0. 9002 I0. 1630 8. 4548 0. 0122

6 ZII 6 0. 0247 0. 9250 7. 9059 3. 9582 0. 0699
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Dep Var Predict Std Err Std Err Student
Obs YI0 Value Predict Residual Residual Residual

1 0,4023 0,4418 0,029 -0,0395 0,023 -1.714

2 0.7248 0,6627 0,023 0.0621 0.030 2.096

3 0,7025 0,7210 0. 025 -0. 0185 0. 028 -0. 662

4 0,7268 0,7852 0,028 -0,0584 0,025 -2,370

5 0,5459 0,5320 0,029 0,0139 0,024 0,579

6 0,6577 0,6468 0,011 0,0109 0,036 0,304

7 0,4732 0,4360 0,019 0,0372 0,032 1,165

8 0,4413 0,4382 0,019 0,00314 0.032 0,098

9 0,6119 0,6333 0,011 -0,0214 0. 036 -0,602

I0 0,6522 0,6363 0,011 0,0159 0,036 0,447

Ii 0,6002 0,6360 0,011 -0,0358 0. 036 -i, 005

12 0,6402 0.,6254 0,011 0,0148 0.036 0,415

13 0,6948 0,6822 0,019 0,0126 0,032 0,392

14 0,7278 0,6827 0,023 0,0451 0,030 1,522

15 0,7603 0,7464 0,029 0,0139 0,024 0,579

16 0. 5347 0,5563 0,028 -0,0216 0. 025 -0 _874

17 0,5026 0,5299 0,027 -0,0273 0,026 -I, 047

18 0,6090 0,6072 0,027 0,00180 0,026 0,068

19 0,4403 0.4.492 0,030 -0,00888 0,023 -0,390

Cook's
Obs -2--1-0 1 2 D

1 *** 0,686

2 **** 0,371

3 * 0,050

4 **** 1,044

5 * 0,068

6 0,001

7 ** 0,071

8 0,000

9 * 0,005

I0 0,O03

ii ** 0,014

12 0,003

13 0,008

14 *** 0,197

15 * 0,068

16 * 0,141

17 ** 0 _166

18 0,001

19 0,037

Sum of Residuals 2,775558E-15

Sum of Squared Residuals 0,03.68

'redicted Resid SS (Press) 0,0591
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Stepwise Procedure for Dependent Variable YII

Step 1 Variable Z9 Entered R-square = 0.21123363 C(p) = 21.44867729

DF Sum of Squares Mean Square F Prob>F

Degression 1 0.00127314 0.00127314 4.55 0.0477
Error 17 0.00475402 0.00027965

Total 18 0.00602716

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

SNTERCEP 0.06821307 0.00383645 0.08840744 316.14 0_0001

Z9 -0.01863087 0.00873175 0.001.27314 4.55 0.0477

Bounds on condition number: i, 1
----_mmw_--D m,

Step 2 Variable Z6 Entered R-square = 0.38629720 C(p) = 15.35903795

DF Sum of Squares Mean Square F Prob>F

Regression 2 0.00232827 0.00116414 5.04 0.0201
_rror 16 0.00369888 0.0002.3118

Total 18 0.00602716

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

_NTERCEP 0.06188753 0.00457538 0.04229627 182.96 0.0001
Z6 0.01473636 0.00689781 0.00105514 4.56 0.0484

Z9 -0.01865632 0.00793910 0.00127662 5.52 0.0319

Bounds on condition number: 1.000002, 4.000009

step 3 Variable Z3 Entered R-square = 0.58038170 C(p) = 8.39044667

DF Sum of Squares Mean Square F Prob>F

Regression 3 0.00349805 0.00116602 6.92 0.0038
=rror 15 0.00252911 0.00016861

Total 18 0.00602716

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

TNTERCEP 0.06].41868 0.00391147 0.04157158 246.56 0.0001

Z3 0.01360672 0.00516582 0.00116978 6.94 0.018S

Z6 0.01602052 0.00591094 0.00123856 7.35 0.0161

Z9 -0.01693959 0.00681132 0.00104284 6.19 0.0251

Bounds on condition number: 1.016114, 9.096627
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gtep 4 Variable Z2 Entered R-square = 0.69021906 C(p) = 5.31489200

DF Sum of Squares Mean Square F Prob>F

Regression 4 0.00416006 0.00104001 7.80 0. 0016
Error 14 0. 00186710 0. 00013336

_otal 18 0. 00602716

Parameter Standard Type I I

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0.06158588 0.00347955 0.04177878 313.27 0. 0001

"2 -0.00915688 0.00410994 0.00066201 4.96 0.0428

Z3 0.01248110 0.00462202 0.00097248 7.29 0. 0172

Z6 0. 01563491 0. 00525985 0. 00117837 8.84 0. 0101

Z9 -0.01804893 0.00607820 0.00117596 8.82 0. 0101

Bounds on condition number: 1.028401, 16. 28104

Step 5 Variable Z8 Entered R-square = 0.76025468 C(p) = 4.07856544

DF Sum of Squares Mean Square F Prob>F

egression 5 0.00458217 0.00091643 8.24 0.0011
Error 13 0. 00144498 0. 00011115

Total 18 0. 00602716

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0.06518660 0.00367489 0.03497411 314.65 0. 0001

Z2 -0.01006751 0.00378110 0.00078800 7.09 0. 0195

Z3 0.01226314 0.00422108 0.00093816 8.44 0. 0123

Z6 0.01702467 0.00485457 0.00136702 12.30 0. 0039

Z8 -0.01242196 0.00637432 0.00042212 3.80 0. 0732

"9 -0.01771963 0.00555157 0.00113239 i0.19 0. 0071

Bounds on condition number: 1.041287, 25.75616
_mn_

Step 6 Variable Z7 Entered R-square = 0.80935046 C(p) = 3.80986294

DF Sum of Squares Mean Square F Prob>F

Regression 6 0.00487808 0.00081301 8.49 0. 0009
Error 12 0. 00114907 0. 00009576

Total 18 0. 00602716

Parameter Standard Type II

Jariable Estimate Error Sum of Squares F Prob>F

ZNTERCEP 0.06267109 0.00369891 0.02748875 287o07 0. 000!

Z2 -0.01038364 0.00351408 0.00083607 8.73 0.0120

3 0.01222319 0.00391792 0.00093202 9.73 0.0089

6 0.01696519 0.00450596 0.00135741 14.18 0.0027
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Z7 0.00824460 0.00469002 0.00029591 3.09 0.1042

Z8 -0. 01522144 0. 00612699 0. 00059100 6.17 0. 0287

Z9 -0. 01782828 0. 00515313 0. 00114616 Ii. 97 0. 0047

Bounds on condition number: 1.116"73, 37.83024

All variables in the model are significant at the 0.1500 level.

No other variable met the 0.1500 significance level for entry into the model.

Summary of Stepwise Procedure for Dependent Variable YII

Variable Number Partial Model

Step Entered Removed In R**2 R**2 C(p) F Prob>F

1 Z9 1 0. 2112 0. 2112 21. 4487 4. 5526 0. 0477

2 Z6 2 0. 1751 0. 3863 15. 3590 4. 5641 O. 0484

3 Z3 3 0. 1941 O. 5804 8. 3904 6. 9379 0. 0188

4 Z2 4 0. 1098 O. 6902 5. 3149 4. 9639 0. 0428

5 Z8 5 0.0700 0.7603 4.0786 3.7976 0.0732

6 Z7 6 0.0491 0.8094 3.8099 3.0902 0.1042

A-44



Dep Var Predict Std Err Std Err Student
Obs YII Value Predict Residual Residual Residual

1 0.1080 0.0953 0.008 0.0127 0.006 2. 165
2 0.0450 0. 0425 0.006 0. 00246 0.008 0. 321

3 0. 0540 0. 0608 0. 007 -0. 00679 0. 007 -0. 986

4 0.0410 0. 0492 0.007 -0. 00821 0.007 --1.208

5 0. 0680 0. 0639 O. 004 0. 00406 0. 009 0. 446

6 0. 0570 0 o0633 0. 004 -0. 00625 0. 009 -0. 689

7 0. 0750 0. 0816 O. 006 -0. 00662 0. 008 -0. 878

8 0. 0490 0. 0593 0. 006 -0. 0103 0. 008 -!. 332

9 0.0690 0.0627 0.004 0.00625 0.009 0. 690

i0 0. 0580 0. 0628 0. 004 -0. 00483 0. 009 -0. 533

Ii 0. 0710 0. 0624 0. 004 0. 00860 0. 009 0. 948

12 0. 0650 0. 0627 0. 004 0. 00230 0. 009 0. 254

13 0.0870 0.0800 0.005 0.00704 0_008 0.835

14 0. 0690 0. 0600 0. 006 0. 00898 0. 008 i. 176

15 0. 0540 0. 0632 O. 004 -0. 00921 0. 009 -i. 016

16 0. 0980 0. 1125 O. 008 -0. 0145 0. 006 -2. 335

17 0. 0840 0. 0768 0. 007 0. 00718 0. 006 i. II0

18 0.0550 0.0547 0.008 0_000338 0.006 0.055

19 0. 0890 0. 0823 0. 009 0. 00673 0. 005 I. 406

Cook's

Obs -2-1-0 1 2 D

1 **** 1.189

2 0.009

3 * 0.141

4 ** 0.223

5 0.005

6 * 0.011

7 * 0.075

8 ** 0.156

9 * 0.011

i0 * 0.007

ii * 0.021

12 0.002

13 * 0.034

14 ** 0.126

15 ** 0.024

16 **** 1.162

17 ** 0.227

18 0.001

19 _* 0.899

Sum of Residuals 2.63678E-16

Sum of Squared Residuals 0.0011

Predicted Resid SS (Press) 0.0052
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NOTE" Copyright(c) 1985,86,87 SAS Institute Inc., Gary, NC 27512-8000, U.S.A.

NOTE' SAS (r) Proprietary Software Release 6.03
Licensed to NORTH DAKOTA HIGHER EDUCATION COMPUTER NETWORK, Site
11524001.

NOTE' AUTOEXEC processing completed.

1 option ps=58;
2 data x;

3 infile 'a:shortx.dat';

4 input run $ xl-x5 y5;

5 label xl-'Average Temperature';
6 label x2='Pressure';

7 label x3='MAF in, gm';

8 label x4='Gas Flow in, scfh'"P

9 label x5='Caustic Loading fr MAF''

I0 label y5-'H2S Produced, %'',

II proc print;

NOTE' The infile 'a'shortx.dat' is file A'\SHORTX.DAT.

NOTE' 19 records were read from the infile A'\SHORTX.DAT.

The minimum record length was 70.

The maximum record length was 70.
NOTE' The data set WORK.X has 19 observations and 7 variables.
NOTE' The DATA statement used 26.00 seconds.

12 data y;
NOTE' The PROCEDURE PRINT used 22•00 seconds.

13 infi!e 'a'shorty dat'"

14 input y6-yl0;

15 label y6-'C2 Produced %''!

16 label y7='C1 Produced, %';

17 label y8-'MeOH Insolubles, mass fr';

18 label y9='KF Water';

19 label ylO='HPLC';

20 proc print;

NOTE" The infile 'a'shorty.dat' is file A'\SHORTYoDAT.
NOTE" 19 records were read from the infile A'\SHORTY.DAT.

The minimum record length was 48.

The maximum record length was 48.
NOTE" The data set WORK.Y has 19 observations and 5 variables.

NOTE' The DATA statement used 21.00 seconds•

21 data z ;
NOTE' The PROCEDURE PRINT used 20.00 seconds.

22 set x;

23 zl=(xl-345)/35;

24 z2=(x2-1750)/750;

25 z3-(x3-300)/200;

26 z4=(x4-15)/3;

27 z5-(x5-.05)/.03;
28 z6-zl*zl;

29 z7-z2*z2;

30 z8=z3*z3;

31 zg=zl*z2;

32 zlO-zl*z3;

33 zll-z2*z3;

34 data regtot;
NOTE' The data set WORK.Z has 19 observations and 18 variables.

NOTE: The DATA statement used 25.00 seconds.

35 set z;

36 drop xl-x5;

Jz me_ge y ; A-46 -
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38 proc print;
NOTE: The data set WORK.REGTOT has 19 observations and 18 variables.

NOTE: The DATA statement used 28.00 seconds.

39 proc reg data=regtot;
NOTE: The PROCEDURE PRINT used 31.00 seconds.

40 model y5=zl-zll/r;

41 model y5=zl-zll/selection=stepwise r;

42 model y6=zl-zll/r;

43 model y6=zl-zll/selection_stepwise r;

44 model y7=zl-zll/r;

45 model y7=zl-zll/selection=stepwise r;

46 model yS-z_-zll/r;

47 model yS=zl-zll./selection=stepwise r;

48 model yg=zl-zll/r;

49 model y9-zl-zll/selection=stepwise r;

50 model yl0=zl-zll/r;

51 model yl0=zl-zll/selection=stepwise r;
52 run;

NOTE: 19 observations read.

].9 observations used in computations.

53 quit;
NOTE: The PROCEDURE REG used 10.70 minutes.
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SAS 12:46 Wednesday, July 26, 1989 I

OBS RUN XI X2 X3 X4 X5 Y5

1 152-03-2 309 4 2495 288 193 17 5616 0.05 0 0000

2 152-04-3 345 1 2504 148 608 1'7 5616 0 05 0 0000

3 153-01-2 343 6 2521 471 043 17 5616 0 05 0 0000

4 153-02-2 375 4 2499 209 497 17 5616 0 05 0 0000

5 152-01-2 351 3 1756 315 019 16 4080 0 02 0 0000

6 152-02-2 350 2 1759 306 147 16 4080 0 05 0 0000

7 153-03-2 307 4 1746 469 669 16 4080 0 05 0 0000

8 153-04-2 307 6 1739 123 436 16 4080 0 05 0 0000

9 153-05-2 346 2 174]. 298 787 16 4080 0 05 0 0000

I0 1.53-06-2 347 2 1739 298 787 12 6224 0 05 0 0000

ii 153-07-2 346 4 1765 298 787 20 4064 0 05 0 0000

12 153-08-2 343 7 1744 298 787 16 4080 0 05 0 0000

13 153-09-2 378 9 1741 441 292 16 4080 0 05 0 0326

14 153-10-2 383 0 1750 123 436 16 4080 0 05 0 0300

15 153-15-2 344 4 1757 311 044 16 4080 0 08 0 0000

16 153-ii-2 376 8 1017 343 605 15 9936 0 05 0 0361

].7 153-12-2 344 8 1019 507 486 15 9936 0 05 0 0000

18 153-13-2 344 9 985 I01 494 15 9936 0 05 0 0000

19 153-14.-2 308 9 986 321 811 .15 9936 0 05 0 0000
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OBS Y6 Y7 Y8 Y9 YI0

I 0 0000 0.0000 0 1824 0 1554 0.87

2 0 0000 0.0416 0 2028 0 0909 0.94

3 0 0000 0.0411 0 1882 0 1168 0.8B

4 0 0312 0.1351 0 1775 0 1104 1.00

5 0 0000 0.0000 0 1993 0 1157 0 90

6 0 0207 0.0622 0 2090 0 1134 0 97

7 0 0000 0,0000 0 2182 0 1289 0 79
8 0 0000 0.0000 0 2383 0 1209 0 82

9 0 0000 0.0515 0.1839 0 1263 0 95

I0 0 0212 0.0637 0 1968 0 1223 0 91

II 0.0000 0.0000 0 1903 0 1297 0 89

12 0.0000 0 0522 0 2051 0 1197 0 92

13 0.0489 0 2108 0 1737 0 1397 1 05

14 0.0477 0 1979 0 2136 0 1199 1 50

15 0.0000 0 0522 0 1990 0 1423 0 90

16 0.0467 0 2059 0 1955 0 1365 I 09

17 0.0000 0 0597 0 2081 0 iii0 0 91

18 0.0000 0 0000 0 1964 0 1395 1 21

19 0.0000 0 0000 0 1.673 0 1206 0 89
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OBS RUN Y5 ZI Z2 Z3 Z4 Z5 Z6 Z7

1 152-03-2 0 0000 -1 01714 0 99333 -0 05904 0 85387 0 1 03458 0 98671

2 152-04-3 0 0000 0 00286 1 00533 -0 75696 0 85387 0 0 00001 1 01070

3 153-01-2 0 0000 -0 04000 1 02800 0 85522 0 85387 0 0 00160 1 05678

4 153-02-2 0 0000 0 86857 0 99867 -0 45251 0 85387 0 0 75442 0 99734

5 152-01-2 0 0000 0 18000 0 00800 0 07510 0 46933 -i 0 03240 0 00006

6 152-02-2 0 0000 0 14857 0 01200 0 03073 0 46933 0 0 02207 0 00014

7 153-03-2 0 0000 -I 07429 -.0 00533 0 84834 0 46933 0 1 15409 0 00003

8 153-04-2 0 0000 -i 06857 -0 01467 -0 88282 0 46933 0 1 14184 0 00022

9 153-05-2 0 0000 0 03429 -0 01200 -0 00607 0 46933 0 0 00118 0 00014

i0 153-06-2 0 0000 0 06286 -0 01467 -0 00607 -0 79253 0 0 00395 0 00022

Ii 153-07-2 0 0000 0 04000 0 02000 -0 00607 1 80213 0 0 00].60 0 00040

12 153-08-2 0 0000 -0 03714 -0 00800 -0 00607 0 46933 0 0 00138 0 00006

13 153-09-2 0 0326 0 96857 -0 01200 0 70646 0 46933 0 0 93813 0 00014

14 153-10-2 0 0300 1 08571 0 00000 -0 88282 0 46933 0 1 17878 0 00000

15 153-15-2 0 0000 -0 01714 0 00933 0 05522 0 46933 i 0 00029 0 00009

16 153-11-2 0 0361 0 90857 -0 97733 0 21803 0 33]20 0 0 82550 0 95518

17 153-12-2 0 0000 -0 00571 -0 97467 1 03743 0 33120 0 0 00003 0 94998

18 153-13-2 0 0000 -0 00286 -i 02000 -0 99253 0 33120 0 0 00001 1 04040

19 153-14-2 0 0000 -i 03143 -I 01867 0 10905 0 33120 0 1 06384 1 03768

OBS Z8 Z9 ZI0 Zll Y6 Y7 Y8 Y9 YI0

I 0 00349 -i 01036 0 06005 -0 05864 0 0000 0.0000 0 1824 0.1554 0 87

2 0 57299 0 00287 -0 00216 -0 76100 0 0000 0.0416 0 2028 0.0909 0 94

3 0 73139 -0 04112 -0 03421 0 87916 0 0000 0.0411 0 1882 0.1168 0 88

4 0 20477 0 86741 _0 39304 -0 45191 0 0312 0.1351 0 1775 0.1104 1 00

5 0 00564 0 00144 0 01352 0 00060 0 0000 0.0000 0 1993 0.1157 0 90

6 0 00094 0 00178 0 00457 0 00037 0 0207 0.0622 0 2090 0.1134 0 97

7 0 71969 0 00573 -0 91136 -0 00452 0 0000 0 0000 0 2182 0.1289 0 79

8 0 77937 0 01567 0 94336 0 01295 0 0000 0 0000 0 2383 0.1209 0.82

9 0 00004 -0 00041 -0 00021 0 00007 0 0000 0 0515 0 1839 0.1263 0 95

i0 0 00004 -0 00092 -0 00038 0 00009 0 0212 0 0637 0 1968 0.1223 0 91

Ii 0 00004 0 00080 -0 00024-0 00012 0 0000 0 0000 0 1903 0.1297 0 89

12 0 00004 0 00030 0 00023 0 00005 0 0000 0 0522 0 2051 0.1197 0 92

13 0 49909 -0 01].62 0 68426 -0 00848 0 0489 0 2108 0 1737 0.1397 i 05

14 0 779_7 0 00000 -0 95849 0 00000 0 0477 0 1979 0 2136 0.1199 1 50

15 0 00305 -0 00016 -0 00095 0 00052 0 0000 0 0522 0 1990 0.1423 0 90

16 0 04753 -0 88798 0 19809 -0 21308 0 0467 0 2059 0 1955 0.1365 1 09

17 1 07626 0 00557 -0 00593 -I 01115 0 0000 0 0597 0 2081 0.Iii0 0 91

18 0 98512 0 00291 0 00284 1 01238 0 0000 0 0000 0 1964 0.1395 1 21

19 0 01189 1 05068 -0 11248 -0 11109 0 0000 0 0000 0 1673 0.1206 0 89
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Model: MODELI

Dependent Variable: Y5 H2S Produced, %

Analysis of Variance

Sum of Mean

Source DF Squares Square F Value Prob>F _

Model II 0100254 0.00023 7.601 0.0064

Error 7 0.00021 0.00003

C Total 18 0.00275

Root MSE 0.00551 R-square 0.9227

Dep Mean 0.00519 Adj R-sq 0.8014
C.V. 106.11218

Parameter Estimates _

Parameter Standard T for H0:

Variable DF Estimate Error Parameter-O Prob > ITI

INTERCEP i -0 000721 0 00255026 -0 283 0 7855

ZI i 0 013926 0 00200413 6 949 0 0002

Z2 I TO 004202 0 00215043 -I 95'_ 0 0916 _'

Z3 I 0 002090 0 00225096 0 929 0 3840 _

Z4 1 0 000177 0 00301426 0 059 0 9549

Z5 i 0 001641 0 00390389 0 420 0 6868

Z6 i 0 014325 0 00262120 5 465 0 0009

Z7 i -0 000801 0 00268152 -0 299 0 7737
Z8 i 0 000476 0 0034.8475 0 137 0 8952

Z9 i -0.007846 0 00299389 -2 621 0 0344

ZIO i 0.002850 0 00317716 0 897 0 3995

Zfi i 0.001528 0 00299344 0 510 0 6255

Variable

Variable DF Label

INTERCEP i Intercept
ZI i

Z2 i

Z3 i

Z4 I

Z5 I

Z6 I

Z7 i

Z8 I

Z9 i

ZIO i

ZII I
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Dep Var Predict Std Err Std Err Student
Obs Y5 Value Predict Residual Residual Residual

1 0 0.00301 0 005 -O 00301 0 003 -i 073

2 0 -0.00807 0 004 O 00807 0 004 2 281

3 0 -0.00257 0 005 0 00257 0 003 1 019

4 O 0.00787 0 004 -0 00787 0 003 -2 431

5 0 0.000845 0 004 -0 00085 0 003 -0 256

6 0 0.00176 0 002 -0 00176 0 005 -0 344

7 0 0.000423 0 005 -0 00042 0 003 -0 147

8 0 0.00201 0 005 -0 00201 0 002 -0 864

9 0 -0.0001 0 002 0.000104 0 005 0 020

i0 0 0.000126 0 004 -0.00013 0 003 -0 037

ii 0 0.000073 0 004 -0.00007 0 003 -0 023
12 0 -0.00112 0 002 O.001.12 0 005 0 219

13 0.0326 0.0301 0 005 0.00252 0 003 0 827

14 0.0300 0.0272 0 005 0.00284 0 003 1 027

15 0 0.000845 0 004 -0.00085 0 003 -0 256

16 0.0361 0.0348 0 005 0.00126 0 003 0 440

17 0 0.00367 0 005 -0.00367 0 002 -I 685
18 0 0.00268 0 005 -0.00268 0 002 ..i 132

19 0 -0.00484 0 005 0.00484 0 002 2 219

Cook's
Obs -2-1-0 1 2 D

1 ** 0 275

2 **** 0 621

3 ** 0 328

4 **** 0 934

5 0 010
6 0 002

7 0 005

8 * 0 287

9 0 000

i0 0 000

ii 0 000

12 0 001

13 * 0 130

14 ** 0 262

15 0 010

16 0 044

17 *** I 281

18 ** 0 474

19 **** 2 211

Residuals 1.214306E-17

Squared Residuals 0.0002
Predicted Resid SS (Press) 0.0033
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S_epwise Procedure for Dependent Variable Y5

Step i Variable ZI Entered R-square- 0.41830139 C(p) - 37.70914696

DF Sum of Squares Mean Square F Prob>F

Regression I 0.00115169 0.00115169 12.22 0,0028
Error 17 O. 00160156 0,00009421

Total 18 0.00275325

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0.005i.9116 0.00222675 0.00051202 5.43 0.0323

ZI 0.01188329 O, 00339873 0,00115169 12.22 0.0028

Bounds on condition number' I_ i

Step 2 Variable Z6 Entered R-square - 0.74615300 C(p) - 10,001.70318

DF Sum of Squares Mean Square F Prob>F

Regression 2 O.00205435 0.00102717 23,52 O.0001
Error ].6 O.00069890 0,00004368

r. •
Total 18 O.0027.>325

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP .,0.00073664 0.00].99987 0.00000593 O. 14 0,7174

ZI 0.01359150 0.00234460 0.00146789 33.60 0.0001

Z6 0.01380855 0.00303763 0.00090266 20,66 0.0003

Bounds on condition number' 1.026365, 4. 105459

Step 3 Variable Z9 Ente_'ed R-squa_'e - 0.83901769 C(p) - 3,58700503

DF Sum of Squares Mean Square F Prob>F

Regression 3 0.00231002 0.00077001 26.06 0 0001
Error 15 0.00044322 O,00002955

Total 18 O.00275325

Parameter Standard Type II

Variable Estimate Error Su_n of Squares F Prob>F

INTERCEP -0.00072699 0.00164482 0.00000577 0.20 0.6648

ZI 0°01344419 0.00192900 0,00143528 48.57 0.0001

Z6 0.01378884 0.00249836 0.00090008 30.46 0.0001

Z9 -0.00835200 0.00283928 0.00025568 8.65 0.0101

Bounds on condition n_Lmber• 1.027057, 9.162317
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Step 4 Variable Z2 Entered R-square - 0.90118546 C(p) - -0.04617058

DF Sum of Squares Mean Square F Prob>F

Regression 4 0.00248119 0.00062030 31.92 0.0001
Error 14 0.00027206 0.00001943

Total 18 0.00275325

Parameter Standard Type II

Variabl_ Estimate Error Sum of Squares F Prob>F

INTERCEP -0.00065984 0.00133409 0.00000475 0.24 0.6286

ZI 0.01341905 0.00156438 0.00142987 73.58 0.0001

Z2 -0.00462826 0.00155949 0.00017116 8.81 0.0102

Z6 0.01364242 0°00202668 0.00088054 45.31 O.0001

Z9 -0.00884188 0.00230847 0.00028509 14.67 0.0018 _/

Bounds on condition number: 1.027087, 16.26244

Ali variables in the model are significant at the 0.1500 level.

No other variable met the 0.1500 significance level for entry into the model.

Summary of Stepwise Procedure for Dependent Variable Y5

Variable N_nber Partial Model

Step Entered Removed In R**2 R**2 C(p) F Prob>F

I ZI 1 0.4183 0.4183 37_7091 12.2248 0.0028

2 Z6 2 0.3279 0.7462 10.0017 20.6645 0.0003

3 Z9 3 0.0929 0.8390 3.5870 8.6529 0.0101

4 Z2 4 0.0622 0.9012 -0.0462 8.8079 0.0102
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Dep Var Predict Std Err Std Err Student
Obs Y5 Value Predict Residual Residual Residual

1 0 0.00414 0 003 -0.00414 0 003 -I 518
2 0 -0.00530 0 002 0.O0530 0 004 1 356

3 0 -0.00557 0 002 0.00557 0 004 1 431

_' 4 0 O.00900 0 003 -0.00900 0 003 -3 043

5 0 0.00215 0 001 -0.00215 0 004 -0 510

6 0 0.00].56 0 001 -0.00156 0 004 -0 371

7 0 0.000643 0 002 -0.00064 0 004 -0 170

8 0 0.OO0508 0 002 -O.00051 0 004 -0 134

9 0 -0.00012 0 001 0.000125 0 004 0 030

I0 0 0.000314 0 001 -O.00031 0 004 -0 075

ii 0 -0.0002 0 001 0.000201 0 004 0 048

12 0 -0.O0111 0 001 O.00111 0 004 0 263

13 0.0326 0.0253 0 002 0.00731 0.004 1 915

14 0.0300 0.0300 0 003 9.246E-6 0.O04 0 003

15 0 -0.00093 0 001 0.000928 0.004 0 221

16 0.0361 0.0352 0 003 0.000931 0.003 04317

17 0 0.00373 0 002 -0.00373 0.004 -0.953

18 0 0.00400 0 002 -0.00400 0,004 -1.030

19 0 -0°00456 0 003 0.00456 0.003 1.699

Cook' s

Obs -2-1-0 1 2 D

1 *** 0 743

2 ** 0 i00

3 ** 0 116

4 ****** 2 265

5 * 0 005

6 0 003

7 0 002

8 0 001

9 0 000

i0 0 000

11 0 000

12 0.001

13 *** 0 246

14 0 000

15 0 001

16 0 025

17 * 0 049

18 ** 0 062

19 *** 0 979

Sum of Residuals 4.336809E-18

Sum of Squared Residuals 0.0003

Predicted Resid SS (Press) 0.0009
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Model: MODEL3

Dependent Variable: Y6 C2 Produced,

Analysis of Variance

Sum of Mean

Source DF Squares Square F Value Prob>F

Model Ii 0.00588 0.00053 10.681. 0.0023

Error 7 0.00035 0.00005

C Total 18 0.00623

Root MSE 0.00708 R-square 0.9438

Dep Mean 0.01139 Adj R-sq 0.8554
C.V. 62_13307

Parameter Estimates

Parameter Standard T for HO:

Variable DF Estimate Error Parameter-O Prob > IT[

INTERCEP 1 0 008236 0 00327403 2.516 0 0401

Z1 1 0 023945 0 00257290 9.307 0 0001

Z2 1 0 000460 0 00276072 0.167 0 8724

Z3 1 0 001558 0 00288978 0.539 0 6065

Z4 1 -0 007853 0 00386971 -2.029 0 0820

Z5 1 0 002719 0 00501182 0 542 0 6044,

Z6 1 0 020646 0 00336510 6 135 0 0005

Z7 1 -0 000492 0 00344254 -0 143 0 8903

Z8 1 -0 003778 0.00447373 -0 844 0 4264

Z9 1 -0 002450 0.00384356 -0 637 0 5442

ZIO 1 0 002545 0.00407884 0 624 0.5524
Zfi 1 0 000823 0.00384298 0 214 0.8365

Variable

Variable DF Label

INTERCEP 1 Intercept
ZI 1

Z2 i

Z3 1

Z4 I

Z5 1

Z6 1

Z7 1

Z8 1

Z9 1

ZIO 1

ZII i
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Dep Var Predict Std Err Std Err Student
Obs Y6 Value Predict Residual Residual Residual

I 0 0.00098 0.006 -0.00098 0 004 -0 272

2 0 -0.00242 0,005 0.00242 0 005 0 533

3 0 -0.00013 0.006 0.000134 0 003 0 042

4 0.0312 0.0329 0.006 -0.00170 0 004 -0 408

5 0 0.00694 0,006 -0.00694 0 004 -I 634

6 0.0207 0.00862 0.003 0.0121 0 007 1 840

7 0 -0.00108 0.006 0 00108 0 004 0 293

8 0 0.000585 0 006 -0 00058 0 003 -0.196

9 0 0.00538 0 003 -0 00538 0 007 -0 822

I0 0.0212 0.0160 0 006 0 00517 0 004 1 191

ii 0 -0.00493 0 006 0 00493 0 004 1 200

12 0 0.00368 0 003 -0 00368 0 007 -0 562

13 0°0489 0.0481 0 006 0.000816 0 004 0 209

14 0.04.77 0.0481 0 006 -0.00043 0 004 -0 120

15 0 0,00694 0 006 -0.00694 0 004 -I 634

16 0.0467 0.0462 0.006 0.000521 0 004 0 142

17 0 0.00127 0.007 -0.00127 0 003 -0 455

18 0 0.000152 0.006 -0.00015 0 003 -0 050

19 0 -0.0009 0.006 0.000904 0 003 O 323

Cook's

Obs -2-I.-0 1 2 D

1 0 018

2 * 0 034

3 0 001
4 0 026

5 *** 0 395

6 *** 0 046

7 0 019

8 0 015

9 * 00lO

I0 ** 0 196

Ii ** 0 236

12 * 0 005

13 0 008

14 0 004

15 *** 0 395

16 0 005

17 0 094

18 0 001

19 0 047

Residuals 1.582935E-17

Squared Residuals 0.0004
Resid SS (Press) 0.0016

A-57
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Stepwise Procedure for Dependent Variable Y6

Step I. Variable ZI Entered R-square - 0.58881753 C(p) - 36.18632383

DF Sum of Squares Mean Square F Prob>F

Regression i 0.00367073 0.0036'7073 24.34 0.0001
Error 17 0.00256334 0.00015078
Total 18 0.00623408

Parameter Standard Type II

Variable Estimate Error SLm of Squares F Prob>F

INTERCEP 0.01138309 0.00281710 0.00246192 16.33 0.0008

ZI 0.02121513 0.00429980 0.00367073 24.34 0.0001

Bounds on condition number' i, i

Step 2 Variable Z6 Entered R-square - 0.88344141 C(p) - 1.50987382

DF Sum of Squares Mean Square F Prob>F

Regression 2 0.00550744 0.00275372 60.64 0.0001
Error 16 0.00072664 0.00004541[

Total 18 0.00623408

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0.00292734 0.00203916 0.00009359 2.06 0.].704

Zl 0.02365183 0.00239066 0.00444518 97.88 0.0001

Z6 0.01969730 0.00309'731 0.00183671 40.44 0.0001

Bounds on condition number _ 1.026365, 4.1C5459

Step 3 Variable Z4 Entered R-square - 0.92167945 C(p) = -1.25021358

DF Stm of Squares Mean Square F Prob>F

Regression 3 0.00574582 0.00191527 58.84 0.0001
Error 15 0.00048826 0.00003255

Total 18 0.00623408

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0.00701882 0.00229481 0.00030450 9.35 0.0080

ZI 0.02356846 0.00202418 0.00441287 135.57 0.0001

Z4 .-0.00774243 0.00286103 0.00023838 7.32 O.0163

Z6 0.0]963408 0.00262230 0.00182479 56.06 0.0001 t/

Bounds on condition number" 1.026603, 9.15997

A-58
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Ali variables in the model are significant at the 0.1500 level.

No other variable met the 0.1500 significance level for entry into the model.

Summary of Stepwise Procedure for Dependent Variable Y6

Variable Number Partial Model

Step Entered Removed In R**2 R**2 C(p) F Prob>F

I ZI I 0.5888 0.5888 36.1863 24.3442 0.0001

2 Z6 2 0°2946 0.8834 1.5099 40.4430 0.0001

3 Z4 3 0.0382 0.9217 -1.2502 7.3234 0.0163

A-59
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Dep Var Predict Std Err Std Err Student
Obs Y6 Value Predict Residual Residual Residual

1 0 -0.00325 0 003 0.00325 0 005 0.660

2 0 0.000475 0 002 -0.00048 0 005 -0.089

3 0 -0.0005 0 002 0.000504 0 005 0.094

4 0.0312 0.0357 0 003 -0.00449 0 005 -0.888

5 0 0.00826 0 002 -0.00826 0 005 -i 516

6 0.0207 0.00732 0 002 0.0134 0 005 2 456

7 0 0.000725 0 003 -0 00073 0 005 -0 149

8 0 0.00062 0 003 -0 00062 0 005 -0 127

9 0 0.00422 0 002 -0 00422 0 005 -0 775

i0 0.0212 0.0147 0 004 0 00649 0 004 1 655

ii 0 -0.00596 0 004 0 00596 0.004 1 476

12 0 0.00254 0 002 -0 00254 0.005 -0 467

13 0.0489 0.0446 0 003 0 00427 0.005 0 865

14 0.0477 0.0521 0.003 -0 00442 0.005 -0 970

15 0 0.00299 0.002 -0 00299 0.005 -0 550

16 0.0467 0.0421 0.003 0 00462 0.005 0 916

17 0 0.00432 0.002 -0 00432 0.005 ,0 799

18 0 0.00439 0.002 .-000439 0.005 -.0 811

19 0 0.00103 0.003 -0 00103 0.005 -0 209

Cook's

Obs -2-1-0 1 2 D

1 * 0.O37

2 0.000

3 0.000

4 * 0.054

5 *** 0.055

6 **** 0 146

7 0 002

8 0 001

9 * 0 015

I0 *** 0 767

II ** 0 542

12 0.006

13 * 0 063

14 * 0 134

15 * 0 008

16 * 0 058

17 * 0 018

18 * 0 019

19 0 004

Residuals 9.107298E-18

Squared Residuals 0.0005

Resid SS (Press) 0.0009
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Model: MODEL5

Dependent Variable: Y7 CI Produced, %

Analysis of Variance

Sum of Mean

Source DF Squares Square F Value Prob>F

Model ii 0.09236 0.00840 24.821 0.0001

Error 7 0.00237 0.00034

C Total 18 0.09473

Root MSE 0.01839 R-square 0.9750

Dep Mean 0.06178 Adj R-sq 0.9357
C,V. 29,76937

Parameter Estimates

Parameter Standard T for HO:

Variable DF Estimate Error Parameter=O Prob > {T I

INTERCEP I 0 045441 0 00850949 5 340 0 0011

ZI i 0 099595 0 00668720 14 893 0 0001

Z2 i 0 003400 0 00717535 0 474 0 6501

Z3 i 0 015896 0 00751080 2 116 0 0721

Z4 i ..0 023819 0 01005770 -2 368 0 0497

Z5 I 0 037186 0 01302616 2 855 0 0245

Z6 1 0 063818 0 00874618 7 297 0 0002

Z7 I 0 003045 0 00894745 0 340 0 7436

Z8 i 0 000428 0 01162761 0 037 0 9717

Z9 i -0 011914 0 00998974 -1.193 0 2719

ZI0 1 0 013598 0 01060].26 1.283 0 2404

ZII i -0 012038 0 00998825 -1.205 0 2673

Variable

Variable DF Label

INTERCEP i Intercept
ZI I

Z2 i

Z3 i

Z4 i

Z5 i

Z6 i

Z7 i

Z8 1
Z9 1
Zl0 I

ZII I

A-bl
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Dep Var Predict Std Err Std Err Student
Obs Y7 Value Predict Residual Residual Residual

i 0 0.00883 0 016 -0.00883 0 009 -0 944

2 0.0416 0.0292 0 014 0.0124 0 012 1 052

3 0.0411 O.0313 0 016 0.0098 0 008 1 168

4 0.1351 0.1488 0 015 -0.0137 0 011 -i 272

' 5 0 O.0185 0 015 -0.0185 0 O11 -I 672

6 0.0622 O.0510 0 007 0.Ol12 0 017 0 654

7 0 0.00229 0 016 -0.00229 0 010 -O 238

8 0 -0.00056 0 017 0,000556 0 008 0 072

9 0.0515 0.0376 0 007 0.0139 0 017 0 816

].0 0.0637 0.0707 0 015 -0.00699 0 Oil -0 620

II 0 0.00656 0 015 -0.00656 0 011 -0 615

12 0.0522 0 0305 0 007 0.0217 0 017 1 276

13 0.2108 O 2115 0 015 -0.00074 0 010 -O 073

14 0.1979 0 1909 0 016 0.00701 0 009 O 76].

15 0.0522 O 0707 0 015 -0.0185 0 011 -I 672

16 0.2059 O 1996 0 016 0.00627 0 010 0 657

17 0.0597 O 0655 0 017 -0.00584 0.007 -0 804

18 0 0.00943 0 017 -0.00943 0.008 -i 195

19 0 -0.00856 0 017 0.00856 0.007 1 176

Cook's

Obs -2-i-0 1 2 D

I * 0.213

2 ** O. 132

3 ** 0.430

4 ** O. 256

5 *** O. 414

6 * 0°006

7 0 013

8 0 002

9 * 0 009

i0 * 0 053

Ii * 0 062

12 ** 0 023

13 0 001

14 * 0 144

15 *** 0 414

16 * 0 098

17 * 0 292

18 ** 0 528

].9 ** 0 621

Sum of Residuals -3.1225E-16

Sum of Squared Residuals 0.0024

Predicted Resid SS (Press) 0.0213
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Stepwise Procedure for Dependent Variable Y7

Step I Variable ZI Entered R-square = 0.69621280 C(p) - 70.06885319

DF Sum of Squares Mean Square F Prob>F

Regression I 0.06595343 0.06595343 38.96 0.0001
Error 17 0.02877828 0.00169284

Total 18 0.09473171

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0.06175716 0.00943911 0.07246499 42.81 000001

ZI 0.08992655 0.01440712 0.06595343 38.96 0.0001

Bounds on condition number" I, i
.... . .... ...-... ....................... ........ ....... ......... .... ...........

Step 2 Variable Z6 Entered R-square = 0.88582603 C(p) = 18.97188183

DF Sum of Squares Mean Square F Prob>F

Regression 2 0.08391581 0.04195791 62.07 0.0001
Error 16 0.01081589 0.00067599

Total 18 0.094731.71

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0.03531396 0.00786726 0.01362034 20.15 0.0004

ZI 0.09754669 0.00922341 0.07561097 111.85 0.0001

Z6 0.06159827 0.01194972 0.01796238 26.57 0.0001

Bounds on condition nLmlber' 1.026365, 4.105459
.................... . ....................................... . ..... ... ..... . ....

Step 3 Variable Z5 Entered R-square - 0.91434593 C(p) = 12.98551843

DF Sum of Squares Mean Square F Prob>F

Regression 3 0.08661755 0.02887252 53.37 0.0001
Error 15 0.00811416 0.00054094

Total 18 0.09473171

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0.03512514 0.00703817 0.01347314 24.91. 0.0002

ZI 0.09849067 0.00826161 0.07687997 142.12 0.0001

Z5 0.03680426 0.01646844 0.00270174 4.99 0.0411

Z6 0.0620374.9 0.01069143 0.01821329 33.67 0.0001

Bounds on condition nL_ber" 1.029055, 9.175481
..................................................... . ......... . .................

=

A-63



SAS 12:46 Wednesday, July 26, 1989 17

Step 4 Variable Z3 Entered R-square = 0,93608787 C(p) = 8.89717048

DF SL_ of Squares Mean Square F Prob>F

Regression 4 0.08867720 0.02216930 51.26 O.0uOl
Error 14 0.00605450 0.00043246

Total 18 0.09473171

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0.03437741. 0.00630234 0.01286748 29.75 0.0001

ZI 0.09987965 0.00741430 0.07848107 181.47 0.0001

Z3 0.01803919 0.00826600 0.00205965 4.76 0.0466

Z5 0.03715248 0.01472574 0.00275278 6.37 0.0244

Z6 0.06403363 0.00960316 0.01922819 44.46 0.0001

Bounds on condition number' 1.036694, 16,35991

Step 5 Variable Z4 Entered R-square - 0.95535425 C(p) - 5.50205068

DF Sum of Squares Mean Square F Prob>F

Regression 5 0.09050234 0.01810047 55.64 0.0001
Error 13 0.00422937 0.00032534

Total 18 0.09473171

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0,04573906 0 00727258 0 01286854 39.55 0.0001

ZI 0.09959237 0 00643188 0 07800250 239.76 0.0001

Z3 0.01.731541 0 00717596 0 00189425 5.82 0.0313

Z4 -0.02144300 0 00905324 0 00182514 5.61 0,0340

Z5 0.03711287 0 01277228 0 00274691 8.44 0.0123
/

Z6 0.0637781.5 0 00832993 0 01907187 58.62 0.0001

Bounds on condition number: 1.037063, 25.47228

Step 6 Variable ZIO Entered R-square - 0.96367125 C(p) = 5.17305829

DF Slun of Squares Mean Square F Prob>F

Regression 6 0.09129022 0,01521504 53.05 0.0001
Error 12 0.00344148 0.00028679

Total 18 0.09473171

Parameter Standard Type II

Variable Estimate Error _LLm of Squares F Prob>F

INTERCEP 0.04514211 0.00683767 0.01250005 43.59 0.0001

ZI 0.10082407 0.00608440 0.07875130 274.60 0.0001

Z3 0.01782192 0.00674439 0.00200257 6.98 0.0215

Z4 -0.02088855 0.00850660 0.00172929 6.03 0.0303

J

A-64



SAS 12:46 Wednesday, July 26, 1.989 18

Z5 0.03737996 0.01199289 0.00278609 9.71 0.0089

Z6 0.0654.8175 0.00788816 0.01976301 68.91 0.0001
ZI0 0.01566734 0.00945250 0.00078788 2.75 0.1233

Bounds on condition number: 1.054183, 36.96932

All variables in the model are significant at the 0.1500 level.

No other variable met the 0.1500 significance level for entry into the model.

Summary of Stepwise Procedure for Dependent Variable Y7

Variable N_nber Partial Model

Step Entered Removed In R**2 R**2 C(p) F Prob>F

1 Z1 1 0.6962 0.6962 70.0689 38 9602 0.0001

2 Z6 2 0.1896 0.8858 18.9719 26 5718 0.0001

3 Z5 3 0.0285 0.9143 12.9855 4 9945 0.0411

4 Z3 4 0.0217 0.9361 8.8972 4 7626 0.0466

5 Z4 5 0.0193 0.9554 5.5021 5 6100 0.0340

6 ZI0 6 0.0083 0.9637 5.1731 2 7472 0.1233

A-65 -_
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Dep Var Predict Std Err Std Err Student
Obs Y7 Value Predict Residual Residual Residual

i 0 -0.00761 0 009 0.00761 0.015 0 521

2 0.0416 0.0141 0 008 0.0275 0.015 1 835

3 0.0411 0.0381 0 008 0.00302 0.015 0 203

4 0.1351 0.1501 0 009 -0.0150 0.015 -i 022

5 0 0.0198 0 013 -0.0198 0 011 -I 821.

6 0,0622 0.0524 0 005 0.009_ 0 016 0 607

7 0 0.00344 0 013 -0.00344 0 010 -0.328

8 0 0.00142 0 014 -0.00142 0 010 -0.144

9 0.0515 0 0388 0 005 0.0127 0 016 0.789
I0 0.0637 0 0682 0 012 -0.00448 0 012 -0.386

ii 0 0 0115 0 012 -0.0115 0 012 -0.962

12 0.0522 0 0316 0 005 0.0206 0 016 1 279

13 0.2108 0 2177 0 013 -0.00694 0 011 -0 645

14 0.1979 0 1912 0 014 0.00666 0 010 0 656

15 0.0522 0 0720 0 013 -0.0198 0 011 -i 821

16 0.2059 0 1909 0 009 0.0150 0 014 1 039

17 0.0597 0 0560 0 009 0.00365 0 015 0 250

18 0 0 0203 0 009 -0.0203 0 014 -i 407

19 0 0.00407 0 009 -0.00407 0 015 -0 278

Cook's

Obs -2-1-0 1 2 D

i * 0 013

2 *** 0 132

3 0 002

4 ** 0 050

5 *** 0 678

6 * 0 005

7 0 025

8 0 006

9 * 0 009

i0 0 024

Ii * 0 132

12 ** 0 024

13 * 0 088

14 * 0 109

15 *** 0 678

16 ** 0 057

17 0 003

18 ** 0 107

19 0 004

Residuals -8.67362E-17

Squared Residuals 0.0034

Resid SS (Press) 0.0098
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Model: MODEL7

Dependent Variable: Y8 MeOH Insolubles, mass fr

Analysis of Variance

SL_m of Mean

Source DF Squares Square F Value Prob>F

Model ii 0. 00371 0,00034 I.676 O.2528

Error 7 0.00141 0.00020

C Total ].8 0.00512

Root MSE 0,01419 R-square O.7248

Dep Mean 0_19713 Adj R-sq 0.2923
C.V. 7. 19840

Parameter Estimates

Parameter Standard T for HO:

Variable DF Estimate Error Parameter-O Prob > ITI

INTERCEP I 0 199321 0 00656503 30 361 0 0001

ZI I -0 008015 0 00515914 -i 554 0 1642

Z2 I ..0000950 0 00553575 -0 172 0 8686

Z3 1 -0 009297 0 00579454 -I 605 0 1526

Z4 1 -0 002714 0 00775947 -0 350 0 7368

Z5 I -0 00],109 0 01004962 -0 Ii0 0 9153

Z6 i -0 004577 0 00674763 -0 678 0 5194

Z7 I -0 0],8770 0 00690291 -2 719 0.0298

Z8 i 0 025479 0 00897064 2 840 0.0250

Z9 ]. -0 012017 0 00770703 -I 559 0.1629

ZIO I -0 003671 0 008].7882 -0 449 0.6671

Zfi i -0 009932 0 00770589 -I 289 0.2384

Variable

Variable DF Label

INTERCEP 1 Intercept
Zi i

Z2 I

Z3 ].

Z4 i

Z5 1
26 I

Z7 1

Z8 1
Z9 1

ZI0 1

ZII I
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Dep Var Predict Std Err Std Err Student
Obs Y8 Value Predict Residual Residual Residual

i 0.1824 0 1941 0.012 -0.0117 0,007 -1.621

2 0.2028 0 2062 0.011 -0.00342 0.009 -0.376

3 0.1882 0 1791 0.013 0.00912 0.006 1.407

4 0,1775 0 1719 0.011 0,00565 0.008 0,677

5 0.1993 0 1969 0,011 0.00237 0.009 0.278

6 0.2090 0 1964 0.005 0,0126 0.013 0.954

7 0 2182 0 2152 0.012 0.00305 0.007 0.411

? 8 0 2383 0 2257 0.0].3 0.0126 0.006 2.107

9 0 1839 0 1978 0_005 -0.0139 0.013 -1.062

I0 0 1968 0 2010 0 011 -0.00423 0 009 -0.486

ii 0 1903 0 1941 0 012 -0.00382 0 008 -0.464

12 0 2051 0 1984. 0 005 0.00670 0 013 0.511

13 0 1737 0 1899 0 012 -0_0162 0 008 -2.061.

14 0 2136 0 2155 0 012 -0,00193 0 007 -0.272

15 0 1990 0 1966 0 011 0.00237 0 009 0.278

16 0 1955 0 1816 0 012 0.0139 0 007 1.888
17 0.2081 0 2093 0 013 -0.00124 0 006 -0,221

18 0.1964 0 2041 0.013 -0.00771 0.006 -1.267

19 0.1673 0 17].5 0.013 -0.00419 0.006 -0.746

Cook' s

Obs -2..1-0 1 2 D

i *** 0 627

2 0 0].7

3 ** 0 625

4 * 0 073

5 0 011

6 * 0 012

7 0 037

8 **** 1 706 ")i

9 ** 0 016

i0 0 033

Ii 0 035

12 * 0 004

13 **** 0 806

14 0 018

15 0 011

16 *** 0 808

].7 0 022

18 ** 0 594

19 * 0 250

Sum of Residuals 4.996004E-16

Sun of Squared Residuals 0.0014

Predicted Resid SS (Press) 0.0184

=
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Stepwise Procedure for Dependent Variable Y8

Step I Variable Z8 Entered R-square = 0.18356561 C(p) = 5.76467601

DF Sum of Squares Mean Square F Prob>F

Regression i 0.00094006 0.00094006 3.82 0.0672
Error 17 0.00418106 0.00024594

Total 18 0.00512112

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0.19098729 0.00477541 0.39339159 1599.5]. 0.0001

Z8 0.01816637 0.00929199 0.00094006 3.82 0.0672

Bounds on condition nt_ber' i, I

Step 2 Variable Z7 Entered R-square = 0.45488523 C(p) - 0.86410448

DF Sum of Squares Mean Square F Prob>F

Regression 2 0.00232952 0.00116476 6.68 0.0078
Error 16 0.00279160 0.00017447

Total 18 0.00512112

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0.19652407 0.004.47517 0.3364687], 1928.47 0.0001

Z7 -0.01784107 0.00632214 0.00138946 7.96 0.0123

Z8 0.02411222 0.00810495 0.00154421 8.85 0.0089 r

Bounds on condition number' 1.072477, 4.289909
°,,.................................... .... .... ....,.._.._....-. .... . ..... . ..........

Ali variables in the model are significant at the 0.1500 level.

No other variable met the 0.1500 significance level for entry into the model.

S_unmary of Stepwise Procedure for Dependent Variable Y8

Variable Number Partial Model

Step Entered Removed In R**2 R**2 C(p) F Prob>F

I Z8 i 0.1836 0.1836 5.'7647 3.8222 0.0672

2 Z7 2 0.2713 0.4549 0.8641 7.9637 0.0].23
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Dep Var Predict Std Err Std Err Student
Obs Y8 Value Predict Residual. Residual Residual

1 0 1824 0 1790 0 006 0.00340 0.012 0 287

2 0 2028 0 1923 0 005 0,0105 0.0].2 0 852

3 0 1882 0 1953 0 005 -0.00711 0.012 -0 589

4 0 1775 0 1837 0 005 -0.00617 0.012 -0 505
5 0 1993 0 1967 0 004 0.00264 0.012 0 212

6 0 2090 0 1965 0 004 0.0125 0.012 1 002

7 0 2182 0 2139 0 005 0.00432 0 012 0,360

8 0 2383 0 2153 0 006 0.0230 0 012 1 940

9 0 1839 0 1965 0 004 -0.0126 0 012 -i 016

i0 0 1968 0 1965 0 004 0,000279 0 012 0 022

11 0 1903 0 1965 0 004 -0.00622 0 012 -0 500

12 0 2051 0 1965 0 004 0.00858 0 012 0 690

13 0 1737 0 2086 0 004 -0.0349 0 012 -2 803

14 0 2136 0 2153 0 006 -0.00172 0 012 -0 145

15 0 1990 0 1966 0 004 0.00240 0 012 0.193

16 0 1955 0 1806 0 005 0.0149 0 012 1.238

17 0 2081 0 2055 0 007 0.00257 0.011 0.227

18 0 1964 0 2017 0 006 -0.00532 0.012 -0.461

19 0 1673 0 1783 0 006 -0.0110 0.012 -0.937

Cook's

Obs -2-1-0 1 2 D

i 0 007

2 * 0 037

3 * 0 023

4 * 0 015

5 0 002

6 ** 0 043

7 0 009

8 *** 0 305

9 ** 0 045

I0 0 000

ii * 0 011

12 * 0 021

13 ***** 0 336

14 0 002

15 0 002

16 ** 0 107

17 0 006

18 0 022

19 * 0 078

Residuals 1.387779E-16

Squared Residuals 0.0028

:edicted Resid S (Press) 0.0038
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Model: MODEL9

Dependent Variable: Y9 KF Water

Analysis of Variance

Sum of Mean

Source DF Squares Square F Value Prob>F

Model Ii 0.00286 0.00026 1.999 0.1837
Error 7 0.00091 0.00013

C Total 18 0.00377

Root MSE 0.01140 R-square 0.7586

Dep Mean 0.12421 Adj R-sq 0.3791
C.V. 9.1.7718

Parameter Estimates

Parameter Standard T for H0:

Variable DF Estimate Error Parameter=0 Prob > ITI

INTERCEP I 0.122366 0 00527358 23 204 0.0001

ZI I -0.000360 0 00414425 -0 087 0 9331

Z2 i -0.005891 0 00444677 -I 325 0 2269

Z3 I 0.003269 0 00465466 0 702 0 5052

Z4 i 0 003059 0 00623305 0 491 0 6386

Z5 I 0 013462 0 00807270 1 668 0 1393

Z6 I 0 010754 0 00542026 1 984 0 0877

Z7 i -0 000230 0 00554500 -0 042 0 9680

Z8 i -0 010817 0 00720597 -i 501 0 1770

Z9 i o0 014082 0 00619094 -2 275 0 0571

ZI0 i 0 001868 0 00656992 0 284 0 7843

ZII i 0 014708 0 00619001 2 376 0 0492

Variable

Variable DF Label

INTERGEP I Intercept
ZI i

Z2 I
Z3 I

Z4 1

Z5 I

Z6 1

Z7 1

Z8 1

Z9 1

ZIO 1

Zll I
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Dep Var Predict Std Err Std Err Student
Obs Y9 Value Predict Residual Residual Residual

I 0 1554 0.1436 0.010 0,0118 0 006 2.029

2 0 0909 0.0989 0 009 -0.00801 0 007 -1.096

3 0 1168 0.1270 0 010 -0.0102 0 005 -1.966

4 0 1104 0.1034 0 009 0.00702 0 007 1.049

5 0 1157 0.1108 0 009 0.00493 0 007 0.720

6 0 1134 0.1240 0 004 -0.0106 0 011 -1.002

7 0 1289 0.1298 0 010 -0_00087 0 006 -0.146

8 0 1209 0.].270 0 010 -0.00607 0 005 -1.261

9 0.1263 0.1239 0 004 0.00244 0 011 0 232

i0 0.1223 0.1200 0 009 0,00226 0 007 0 323

ii 0 1297 0.].277 0 009 0.00197 0 007 0 298

12 0 1197 0.1239 0 004 -0.0041.5 0 011 -0 395

13 0 1397 0.1318 0 010 0.00786 0 006 1 248

14 0 1199 0.1230 0 010 -0.00308 0 006 -0 539

15 0 1423 0.1374 0 009 0.00493 0 007 0 720
16 0 1365 0.1474 0 010 -0.0109 0 006 -i 845

17 0 Iii0 0.1057 0 010 0.00531 0 005 1 179

18 0 1395 0.1301 0 010 0.00940 0 005 1 922

19 0 1206 0.1245 0 010 -0.00394 0 005 -0 874

Cook's
Obs -2-].-0 1 2 D

I **** 0 983

2 ** 0 143

3 *** 1 219

4 ** 0 174

5 * 0 077

6 ** 0 014

7 0 005

8 ** 0 612

9 0 001

I0 0 014

ii 0 015

12 0 002

]3 ** 0 296

].4 * 0 072

].5 * 0 077

16 *** 0 771

17 ** 0 627

18 *** 1 366

19 * 0 343

Residuals -2.498E-16

Squared Residuals 0.0009

Resid SS (Press) 0.0].39
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Stepwise Procedure for Dependent Variable Y9

Step 1 Variable Z9 Entered R-square - 0.24561887 C(p) - 6.87108371

DF Sum of Squares Mean Square F Prob>F

Regression 1 0.00092521 0.00092521 5.54 0.0309
Error 17 0.00284164 0.00016716

Total 18 0.00376685

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0.12420743 0.00296608 0.29312222 1753.59 0.0001

Z9 -0.01588237 0.00675080 0.00092521 5.54 0.0309 ,

Bounds on condition number: I, 1

Step 2 Variable Zfi Entered R..square - 0.39363875 C(p) - 4.57967831

DF Sum of Squares Mean Square F Prob>F

Regression 2 0.00148278 0.00074139 5.19 0.0183
Error 16 0.00228407 0.00014275

Total 18 0.00376685

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0.12467397 0.00275120 0.29315406 2053.55 0.0001

Z9 -0.01486333 0.00625992 0.00080479 5.64 0.0304

Zll 0.01242174 0.00628533 0.00055"757 3.91 0.0656

Bounds on condition number: 1.006831, 4.027325

Step 3 Variable Z6 Entered R-square - 0.49861304 C(p) - 3.53625463

DF Sum of Squares Mean Square F Prob>F

Regression 3 0.00187820 0.00062607 4.97 0.0136
Error 15 0_00188865 0.00012591

Total 18 0.00376685

Parameter Standard Type II
Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0.12082143 0.00337668 0.16120092 1280.29 0.0001

Z6 0.00905972 0.00511228 0.00039542 3,14 0.0967

Z9 -0.01479963 0.00587911 0.00079788 6,34 0.0237

Zfi 0.01.338887 0.00592805 0.00064228 5,10 0.0392

Bounds on condition number: 1.015437, 9.092567

: A-73
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Step 4 Variable Z5 Entered R-square - 0.59444712 C(p) = 2.75782469

DF Sum of Squares Mean Square F Prob>F

Regression 4 0.00223919 0.00055980 5.13 0.0093
Error ].4 0.00152766 0.00010912

Total 18 0.00376685

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0.12078336 0.00314354 0.16109220 1.476.31 0.0001

Z5 0,01343561 0.00738681 0.00036099 3.31 0.0904

Z6 0.00914932 0.00475945 0.00040324 3.70 0.0751

Z9 -0.01479308 0.00547307 0.00079717 7.31 0.0172

ZII 0.01339924 0.00551862 0.00064328 5.90 0.0293

Bounds on condition number' 1.015438, 16u12429

Step 5 Variable Z8 Entered R-square - 0.66579972 C(p) - 2.68916378

DF Sum of Squares Mean Square F Prob>F

Regression 5 0.00250797 0.00050159 5.18 0°0078
Error 13 0.00125888 0.00009684

Total 18 0.00376685

Parameter Standard Type II

Variable Estimate Error Stm of Squares F Prob>F

INTERCEP 0 12363513 0 00342049 0.12651.718 1.306.50 0 0001

Z5 0 01344266 0 00695872 0.00036137 3.73 0 0755

Z6 0 01036178 0 00454230 0.00050392 5.20 0 0400

Z8 -0 00988362 0 00593257 0.00026877 2.78 0 1196

Z9 -0 01436230 0 00516236 0.00074954 7.74 0 0156

ZII 0 01425812 0 00522429 0.00072129 7°45 0 0172

Bounds on condition number' 1.035294, 25.5273
....................... . ........................... ....... .............. ...N..

Step 6 Variable Z2 Entered R-square - 0.73006495 C(p) - 2.82598043

DF SLm of Squares Mean Square F Prob>F

Regression 6 0.00275004 0.00045834 5.41 0.0064
Error 12 0.00101680 0.00008473

Total 18 0.00376685

Parameter Standard Type II

Variable Estimate Error SLM of Squares F Prob>F

INTERCEP 0.12403'784 0.0032084.6 0.12664050 ].494.57 0.0001

Z2 -0.00554566 0.00328098 0.00024208 2.86 0.1168

Z5 0.01344368 0.00650933 0.00036143 4.27 0.0612

Z6 0 0.................. _'_925 5 o7°'_ 0 0_. VUV_. V.VUU • •
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Z8 -0.01101243 0.00558949 0.00032891 3.88 0.0723

Z9 -0.01491662 0. 00484010 0.00080480 9.50 0.0095

Zfi 0o01414031 0. 00488741 0.00070928 8.37 0.0].35

B_unds on condition nL_mber' 1.050288, 36. 8779

All variables in the model are significant at the 0.1500 level.

No other variable met the 0.1500 significance level for entry into the model.

Summary of Stepwise Procedure for Dependent Variable Y9

Variable Number Partial Model

Step Entered Removed In R**2 R**2 C(p) F Prob>F

i Z9 1 0.2456 0 2456 6. 8711 5 5350 0.0309

2 Zfi 2 0.1480 0 3936 4. 5797 3 9058 0.0656

3 Z6 3 0.1050 0 4986 3.5363 3 1405 0.0967

4 Z5 4 0.0958 0 5944 2.7578 3 3083 0.0904

5 Z8 5 0.0714 0 6658 2.6892 2 7755 0.1196

6 Z2 6 0.0643 0 7301 2.8260 2 8569 0.1168
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Dep Var Predict Std Err Std Err Student
Obs Y9 Value Predict Residual Residual Residual

i 0 1554 0 1434 0.007 0.0120 0.006 1.927

2 0 0909 0 1013 0.006 -0.0104 0.007 -1.505

3 0 1168 0 1233 0.007 -0.00654 0.006 -i.021

4 0 1104 0 1047 0.006 0.00570 0.007 0.842

5 0 1157 0 1108 0.007 0.00489 0.006 0.860

6 0 1134 0 1242 0.003 -0.0108 0.009 -I 245

7 0 1289 0 1279 0.004 0 00100 0.008 0 122

8 0 1209 0 1273 0.004 -0 00636 0.008 -0 776

9 0 1263 0 1241 0.003 0 00218 0.009 0 252

I0 0 1223 0 1242 0.003 -0 00187 0 009 -0 217

ii 0 1297 0 1239 0.003 0 00577 0 009 0 669

12 0 1197 0 1241 0.003 -0 00439 0 009 -0 509

13 0 1397 0 1283 0 003 0.0114 0 009 1.309

].4 0 1199 0 1276 0 004 "0.0077LI 0 008 "0.946

15 0 1423 0 1374 0 007 0.00489 0 006 0.860

16 0 1365 0 1477 0 007 "0.0112 0 006 "1.725

17 0 IIi0 0 1032 0 008 0.00779 0 005 1.672

18 0 1395 0 1331 0 007 0.00638 0 006 i.ii0

19 0 1206 0 1233 0 007 "0.00268 0 006 "0.479

Cook's

Obs -2-i-0 1 2 D

I. *** 0 630

2 *** 0 245

3 ** 0 158

4 * 0 086

5 * 0 171

6 ** 0 030

7 0 001

8 * 0 022
L

9 0 001

10 0 001

11 * 0 009

12 * 0 005

13 ** 0 030

14 * 0 035

15 * 0 171

16 *** 0 432

17 *** 1 I=_J9 *

18 ** 0 274 r

19 0 056

Residuals -5.55112E-17

Squared Residuals 0.0010

Resid SS (Press) 0.0040
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Model: bIODELII

Dependent Variable: YI0 HPLC

Analysis of Variance

Sum of Mean

Source DF Squares Square F Value Prob>F

Model II 0.42451 0.03859 6.401 0.0106

Error 7 0.04220 0.00603

C Total 18 0.46672

Root MSE 0.07765 R-square 0.9096

Dep Mean 0.96789 AdJ R-sq 0.7675
C.V. 8.02212

Parameter Estimates

Parameter Standard T for HO:

Variable DF Estimate Error Parameter-0 Prob > ITI

INTERCEP I 0 914854 0 03592311 25 467 0 0001

ZI I 0 159005 0 02823024 5 632 0 0008

Z2 I -0 061463 0 03029097 -2 029 0 0820

Z3 I -0 110344 0 03170709 -3 480 0 0103

Z4 I -0 005830 0 04245892 -0 137 0 8946

Z5 I 0 014863 0 05499039 0 270 0 7947

Z6 I 0 062319 0 03692229 1.688 0 1353

Z7 i 0 009130 0 03777197 0.242 0 8159

Z8 I 0 071470 0 04908635 1.456 0 1887

Z9 I -0 050848 0 04217202 -1,206 0 2671

ZIO I -0 112004 0 04475360 -2.503 0 0408

ZII I 0 062259 0 04216574 1.477 0 1833

Variable

Variable DF Label

INTERCEP i Intercept
ZI I

Z2 i

Z3 i

Z4 I

Z5 I

Z6 i

Z7 I

Z8 I

Z9 i

ZIO I

Zll l
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Dep Var Predict Std Err Std Err Student
Obs YIO Value Predict Residual Residual Residual

1 0 8700 0 8083 0 067 0.0617 0 039 1 562

2 0 9400 0 9350 0 060 0.00504 0 050 0 i01

3 0 8800 0 8686 0 069 0 0114 0 035 0 320

4 1 0000 1 0791 0 063 -0 0791 0 046 -I 733

5 0 9000 0 9180 0 062 -0 0180 0 047 -0 386

6 0 9700 0 9325 0 029 0 0375 0 072 0 521

7 0 7900 0 8729 0 066 -0 0829 0 041 -2 042

8 0 8200 0 8617 0.070 -0 0417 0 033 -i 273

9 0 9500 0 9191 0 030 0 0309 0.072 0 430

i0 0 9100 0 9314 0 061 -0 0214 0 048 -0 449

Ii 0 8900 0 9102 0 063 -0 0202 0 045 -0 449

12 0 9200 0 9074 0 030 0 0126 0 072 0 175

13 1 0500 1 0065 0 065 0 0435 0 043 1 015

14 1 5000 1 4187 0 067 0 0813 0 039 2 089

15 0 9000 0 9180 0 062 -0 0180 0 047 -0 386
16 1 0900 1 1667 0 066 -0 0767 0 040 -I 904

17 0 9100 0 8805 0 071 0 0295 0 031 0 963
18 1 2100 1 2271 0 070 -0 0171 0 033 -0 515

19 0 8900 0 8284 0 071 0 0616 0 031 2 006

Cook's

Obs -2-i-0 1 2 D

i *** 0 582

2 0 001

3 0 032

4 *** 0 475

5 0 022

6 * 0 004

7 **** 0 923

8 ** 0 623

9 0 003

I0 1 0 028
Ii 0 033

12 0 000

13 ** 0 195

14 **** 1 084

15 0 022

16 *** 0 822

17 * 0 418

18 * 0 098

19 **** 1 807

Residuals -I_66533E-15

Squared Residuals 0.0422

Predicted Resid SS (Press) 0.6804
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Stepwise Procedure for Dependent Variable YI0

tep I Variable ZI Entered R-square = 0.45213391 C(p) = 27.41230287

DF Sum of Squares Mean Square F Prob>F

egression i 0.21101804 0.21101804 14.03 0.0016
rror 17 0.25569775 0.01504104

otal 18 0.46671579

Parameter Standard Type II

ariable Estimate Error Sum of Squares F Prob>F

NTERCEP 0.96784636 0.02813599 17.79780120 1183.28 0.0001

I 0.16085296 0.04294457 0.2110].804 14.03 0.0016

,ounds on condition number: i, i
......... ,....._.... .......... . ...... . .... . ..... ....................... .......

tep 2 Variable Z3 Entered R-square = 0.61755171 C(p) = 16.60671062

DF Sum of Squares Mean Square F Prob>F

egression 2 0.28822113 0.14411057 12.92 0.0005
.rror 16 0.17849466 0.01115592

'oral 18 0.46671579

Parameter Standard Type II

7ariable Estimate Error Sum of Squares F Prob>F

INTERCEP 0.96718095 0.02423257 17.77140062 1593.00 0.0001

21 0.15394427 0.03707781 0.1.9231106 ].7.24 0.0008

_3 -0.10993620 0.04179035 0.07720310 6.92 0.0182

_ounds on condition number: 1.005042, 4.020169

_tep 3 Variable ZIO Entered R-square = 0.69655405 C(p) = 12.49085269

DF Sum of Squares Mean Square F Prob>F

_egression 3 0.32509277 0.10836426 11.48 0.0004
Error 15 0.14162302 0.00944153

£otal 18 0.46671579

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0.964304.13 0.02234046 17.59082714 1863.13 0.0001

ZI 0.14717289 0.03428175 0.17400921 18.43 0.0006

Z3 -0.11229192 0.03846390 0.0804698]. 8.52 0.0106

ZIO -0.10618532 0.05373281 0.03687164 3.91 0.0668

Bounds on condition number: 1.0].5184, 9.095572
............... . ............................ . ............ . ....... ... ...........

i
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Step 4 Variable Z2 Entered R-square _ 0.77662886 C(p) = 8.29197117

DF Sum of Squares Mean Square F Prob>F

Regression 4 0.36246495 0.09061624 12.17 0.0002
Error 14 0.10425084 0.00744649

Total 18 0.46671579

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0.96404745 0.01984056 17.58087699 2360.96 0.0001

Z1 0.14606910 0.03044909 0.17136401 23.0]. 0.0003

Z2 -0.06883857 0.03072794 0.03737218 5.02 0.0418

Z3 -0.12020493 0.03434134 0.09123502 ].2.25 0.0035
/

ZI0 -0.I1625974 0.04793072 0.04381091 5.88 0.0294 /

Bounds on condition number' 1.01964, 16.28337

Step 5 Variable Z8 Entered R-square = 0.82446125 C(p) = 6.58909174

DF Sum of Squares Mean Square F Prob>F

Regression 5 0.38478908 0.07695782 12.21 0.0002
Error 13 0.08192671 0.00630205

Total 18 0.46671579

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0 93393611 0.02427151 9 33088622 1480.61 0.0001

Z1 0 14796339 0.02802978 0 1756].076 27.87 0.0001

Z2 -0 06135923 0.02854619 0 02911693 4.62 0.0510

Z3 -0 11734477 0.03162892 0 08674426 13.76 0.0026

Z8 0 08980127 0.04771295 0 02232413 3.54 0.0824

ZI0 -0 10789844 0.04431720 O 03735663 5.93 0.0301

Bounds on condition number' 1.039125, 25.66991

Step 6 Variable Z6 Entered R-square - 0.85581724 C(p) = 6.16171063

DF Sum of Squares Mean Square F Prob>F

Regression 6 0.39942342 0.06657057 11.87 0.0002
Error 12 0.06729237 0.00560770

Total 18 0.46671579

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0.91305525 0.02629206 6.76284338 1205.99 0.0001

ZI 0.15568354 0.02686899 0.18826401 33.57 0.0001

Z2 -0.06014226 0,02693824 0.02795153 4.98 0.0454

_ -_ 112 37 0 _nnglt°. , JIU , ULm7 CUU . ! JU _u
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Z6 0.05689230 0.03521756 0.01463434 2.61 0.1322

Z8 0.08005696 0.04541017 0.01742916 3.11 0,1033

ZI0 -0.09968621 0.04211250 0.03142191 5.60 0.0356

Bounds on condition number' I..O74639, 37.71817

Step 7 Variable Zfi Entered R-square = 0.88889034 C(p) = 5.60140202

DF Sum of Squares Mean Square F Prob>F

Regression 7 0,41485916 0.05926559 12.57 0.0002
Error ii 0°05185663 0.00471424

Total 18 0,.46671579

Parameter Standard Type II

Variable Estimate Error Sum of Squares F Prob>F

INTERCEP 0,9].455724 0 02412101 6.77707666 1437.58 0.0001

ZI 0 16075724 0 02479475 0°19816789 42 04 0.0001

Z2 -0 05911962 0 02470566 0°02699491 5 '73 0.0357

Z3 -0 1.0537805 0 02777554 0,,06785578 14 39 0.0030
Z6 0 06469839 0 03257725 0.01859387 3 94 0.0725

Z8 0 07318495 0 04180862 0.01444520 3 06 0.1078

ZIO -0 10037674 0 03861409 0,03185563 6 76 0.0247

ZII 0 06675359 0 03689069 0°01543574 3 27 0.0978

Bounds on condition number' 1.09382, 5]..80222

AI]. variables in the model are significant at the 0.1500 level.
No other variable met the 0.1500 si _ificance level for entry into _he model.

Stmunary of Stepwise Procedure for Dependent Variable YIO

Variable N_nber Partial. Model

Step Entered Removed In R**2 R**2 C(p) F Prob>F

1 ZI 1 0,4521 0.4521 27.4123 14 0295 0.0016
2 Z3 2 0.1654 0,6176 16 6067 6 9204 0.0182

3 ZIO 3 0.0"790 0.6966 12 49(i)9 3 9053 0.0668

4 Z2 4 0,0801 0,7766 8 2920 5 0188 0.0418

5 Z8 5 0.0478 0,8245 6 5891 3 5424 0.0824

6 Z6 6 0.0314 0,,8558 6 1617 2 6097 0,1322

7 ZII 7 0.0331 0.8889 5 6014 3 2743 0.0978

= A-81
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Dep Var Predict Std Err Std Err Student
Obs YI0 Value Predict Residual Residual Residual

1 0 8700 0 7558 0 043 0.1142 0 053 2.144

2 0 9400 0 9267 0 051 0.0133 0 046 0 290

3 0 8800 0 8730 0 058 0.00702 0 037 0 189

4 i 0000 1 11.59 0 042 -0.1159 0 054 -2 131

5 0 9000 0 9363 0 024 -0 0363 0 065 -0 563

6 0 9700 0 9356 0 024 0 0344 0 064 0 534

7 0 7900 0 8713 0 055 -0 081.3 0 041 -i 975

8 0 8200 0 8738 0 058 -0 0538 0 036 -I 494

9 0 9500 0 9215 0 024 0 0285 0 064 0 443

i0 0 9100 0 9265 0 024 -0 0165 0 064 -0 256

II 0 8900 0 9206 0 024 -0 0306 0 064 -0 475

12 0 9200 0 9098 0 024 0 0102 0 064 0 159

13 I 0500 1 0245 0 054 0 0255 0 042 0 609

14 I 5000 _! 1 4.116 0 056 0 0884 0 039 2 248
15 0 9000 0 9058 0 024 -0.00580 0 064 -0 090

16 1 0900 1 1182 0 044 -0.0282 0 053 -0 536

17 0 9100 0 8738 0 063 0.0362 0 028 1 285

18 1 2100 1 2184 0 059 -0.00838 0 034 -0 244

19 0 8900 0 8711 0 046 0.0189 0 051 0 374

Cook' s

Obs -2-1-0 1 2 D

i **** 0,380

2 0.013

3 0.011

4 **** 0,337

5 * 0,005

6 * 0 005

7 *** 0 869

8 ** 0 737

9 0 003

i0 0 001

II 0 004

12 0 000

13 * 0 078

14 **** 1 297

].5 0 000

].6 * 0 025

17 ** 1 019

18 0 022

19 0o015

Residuals -8. 88178E-16

Squared Residuals 0.0519

Resid SS (Press) 0.2954

A-82 "-
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PRODUCTION OF HYDROGEN FROM LOW-RANK COALS

ANNUAL TECHNICAL PROGRESS REPORT
APRIL 1, 1988 THROUGH MARCH 31, 1989

1.0 INTRODUCTION

Hydrogen is a key component in ammonia and methanol synthesis, petroleum
refining, petrochemical processing, and the production of coal-derived
synfuels. Hydrogen can also be used directly as a fuel. The demand for
hydrogen has been projected to increase by a factor of 19 to 27 over the next
45 years (i). Most of the hydrogen currently used in chemical applications is
produced either through steam reforming of natural gas or, in refining
applications, through partial oxidation of petroleum. Advanced coal
gasification technologies appear to be the most probable alternative for
meeting the future demand for large quantities of hydrogen, t_ow-rankcoals
(lignites and subbituminous coals) are the preferred feedstock for such
applications because of their low mining cost and higher reactivities relative
to higher-rank coals.

The two most important considerations in the design of a process for
producing hydrogen from coal are to maintain operating conditions that
thermodynamically favor the production of hydrogen and carbon dioxide over
carbon monoxide and methane, and to obtain reaction rates that result in
sufficient gasifier throughput. Optimization of the conditions for maximum
hydrogen content of the product gas requires steam gasification at relatively
mild temperature and pressure. Temperatures in the range of 700° to 800°C at
atmosphe(,c pressure maximize hydrogen production. In tests at the University
of North Dakota Energy & Mineral Research Center (UNDEMRC), a dry synthesis
gas containing 63% hydrogen was produced by steam gasification of low-rank
coal (2). These mild conditions do not, however, promote high reaction
rates. As a result, increasing coal reactivity is perhaps the most critical
factor in the selection of a gasification process for producing hydrogen from
coal. The rate-limiting step in the production of hydrogen from low-rank
coals is the steam gasification of the char.

The primary advantage of lignites and subbituminous coals is their
greater reactivity relative to coals of higher rank. This i,Rsr'easein
reactivity is caused by higher concentrations of active sites, higher
porosity, and a more uniform dispersion of alkali impurities that act as
inherent catalysts. In steam gasification tests conducted using bench-scale
fixed-bed thermogravimetric analysis (TGA), low-rank coal char reactivities
were found to be nearly ten times higher than that of a bituminous coal char
gasified at the same conditions (3). In addition to the high reactivity
determined for low-rank coal chars relative to bituminous coal chars,
inc,'easesin reactivity were also observed with increasing temperature, within
the range of moderate temperatures that maximize hydrogen production, and with
the addition of alkali catalysts. An increase in steam gasification
temi,eraturefrom 700" to 800°C resulted in an increase in reactivity from
approximately 1.0 (g/hr)/g to 3.5 (g/hr)/g. Reactivities computed for lignite
chars catalyzed with a 10 wt% loading of pure sodium carbonate or potassium
carbonate ranged from 4.8 to 5.5 (g/hr)/g at 750°C, compared to 1.6 to 2.0



(g/hr)/g for uncatalyzed lignite chars. Catalysis of a bituminous coal char
with similar loadings of the alkali carbonates also increased reactivity;
however, catalyzed bituminous coal char was found to be five to six times less
reactive than similarly catalyzed lignites.

lt is important to provide process operating conditions that maximize the
rate of the char-steam reaction. Fixed-bed gasification is not preferred
because of heat and mass transfer limitations on the endothermic steam

gasification reaction. Entrained-bed systems are also not preferred because
they present difficulties in maintaining long enough residence times for
reaction without the use of extensive solids recycle.

A fluid-bed system operated with catalyzed low-rank coal offers both
excellent heat and mass transfer and processing flexibility; it is, therefore,
attractive for process development. Fluid-bed reactors can achieve more
uniform temperature and solids distributions than fixed- or entrained-bed
gasifiers, and have high heat transfer characteristics. Further, the use of
smaller particles in a fluid-bed system results in less diffusional resistance
than a fixed-bed system, more efficient waste heat recovery, and smaller
pressure drops. Also, because fluid-bed systems allow coal devolatilization,
gasification, and ash removal within a single vessel they are likely to be
used for eventual scale-up of the hydrogen production process.

The physical and chemical natures of low-rank coals offer several
advantages for use in this fluid-bed hydrogen production process. The high
volatile matter content of lignites supports their use in steam gasification
to produce hydrogen, as devolatilization products can be cracked in the hot
zone of a fluid-bed to form additional hydrogen. Under suitable reaction
conditions raw product gas from such a system would contain essentially only
hydrogen, carbon dioxide, carbon monoxide, and only small quantities of
methane and sulfur gases. This was proven in the operation of the COp
Acceptor process, a fluid-bed system utilizing low-rank coals (4).
addition to producing hydrogen and simplifying downstream gas clean-up,
cracking of tars and oils in the gasifier reduces the contaminant
concentrations in the process condensate.

Because of the implications of catalyst cost and associated catalyst
recovery costs, several potentially disposable catalysts were also evaluated
in bench-scale steam gasification tests (3). Addition of either trona or
nahcolite (naturally occurring alkali carbonate minerals) at 10 wt% loadings,
resulted in reactivities higher than with equivalent mass loadings of reagent-
grade alkali carbonates. The improvement in reactivity obtained using
minerals such as trona and nahcolite indicates the need to further evaluate

impure sources of alkali as disposable catalysts for steam gasification and
subsequent hydrogen production from low-rank coals.

The economics of this process are affected by several market factors.
The first is the cost and availability of competing feedstocks. If the
projected shortages in gaseous and liquid fossil fuels are realized, hydrogen
from coal will become the most probable alternative for large-scale production
of replacement fuel. The capital costs of hydrogen production via coal
gasification have been shown to make up over 50% of the final product cost.
The lower feedstock cost and higher reactivity of lignites or

2



subbituminous coal used in a catalytic steam gasification process should more
than offset any additional capital cost resulting from additional coal
handling requirements. The use of disposable catalysts may als_ have a major
impact on the economics of low-rank coal use.

The properties of low-rank coals and selection of gasifier configuration
not only influence gasification economics, but also affect the overall design
and economics of the hydrogen-from-coal system. Cracking of devolatilization
products in a fluid-bed system offers an environmental advantage, as does the
low sulfur content of low-rank coals. The degree to which these benefits are
realized in the gasification process will significantly impact the extent of
gas and wastewater treatment required. The extent of product gas treatment
will also be affected by the selection of end-use applications. End uses for
hydrogen range from fuel cells and transportation fuel, to chemical feedstock
(such as for methanol and ammonia synthesis), to use in synfuels production,
each of which requires different hydrogen purity ranging from 65-99%. The end
uses for, and economics of producing hydrogen will thus be influenced by the
quality of the raw product gas and the extent of gas clean-up required.

A more complete evaluation of the use of low-rank coals in catalytic
steam gasification to produce hydrogen is required. To date, much of this
work has been performed at the laboratory scale, and has focused only on
fundamental reactivity studies. These data must be verified on a larger
scale, and a more complete evaluation of the concept must be performed before
the technical realities, and also the economic feasibility of the process can
be clearly stated. This report describes the third year's activities and
results on the production of hydrogen from low-rank coal research project at
UNDEMRC. The project involves pilot-scale process development in addition to
evaluating reactivity and fundamental properties of low-rank coals under
hydrogen-producing conditions.

2.0 GOALS AND OBJECTIVES

The objective of this research is to evaluate the technical feasibility
of producing low-cost hydrogen by catalytic steam gasification of low-rank
coals. This approach takes advantage of the high reactivity and high volatile
matter, moisture, and inherent alkali content of low-rank coals. This effort
will provide a proof-of-concept and the early stages of engineering
development. The research program will include the design, construction, and
testing of a 6-inch diameter fluid-bed system and determination of the optimum
operating conditions for preducing low-cost hydrogen. Data collected from
this process development worx will be used to generate an economic assessment
of the process. In addition, gas and wastewater treatment, and end use
applications will be evaluated as part of a _ystems approach study to be
perform_d irlconjunction with the process economics study°

In parallel with this process development and systems analysis work, an
evaluation of the relationship between the fundamental properties of low-rank
coals and their reactivity under hydroger-producing conditions will be
conducted. Bench-scale TGA will be used to compute coal char reactivities on
both a weight basis and an active-site basis, and to correlate reactivities



with identified coal properties. Instrumental analyses to be performed _each coal, char, and ash derived from reactivity studies include solid 1
Nuclear Magnetic Resonance (NMR), x-ray diffraction (XRD), x-ray fluorescence
analysis (XRFA), Electron Spectroscopy for Chemical Analysis (ESCA), and
Scanning Electron Microscopy/Energy Dispersive Spectroscopy (SFM/EDS) surface
analysis.

3.0 ACCOMPLISHMENTS

3.1 Hydrogen-from-Coal Continuous Process Unit (CPU)

3.1.1 Trona Cat_a_tal_ystTestinq

3.1.1.1 Gabbro Bed Material Runs

The trona test matrix was a Box-Behnken design for four factors including
steam:carbon molar ratio, bed temperature, catalyst concentration, and coal.
The matrix was broken down into three blocks of nine tests for a total of 27

tests. The range of each factor was determined by the operability testing
conducted in the second year of the project (5). Steam:carbon molar ratio
ranged from 1:1 to 3:1; bed temperature ranged from 700° to 800°C; and trona
catalyst concentration ranged from 0 to 10 wt%. The coals used in the test
matrix were Wyodak (Wyoming) subbituminous coal, Martin Lake (Texas) lignite,
and Velva (North Dakota) lignite. Gabbro was selected as the bed material
based on laboratory studies on agglomeration with the trona catalyst at
operating temperatures.

Test runs for the first block of the trona test matrix were conducted in

April and were plagued by numerous operating problems. The most frequent
problem encountered was agglomeration of the gabbro bed material with the
trona catalyst causing poor fluidization, and in some cases, seizure of the
coal screw feeder. The remainder of the trona test matrix was cancelled due
to the difficulties in running the first block of the trona test matrix.

The severity of bed agglomeration increased with decreasing steam:carbon
ratio, as shown in Figure 3.-I. This may indicate that the agglomeration is
due to the surface combustion reactions as follows. As the steam:carbon ratio
decreases, less sensible heat from the superheated steam is available to
maintain temperature in the gasifier and must be supplemented by increased
combustion. With the increased quantity of oxygen in the gasifier, more
surface combustion reactions are occurring that have a higher localized
surface temperature than the bulk bed temperature. The higher temperatures
may cause the sodium carbonate in the trona to melt and adhere to the bed
material. This melt then bridges between two or more bed particles and
solidifies, resulting in the growth of agglomerates.

3.1.1.2 Taconite Bed Material Runs

Trona, although an excellent catalyst for the gasification reaction,
caused agglomeration problems with silica sand, limestone, or gabbro as the
bed material. Rather than discontinue the use of trona as a catalyst, it was





decided to test taconite as the bed nlaterial both with and without trona. The
expected reduction of hematite in the taconite to magnetite would allow
magnetic separation of the upgraded ore as a byproduct, possibly improving the
economics of the hydrogen production process.

A meeting was held at the Coleraine Research Laboratory in Coleraine,
Minnesota, between EMRCpersonnel and scientists at the Coleraine lab to
determine the best taconite ore to use in the CPU testing. The recommendation
of the Coleraine scientists was to try lean ores that contain 35-45%
hematite. Four barrels of lean taconite ore were obtained from the Coleralne
lab for CPU testing. The runs were performed using Wyodak subbituminous coal
at a 2:1 steam:carbon ratio and a bed temperature of 750°C. Runs i and 2 were
uncatalyzed to determine how the CPU operated using taconite as the bed
material. Runs 3 and 4 were catalyzed with 5 wt% trona. Contrary to
expectations, only minor agglomeration occurred during the trona-catalyzed
runs. The hot bed material from the first run was exposed to air after
blowdown, allowing some of the magnetite to oxidize to hematite. After the
first run, a nitrogen purge was set up to prevent oxidation of the blowdown
during future taconite runs.

Three additional runs wer_ performed using the lean taconite ore as the
bed material with Wyodak subbituminous coal at a 2:1 steam:carbon ratio and a
bed temperature of 750°C. One run was a repeat of the first uncatalyzed
run. Two runs were catalyzed with i0 wt% trona. Unlike the runs made with
taconite and 5 wt% trona, which showed only minor agglomeration, severe
agglomeration of the bed material occurred and both runs were terminated
prematurely. Large agglomerates were found during the post-run inspection of
the gasifier.

Gas compositions and production rates for the uncatalyzed and trona-
catalyzed taconite and limestone bed material CPU runs are given in Table
3-I. Ali the bed material tests listed in Table 3-I were conducted at 750°C

and a 2:1 steam:carbon molar ratio. The hydrogen concentration in the L
product gas was nominally 45 rnol% for all of the bed material test runs.
Hydrogen gas production rates were highest for the 5 wt% trona-catalyzed
taconite runs and lowest for the uncatalyzed taconite runs, ranging from 13.2
to 15.3 scf/Ib moisture- and ash-free (maf) coal. The carbon monoxide
concentration and production rates were lower for the taconite runs, which may
indicate that the carbon monoxide was utilized for reduction of hematite to
magnetite. Percent carbon converted to gas was lowest for the uncatalyzed
taconite runs at 78%. Nearly 85% c_rbon conversion was achieved for the
limestone and trona-catalyzed taconite runs.

The proximate and ultimate analyses and fines production rates for the
bed material tests are given in Table 3-2. Both the uncatalyzed and trona-
catalyzed taconite test runs produced fines lower in carbon content than the
limestone run, with the trona-catalyzed runs having the lowest fines carbon
content. The ash contents of the fines from the taconite test runs were
higher than those from the limestone test. This increase in inorganic content
may be from attrition of the bed material and may be the reason for the higher
fines production rate with the taconite test runs. The mass mean diameter
(MMD) of the fines ranged from 108 to 128 microns. The particle size
distributions of the fines for the various bed materials were very similar.



TABLE 3-i

PRODUCTGAS COMPOSITIONSAND PRODUCTIONRATES FOR CPU BED MATERIAL
TEST RUNSAT 750°C AND A 2:1 STEAM:CARBONMOLARRATIO

Bed Material Limestone Taconite Taconite Taconite Taconite

Catalyst No;_e None None Trona Trona
Concentration ......... 5 wt% 5 wt%

Product Gas Composition (mol%):

H2 44.23 44.49 44,51 45.62 46.26

CO2 39.21 41.16 40.53 39,88 38.95

CO 12.72 9.82 10,58 11.60 11.62

CH4 3.00 3.74 3.46 2°07 2,41

C2H4 0.62 0.54 0.67 0.63 0.50

C2H6 0,17 0,19 0o19 0.19 0.18

C3H6 0.01 0.00 0.00 0.00 0.00

C3H8 O_O0 0.00 O.O0 O.O0 0.00

C4H8 0.00 0.00 0.00 0.00 0.00

C4HI0 0.00 0.00 0.00 0,00 0.00

H2S 0.04 0.06 0,06 0.06 0.08

Gas Production Rates:

scf H_/Ib maf coal 14.18 13.24 13,61 14.47 15,29
scf C_)/Ibmaf coal 4.08 2.92 3.24 3.61_ 3.84

scf C02/Ib maf coal 12,57 12.25 12..39 12.65 12.84

% carbon conv. to gas 85.37 76.48 79,73 83,19 85.45

3.1.2 Limestone Testinq

3.1.2.1 Test Matrix

The unsuccessful CPU operation with the trona catalyst led to the
development of a test matrix using only limestone as a bed material with no
additional catalyst to determine the effects of steam:carbon ratio and bed
temperature on gas production. A Box-Behnken experimental design for three
factors was chosen for the limestone test matrix, as illustrated in Table 3-
3. The three factors included steam:carbon molar ratio, bed temperature, and
coal type. The range for each factor and the three test coals used in the
limestone matrix were the same as in the trona test matrix. This series of 15
tests was relatively trouble free. The only major operational problem that



TABLE 3-2

PROXIMATEAND ULTIMATE ANALYSESOF CYCLONEFINES FOR CPU BED MATERIAL
TEST RUNS AT 750°C AND A 2:1 STEAM:CARBONMOLARRATIO

Bed Material Limestone Taconite Taconite Taconite Taconite

Catalyst None None None Tror_a Trona
Concentration ......... 5 wt% 5 wt%

Proximate Analysis (wt%):
Moisture a 4,40 2.30 2.10 1.50 4.00
Volatile Matter b 14_71 19.28 20,90 24_16 25.60
Fixed CarbonD (by diff,) 54.24 32.33 34.66 19.28 15,36
Ash_ 31.05 48.39 44.44 _ 56,56 59,04

Ultimate Analysis (wt%): b
Hydrogen I,i0 0.88 0.97 0.64 0.66
Carbon 60.53 47.06 51.49 40.26 37.71
Nitrogen 0.80 0.51 0,60 0°43 0.29
Sulfur 9.67 0.36 0.39 0.43 0.56
Oxygen (by diff.) 5.82 2.78 2.09 1,69 1,73
Ash 31.05 48,39 44.44 56.56 59.04

Fines Production Rate, Ib/hr 2.52 4.75 4..34 4.60 3.65

Mass Mean Diameter (MMD),
microns 128 115 113 118 108

a As-received
b Moisture-free

occurred was an increase in freeboard pressure in the gasifier due to a build-
up of organic residue in the glycol-cooled heat exchanger of the gas quench
system.

3.1,2.2 Stream Analyses

Typical proximate and ultimate analyses of the feed coals for the
limestone test matrix are listed in Table 3-4. Velva lignite was highest in
moisture content and lowest in ash content of the test coals° The three coals
had similar elemental compositions based on the ultimate analyses.

The product gas compositions measured by gas chromatography for the
limestone test matrix are shown in Table 3-5, The hydrogen content of the
product gas ranged from 41.6 to 47.9 mol% for the entire matrix and, in
general, decreased with increasing temperature and decreasing steam:carbon
ratio for the Velva and Martin Lake coal runs. The hydrogen composition for
the Wyodak runs behaved similarly at the i:i steam:carbon ratio (decreasing



TABLE3-3

EXPERIMENTALDESIGNFORCPULIMESTONETEST MATRIX

Run

Test Order X1 X2 X3

I 14 -1 -i 0
2 4 i -I 0
3 10 -I I 0
4 6 I i 0
5 7 -I 0 -I
6 5 I 0 -i
7 13 -I 0 1
8 9 I 0 I
9 3 0 -I -I

i0 I 0 I -i
ii 15 0 -i i
12 ii 0 I 1
13 2 0 0 0
14 8 0 0 0
15 12 0 0 0

Where:

XI Bed Temperature X2 Steam:Carbon Molar Ratio

-i = 700°C -I = i:i
0 = 750°C 0 = 2:1
i = 800°C i = 3:1

X3 Coal

-I = Martin Lake lignite
0 = WyodakSubbituminous Coal
i = Velva lignite

with increasing temperatures), but increased in hydrogen content with
increasing steam:carbon ratio at 800°C. The carbon dioxide composition of the
product gas ranged from 35.9 to 42.9 mol% for the entire matrix and also
displayed the general trend of increasing with lower temperatures and higher
steam:carbon ratios. Carbon monoxide composition ranged from 7,1 to 20.1 mol%
and decreased with lower temperatures and higher steam:carbon ratios, which
was the reverse of the carbon dioxide composition trend,

The proximate and ultimate analyses of the cyclone fines from the
limestone test matrix are shown in Table 3-6. The fines production rate did
not vary greatly for the Wyodak subbituminous coal, but did show a decrease
with increasing temperature and steam:carbon ratio for the Velva and Martin
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TABLE 3-4

PROXIMATEAND ULTIMATE ANALYSESOF FEED COALS

Coal Velva Martin Lake Wo_

Proximate Analysis (wt%):a

Moisture 34.55 3I.60 29.88
Volatile Matter 28.15 30.11 30.55

Fixed Carbon (by diff.) 31.49 30.65 33.63
Ash 5.80 7,62 5.93

Ultimate Analysis (wt%):b

Hydrogen 4.54 4.74 4.65
Carbon 63.95 63.28 64.29
Nitrogen 0.93 i. I0 0.91
Sulfur 0.32 1.02 0.42
Oxygen (by diff.) 21.35 18.72 21.23

Heating Value, BTU/Ib a 6975 7568 7728

a As-received
b Moisture-free

Lake lignites. The carbon content of the fines generally decreased with
increasing bed temperature and ranged from 65 to 47 wt% for all the test
coals. The NMDof the Wyodak fines ranged from 78 to 151 microns over the
test matrix and decreased with increasing temperature. The MMDof the Wyodak
fines also decreased with increasing steam:carbon ratio at 800°C, but remained
relatively constant with increasing steam:carbon ratio at 700°C. The MMDfor
the Velva Fines ranged from 113 to 146 microns and decreased with increasing
steam:carbon ratio, but remained constant with changing temperature. The MMD
for the Martin Lake fines ranged from 109 to 138 microns and decreased with
increasing temperature and steam:carbon ratio.

The analyses of the process condensates from the first-stage gas/liquid
separation vessel for the limestone matrix are listed in Table 3-7. The
condensates were alkaline, with pH's greater than 8.5. The alkaline pH is due
to the high concentration of free ammonia in tile condensate. The ammonia
concentration generally decreases with higher steam:carbon ratios, due to
dilution of the condensate with larger quantities of unreacted steam. Total
carbon contents of the condensates decreased with lower temperatures and
higher steam:carbon ratios and were all above 1700 mg/l. A majority of the
carbon in the condensate was inorganic, as the total organic carbon (TOC) was
typically less than 650 mg/l. Chemical oxygen demand (COD) and biochemical
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oxygen demand (BOD) of the condensate usually decreased with increasing
temperature and steam:carbon ratio. 'Thetota) solids concentration of the
condensate exhibited a trend similar to the COD and BOD of the _'astewater.

The proximate and ultimate analyses for the post-run bed materials fo_
the limestone test matrix are shown in Table J-S. The carbon content of the

post-run bed material decreased with increasing temperature and steam:carbon
ratio For the Wyodak and Velva coal runs. The results of the kartir_Lake runs
indicated a decrease in bed carbon content with temperature, but not with
steam:carbon ratio_ The M_MDof the post-run bed material for the Wyodak runs
ranged from 1000 to 1465 microns, end decreased with increasing temperaLure
and decreasing steam:carbon ratio. The MMD of the post-run bed ntaterialfor
the Velva runs ranged from 985 to 1355 microns and decreased with ii'_creasin!]
temperature and steam:carbon ratio. The change in MMD for the post-rur_bed
material for 'theMartir_Lake runs was similar to the Velva run_, decreasi_;gin
size with increasing temperature and steam:carbon ratio. The M,MDof the bed
material for the Martin Lake runs ranged from 855 to 1315 microns.

3.1.2.3 Statistical Analysis

Although the product gas composition shows some trends with respect to
steam:carbon ratio and temperature, it is not a qood indication of the
production rates of the g_.sesas was demonstrat_;_,_lin the operability testing
(5). A more appropriate way to show changes in gas production rates with
changing operating conditions is on a volumetric basis per unit mass of mar
coal utilizing the material balance results. Material balances were performed
aridanalyzed fo_;"all the test runs during which on-line operation of the gas
quench system was sustained. The material balances were normalized for the
sake of comparison by forcing the overall mass balance to be equal using the
elemental balance as the primary criterion. This allows for comparison of gas
production rates and carbon conversion to gas at difFerer_ttest conditions
with different coals. Tabulated summaries,of the unadjusted and adjusted
material balances for the limestone parametric test mat_'ixare presented in
Appendixes A and B.

A detailed statistical analysis of data from the parametric tests was
conducted. Data and variables that were evaluated are listed in Table 3-9.

An averaged analysis was used for the composition of Wyodak coal because of
the excessive variability of analyses of that coal between runs.

Statistical analyses were performed using each of the four'Xp variables
listed in Table 3-9, Evaluatio_ of the data using the steam:carbOn ratio as

Xp resulted 'Ingood correlations for several responses; however, using thet_tal water:carbon molar ratio es X2 yielded similar results with better
_ correlations. The oxygen:steam m,ol_rratio di_ not produce correlations that

were as good as the previous X2's, but was included due to its similarity with
the steam:oxygen ratio, which _s com_monlyused con_ercially. The statistical
analysis us ir_gthe oxygen:carbon ratio resulted in very poor correlations.

.
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Total water:carbonratio and oxygen:steamratio were thereforeselectedas
being most useful to describethe systemwithin the scopeof the test
matrix. Regressionsummariesfor the total water:carbonratio and
oxygen:steamratio scenariosare listedin Tables 3-10 and 3-11, repectively.
A descriptionof the terms used in Tables3-10 and 3-11 is in Appendix C.

To illustrateimportantfindingsand yet limit the amountof material,
the plots and commentspresentedwill deal primarilywith gas production. The
labels for units of variableson the plots have in some cases been alteredto
delete "hours"where they are redundant. Table 3-12 providesdefinitionscf
variablesused in the equationsthatdescribe the plottedcurves. The Z
rather than X indicatesthat the X variablehas been convertedto a form
compatiblewith the statisticalmethodfor evaluationof data from a Box-
Behnken experimentaldesign. Due to the relativelysmall number of data
points available,the relationshipsindicatedby the statisticalanalysisare
best thoughtof as indicatorsratherthan definitivedescriptionsof the
process.

The productionrate of hydrogenper unit mar coal did not correlatewith
either total water:carbonratio or bed temperature,as shown in Figure 3-2,
and was essentiallyconstantover the range of variablestested. The
productionrate for carbon monoxideper unit mar coal decreasedwith
increasingtotal water:carbonratio,as shown in Figure3-3, and increased
with temperature. The productionrate for carbon dioxideper unit maf coal
increasedwith iF:creasingtotalwater:carbonratio, as shown in Figure 3-4,
but showed no correlationwith temperature.

Anotherway to approachthe data analysis is to look at the gas
productionrates versusoxygen:steamratio. The oxygen:steamratio increases
when the steam:carbonratio decreases,as less sensibleheat for the
supe}-heatedsteam is availableto maintainreactiontemperature. The hydrogen
productionrate is relativelyconstantat the higher bed temperatures,but
decreaseswith temperaturefor increasingoxygen:steamratio, as shown in
Figure 3-5. Carbonmonoxideproductionrates increasewith both bed
temperatureand oxygen:steamratio (Figure3-6). The productionrates for
carbon dioxide,Figure 3-7, increasewith increasingbed temperature,but
decreasewith increasingoxygen:steamratio.

These gas productionrate resultsindicatethat more hydrogen is produced
via the water-gasshift reactionat higher steam:carbonratios and lower bed
temperatures,as expected. At lowersteam:carbonratiosand higher bed
temperatures,more gas is producedvia the gasificationreaction. In the case
of the higher bed temperatures,the carbon conversionkineticsincreasewith
temperature,whereas for the lower steam:carbonratios,more oxidation
reactionsoccur to maintain temperatureand less steam is availablefor
shifting.

In the case of hydrogenproducedper unit mar coal as a function of
oxygen:steamratio (Figure3-5), higherbed temperaturesmaintainedhydrogen
productionwith increasingoxygen:steamratio. This indicatesthat less
hydrogen is being producedat the higheroxygen:steamratio (lower
steam:carbonratio) via the water-gasshift reaction.
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TABLE 3-12

KEY TO VARIABLES USEDTO DESCRIBE RESPONSES

ZI - linear effect of average bed temperature (XI)

Z2 - linear effect of the X2 variable

Z3 - indicates that the lignites differ (X3)

ZI*Z2 - effect of XI depends on X2

ZI*Z3 - effect of XI differs for lignites

Z2*Z3 - effect of X2 differs for lignites

ZI*Z1 . indicates curvature in XI response

Z2*Z2 - indicates curvature in X2 response

Z3*Z3 .-indicates that Wyodak differs from lignites tested
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Figure 3-2. Hydrogen Production per maf Coal Versus Total
Water:Carbon Ratio.
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Figure 3-3. Cc_rbonMonoxide Production per maf Coal Versus Total
Water:Carbon Ratio.
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Figure 3-4. Carbon Dioxide Production per maf Coal Versus Total
Water:Carbon Ratio.

28



H2/maf Coal (Y1)
FI = 15.85 + 0.55'ZI - 0,58'Z2 + 0,77*Z1*Z2

16.0 -

15,5 []

15.o A i,

" .L []
_ v
E 13.o

" DATA LEGEND "_ ,
-l- / / \ x3 MartinWyodakVelva I

/ IX1\ Liike / .. _'_, .

I /_ _ _ _/
11c,-• _-J11.0 _::: r- ', -- ', -- : ', _ I--_

0.08 0.12 0,16 0.2 0,24 0.28

Oxygen / Steam, mole ratio

Figure 3-5. Hydrogen Production per mar Coal Versus Oxygen:Steam Ratio.
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Figure 3-6. Carbon Monoxide Production per maf Coal Versus
Oxygen:Steam Ratio.
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Figure 3-7. Carbon Dioxide Production per maf Coal Versus
Oxygen:Steam Ratio.

The conversion of hydrogen fed (coal and water) to the reactor is
improved by reducing the amount of water fed to the reactor per unit carbon,
as shown by Figure 3-8. The quantity of hydrogen produced in the gas
decreases with the hydrogen fed, due to the lower conversion of steam at the
higher steam:carbon ratios. The type of coal used also has some effect, as
less moisture was contained in the Wyodak coal than in the Martin Lake and
Velva coals.

The conversion of carbon to gas relative to the total water:carbon ratio
is dependent entirely on temperature, as shown in Figure 3-9. This is
expected, as the gasification reaction kinetics increase with temperature.
Total water:carbon ratio had an insignificant effect, although it was the only

X2 variable for which there was a significant correlation.

From this and other information derived from the statistical analysis
several inferences can be made. Higher operating temperature generally
improves utilization of feed streams for gas production. Lower steam:carbon
ratios would again improve gas production and reduce what is evidently an
unnecessary excess of steam. The results were generally the same for both the
Wyodak subbituminous coal and the Velva and Martin Lake lignites.
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3.1.3 Extended Test Runs

A 72-hour test run using a limestone bed material was attempted in late
October with Wyodak subbituminous coal at a bed temperature of 750°C and a 2:1
steam:carbon molar ratio to determine the effects of extended CPU operation.
Material balance periods were planned at 24, 48, and 72 hours of steady-state
operation. No additional limestone was added to the bed over the duration of
the test. Because of problems with the gasification tower ventilation system,
the run was shortened to 48 hours. No problems were encountered with the CPU
during the 48 hours of operation. No degradation of the bed occurred as a
nominal 4-foot bed was consistently observed throughout the run. Material
balances were obtained at 24 and 48 hours of steady-state operation.

3.I.3.1 Product Gas

The product gas compositions for the two material balance periods at 24
and 48 hours are given in Table 3-13. The product gas composition for an
8-hour CPU test done previously is included in the table for comparison. The
product gas compositions after 8, 24, and 48 hours of steady-state operation
did not differ significantly, indicating that the system reached equilibrium
within 8 hours. Hydrogen, carbon monoxide, and carbon dioxide production
rates per pound maf coal fed for each material balance period are shown in
Figure 3-10. As shown in Figure 3-10, gas production rates were relatively
constant with time. Hydrogen production rates were nominally 14.5 scf/Ib maf
coal, with carbon dioxide and carbon monoxide production rates at 13 scf/Ib
maf coal and 3.5 scf/Ib mar coal, respectively. The carbon conversion to gas
was nominally 85% for the extended test runs.

3.1.3.2 Cyclone Fines

Table 3-14 gives the proximate and ultimate analyses of the cyclone
fines, along with the fines production rates, for the two material balance
periods and also for the previous 8-hour CPU test. The fines production rate
was approximately 2.5 Ib/hr for the extended CPU runs. As shown in Table
3-14, the proximate and ultimate analyses of the fines were similar for the
different material balance periods. The carbon content of the fines was
typically 59%. However, the ash content of the fines varied between the
material balance periods For some unkown reason. Mass mean diameters of the
fines ranged from 117 to 135 microns.

3.1.3.3 Wastewater Analysis

Table 3-15 gives the analysis of the process condensate from the
first-stage gas/liquid separator for the extended CPU runs. The results of
the wastewater analysis from the 8-hour CPU run are also included. The
alkaline nature of the condensate is due to the high concentration of free
an_onia. Because nearly all of the ammonia in the process condensate is free
ammonia, it can be removed easily by steam stripping. The total carbon, TOC,
COD, and BOD for the 48-hour test were similar for the samples taken at the
24-hour and 48-hour material balance periods. CODand BOD for the 24- and 48-
hour samples were double those of the 8-hour test, which may be due to
differences in sample handling between the two test runs. Total solids and
total suspended solids varied considerably for all three samples.
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TABLE 3-13

PRODUCT GAS COMPOSITIONS FOR EXTENDED CPU RUNS

Time at Steady-State 8 Hoursa 24 Hours 48 Hours

Product Gas Composition (mol%):

H2 45.23 44.36 43.41

CO2 39.19 41.42 40.30

CO 11.66 10.58 12.26

CH4 2.93 2.77 3.06

C2H4 0.71 0.63 0.69

C2H6 0.18 0.18 0.21

C3H6 0.03 0.00 0.00

C3H8 0.00 0.00 0.00

C4H8 0.01 0.00 0.00

C4HIo 0.00 0.00 0.00

H2S 0.04 0.06 0.07

% carbon conv. to gas 82.31 86.02 84.80

a Previous CPU Test Run
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Figure 3-i0. Gas Production Rates for Extended CPU Test Runs.
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TABLE 3-14

PROXIMATEANDULTIMATEANALYSESOF CYCLONEFINES
FOREXTENDEDCPURUNS

Time at Steady-State 8 Hoursa 24 Hours 48 Hours

Proximate_nalysis (wt%):
Moistureu 2.90 3.30 3.60
Volatile Matterc 14.84 14.26 13.70
Fixed Carbon (by difl.)c 53.97 50.76 55.44
Ashc 31.19 34.98 30.85

UltimateAnalysis (wt%):c
Hydrogen 1.21 1.20 1.16
Carbon 61.58 58.52 59.10
Nitrogen 0.85 0.80 0.79
Sulfur 0.64 0.39 0.39
Oxygen (by diff.) 4.53 4.08 7.68
Ash 31.19 34.98 30.86

Fines ProductionRate, 2.72 2.20 2.49
Ib/hr

Mass Mean Diameter 135 117 123
(MMD), microns

a Previous CPU Test Run
b As-Received
c Moisture-Free

3.1.3.4 Bed Material

The ultimateanalysesand ESCA resultsfor the bed material after 8, 24,
and 48 hours of steady-stateoperationwith the CPU are given in Table 3-16.
All three sampleswe_'efrom differentCPU test runs with Wyodak subbituminous
coal at 750°C and a 2:1 steam:carbonratio using a limestonebed material. No
bed material samplewas obtainedduringthe extendedCPU test run for the 24-
hour material balanceperiod. The carbon contentof the bed remainedconstant
at an averageof 8.7 wt% for the three tests. However,the sulfur contentof
the bed materialwas higherfor the 8-hour test run. The ESCA resultsshow
that the calciumconcentrationremainedconstantwith extended operation.
The ESCA resultsalso indicatethat there was no sulfur on the surfaceof the
limestonebed material. The absenceof sulfuron the surfaceof the limestone
is probablydue to the low concentrationof CaO, as indicatedby the low
CaO/CaCO3 ratio in Table 3-16. The sulfur in the post-run bed materialis due
to the c6al char remainingin the bed.

The mass mean diametersof the bed materialare also given in Table
3-16. The particlesize distributionsshowedthat very little attritionof
the bed materialoccurredeven after 48 hours of steady-stateoperation.
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TABLE3-15

WASTEWATERANALYSISFOREXTENDEDCPURUNS

Time at Steady-State 8 Hoursa 24 Hours 48 Hours

pH 9.07 8.78 8.88

WastewaterAnalysis,mg/l:
Ammonia, Free 3580 3520 3470
Ammonia,Total 3600 3520 3640

Total Carbon 2320 2620 2820
TOC 1540 1100 1140
COD 2150 4060 4100

BOD 1170 2310 2510

Total Solids 4520 1990 2740
Total SuspendedSolids 1690 1160 3840

a PreviousCPU Test Run

3.1.4 ReactorTesting

3.1.4.1 Bed Probe Testing

Four CPU runs were made using a probe to samplethe bed during
operation. The objectiveof the bed samplingwas to determinethe carbon
contentand particle size distributionsof the bed at one-foot intervalsabove
the distributorplate. Two runs were made with Wyodak subbituminouscoal and
one run each was made with Velva and Martin Lake lignitesat 750°C and a 2:1
steam:carbonratio.

A schematicof the bed probe is shown in Figure 3-11. The bed sampling
probe consistedof a 20-footlengthof one-half inch 316 stainlesssteel
tubing insertedat the top of the gasifier througha Conax fitting. The tube
was marked to indicatethe I-, 2-, 3-, and 4-footlevels above the distributor
plate. A cyclone, also constructedof 316 stainlesssteel,was used to
separatethe bed materialfrom the gas. A gas ejectorvacuum systemwas used
to increasethe differentialpressurebetweenthe gasifier and the bed probe
to draw bed material from the reactor. The probe was configuredto allow for
a nitrogenpurge to clear the line into the gasifierand to provide a nitrogen
purge over the bed sample. The procedureused to samplethe bed was as
follows:

The nitrogenpurge to the probe was opened, l'henthe Conax fittingat
the top of the gasifierwas loosenedand the probe was loweredto the
appropriatemark. The vacuumwas turnedon and the cyclone and sample
collectionpot were purgedwith nitrogen. Then the valve to the sampling
systemwas opened and the nitrogenpurges were shut off. After sampling
for approximately10 seconds,the valve to the samplingsystem was closed
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TABLE 3-16

BED MATERIAL ANALYSESFOR EXTENDEDCPU RUNS

Time at Steady-State 8 Hours a 24 Hours a 48 Hours

Ultimate Analysis (wt%): b
Hydrogen 0.17 0.08 0.09
Carbon 8.83 8.63 8.90
Nitrogen 0.09 0.03 0.04
Sulfur 0.13 c 0.02 0.02
Oxygen (by diff.) 22.44 23.96 23.14
Ash 68.35 67.28 67.80

ESCA Analysis (atomic %):
Carbon 31.6 29.6 25.5
Oxygen 52.0 53.1 54.8
Sulfur 0.0 0.0 0.0
Calcium 16.0 15.6 15.4
Aluminum 0.i 0o0 2.4
Silicon 0.0 1.4 1.6

XRD Analysis
CaO/CaCO3 Ratio 0.28 0.30 0.21

Mass Mean Diameter, microns 1020 925 1005

a Previous CPU Test Runs
b Moisture-Free
c Higher than expected

and the nitrogen purge to the probe was opened. The probe was then
pulled up above the bed and the Conax fitting was tightened. The cyclone
and sample collection pot were removed and the inlet and outlet to the
cyclone were plugged to minimize exposure of the sample to the
atmosphere. The sample was allowed to cool and then transferred to a
one-half pint sample jar in a glove bag purged with nitrogen. The sample
jar was sealed for later analysis.

Bed sampling at the one-foot level was discontinued after the sample
probe plugged during the first two attempts. No problems were encountered
with sampling at the 2-, 3-, and 4-foot levels.

In addition to the bed sampling, samples of the first- and second-stage
condensate and the cryogenic trap were combined to give a composite gasifier
wastewater sample. The samples were analyzed by qualitative gas
chromatography/mass spectrometry to determine the relative quantities of
organic compounds present in the wastewater.

The carbon content of the bed remained relatively constant at the various
bed heights, as indicated by Table 3-17,, The carbon content was nominally 11%
over the 2- to 4-foot bed height range For all three test coals. This
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Figure 3-11. Schematicof Bed Probe.

TABLE 3-17

CPU BED PROBE TEST RUNS, CARBON CONTENTOF BED (WT%)

Bed Height Wyodak Wyodak Martin Lake Velva

4 ft 12.73 9.76 10.90 11.18

3 ft 11.34 10.54 11.24 --

2 ft 10.14 10.40 10.68 10.53

indicatesthat the coal char was uniformlydistributedthroughoutthe bed, as
expected in a well-mixedfluid-bedreactor.

3.1.4.2 KineticEffectsof Bed Temperatureand Steam:CarbonRatio

Based on the resultsof the bed probe testing,the reactor kineticswere
estimatedusing the assumptionthat the fluid-bedreactorbehavessimilarlyto
a cr_('_;4nouslystirredreactor (CSTR). The rate of reactionfor carbon
consu_a_,!ionand gas productionfor the limestonetest matrix did not correlate
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with bed temperature, but correlated with steam:carbon molar ratio. As shown
in Figure 3-12, the rates of reaction for H2, CO, and CO2 followed the carbon
consumption as expected, indicating that the more carbon converted to gas, the
higher the production of gases. The rate of reaction has an exponential
relationship with steam:carbon ratio, and increases with decreasing
steam:carbon ratio. No coal-specific relationships were observed.

The reactivity constants were calculated from the kinetic data for the
limestone test matrix and are shown in Table 3-18. As shown in the table, the
reactivity constant increases with temperature for all three test coals. The
reactivity constant typically doubled as the temperature increased from 700°C
to 750°C, and increased tenfold from 750°C to 800°C for Velva and Wyodak
coals, but only increased fivefold for Martin Lake coal. This compares with
the reactivity parameters calculated from TGA laboratory experiments shown in

Table 3-19 for the coals over the same temperature range and with a K2CO3
catalyst. This implies that the TGA can be used to predict the behavlor of a
coal in the fluid-bed gasifier.

3.1.4.3 Bed Height l'esting

Several runs were performed in November with Wyodak subbituminous coal
and Martin Lake lignite to determine the effect of bed height on CPU
operation. Ali runs were made with limestone as the bed material at 750°C and
a steam:carbon ratio of 2:1. The gasifier typically is operated with a 4-foot
expanded bed. In this series of runs, the operation of the gasifier was
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Figure 3-12. Rates of Reaction for Carbon Consumption and
Gas Production Versus Steam:Carbon Ratio.
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TABLE 3-18

CARBONCONSUMPTIONRATE CONSTANTSFOR CPU LIMESTONETEST MATRIX

C Consumed
Bed Stm/C Rate Cons1_ant

Run No. Coal Temp.,°C Ratio k_ hr -__

1-M280L M Lake 801 2.23 12.17
5-M375L M Lake 752 3.40 2.86
7-M175L M Lake 741 1.04 7.94
3-M270L M Lake 699 2.44 2.92

I I-V280L Velva 802 2.38 49.13
9-V375L Ve I va 750 3.31 4.27

13-VI75L Velva 744 1.37 5.45
15-V270L Velva 698 2.34 2.24

6-W380L Wyodak 802 3.41 51.13
IOR-WI80L Wyodak 806 I. 28 26.82

12-W275L Wyodak 743 _ 2.31 3.71
2R-W275L Wyodak 746 2. i0 4.53

12R-W275L Wyodak 750 2.35 3.81
4-W370L Wyodak 696 3.51 I. 33

14-W170L Wyodak 699 i. 57 1.86

evaluated at expanded bed heights of i, 2, 3, and 4 feet. The variation in
bed height should help to determine the effect of solids residence time on gas
production.

The different bed lieights had little effect on the product gas
composition, as shown by the product gas compositions in Tables 3-20 and 3-21
for the Martin Lake lignite and Wyodak subbituminous coal CPU test runs. The
gas production rates were not significantly affected by bed height, as shown
in Figures 3-13 and 3-14 for the Martin Lake and Wyodak runs, respectively.
Only Martin Lake showed a slight increase in hydrogen production with lower
bed heights. Although gas composition and production rates were not
significantly altered by variations in bed height, the bed temperature became
more difficult to control as the bed height decreased.

The rate of reaction1 for carbon consumption showed a power relationship
with bed height, and increased with decreasing bed height as shown in Figure
3-15. As shown in Figure 3-15, the rate of reaction for carbon consumption
for the Martin Lake and Wyodak coals behaved similarly with respect to bed
height. The results of this testing indicate that expanded bed heights below
4 feet can be used with no adverse effects on gas production. However, the
lower limit for bed height will be determined based on operability of the
gasifier.
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TABLE3-19

LABORATORYREACTIVITYPARAMETERS(TGA)

°C k, hr-1Coal Catalyst Temp.,

Velva None 700 0.30
Velva None 750 1.35
Velva None 800 2.10

Velva 10 wt% KpCO3 700 4.06
Velva 10 wt% K-CO" 750 8.172 3
Velva 10 wt% K2CO3 800 34.8

Velva 20 wt% CaCO_ 700 5.00
Velva 20 wt% CaCO_ 750 8.76
Velva 20 wt% CaCO_ 800 15.00

Martin Lake 10 wt% K2CO3 700 2.40
Martin Lake 10 wt% K_CO_ 750 4n60
Martin Lake i0 wt% K_CO_ 800 5.30

Wyodak i0 wt% K2CO_ 700 4.30
Wyodak i0 wt% K_CO_ 750 8.24
Wyodak 10 wt% K_CO_ 800 13.48

TABLE3-20

PRODUCTGASCOMPOSITIONSFORCPUBEDHEIGHTTEST RUNS
WITHMARTINLAKE COAL

Bed Height,feet 1 2' 3 4

ProductGas Composition(mol%):
H2 45.80 45o13 44.26 44.19

CO2 37.86 38.16 38.46 39.04
CO 12.75 12.70 13.23 12.38

CH4 2.77 2.90 2.85 3.01

C2H4 0.50 0.16 0.66 0.65

C2H6 0.20 0.22 0.22 0.23

C3H6 0.00 0.16 0.11 0.39

C3H8 0.00 0.00 0.00 0o00

C4H8 0.00 0.00 0.00 0.00

C4H10 0.00 0.00 0.00 0.00

H2S 0.12 0.14 0.20 0.12
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TABLE 3-21

PRODUCTGAS COMPOSITIONSFOR CPU BED HEIGHT TEST RUNS
WITH WYODAKCOAL

Bed Height, feet 1 2 3 4

Product Gas Composition (mol%):
H2 43.66 45.66 42.58 45.23

CO2 41.61 39.28 41.46 39.19
CO 10.69 11.13 11.23 11.66

CH4 2.97 2.78 3.41 2.93

C2H4 0.72 0.64 0.94 0.71

C2H6 O.LE_ 0.20 0.24 0.18

C3146 0.I0 0.26 0.i0 0.03

C3H8 0.00 0.00 0.00 0.00

C4H8 0.00 0.00 0.01 0.01

C4HIo 0.00 0.00 0.00 0.00

H2S 0.07 0.07 0.03 0.04
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Figure 3-13. Gas Production Versus Bed Height for Martin Lake
CPU Test Runs.
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3.1.5 CPU Bench-ScaleSupportStudies

3.1.5.1 Bed MaterialTesting

Lean taconiteis a plentifulspoil of the mining of iron ore in the
Minnesotairon range Largelyhematite(FepO_)and goethite(Fe203:H20),the
taconitecontainssiiicatesin excess of that-ofacceptableore. Liberating
the excess silicatesfrom the iron-richore requiresextraordinarycrushing
and chemicaltreatmentbeforemagneticseparation. The added cost of cleaning
the ore resultsin unfavorableeconomics,thus currentlymaking it a waste
material.

The oxidizedtaconitewas testedas _ b_d materialin seven CPU tests
previouslydescribed. The tests resultedin some interestingobservations
concerningmineraltransformationswithin the bed materialunder the gasifier
conditions.Opticalmicroscopicexaminationby the Universityof Minnesota-
DuluthNatural ResourcesResearch Institutefound the Following:

° Conversionof hematiteto magnetite(Fe304)was relativelyhigh under
the gasificationconditions.

° Conversionto magnetitetook place with no modificationof original
mineral structure.

° Little evidenceof reactionbetweenmagnetiteand the surrounding
quartz matrix was observed.

° More wustite (FeO)was found in the bed materialfollowingTests 3 and
4 than in Tests 1 and 2, indicatingthat the reductionpotentialof
the gas in the first two tests was greaterthan that of the lattertwo
tests.

o Reactionrims on siliceousparticlesimply that in Tests 3 and 4,
which were carriedout at the same temperaturesas Tests i and 2,
Fluxingwith trona had occurred.

° Fayalite (Fe2Si04)appearsto be presentin the reactionrims.

° Large,relativelypure ironoxide phasesconsistingof magnetite
centersand wustiteperipherieswere present.

"Thevaryingoperationalresultsfor the differentbed materialsused in
the CPU testingwith the trona catalystposed an interestingquestion as to
why some of the bed materialsdid not agglomerateto the same extent as
others. One postulationwas that there may be differencesin heat capacities
among the materials. Three bed materialsused in the CPU testing, gabbro,
oxidizedtaconite,and limestone,and a 50:50 wt:wt mixtureof limestone:trona
were analyzedby DifferentialScanningCalorimetry(DSC). Each was heated at
20°C/minunder flowingargon to 550°C (essentiallythe temperaturelimit of
the instrument)in the same samplecontainer. Heat flow was measured against

temperature,and the heat capacityat constantpressure(Cp) was calculatedat
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200 ° , 300 ° , 400 ° , 500° , and 550°C. Figure 3-16 is a plot of Co versus
temperature for each of the bed materials and the standard, a sapphire lens.

Table 3-22 shows the Cp values at each of the temperatures.

The sapphire standard showed a steady increase in C. with temperature.
The bed materials, however, varied in their temperature _ffects.
Decomposition of limestone/trona resulted in a decrease in C when the
temperature was increased from 200°C to -350°C, followed by _ steady increase
in C.. Gabbro also showed a decrease in Cn until approximately 500°C, and
then_began to increase. Gabbro is a rock _onsisting of a variety of minerals,
which may be responding to the increase in temperature by mineral

transformation. The taconite also underwent an apparent decrease in Cn until
the temperature reached 500 C. However, a large increase in Cn occurr§d
between 300°C and 400°C (not noted on the figure), followed byra decrease to
500°C, and then an increase. The limestone C. reached a low at
"400°C and then increased steadily. At 550°CPthe C_'s, in order of increasing
magnitude, were taconite < sapphire < gabbro < limestone < limestone/trona.
These data may indicate that a knowledge of the heat capacity of the bed
material coupled with experience with the behavior of a few bed materials,
could be useful in predicting heat transfer phenomena such as
agglomeration.
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Figure 3-16. Heat Capacity Versus Temperature for Various Bed Materials.
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TABLE 3-22

HEAT CAPACITIES OF BED MATERIALS AT VARIOUS TEMPERATURES

a

Cp, J/g-deg

Temp,°C Sapphire Gabbro Limestone Taconite Lsb/Trona

200 1.12 1.44 1.45 1.44 1.55
300 1.13 1.49 1.33 1.39 1.15
400 I.15 1.24 1.25 I.11 I.30
500 1.17 1.18 1.40 0.97 1.52
550 1.19 1.39 1.45 1.16 1.64

a Corrected to Standard Sapphire Cp = 1.171 at 500°C.
b Limestone.

Another question that _:ose from the CPU testing with limestone is the
mechanism oF the catalytic effect that limestone has on the char-steam
reaction. The dispersion of limestone on the coal surface during catalytic
gasification is directly related to the rate of conversion. Scanning Electron
Microscopy/Energy Dispersive Spectroscopy (SEM/EDS) was used to examine the
occurrence of limestone on the coal before feeding to the reactor and after
heating to 750°C urldersteam and argon.

The catalyzed Feed coal was prepared by admixing 20 wt% limestone to
Velva coai. The mixture was analyzed by SEM/EDS, which showed that the
limestone was spread non-uniformly over the coal surface. An elemental ma# of
the calcium showed large areas where the element was not deposited. A sample
of the mixture was heated to reaction temperature under argon and steam,
cooled, and analyzed by SEM/EDS. In this sample, the limestone was spread
more uniformly, and larger particles of the limestone showed signs of
melting. However, unlike trona-catalyzed samples where the sodium carbonate

• was no longer particulate, the limestone in these samples was still
particulate, indicating that melting was far from complete. The presence of
lower-melting material and/or partial dissolution of the calcium carbonate by
the lower melting material or moisture must be responsible for the dispersion
that does occur. More complete dispersion of the added limestone or
increasing the concentration of limestone catalyst (by using it as a bed
material) should enhance reactivity,

3.1.5.2 Wastewater Treatment

Preliminary bench-scale wastewater treatment studies were performed to
assess the treatability of the wastewater p_oduced in the CPU. In late
February, a total of approximately 550 gallons of first-stage condensate from

, all of the hydrogen production CPU runs were steam stripped to remove ammonia
in preparation for wastewater treatment by the activated sludge process. The
samples were thoroughly mixed prior to stripping to obtain a uniform feed.
The goal of the stripping process was to reduce the total ammonia
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concentrationin a compositesampleof the wastewaterfrom 3518 mg/l to 500
mg/l or less. The compositionsof the steam stripperfeed and final product
are given in Table 3-23.

Approximately61 gallonsper hour of wastewaterwere fed to the stripping
column. After slightlymore than 3 hours of operation,the total ammonia
concentrationof the steam stripperwastewaterproductdroppedto 518 mg/l and
remainedat less than 500 mg/l for the remainderof the strippingoperation.
Approximately1.2 pounds of steamwere requiredper gallonof wastewater. The
averagetemperatureof the water enteringthe ammoniastrippingcolumn was
200°F. The final productwas thoroughlymixed in a 1000-gallontank to
providea uniform feed for the activatedsludgeunit, and then stored in
epoxy-lined55-gallonbarrels. The final total ammoniaconcentrationwas 419
mg/l.

A bench-scaleactivatedsludgeunit was set up to determinethe
treatabilityof the hydrogenproductionCPU wastewater. The bioreactorwas
seededwith approximately4 gallonsof coolingwater from the cooling tower
basin at the Great Plains GasificationPlant (GPGP)in Beulah, North Dakota.
The bioreactorwas also seededwith biomassfrom the EMRC Deep Column Reactor,
which is fed with a syntheticgasificationwastewater.

TABLE 3-23

STEAM STRIPPER FEEDAND FINAL PRODUCTCOMPOSITIONS

Steam Steam
Stripper Stripper

Feed Product

pH 9.10 8.97

Wastewater Analysis, mg/l:
Ammonia, Free 3518 380
Ammonia, Total 3518 419

TOC 415 292
COD 1540 1180

BOD 1020 800

Phenolics -- 277

PO4 -- <i
CN -- 18.9
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A schematic of the bioreactor is shown in Figure 3-17. A reactor volume
of 10 gallons was selected and a standpipe was included so that the reactor
volume could be varied if necessary. The reactor was aerated with compressed
air, which also stirred the reactor contents to provide complete mixing.
Solids were settled in a clarifier and recycled back to the reactor. The
clarifier effluent was suitable for disposal to the city sewer system.

For approximately one week, until the wastewater could be steam stripped
for use in the bench-scale wastewater treatment work, a dilute solution of
unstripped hydrogen production wastewater was used as feed to the reactor to
acclimate the biomass to the wastewater. For the first two weeks, the draw-
and-fill method was used. The sludge was allowed to settle and a volume of
supernatant equal to the amount fed per day was withdrawn from the reactor.
After the first two weeks, the reactor effluent was allowed to overflow to the
clarifier. The feedrate was increased from 5 gallons per day to 10 gallons
per day over a 5-day period to achieve a 1-day hydraulic retention time
(HRT). A sludge retention time (SRT) of 20 days was selected to see if
nitrification of the ammonia could be accomplished. When sludge loss in the
clarifier effluent was considered_ the actual SRT was 15.6 days. The food to
microorganism ratio based on COD was 0.68.

Data from the first 3 weeks of treatment indicate a removal rate of 99%

of the phenolics and 79% of the COD. Nitrifying bacteria were present in the
sludge obtained from the EMRC Deep Column Reactor and preliminary data
indicate that some nitrification of the ammonia is occurring. More data is
required before a definite conclusion carlbe reached.

Feed

L-_ Compressed Air

1 ',._ _ _ _,,__

-/7 ,

__.___F.f..______/_.I_B'oreacto

Recycle

Figure 3-17. Schematic of Bench-Scale Wastewater Treatment Unit.
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A 24-hour batch reactor test was performed to determine reactor
kinetics. The data was used to determine the rate of substrate removal in the

activated sludge process. The kinetic coefficients obtained can be used for
design and comparison purposes.

3.2 Coal Properties and Reactivity Analysis

3.2.1 Thermoqravimetric Analysis

The bench-scale study of catalyst effects on the coal char gasification
reaction was continued with emphasis on the catalysis by natural mineral
matter. Taconite, taconite and trona, and limestone were tested in the
temperature range of 700°-800°C. Table 3-24 shows the results of gas analyses
from some of the experiments. All hydrogen results were acceptable and carbon
monoxide compositions were temperature dependent as in previous experiments
(5).

The reactivities shown in Table 3-25 indicate the relative effectiveness
of the catalyst in converting the initial 25% of the char carbon to gas.
Taconite and taconite-with-trona affected catalytic activity on the Velva
char-steam gasification reaction, with the taconite-trona combination having a
greater effect. Calcium acetate was also tested with Velva char and produced
only slight catalysis at the higher temperatures. Limestone at four different
concentrations was tested on the gasification reaction of Zap (Indian Head),
North Dakota, lignite. The rates of gasification at the two highest catalyst
loadings (10 and 15 wt%) were not significantly different from one another.
The reactivity parameters (k) for the higher limestone loading are included in
Table 3-25.

Agglomeration of bed material was observed when using trona as a
catalyst. Both limestone and taconite bed materials agglomerated when trona
was included in the test; but, at the relatively mild temperatures of the
gasification experiments, limestone alone did not agglomerate.

3.2.2 Active Site Measurement

A gravimetric method, similar to a method proposed by Ratcliffe and
Vaughn (6), was used to determine the number of CO2 active sites on the
catalyzed and uncatalyzed low rank coal char used _n the production of
hydrogen gas. The procedure and results of this method have been previously
reported (5).

An alternate method of reactive site determination using 13C nuclear
magnetic resonance (NMR) suggested by Mims and Pabst was carried out on Velva
chars containing varying amounts of added potassium (7,8). The procedure is
as follows:

Ten-gram samples of -i00 mesh as-received coal was dry-mixed with
5, I0, and 20 wt% K2C03. Approximately two grams of each mixtL, re
was heated rapidly under argon in the large TGA to 750°C, held
there for I0 minutes, and cooled_o room temperature. The char
thus forme_ was methylated with _JCHRI by mixing it in a ten-to-one
ratio of z_CH31 (dissolved in THF) t6 potassium in the char in an
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TABLE 3-24

PRODUCTGASANALYSESFORLABORATORY-SCALETGAEXPERIMENTS(MOL%)

SAMPLE TEMP.,°C H2 CO2 CO CH4 C2H6

Velva/ 800 59.0 24.0 17.0 .....
10%Tac.
w/steam

Velva/ 750 62.7 32,5 12.7 ....
10%Tac.
w/steam

Velva/ 700 56,8 34.5 8.63 ....
10%Tac.
w/steam

Velva/ 800 60.8 19.2 20,0 ....
Tac + Tr

Velva/ 750 55.4 32.4 12.2 ....
Tac + Tr

Velva/ 700 63,1 29.1 7.9 ....
Tac + Tr

Velva/ 8_i0 60.0 21,6 18.8 ....
CaAcet

Velva/ 750 63.2 23.7 13.2 ....
CaAcet

Velva/ 700 63.2 29.9 6.93 ....
CaAcet

I ndhd/ 800 62. i 22.5 15.4 ....
15% L,S.

Indhd/ 800 59.5 22,5 18.0 ....
I0% L,S.

Indhd/ 800 61.1 20.8 18.1 ....
5% L.S,

I ndhd 800 52.4 30.6 17.0 ....
2% L.S,
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TABLE3-25

REACTIVITY PARAMETER(k) AT 25% CARBONCONVERSION

Temperature,°C
l

SAMPLE CATALYST 700 750 800

Velva/Taconite Trona 1.46 2.70 3.84
Velva/Taconite None 1.33 1.63 2.85
Velva/Limestone Trona 5.20 8.94 13.31
Velva CaAcetate 1.49 1.47 1.74
Zap None 1.00 0.74 1.07

Zap K2CO3 2.30 3.21 3.96
Zap LYmestone 1.42 2.24 3.33

ultrasonicbath overnightat room temperature. The reactio_was quenched
using methanolicHCI, followe#:bywashingto removeexcess _CHRI. Each
samplewas analyzed by solid _C NMR using H/C cross polarizati6nand magic
angle spinning,and was compared1) with spectraobtainedby the Bloch Decay
method,and 2) with gravimetricCO2 chemisorptiondata.

Table 3-26 shows some of the activesite data acquiredby CO2 adsorption
along with the reactivityparameterfor the char-steamreactionpreviously
reported(5). Also shown on this table is the correlationcoefficientfor the
plot of k versus active sites for severalsamples. The chars investigated
includedcatalyzedand uncatalyzedVelva and Martin Lake lignitesand were
preparedunder argon in the temperaturerange of 650°-750°Cat 50°C
intervals. Potassiumcarbonateand trona were the catalystsused in the char-
steam reactions,and coals containingthe catalyst,along with the uncatalyzed
coal, were analyzed for activesites. As expected,the active site number
generallyfollowed the reactivityparameterand plots of C/activesite versus
reactivityparameterhad correlationcoefficientsof > 0.80. Both catalyzed
samplesof Martin Lake lignitegave excellentcorrelationbetweenactive sites
and reactivityparameterin the temperaturerange between650° and 750°C.
Martin Lake containingno catalystgave the poorestcorrelation.

If it is assumedthat the reactioninvolvedin preparingthe 13C-enriched
samplesfor determiningactivesites by the method of Mims and Pabst is as
follows:

-C-K + -C-O-K + 213CH3I > -C-13CH3 + -C-0-13CH3 + 2KI

then the differencebetweennaturalabundance13C and that of the enriched
sampleshould be a measureof the numberof (potassium)active sites, F_,,_,,__
3-18 shows a plot of normalizedpeak integrationversuswt% K2CO3 for natural
abundance and enriched coal char° The difference gives active slte numbers
shown in Table 3-27.
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TABLE3-26

C/ACTIVE SITE ANDREACTIVITYPARAMETERFORCATALYZEDAND
UNCAI'ALYZEDVELVALIGNITE

Coal Catalyst Temp-,°C k* C/ActiveSite r2.*

Velva None 650 O.30 206
7O0 1.40 159 O.97
750 2.44 47

Velva K2CO3 650 1.43 43
700 3.50 32 0.83
750 7.04 31

Velva Trona 650 1.28 68
700 3.23 52 0.99
750 5.81 37

M. Lake None 650 O.36 272
700 0.70 160 0.80
750 1.62 140

M. Lake K2CO3 650 0.45 113
700 1.41 92 1.00
750 3.55 39

M. Lake Trona 650 1.05 97
700 2.37 72 1.00
750 3.50 48

Reactivity Parameter in (g/hr)/g.
Correlation Coefficient for C/Active Site vs k.

The resultsof this NMR techniqueindicatethat the methylationof the
active sites on the char is independentof the amountof potassiumcarbonate
originallyadd@_ to the coal. As indicatedby T_ble 3-27 and Figure3-18, the
enrichment in _C in the char is the same in the three sampleswithin
experimentalerror. A comparisonbetweenC/activesite by this method and
that of the gravimetricprocedure(Table3-26) for Velva/K2CO3 char prepared
in vitro at 750°C show them to be consistent.

3.2.3 Surface Analysi_s

3.2.3.1 Surface Area

The question arises as to the possibility of increased surface area on
carbonization of the coal as the major factor in exposing more active sites
and thus increasing reactivity. Brunauer_Emmett-Teller (BET) surface area
analyses were carried out at EMRCand by a commercial laboratory on selected
samples. Table 3-28 shows the results of these surface analyses, Based on
the variability of the results, it is inconclusive as to whether a surface
area effect was observed.
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Reactedwith _JCH31 as Determinedby Solid _C NMR '
Spectroscopy.

3.2.3.2 ESCA Analysisof Char Surface

ElectronSpectroscopyfor ChemicalAnalysis (ESCA)was used to
investigatecarbon'siliconbehaviorduring the devolatilizationof coal. The
method involvedacquiringspectraof hexaphenyldisiloxane,tetraphenylsilane,
chlorotriphenylsilane,and siliconcarbideand then comparingspectraof char
with the standardspectra. Preliminarystudy of the data yielded no well-
defined information. The data is to be re-plottedand spectradeconvoluted
for additionalstudy.

3.2.4 TopicalReport

The final draft of the char propertiesand reactivitytopical reportwas
completedand submittedto the DOE-COTR.

l

3.3 HydrogenMarketAssessment

A detailed hydrogenmarket assessmentwas subcontractedto J.E. Sinor
Consultants,Inc., of Niwot, Colorado,in May. The objectiveof the market
assessmentwas to determinethe optimummarket for hydrogenproduced by t'le
EMRC hydrogenproductionprocess. A meetingwas held in June with J. E. Sinor
Consultantsto discussthe preliminaryfindingsof the market
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TABLE3-27

POTASSIUMACTIVE SITES ONVELV_CHAR PREPAREDAT 750°C AS
DETERMINEDBY ENRICHED_JC NMRSPECTROSCOPY

Peak Area % Normalizedto the AromaticPeak

wt% K2CO3
NaturalAbundance 2 10 15
Carbonyl/o-sub.aromatic 46.99 22.92 25.20
Aromatic _ 100.00 100.00 100.00
Ether/o-sub.Aliph. 15.78 24.18 18.66
Aliphatic 14.72 9.73 15.63

Enriched
Carbonyl/o-sub.aromatic 46.91 22.98 25.19
Aromatic 100.00 100.00 100.00
Ether/o-sub.Aliph. 15.84 24.26 18.56
Aliphatic 43.00 36.76 45.45

NMR ACTIVE SITE DETERMINATIONS- Differencein 13C Concentrations
- normalizedto aromaticpeak carbon atom %

Change in carbonyl -0.07 0.06 -0.01
Change in aromatics 0.00 0.00 0.00
Change in ether/o-subaliph 0.06 0.09 -0.10
Change in aliphatics 28.29 27.03 29.82
Enhancementin aliphatic13C 2.92 3.78 2.91
Carbons/activesite 565.00 523.00 482.00

TABLE3-28

BET SURFACEAREASOF VELVALIGNITE AND CHARWITHANDWITHOUTCATALYST

SAMPLE _2_Z _ ADSORBATE

VELVA 1.58 Nitrogen
VELVA/TRONA 56.31 Nitrogen

VEL_A/K_C_ 0.98 Nitrogen" AR 1.54 Nitrogen
" " CHAR 2.41 Nitrogen
" " CHAR (MM*) 7.07 Krypton

VELVA CHAR 16.84 Nitrogen
VELVACHAR(MM*) 110.85 Nitrogen

MM*- Analysis performed by Micromeritics, Inc.
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assessment. The final report for the hydrogenmarketassessmentwas submitted
to the EMRC projectmanager in Augustof 1988. The followingitems summarize
the highlightsof the market assessmentreport:

• Methanolproductionrepresentsthe best near-termmarket opportunity
from a technicalstandpoint. A fuel methanolmarket (M-85 of 85%
methanol,15% gasoline)will appear in California,but slowly.
Methanolfrom coal is close to being competitivewith methanol from
naturalgas in the UnitedStates,but will have to competewith
methanolfrom overseas naturalgas.

® The most attractivemethanolmarket niche for coal gasificationis
coproductionwith electricity. However,it is not clear whethertime
EMRC processwill have a competitiveadvantagein coproducingmethanol
and electricity.

° The ideal long-termmarketniche for catalyzedgasificationof low-
rank coal is to provide hydrogenfor molten carbonatefuel cells. If
moltencarbonatefuel cells are successful,they are certain to be
widely adopted. Fuel cells to produceelectricityrepresenta larger
potentialmarket than any other hydrogen-from-coalapplication.

° The widely discussed "HydrogenEconomy"is still at least one
generationin the future. Hydrogenfrom renewableresourcesis not
likelyto be competitivewith hydrogenfrom coal in the near future.
The carbondioxide "GreenhouseEffect"will create a non-economic
drivingforce to reduce combustionof fossilfuels.

° Marketsfor merchant hydrogenwill not expanddramaticallyin the near
future. Oil refineriesin generalwill not need large amountsof
hydrogenfrom the outside. Also, ammoniadoes not representan
attractivemarket niche for hydrogenfrom the catalyticgasification
of low-rankcoal.

3.4 EconomicAssessment

A requestfor proposals (RFP)on performingan economicassessmentfor
the EMRC hydrogenproductionprocesswas sent to variousarchitecturaland
engineeringfirms in early July. The RFP was also listedin the Commerce
Business Daily. The deadlinefor submittingproposalsto EMRC was August 7.
The proposalsreceivedwere reviewedby Rod Sears and Warrack Willsonof EMRC.
Black & VeatchEngineers-Architectswas selectedas the firm to conductthe
economic assessment.

Once the subcontractwas agreedupon, copiesof the past two annual
project reports,along with the final report for the detailedmarket
assessmentwere sent to Black & Veatchfor review. A kickoffmeeting for the
economic assessmentwas held at EMRC on September29. The purposeof the
kickoffmeetingwas to agree on the directionof the assessmentand to
exchangeas much informationas possibleon the CPU test results.
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The scope of work for the economic assessment was expanded to include the
design and economic evaluation of two additional scenarios: i) methanol/
electricity coproduction, and 2) fuel cell electricity generation, in addition
to the production of high purity hydrogen. The design and economics
guidelines document was expanded to include the two additional scenarios. A
draft of the design and economics guidelines document was transmitted to EMRC
for review in November. Comments by EMRCon the document were received _nd
incorporated by Black & Veatch. Tables 3-29 and 3-30 summarize the design and
economic bases.

Design of the gasifier was initiated based on material balances provided
by EMRC. Gasifier heat and mass balances and process flow diagrams were
developed on a commercial scale. Additional information was supplied by EMRC
to estimate carbon conversion with the addition of fines recycle in the
gasifier design. Rough estimates of system heat rates by Black & Veatch
suggest that emphasis must be on hydrogen or methanol production rather than
electrical production using combined cycle.

The process design for the production of high purity hydrogen utilized a
pressure swing adsorption (PSA) process for hydrogen purification.
Figure 3-19 is the block flow diagram for the hydrogen production plant. The
process off-gas from the PSA unit will be used to cogenerate electricity. The
use of membrane diffusion as an alternative approach to hydrogen concentration
was investigated and eliminated.

The process design for the cogeneration of methanol and electricity
utilized the ICl methanol synthesis process with a gas turbine for power
generation. Figure 3-20 is the block flow diagram for the methanol/
electricity coproduction plant. The off-gas from the methanol synthesis step
will be used to fire the gas turbine.

A molten carbonate fuel cell design was used in the integration of fuel
cells with the gasifier. Figure 3-21 is the block flow diagram for the fuel
cell plant. Design information for the molten carbonate fuel cell was
supplied to EMRCand Black & Veatch by George Steinfeld of the Energy Research
Corporation of Danbury, Connecticut.

A review meeting was held at Black & Veatch with the EMRCproject manager
on December 16, 1988. The design of the commercial-scale gasifier and the
process flow diagrams for the three process scenarios were reviewed. The
preliminary configuration of the economic model was also reviewed at the
meeting. The economic assessment was completed in April and the final report
was submitted to EMRCin May.
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TABLE 3-29

COMMONPL.ANTDESIGNCRITERIA ANDASSUMPTIONS

• Northeast Colorado Site
® Ambient Temperature: Dry Bulb 50°F

Wet Bulb 38°F
° 1995 Commercial Operation
• Oxygen Purity: 98%
° Fluidized Bed Combustor for CaS
° Baseload Operations
° Nominally Based on Experimental Run 12-W275L

- Wyodak Subbituminous Coal
- Limestone Bed Material
- Reaction Gas Temperature at 1,370°F
- GasifierPressure: 26 psia
- Steam:CarbonRatio: 2:1
- CarbonConversion: 94%

(As a Resultof Fines Recycle)
° CommercialScale GasifierBased on UND-EMRCGasifier

- 27 Feet Diameter
- 29 Feet Tall
- 4 Feet ExpandedBed Height
- 9 Inchesof Refractory
- Nominal2 Feet/SecondSuperficialVelocity

° One GE Frame 6 CombustionTurbine and Purge Gas CompositionSets
Plant Size

TABLE3-30

ECONOMICEVALUATIONAPPROACH

° Use ProformaSpreadsheetModel of Plant

FinancialPerformance

® Key Assumptions

- Book Life: 30 years

- Tax Life: 20 Years

- Debt/Equity

PreferredShare: 6.1%

CommonShare: 43.9%

Debt Share: 50%

- DiscountRate: 10.2%
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Figure 3-19. Simplified Flow Diagram for FlydrogenPlant.

Figure 3-20. Simplified Flow Diagram for Methanol Plant.
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Figure 3-21. SimplifiedFlow Diagramfor Fuel Cell Plant.

4.0 CONCLUSIONS

• The trona catalystcausedagglomerationof the bed material in the CPU
test runs. The degree of agglomerationvariedwith bed materialand
steam:carbonratio, with less agglomerationat higher steam:carbon
ratios.

° The resultsof the limestonetest matrix indicatedthat hydrogen
productionwas not significantlyaffectedby temperatureor
steam:carbonratio. Hydrogenproductionrates are maintainedat lower
temperaturesand steam:carbonratiosdue to the water-gasshift
reaction. At higher temperaturesand steam:carbonratios, hydrogen
productionis maintaineddue to highercarbon conversionvia the
gasificationreaction,which producesmore raw gas.

o The rate of reactionfor carbonconversioncorrelatedonly with
steam:carbonratio, increasingwith decreasingsteam:carbonratio.
The rate of reactionfor carbonconversionalso increasedwith
decreasingbed height.
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• The reactivity constants increased with increasing temperature and
were similar Co the results obtained from the laboratory TGA study.
TGA is a good method of predicting the behavior of a coal in the
fluid-bed gasifier.

• Active sites correlated well with the reactivity parameter over the
temperature range of 650 ° to 750°C. Also, methanation of the active
sites on the char _s independent of the amount of K2CO3 originally
added to the coal.

° Methanol production represents the best near-term market opportunity
for hydrogen and the most attractive market niche for coal
gasification is coproduction with electricity. The ideal long-term
market niche for catalyzed gasification of low-rank coal is to provide
hydrogen for molten carbonate fuel cells.

5.0 PRESEN'FATIONSAND PUBLICATIONS

The following is a list of publications and presentations that were
prepared and/or given during this project year':

...... Proc. N.D Acad. Sci , 42, 78.Mohs, T R , R C Timpe, R E Sears, (1988), . . _

li

"Production of Hydrogen from Low-Rank Coals,Sears, R.E. and R.C. Timpe,
Proceedings of the Eighth Annual Gasification and Gas Stream Cleanup Systems
Contractors Review Meeting, DOE/METC, Morgantown, WV, May 10-12, 1988.

Sears, R.E., R.C. Timpe, M.A. Musich, S.J. Cisney, "Production of Hydrogen
from Low-Rank Coal," Annual Report, DOE Contract DE-FC21-.86MC10637-T3,May
1988.

Timpe, R.C., and R.E. Sears, (1988), ACS Div. Fuel Preprints, 33, No. 2,
359-367.

Timpe, R.C., R.E. Sears, and G.G. Montgomery, journal of Coal Quality, 8, No.
i, 27-31 (1989).
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APPENDIXA

UNADJUSTEDMATERIALBALANCESFOR CPU LIMESTONETEST MATRIX



TABLE A-I

UNADJUSTED MATERIAL BALANCES FOR WYODAK PARAMETRIC TESTS

Run No. 2 4 6 12 14 2R fOR 12R

Coal Wyodak Wyodak Wyodak Wyodak Wyodak Wyodak Wyodak Wyodak
Bed Material Limestone Limestone Limestone Limestone Limestone Limestone Limestone Limestone

AvgFrbrdP (psia) 21.83 19.08 22.70 26.22 25.70 22.46 29.21 25.73
Avg Bed T (C) 751.06 695.96 801.70 743.02 698.59 745.98 806.36 749.95

02:Stm Ratio 0.19 0.10 0.13 0.14 0.22 0.16 0.25 0.17
Stm:C Ratio 2.43 3,32 3.17 2.27 1.14 2.23 1.16 2.33

O2:C Ratio 0.45 0.32 0.42 0.32 0.24 0.35 0.30 0.40

In (Ib/hr)

Coal 21.70 16.49 16.36 23.74 38.34 22.89 30.39 23.25

Steam 36.26 37.19 36.72 37.00 29.91 35.10 24.84 37.15

Oxygen 12.05 6.29 8.55 9.25 11.45 9.91 11.24 11.45

Nitrogen 4.26 4.26 5.44 5.12 5.46 4,62 4.75 3.75

Out (Ib/hr)
Fines Acc 2.85 2.59 2.30 2.80 3.67 3.75 2.57 2.52

Cond Acc 39.95 39.18 39.09 37.24 33,27 36.17 25.32 38.48
Prod Gas 23.16 18,83 20,89 30.45 36.06 27.73 32.82 29.75

Nitrogen 4.26 4.26 5.44 5.12 5.46 4.62 4.75 3.75

Mass Closure (%) 94.55 100.97 100,95 100.68 92.13 99.65 91.91 98.55

In (Ib/hr)

Carbon 9.94 7.46 7,72 10.87 17.56 10,48 14.25 10,65

Hydrogen 5.45 5.24 5,16 5.67 5,83 5.40 4.81 5.65

Oxygen 53.20 46.15 47,67 51.89 53.79 50.51 45.60 54,02
Sulfur 0.06 0.05 0.05 0.06 0.10 0.06 0.06 0.06

Ash 1.23 0.97 0.90 1.33 2.17 1.30 1.54 1.32

Out (Ib/hr)

Carbon 8.87 7.27 7.36 10,85 13,57 10.84 11,55 10.54

Hydrogen 5,64 5.33 5,32 5.61 5.51 5.45 4.41 5.67

Oxygen 50.55 47.33 48.48 52.87 52.57 50.24 43.69 53.62
Sulfur 0.03 0.04 0.05 0.03 0.06 0.05 0.06 0.04

Ash 0.73 0.62 0,94 1.01 1.10 0.95 0.9i 0,75

C - In (Ib/hr) 9.94 7.46 7.72 10.87 17,56 10,48 14,25 10,65

C - Gas 7.01 5,56 6.26 9.09 11.01 8.42 10.24 9.00
C -Fines 1,77 1.63 1.03 1.66 2.45 2.33 1.25 1,46

C - Condensate 0,08 0,07 0.07 0.10 0.10 0.08 0.06 0.O8

C - Recovery (%) 89.27 97.36 95.34 99.77 77,27 103.37 81.05 99.02

S - In (Ib/hr) 0.06 0.05 0.05 0.06 0.10 0.06 0.06 0.O6

S - Ga_ 0.02 0.01 0.04 0.01 0.03 0.02 0.04 0.02
S - Fines O.01 0.02 0,01 0.02 0,02 0.02 0,O2 0,02

S - Condensate 0.OO 0.00 0.00 0,00 0.O0 0.O0 0.OO 0.OO

S - Bed 0.00 0.01 0,00 0.00 0,O1 0.01 0.OO 0.00

S - Recovery (%) 49.33 17.58 110.70 54.59 54.58 80,91 100,26 57.06
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TABLE A-I (Cont.)

UNADJUSTED MATERIAL BALANCES FOR WYODAK PARAMETRIC TESTS

Run No. 2 4 6 12 14 2R 1OR 12R

Coal WyodaK Wyodak Wyodak Wyodak Wyodak Wyodak Wyodak Wyodak

Bed Mater{al Limestone Limestone Limestone Limestone Limestone Limestone Limestone Limestone

AvgFrbrdP (psia) 21.83 19.08 22.70 26.22 25.70 22.46 29.21 25.73

Avg Bed T (C) 751.O6 695.96 801.70 743.02 698,59 745.98 806.36 749.95

O2:Stm Ratio 0,19 0.10 O.13 O.14 0,22 O.16 0.25 0.17
Stm:C Ratio 2.43 3.32 3,17 2.27 1.14 2.23 1.16 2,33

O2:C Ratio 0.45 0.32 0,42 O,32 0.24 0,35 0.30 0.40

Prod Gas (mol$)

H2 46.76 46.88 44.60 45.54 44.94 45.93 44.98 44.23
CO 10.79 ?.13 10.55 10.78 11.28 11.47 17.92 12.72

CO2 38.38 42.04 40.94 40.06 39.00 38.31 33.84 39.21

CH4 2.85 2.69 2.70 2.73 3.75 3.07 2.40 3.00

C2H4 0.78 0.57 0.67 O.61 0.37 0.89 O.61 0.62

C2H6 0.02 0.02 0.01 0,18 0.15 0.20 0.17 O.17

C3H6 0.39 0.63 0.39 0.01 0.46 0.08 0.00 0.01

C3H8 O.00 O.OO 0.OO O.O1 0.OO O.OO 0.00 O.OO
C4H8 O.OO 0.00 0 ,OO O.O3 0 .OO O.OO O.00 O.OO

C4H10 O.OO O.00 0.00 O.OO O.00 0 .OO 0.OO O.OO

H2S 0.05 0.05 0.15 0.03 O.O6 0.05 0.08 0.04

Prod Gas (scfh) 383.11 303.11 330.47 491,40 583.93 455,87 549.66 476.42

H2 (scfh) 179.14 142.10 147.39 223.80 262.43 209.38 247.26 210.73

H2 (scfh)/
maf Coal (Ib/hr') 12,79 13.40 13.71 14.59 10.60 14.17 12.49 14.O4

CO (scfh)/

maf Coal (Ib/hr) 2.95 2.04 3.24 3.45 2.66 3.54 4.98 4.04

CO2 (scfh)/
maf Coal (Ib/hr) 10.50 12.01 12.58 12.83 9.20 11.82 9,40 12.45

H2 out (lh)/
H in (lh) (%) 18.31 15,12 15,91 22.00 25.05 21.60 28.63 20.77

Norm C>Gas Conv 79.O5 76.57 85,06 83,83 81.17 77.73 88.62 85.37

H20 - In (Ib/hr) 42.72 42.10 41.44 44.07 41.33 41.92 33.89 44.07

H20 - Out 39.76 39.18 39.03 37.08 33.06 36.08 25.35 38.40

H20 - Conv (%) 6.94 6.94 5.81 15.86 20.01 13.93 25.20 12.87
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TABLE A-2

UNADJUSTED MATERIAL BALANCES FOR MARTIN LAKE AND VELVA PARAMETRIC 1ESTS

Run No. 1 3 5 7 9 11 13 15

Coal Martin Lake Martin Lake Martin Lake Martin Lake Velva Velva Velva Velva

Bed Material Limestone Llmestone Limestone Limestone Limestone Limestone Limestone Limestone

AvgFrbrdP (psia) 21.81 25.03 21.73 30.89 21.66 27.18 26.44 22.48

Avg Bed T (C) 800.80 699.22 752.31 740.90 750.21 802.03 744.25 698.43

02:Stm Ratio 0.18 0.14 0.13 0.27 0.11 0.19 0.27 0.14
Stm:C Ratio 2.17 2.14 3.35 1.11 3.74 2.36 1.21 2.33

02:C Ratio 0.38 0.31 0.43 0.30 0.43 0.44 0.32 0.32

In (Ib/hr)

Coal 24.72 25.59 17.40 41.98 16.22 24.16 40.18 24,44

Steam 34.90 36.12 37.35 30.36 35.19 34,91 30,10 37.08

Oxygen 10.90 9.15 8.55 14.48 7.19 11.60 14.25 9.15

Nitrogen 7.04 5.70 4.33 5,33 5.08 4.59 4.81 5.35

Out (tb/hr)

Fines Acc 2.39 3,28 2.29 9.05 2.18 2.50 4.75 4.10

Cond Acc 37.89 38.41 38.79 33.48 37.25 37.41 37.96 40.97

Prod Gas 29.90 26.78 20.51 43.52 19.66 26.64 41.69 26.65

Nitrogen 7.04 5.70 4.33 5.33 5.08 4.59 4.81 5.35

Mass Closure ($) 99.55 96.87 97.45 99.16 100.79 94.54 99.85 101.38

In (lh/br)

Carbon 10.70 11.25 7.43 18.16 6,28 9.85 16.59 10.60

Hydrogen 5.53 5.73 5.35 6.16 5.03 5.50 6.09 5.82

Oxygen 52.01 51.54 49,02 58.54 46.17 53,78 59.22 52.63

Sulfur 0.17 0.18 0.13 0.28 0.03 0.04 0.08 0.06

Ash 1.88 1.97 1.25 3.34 1.00 1.36 2.32 1.40

Out (Ib/hr)

Carbon 10.49 10.00 7.32 18.81 6.88 9.12 15.69 10.57

Hydrogen 5.67 5.65 5.33 5.92 5.05 5.29 6.09 5,83

Oxygen 52.68 51.60 47°80 57.78 46.24 50.94 60.93 53.92

Sulfur 0.09 0.09 0.06 0.23 0.02 0.03 0.05 0.04

Ash 1.06 1.00 0.96 3.05 0.80 1.05 1.45 1.21

C - tn (Ib/hr) 10.70 11.25 7.43 18.16 6.28 9.85 16.59 t0.60

C - Gas 9.26 7.95 6.19 13.62 5.71 7.86 12.73 7,83

C - Fines 1.13 1.96 t.05 5.05 1.10 1.17 2.85 2.64

C - Condensate 0_I0 0.09 0.08 0.13 0.06 0.09 0.11 0.09

C - Recovery (I) 98.02 88.92 98.47 103.54 109.56 92.65 94.59 99.71

S - In (Ib/hr) 0.17 0.18 0.13 0.28 0.03 0.04 0.08 0.06

S - Gas 0.05 0.06 0.02 0.10 0.01 0.02 0.03 0.01

S -Fines 0.03 0.01 0,02 0.07 O.Oi 0.01 0.02 0.02

S - Condensate 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

S - Bed 0.01 0.02 0.02 0.05 0.00 0.00 0.00 0.01

S - Recovery (%) 54.13 51.48 48.05 82.71 71.27 79.15 58.87 68.10
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TABLE A-2 (Cont.)

UNADJUSTED MATERIAL BALANCES FOR MARTIN LAKE AND VELVA PARAMETRIC TESTS

Run No. 1 3 5 7 9 11 13 15

Coal Martin Lake Martin Lake Martin Lake Martin Lake Velva Velva Velva Velva

Bed Material Limestone Limestone Limestone Limestone Limestone Limestone Limestone Limestone

AvgFrbrdP (psla) 21.81 25,03 21.73 30.89 21.66 2'7.18 26.44 22.48

Avg Bed T (C) 800.80 699.22 752.31 740.90 750.21 802.03 744.25 698.43

O2:Stm Ratio 0.18 O.14 O.13 0.27 0,11 0.19 0.27 0.14
Stm:C Ratio 2.17 2.14 3.35 1.11 3.74 2.36 1.21 2.33

02:C Ratio 0.38 0.31 0,43 0.30 0.43 0.44 0.32 0.32

Prod Gas (mol%)

H2 44.75 46,35 46.06 43.89 45.91 43.65 43.22 45,69
CO 13,30 7.02 9.55 14.08 8,23 12.11 14.69 9.00

CO2 37.34 41,76 40,18 36.94 42.88 41.63 38.82 42.08

CH4 3.19 3,52 2,70 3,61 2.27 2.17 2.47 2.44

C2H 4 0.91 0,54 0,95 0,78 0.51 0.34 0.45 0.30

C2H6 0.01 O. 26 O.02 0.03 0.01 O.05 0.O1 0.O8

C3H6 0.38 0,30 0.48 O.51 O. 15 O.OO 0.31 0.3'?

C3H 8 0.00 O.O 1 O.OO O.O0 O.OO O. OO 0.OO 0.OO

C4H 8 0.00 0.00 0.00 0,OO 0.00 O.O0 0.OO 0.OO

C4HIo 0.00 0.00 O.00 0.00 0.00 0.OO 0.O0 0.OO

H2S 0.II 0.16 0.07 0.17 0.04 0.05 0.04 0.03

Prod Gas (scfh) 487.67 431.48 331.74 705.43 311.41 414.96 658.82 423.16

H2 (scfh) 218.26 200.01 152.80 309.58 142.98 181.14 284.71 193.35

H2 ($cfh)/
mar Coal (Ib/hr) 14.52 12.73 14.65 12.08 15,73 12.71 12,O1 13.24

CO (scfh)/

mar Coal (Ib/hr) 4.32 1.93 3.04 3.88 2.82 3.53 4,08 2.61

CO2 (scfh)/
mar Coal (Ib/hr) 12,12 11,47 12.78 10,17 14.69 12.12 10.79 12.19

H2 out (Ib)t
H in (lh) (%) 21.97 19.44 15.91 27.99 15.85 18.35 26.O4 18.50

Norm C>Gas Conv 88.28 79.46 84.55 72.42 83.O4 86_19 81.14 74.14

H20 - In (Ib/hr) 42,72 44.03 43.08 43.38 41.32 43.46 44,25 45.51

H20 - Out 3'/.64 38.28 38.66 33.21 37.16 37.27 37.74 40.82

H20 - Conv (%) II.87 13.06 10,26 23.44 10.07 14.23 14.72 10.32
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APFENDIXB

ADJUSTEDMATERIALBALANCESFORCPULIMESTONETEST MATRIX



B.1 MaterialBalances

Materialbalances for hydrogenproductionruns are based on information
collectedwhile the productgas streamis diverted to the gas quench system.
The coal feed rate is initiallyset by calibrationof the coal feed system.
Due to inconsistenciesin feeding,the observedcoal feed rate is determined
by measuringthe differencein weightof the coal hopperover the period that
coal is fed. The sulfur in the bed material is assumedto accumulatelinearly
during the time that coal is fed to the reactor.

Standard temperatureand pressureare, in this case, O°C and 14.7 psi.
The average bed temperatureat point 3 is the temperatureof the bed
approximately1.5 feet above the distributorplate. The average bed
temperaturefor points 3 through6 is the averagedtemperaturesat 1.5, 2,
2.5, and 3 feet above the distributorplate. The oxygen:steam,steam:carbon,
and oxygen:carbonratios are on a molar basis.

The normalizedconversionof carbonto gas is the percentageof carbon
observedto exit the reactorin a gaseousform. Nitrogenindicatedas being
fed to and exitingfrom the reactoris determinedby the analysisof the
productgas. lt is introducedas purge gas. Only that nitrogen containedin
the structureof the coal seems to undergochemicalreaction in this
environment.

Adjustmentsto the materialbalancesare made on the bases of elemental
and mass closures. First,the carbonin is adjustedto equal the carbon out,
typicallyby adjustingthe coal feedrate. The coal feed rate is evidently
inconsistentwith time, which makes it relativelyreasonableto adjust it to
compensatefor changesduringthe run period.

The mass closure is then usuallybalanced by adjustingthe steam feed
rate. The indicatedsteam feed rate is dependenton instrumentationwhich,
althoughcalibrated,tends to drift. Compensationfor zero drift is made but
is inadequate.

Whether steam or oxygenor anotherstream is adjustedis dependenton the
elementalbalance. Howevergood mass and/or elementalbalancesmay be prior
to adjustment,an unreasonableFinalelementalbalance,which is inconsistent
with data for similarruns, indicatesa run that shouldbe repeated.
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TABLE B-I

ADJUSTED MATERIAL BALANCES FOR WYODAK PARAMETRIC TESTS

Run No. 2 4 6 12 14 2R tOR 12R

Coal Wyodak Wyodak Wyodak Wyodak Wyodak Wyodak Wyodak Wyodak

Bed Material t.lmestone Limestone Limestone Limestone Limestone Limestone Limestone Limestone

AvgFrbrdP (psia) 21.83 19.08 22.70 26.22 25.70 22.46 29.21 25.73

Avg Bed T (C) 751.06 695.96 801.70 743.02 698.59 745.98 806.36 749.95

02:Stm Ratio 0.20 0.09 0.13 0.14 0.20 0.16 0.29 0.16
Stm:C Ratio 2.50 3.51 3.41 2.31 1.57 2.10 1.28 2.35

02:C Ratio 0.51 0.32 0.44 0,32 0.32 0.34 0.37 0.38

In (Ib/hr)

Coal 20.63 16.06 16.08 23.68 29.63 23.66 27.51 23.02

Steam 33.28 38.25 37.64 37.56 31.92 34.08 24.84 37.15

Oxygen 12.05 6.29 8.55 9.25 11.45 9.91 12.69 10.58

Nitrogen 4.26 4.26 5.44 5.12 5,46 4.62 5.37 3.75

Out (Ib/hr)

Fines Acc 2.85 2.59 2.30 2,80 3.67 3.75 2.57 2.52

Cond Acc 39.95 39.18 39,09 37.24 33.27 36.17 25,32 38,48

Prod Gas 23.16 18.83 20,89 30.46 36,06 27.73 37.15 29.75

Nitrogen 4.26 4.26 5.44 5,12 5.46 4.62 5.37 3.75

Mass Closure (%) 1OO.00 IOO,OO 100.00 100.00 1OO.OO 1OO.00 1OO.00 100.OO

In (Ib/hr)

Carbon 8.87 7.27 7.36 10.85 13.57 10.84 12.90 10.54

Hydrogen 5.12 5,32 5.24 5.72 5.49 5.34 4.62 5.64

Oxygen 50.15 46.91 48.62 52.37 52.00 49.92 45.89 53.O6
Sulfur 0.19 0.05 0.04 0.06 0.08 0.06 0.05 0.06

Ash 1,51 0.95 0,91 1.33 1.68 1.34 1.40 1.30

Out (Ib/hr)

Carbon 8.87 7.27 7.36 10.85 13.57 10.84 12.90 10.54

Hydrogen 5.64 5.32 5.32 5.61 5.51 5.45 4.62 5.67

Oxygen 50.55 47.25 48.48 52.87 52.57 50.24 46.46 53.62
Sulfur 0.03 0.04 0.05 0.03 0.06 0.05 0,06 0.04

Ash 0.73 0.62 0.94 1.O1 1.10 0.95 0.91 0.75

C - In (Ib/hr) 8,87 7.27 7.36 10.85 13,57 10.84 12.90 10.54

C - Gas 7.0! 5.56 6.26 9.09 11.01 8.42 11.59 9.00

C - Fines 1.77 1.63 1.03 1.66 2.45 2.33 1.25 1.46

C - Condensate 0,08 0.07 0.07 O.10 0.10 O_08 0.06 0.08

C - Recovery (_) 1OO.O0 1OO.00 100.00 100.00 100.O0 IOO.00 1OO.00 100,OO

S - In (Ib/hr) 0.19 0.05 0.04 0.06 0.08 0.06 0.05 0.06

S - Gas 0.02 0.01 0.04 0.01 0,03 0.02 0,,04 0.02

S - Fines 0.01 0.02 0.01 0.02 0.02 0.02 0.02 0,02

S - Condensate 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

S - Bed 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00

S - Recovery (_) 15.57 79.68 125.19 54.72 70,63 78.27 120.34 57.63
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TABLE B-I (Cont.)

ADJUSTED MATERIAL BALANCES FOR WYODAK PARAMETRIC TESTS

Run No. 2 4 6 12 14 2R tOR 12R

Coal Wyodak Wyodak Wyodak Wyodak Wyodak Wyodak Wyodak Wyodak

Bed Material Limestone Limestone Limestone Limestone Limestone Limestone Limestone Limestone

AvgFrbrdP (psia) 21.83 19.08 22.70 26.22 25.70 22.46 29.21 25.73

Avg Bed T (C) 751.06 695.96 801.70 743.02 698.59 745.98 806.36 749.95

02:Stm Ratio 0.20 0.09 0.13 0.14 0.20 0.16 0.29 0.16
Stm:C Ratio 2.50 3.51 3.41 2.31 1.57 2.10 1.28 2.35

O2:C Ratio 0.51 0.32 0.44 0.32 0,32 0.34 0.37 0.38

Prod Gas (mot%)

H2 46.76 46.88 44.60 45.54 44.94 45.93 44.98 44.23
CO 10.79 7.13 10.55 10.78 11.28 11.47 17.92 12.72

CO2 38.38 42.04 40.94 40.O6 39.OO 38.31 33.84 39.21

CH4 2.85 2.69 2.70 2.73 3.75 3.07 2.40 3.00

C2H 4 0.78 0.57 0.67 0.61 0.37 0.89 0.61 0.62

C2H6 0.02 0.02 0.01 0.18 0.15 0.20 0.17 O.17

C3H 6 0.39 0.63 0.39 0.O1 0.46 O.O8 O.OO O.01

C3H 8 O.OO O.OO 0.O0 0.O1 O.OO 0.O0 0,00 0,OO

C4H 8 O.00 0.00 O.O0 0.03 0.00 O.OO 0.O0 O.00

C4HIo 0.00 O.00 0.O0 0.OO O.00 O.OO O.00 O.OO

H2S 0.05 0,05 0.15 O.O3 0.06 0.05 0.08 0.04

Prod Gas (scfh) 383.11 303.11 330.47 491.40 583.93 455,87 622.15 476.42

H2 (scfh) 179.14 142.10 147.39 223.80 262.43 209.38 279.87 210.73

H2 (scfh)/
maf Coal (Ib/hr) 14.59 13.76 14.20 14.62 13.72 13.71 15.62 14.18

CO (Scfh)/

maf Coal (Ib/hr) 3.37 2.09 3.36 3.46 3.44 3,42 6.22 4.O8

CO2 (scfh)/
mar Coal (Ib/hr) 11.98 12.34 13.03 12.86 11.91 11.43 11.75 12.57

t42 out (lh)/

H in (Ib) (%) 19.49 14.87 15.68 2,.77 26.64 21.86 33.77 20.83

Norm C>Gas Conv 79.05 76.57 85.06 83.83 81.17 77.73 89.81 85.37

H20 - In (Ib/hr) 40.13 43.03 42.43 44.62 40.74 41.12 33.04 44.01

H20 - Out 39.76 39.10 39.03 37.08 33.06 36.08 25.35 38.40

H20 - Conv (%) 0.92 9.14 8.02 16.90 18.86 12.27 23.26 12.74



TABLE B-2

ADJUSTED MATERIAL BALANCES FOR MARTIN LAKE AND VELVA PARAMETRIC TESTS

Run No. I 3 5 7 9 11 13 15

Coal Martin Lake Martln Lake Martin Lake Martin Lake Velva Velva Velva , Velva

Bed Material Limestone Limestone Limestone Limestone Limestone Limestone Limestone Limestone

AvgFrbrdP (psia) 21.81 25.03 21.73 30.89 21.66 27.18 26.44 22.48

Avg Bed T (C) 800.80 699.22 752.31 740.90 750.21 802,03 744.25 698.43

02:Stm Ratio 0.17 0.14 0,11 0.29 0.12 0.20 0.25 0.16
Stm:C Ratio 2,23 2.44 3.40 1.04 3.31 2.38 1.37 2.34

O2:C Ratio 0.39 0.34 0.36 0.30 0.39 0.48 0.34 0,36

In (Ib/hr)

Coal 24,23 22.75 17.14 41.98 17.77 22.38 38.00 24.37

Steam 35,04 36.56 37.35 28.44 34.14 32.57 32.15 37.08

Oxygen 10.90 9.15 7.09 14.48 7.19 11.60 14.25 10.27

Nitrogen 7.04 5.70 4.33 5.33 5.08 4.59 4.81 5.35

Out (Ib/hr)

Fines Acc 2.39 3.28 2.29 7.90 2.18 2.50 4.75 4.10

Cond Acc 37.89 38.41 38.79 33.48 37.25 37.41 37.96 40.97

Prod Gas 29.90 26.78 20.51 43.52 19.66 26.64 41.69 26.65

Nitrogen 7.04 5.70 4.33 5.33 5.08 4.59 4.81 5.35

Mass Closure (%) I00.00 I00.00 100.00 I00.00 I00.00 100.00 100.00 100.00

In (Ib/hr)

Carbon 10.49 10.00 7.32 18.16 6.88 9.12 15.69 10.57

Hydrogen 5.52 5.59 5.33 5.95 5.02 5.12 6.17 5,82

Oxygen 51,93 50.79 47.45 56.83 45.98 50.88 60.05 53.71

Sulfur O.17 O.16 0.12 0.28 O,03 0.03 0.08 0.O6

Ash 1.84 1.75 1.23 3.34 1.O9 1.26 2.20 1,40

Out (Ib/hr)

Carbon 10.49 10.00 7.32 18.16 6.88 9.12 15.69 10.57

Hydrogen 5.67 5.65 5.33 5.90 5.05 5.29 6.09 5.83

Oxygen 52.68 51.60 47.80 57.69 46.24 50.94 60.93 53.92
Sulfur 0.09 0.09 0.06 0.22 0.02 0.03 O.O5 0.04

Ash 1.06 1.00 0.96 2.66 0.80 1.05 1.45 1.21

C - In (Ib/hr) 10.49 10.00 7.32 18.16 6.88 9.12 15.69 10.57
C - Gas 9.26 7.95 6.19 13.62 5.71 7.86 12.73 7.83

C - Fines 1.13 1.96 1.05 4.41 1.10 1.17 2.85 2.64

C -- Condensate 0.10 0.09 0.08 0.13 0.06 0.09 0.11 0.09

: C - Recovery (%) 1OO.OO 1OO.OO 1OO,00 IOO.OO IO0.00 1OO.OO 1OO.O0 IOO,OO

S - In (Ib/hr) O.17 O.16 0.12 0.28 0.03 0.03 0.08 0.06

S - Gas 0.05 0.06 0.02 0.10 0.01 0.02 0.03 0.01

S - Fines 0.03 0.01 0.02 0.06 0.01 0.01 0.02 0.02

S - Condensate 0.00 0,00 0.00 0.00 0.00 0,00 0,00 0.00

S - Bed 0,01 0.02 0.02 0°05 0.00 0.00 0.00 0.01

S - Recovery (%) 55.22 57.90 48.80 79.29 65.01 85.43 62.24 68.30
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TABLE B-2 (Cont.)

ADJUSTED MATERIAL BALANCES FOR MARTIN LAKE AND VELVA PARAMETRIC TESTS

Run No, 1 3 5 7 9 11 13 15

Coal Martin Lake Martin Lake Martin Lake Martin Lake Velva Velva Velva Velva

Bed Material Limestone Limestone Limestone Limestone Limestone Limestone Llmestone Limestone

AvgFrbrdP (psla) 21.81 25.03 21.73 30.89 21,66 27.18 26.44 22.48

Avg Bed T (C) 800.80 699.22 752.31 740.90 750.21 802.03 744.25 698.43

02:Stm Ratlo 0.17 0.14 0.11 0.29 0.12 0.20 0.25 0.16
Stm:C Ratlo 2.23 2.44 3.40 1.04 3.31 2.38 1.37 2.34

02:C Ratio 0.39 0.34 0.36 0.30 0.39 0.48 0.34 0.36

Prod Gas (mol%)

H2 44.75 46.35 46.06 43,89 45.91 43.65 43.22 45.69
CO 13.30 7.02 9.55 14.O8 8.23 12.1t 14.69 9.00

CO2 37.34 41.76 40.18 36.94 42.88 41.63 38.82 42,08

CH4 3.19 3,52 2.70 3.61 2.27 2.17 2.47 2.44

C2H4 0.91 0.54 0.95 0.78 O.51 0.34 0.45 O.30

C2H6 O.01 0.26 0.02 0.03 0,O1 O.O5 0.01 0.08
C3H6 O.38 0.30 0.48 O.51 0.15 O.00 O,31 0.37

C3H8 0.00 0.01 0.00 0.00 0,00 0.00 0.00 0.00

C4H8 O,OO 0.00 O.OO 0.00 0.00 0.00 O.OO 0.00

C4H10 0.00 0.00 0.00 0.OO 0.O0 O.00 O.00 0.00

H2S O.11 O.16 0.07 0.17 0.04 O.O5 0.04 0.03

Prod Gas (scfh) 487.68 431.48 331.74 705,43 311.41 414.96 658.82 423.16

H2 (scfh) 218.26 2OO,01 152.80 309.58 142.98 181.14 284,71 193.35

H2 (scfh)/
mar Coal (Ib/hr) 14.82 14.32 14.88 12.08 14.36 13.72 12.70 13.27

CO (scfh)/

mar Coal (Ib/hr) 4.40 2.17 3.09 3.88 2.57 3.81 4.32 2.61

CO2 (scfh)/
mar Coal (Ib/hr) 12.36 12.90 12.98 10.17 13.41 13.09 11.40 12.22

H2 out (lh)/
H in (Ib) (_) 22.04 19.93 15.96 29.00 15.88 19.71 25.71 18.52

Norm C>Gas Conv 88.28 79.46 84.55 74.99 83.04 86.19 81.14 74.14

H20 - In (Ib/hr) 42.70 43.59 42.99 41.45 40.86 40.49 45.53 45.49
H20 - Out 37.64 38.28 38.66 33,20 37.16 37,27 37.74 40.82

H20 - Conv (%) 11.84 12.18 10.08 19.90 9.05 7.95 17.11 10.27
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C.i REGRESSIONSUMMARYTABLES

The regression summary tables contain not only the best equations to
describe the data, but also information on each response so that the
reliability of the conclusions can be assessed.

a. Equation -- The best regression equation that describes the data is
given in this column, lt is a "pruned" equation, in that a full
quadratic equation for three factors was fit to the data, and then
any terms which were not significant were dropped. The only
exception was that if a second order term (i.e., a squared term or a
cross-product term) was found to be significant for any factor, then
the linear term for that factor was automatically included in the
model whether it was significant or not. The degree of confidence
for each term in the equation is also indicated by the typeface used
for the coefficient. For example, if a coefficient is bold (not
underlined) it implies that the term is significant at the 1-5%
level. This means that the chances of the measured coefficient for
that term being as big as it is (or bigger) are only between I% and
5% if the actual coefficient for the term is zero. ('The chance of
that happening is usually given the symbol, _, in statistics
literature.)

b. Confidence (conf.) -- This column indicates our confidence that
something is going on at all. In other words, it indicates how
confident we are that at least one of the terms in the equation
(other than the constant term) is not zero. The closer the
confidence level is to 1.00%the better.

. R2 indicates how much ofc R2 -- The multiple correlation coefficient, ,
the variability in the data is e_plained by the equation (expressed
as a fraction). Therefore, if_R _ were 1.00, the equation would be a
perfect fit to the data. If Rz is small, there is a large amount of
scatter of the data around the equation.

d. Standard Deviation (s) -- The amount of inherent variability in the
data is usually characterized by the standard deviation, s. lt is
calculated as the square root of the average squared difference
between the data, yi, and the predicted (equation) value, fi.

s : # Z (yi - fi)2/( - p)

where: n = the number of data points
p = the number of terms "Inthe equation

(including the intercept)

e. Coefficient of Variation (C.V.) -- The inherent variability in the
data is often expressed as a percentage of 'themean value. This is
called the coefficient of variation.

C.V. = (s/y) x 100%

- C1-1
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1.0 GOALS AND OBJECTIVES

1.1 Objectives

]'heoverall goal of this research project is to expand the scientific and
engineering data base with respect to wastewater treatment for synthetic fuels
plants. Specific goals were to: I) develop a novel method for combined car-
bon oxidation and nitrogen removal, 2) develop a high-rate biological oxida-
tion reactor, and 3) define potential pretreatment requirements for discharge
,Drsynthetic fuels wastewaters to publicly-owned treatment works (POTWs).
Goal I was accomplished through the use of a pilot-scale research unit--a
downflow-coupled fluidized-bed system, which combines the removal of
carbonaceous compounds and nitrogen from wastewater from the Great Plains
Gasification Plant. Pretreatment requirements for sy_fuel wastewaters were
evaluated via "literaturesearch, evaluation of applicable statutes and a case
study. Final reporting for these items is in Mayer et al., 1988. A pilot-
scale deep column unit was used _r the second project goal. This reactor
makes use of pure oxygen, high t..nsfer efficiencies and plug flow kinetics to
perform as a high-rate biological reactor.

1.2 Background Statement

S2'ntheticfuels technologies all produce a wastewater that must be
treated and/or reused. Some wastewater streams, particularly certain gasifi..
cation condensates, are highly contaminated with organic and inorganic
compounds. These contaminants include ammonia, thiocyanate, cyanide,
phenolics, organic acids and numerous other compounds. Treatment scenarios
for synfuel technologies with highly contaminated streams often utilize pre-
treatment by solvent extraction and steam stripping to reduce contents of
phenolics, ammonia and acid gases. Following pretreatment, biological
treatment is often the most economical option for further treatment of the
wastewater.

Conventional biological treatment processes such as activated sludge, are
susceptible to upsets in the presence of toxic compounds, and organic or
hydraulic shock loads. In addition, the low biomass concentrations and
resulting long hydraulic retention times for treatment in tI_e activated sludge
process may be economically prohibitive° Improved reactor configurations are
needed that can attain high biomass concentrations and are resistant to toxics
and other shocks_ Fixed-film biological processes typically have much greater
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stability to toxics and shocks, due to the immobilization of the biomass on
support media. Immobilization of the biomass prevents loss (wash out) when
growth is inhibited. Additionally, longer solids retention times (SRTs) can be
obtained with fixed-film processes, as opposed to suspended growth processes
(activated sludge). Long SRTs correspond to slow microbial growi;hrates.
Thus, Fixed-film reactors provide a better environment for the establishment
of more stable populations, including nitrifiers.

Fixed-film reactors of several types have been used, including rotating
biological contactors, packed bed columns and fluidized bed columns. A
specially configured fluidized bed reactor has been tested at the Capadian
Wastewater Technology Center (Nutt et al. 1982). This configuration,
sometimes called the pre-denitrification process, uses two fluidized beds
connected in series. One bed is aerated (oxic), while the other bed is not
aerated (anoxic). This process combines, in a single coupled reactor, three
conventionally separated operations--carbon oxidation, nitrification and
denitrification. The result is reduced capital costs, reduced oxygen
requirements, and reduced sludge production.

Limitations with respect to oxygen transfer and oxygen solubility prevent
the maintenance of greater than about 3,000 mg/l of biomass in suspended
growth biological systems. Pure oxygen activated sludge reactors have been
used to obtain higher biomass concentrations. Activated sludge reactors are,
however, often configured as complete mix systems, which operate at much less
than the maximum substrate removal rate. Plug flow reactors have a gradient
of substrate concentration through the reactor length, resulting in a mixture
of substrate removal rates ranging from maximum to approximately the same as a
complete mix system. The combination of a high dissolved oxygen system and
plug flow design provides a significantly greater removal rate potential than
traditional biological systems.

2.0 DEEP COLUMN REACTOR

2.1 Background

A plug flow reactor is designed to provide little or no longitudinal mix-.
ing between adjacent fluid elements. Each element )r small parcel of fluid in
a plug flow reactor is analogous to a completely mixed batch reactor moving
along a time axis. Plug flow reactors have a number of distinct advantages
over"continuous complete mix reactors. The most important of these advantages
are kinetic in nature. Grady and Lim (1980) state "...if the volumes of the
reactors (plug flow and complete mix) are the same, and the effluent concen-
tration is to be kept the same, the PFR (plug flow reactor) can process more
fluid than the CSTR (completely mixed stirred tank reactor)." This kinetic
advantage is attributed to the fact that the reaction rates are high in the
inlet of the PFR and decrease through the reactor length, whereas in the CSTR
the reaction rates are uniform. The CSTR rea.ction rates are slower since the
reactor substrate concentration is equal to the effluent concentration. The
kinetic advantages of a PFR over a CSTR are negligible under conditions of
zero-order kinetics, but increase with increasing reaction order.
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PFRs are thought to have fewer sludge settling problems during clarifi-
cation than CSTRs by virtue of the change in substrate concentration observed
in a PFR. At low substrate concentrations microbes with high surface-to-
volume ratios, such as filamentous microbes, are favored. At high substrate
concentrations, flocculent microbes, with better settling characteristics, are
favored (Rensink 1974). Filamentous sludges do not settle as well as non--
filamentous sludges.

A factor that limits improved operation in most biological reactors is
limitation in the oxygen concentration attainable in the reaction liquid.
Reactors designed for high dissolved oxygen concentrations, such as pure
oxygen activated sludge (POAS) reactors generally have improved reaction
rates. The improvements observed in POASreactors are usually attributed to
the increased concentrations of biomass attainable. While biomass concentra-
tions in conventional air-activated sludge may be in the range of 1000 to 3000
mg/l (mixed liquor suspended solids, MLSS), POAS systems can attain an MLSS in
the range of 4000 to 8000 mg/l at solids retention times of 3 to 15 days.
POAS systems have not been widely used since they require: I) a source of pure
oxygen and 2) high energy inputs for mixing. Moreover, the POAS system
generally involves considerable oxygen wastage and requires greater operator
skill for efficient operations.

The Deep Column process takes advantage of plug flow conditions and high
reactor dissolved oxygen content, resulting in a reactor that is expected to
have considerably higher treatment efficiencies than a conventional activated
sludge or similar biological treatment system. The reactor design, discussed
in detail later, involves a tall column that takes advantage of increased
hydrostatic pressure to maintai_l high dissolved oxygen concentrations. This
type of reactor should be especially useful in the treatment of high-strength
wastewaters. In addition, the use of a tall treatment system would be
desirable under conditions of space limitations, such as those encountered in
industry.

This t_ype of biological treatment reactor is considered to be especially
applicable to the synthetic fuels industry. For gasification condensate,
where biological pretreatment is required for reuse or discharge, the capital
costs of the Deep Column reactor should be lower than for conventional
treatment systems, lt is expected to be less e>_pensive with regard to capital
costs as a result of the improved kinetic rates. Moreover, many synfuels
plants would have systems for the production of purified oxygen, thus the
capital costs for this requirement are reduced as weil.

2.2 Literature Review

The use of hydrostatic pressure for" increasing the dissolved oxygen
content in a biological treatment reactor' was evaluated by Urza and Jackson in
1975. They conducted oxygen transfer tests in a narrow, 55-ft (16.76-.m) tall
column. Their results showed oxygen transfer efficiency increases of about I%
per foot for columns from 14 to 53 ft in height. Advantages pointed out were
lower energy requirements, smaller land area needs, and simplified construc-
tiono A disadvantage noted was an increase in pumping costs. Design implica.-
tions noted were reduced reactor volumes, reduction in process upsets, and a
sludge mass that is more reactive and easily suspended.



Jackson, James and Leber (1975) conducted additional oxygen transfer
testing using a 23-m (75-ft) column equipped with a diffuser. Oxygen transfer
efficiencies were found to be 96% at the 8-m depth. Jackson, Chen and Plopper
(1978) reported on the use of a deep tank reactor for treatment of wood pulp
paper mill wastewater. The system used a deep tank reactor, 1.83 m (6 ft) in
diameter with a 12o8-m (42-ft) liquid depth. Dissolved air flotation was used
for solids separation. The reactor was operated on a 24-hour cyclical batch
feed, aeration and solids separation schedule. BOD removals of better than
95% were observed.

Jackson (1981) reported additional details on the field test of a deep
ank system for pulp mill wastewater treatment. The reactor was 36.6 m (i_0

_t) in diameter and 21.3 m (70 ft) in height. The flow rate was 29.46 x I0 j
liters/day (25) with an HRT of I0 hours. The solids retention time was 1.4
days with an MLSS of 1800 to 2000 mg/l. The influent BOD was 430 mg/l and the
mean removal was 96 to 97%.

Jackson and Shen (1978) evaluated several variables involved in oxygen
transfer in columns ranging in diameter from 76 mmto 7.6 m and in height from
4 to 21 m. Transfer equations were similar and valid over a wide range of
variables, including geometry and depths to 21 m. They concluded that per-.
formance assessments in narrow-diameter columns could be scaled to larger
operations with confidence.

Jackson (1985) evaluated tall tank reactors for thermophilic (40 to 60°C)
biological treatment and discussed the opera Lion of the deep tank aeration
treatment system with pulping wastewater. The paper pulp mill plant mentioned
previously (Jackson, James and Leber ].975), has doubled its capacity and the
resulting increased load to the treatment system has produced a dissolved
oxygen concentration in the reactor of near zero. In spite of the low dis-
solved oxygen concentrations, treatment efficiency and performance have not
been adversely impacted.

Jackson (1986) evaluated oxygen transfer in a tall tank. Linear rela-
tionships were found among the transfer coefficient, holdup, and the super-
ficial gas rise velocity. Equations are provided to scale up laboratory data.

Deep shaft technology was assessed by Gallo and Sandford (1980). This
technology was developed by Imperial Chemical Industries of Great Britain
(ICl). The deep shaft is a totally encased and grouted shaft i00 to 300
meters in depth, which is divided into downward and riser sections. Air is
injected into the downward side and is entrained by the flow. Increasing
hydrostatic pressure improves oxygen solubility as depth increases. Sludge is
usually removed via dissolved air flotation since the increased pressure often
results in the development of bubbles in the floc.

A number of deep shaft pilot plants have been tested, primarily using
dairy and brewery wastes. These pilot studies have demonstrated both high
removal rates (>95%), under conditions of variable loading, and good
stability. Energy requirements were said to be exceptionally low due to the
use of dissolved air flotation for solids removal and the decreased
requirements for pumping.
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2.3 Design Considerations

2.3.1 Hydrostatic Pressure

Oxygen is poorly soluble in water. Oxygen concentration at saturation
with air at 25°C and 760 mm Hg is 8.25 mg/l. The oxygen requirement for
complete biological oxidation of a quantity of wastewater having a BOD of 1000
mg/l is equal to 1000 mg 02 plus endogenous oxygen requirements. Therefore,
for complete oxidation of the 1000 mg/l BOD wastewater, it will have to be
aerated to the equivalent of 121 times saturation. Increases in temperature
result in a decrease in oxygen solubility, but increases in hydrostatic
pressure result in increases in oxygen solubility.

Hydrostatic pressure can be estimated according to equation 1 (Weast
1974),

p = hpG (I)

• 2

where p is the hydrostatlc pressure in dynes_cm , h is the height of the water
column in cm, p is the fluid density i0 g/cm_ and G is the gravitational
acceleration, (equal to 980.621 cm/sec" at 45° latitude). The hydrostatic
pressure at 10.333 m (33.9 ft) is calculated as follows:

(1033.3 cm)(1 g/cm3)(980.621 cm/sec2) = 1013276 g/cm-sec 2

dyne equals one g-cm/sec , the hydrostatic pressure i 1013276Since on_ 2
dynes/cm . One atmosphere 9f pressure is equal to 1.01325 x 10_ dynes/cm2.
Therefore, 1013276 dynes/cm- is equal to I_0000 atmospheres of hydrostatic
pressure.

We can calculate the effect of hydrostatic pressure on oxygen solubility in
the following manner (Pagenkopf 1978):

: X0 .(_P._ W) (2)PO2 2

[02] = L o2 (3)

where PO2 = partial pressure of oxygen, atm,

X02 = fraction of oxygen in the gas phase,

PT = total pressure, mmHg,

W = water vapor pressure, mm Hg
l

B = Bunsen gas adsorption coefficient, atm-

A = gas constant, 22.414 liters/mole,

PS = standard pressure, (760 mm Hg).

5



At a temperature of 20°C, at sea level and using air, the saturation of
oxygen in water is given as:

PO = 0.209_760 - 17.5) = 0.20422 760
_"

[02] = O__g_m.O_i_O_204__]_(31998.8 mg 02/mole) = 9.04 mg/l.
fT- 2_,!4T4"

/

At a pressure of 1 atm air and a hydrostatic pressure of I atm, the dissolved
oxygen concentration in water at saturation is:

PO = 0.209_1520 - 17.5) = 0.41322 760

[02] = _0.03102)(0.4132J_ (31998.8 mg 02/mole) = 18.3 mg/l
22.414

2.3.2 Oxygen Content

The oxygen content of air is approximately 20.9%. If we increase the
oxygen content to 70%, the saturation dissolved oxygen content of water at
20°C and I atm air is given by:

Po = 0.7_760 - 17.5_ = 0.68392 760

[02] = (0.03102)(0.6839_ (31998.8 mg 02/mole) = 30.3 mg/l.
22.414

Using 70% oxygen at I atm air and 1 atm hydrostatic pressure, the dissolved
oxygen content in water at saturation is:

PO = 0.711520 - 17.5_ = 1.38392 760

[02] = (0.03102)(1.3839) (31998.8 mg 02/mole) = 6L.3 mg/l.
22.414

When 100% oxygen is used at 1 atm air, the dissolved oxyge_ content of water
at saturation is:

PO = 1"01760 - 17.5_ = 0.9772 760

[02] = _0.03102)_(._ (31998.8 mg 02/mole ) = 43.26 mg/l.
"22.414



Using pure oxygen, i atm air and I atm hydrostatic pressure, the dissolved
oxygen content in water at saturation is:

PO = 1.0(1520 - 17.5) = 1.9772 760

[02] = (0.03102)(!_977) (31998.8 mg 02/mole) = 87.55 mg/l.
22.414

Figure i shows the dissolved oxygen content of water at saturation using
air and 100% oxygen as a function of pressure, lt can be seen that, using
air, the maximum dissolved oxygen attainable with 2 atm hydrostatic pressure
(3 atm total pressure) is 27.5 mg/l. The advantages of using 100% oxygen are
apparent.

2.3.3 Temperature

The effect of temperature on an aerobic biological treatment process is
two-fold. Increases in temperature, within a range for a microbial popula-
tion, result in increases in treatment kinetics. However, increases in
temperature also significantly decrease the solubility of oxygen in water.

Generally, an aerobic biological treatment operation is conducted in the
mesophilic temperature range, from 20 to 45°C. Increases in temperature above
summer ambient are generally not advantageous for wastewater treatment
operations. Solubility of oxygen in water, however, is dramatically affected
by temperature, as shown in Table i.

The actual treatment unit temperature would be subject to upstream
processing conditions, final treatment design configurations, and climatic
conditions. The optimum temperature for pilot plant operations is best chosen
as a compromise between the beneficial and detrimental effects oF temperature.
Normal room temperature, (22 to 24°C) falls witinin a reasonable range and was
used for the pilot operations.

2.4 Wastewater Composition

The intended use of the Deep Column reactor is for the treatment of high-
strength industrial wastewater, such as that derived from the production of
substitute natural gas. Although the use of an actual gasification wastewater
was desirable, the high variability of actual gasification wastewaters would
add undesirable complications. Additionally, gasification wastewaters are
often extremely difficult to analyze since they are often colored and contain
interfering substances for many ion-selective electrode methods. Therefore, a
synthetic wastewater was chosen for evaluation of the Deep Column process.

Raw condensates from high-BTU, high temperature processes such as are
used at the Great Plains plant (Lurgi dry-ash gasifiers) will require
pretreatment prior to biological treatment. Less severe processes result in
wastewaters with reduced levels of contamination that would require reduced
amounts of pretreatment or none, prior to biological treatment. Pretreatment
of gasification wastewaters usually involves solvent extraction to reduce
concentrations of phenolics, followed by steam stripping to reduce concen-
trations of ammonia and the acid gases, hydrogen sulfide and hydrogen cyanide.
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Figure i. Dissolved oxygen concentration of 20°C water at saturation with air
or 100% oxygen as a function of pressure. Air pressure at sea
level is 760 mm Hg.

TABLE i

SATURATION OF OXYGENIN WATERAS A FUNCTIONOF TEMPERATURE
USING AIR (20.9% 02, AT SEA LEVEL).

Bunsen Dissolved Oxygen (mg/l)

Temperature Coeff ici ent
(°C) (atm-) Air 100% 02

15 0.03415 10.02 47.93

20 0.03102 9.04 43.26

25 0.02831 8.1.8 39.15

30 0.02608 7,46 35.67

35 0.02306 6.88 32.90
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Table 2 shows a comparison of the composition of two pretreated gasification
wastewaters, from the Great Plains Lurgi gasifiers and from the KILNGAS rotary
kiln pilot gasifier.

The synthetic wastewater was designed to be representative of a pre-
treated gasification wastewater. Thus, the primary organic component was
phenol. Secondary organic components were cresol, and the fatty acids acetate
and formate. Thiocyanate was also added since this component i_ often formed
from cyanide and sulfide after quenching of gasification condensetes and is
not removed in pretreatment. Ammonia was added to provide a nitrogen source
and to simulate the background of gasification wastewater. Phosphorus was
added (to meet biological requirements) in the molar, weight ratio of 100:1,
BODto phosphorus. The estimated COD of the synthetic wastewater was 1006
units. Since the organic components are all biodegradable, the BOD should
approximate the COD. The composition of the synthetic wastewater is shown i_
Table 3.

The pH of the synthetic water was adjusted to 7.0 with sodium hydroxide.
Batches of the synthetic wastewater were made up to 20X concentration, then
diluted with cold tap water into the feed storage tank, as needed. The
synthetic wastewater feed tank had a volume of about 2040 liters (540 gal) and
was equipped with a nitrogen purge to reduce biological activity. Technical-
grade nitrogen gas was added to the headspace of the feed tank at about 2 psig
and a flow rate just above that of the feed rate.

2.5 Deep Column Reactor Process

2.5.1 Design Considerations

The Deep Column reactor utilizes a hydrostatic pressure of 1 atm, for a
total pressure of 2 atm at the bottom of the reactor, and pure oxygen for
oxygenating the reactor. Pure oxygen was chosen due to the wide availability
of pure oxygen at synfuel/gasification facilities. Plug flow will take
advantage of the inherent kinetic improvements over complete mix kinetics.
The operation and design of the Deep Column are discussed below.

Irl general, the flow pattern is that of an upflow, suspended-solids
bioreactor. The water column in the reactor will provide the required hydro-
static pressure to attain a high incoming dissolved oxygen content. The flow
of water up through this bioreactor column will entrain the biomass in a plug.
The theoretical concentration of dissolved oxygen at the entrance (bottom) of
the reactor column should be 80 mg/l. Dissolved oxygen concentrations were
controlled to provide about 4 mg/l at the top of the reactor. The high
dissolved oxygen concentrations will ensure that the kinetics are limited only
by substrate availability.

The initial design assumptions were as follows: i) the rate of substrate
utilization will be equal to or greater than that for the activated sludge
treatment of Great Plains' stripped gas liquor (K = 0.0211/mg-day for BODs,
Mayer et al. 1986.); 2) the biomass concentrations attainable for the proposed
reactor will be irl the same range as those for pure oxygen activated sludge
(POAS), (4000 to 8000 mg/l MLSS); 3) the settling velocity of the sludge will
be similar to conventional activated sludge (about 0.04 cm/sec); and 4)
reaction kinetics will be pseudo-first order in nature.
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TABLE 2

COMPOSITIONOF GASIFICATION WASTEWATERS

Great Plains a KILNGASb

Component Stripped Gas Liquor SSE-3

COD 2770 2980

BOD5 1150 560

Phenol i0 92

o-Cresol 7 NDc

m,p-Cresol 4 17

Total phenolics 221 198

Acetate 435 76

Formate II0 4

Ammonia 760 150

Thiocyanate 9 150

Cyanide 5 14

a Mayer et al. 1986.

b CH2M Hill and EMRC 1988.

c ND = not detected.

TABLE 3

COMPOSITIONOF THE SYNTHETIC WASTEWATER

Constituent mg/l mg COD/I mg TOC/I

Phenol 240 564 185

o-Cresol 30 76 23

Formate 80 28 21

Acetate 200 214 80

Ammonia i00 - -

Thiocyanate 100 124 21

Phosphate Ii - -

Total - 1006 330

I0



One atmosphere of hydrostatic pressure was chosen for the pilot unit in
consideration of two factors. Space limitations would severely limit the
construction and operation of a reactor at heights greater than about 12 m
(40 ft). Secondly, a height of about i0.0 m (32.8 ft) should be sufficient to
demonstrate the applicability of the process° Kinetics and performance deter-
mined with the pilot plant at a I0.0 m height should be applicable for scaling
purposes.

Based on experience at UNDEMRC,a lO-cm (4-in) diameter column for the
reactor was considered the minimum optimum diameter for reducing deleterious
wall effects. Increasing the diameter above this size would result in
significant increases in wastewater usage and sizing of pumps and associated
equipment. The effluent BOD concentration was chosen to be 25 mg/l since this
is a criteria often used for discharge of wastewater to receiving waters. At
an influent BOD of i000 ng/l and an effluent concentration of 25 mg/l, the
required hydraulic retention time (HRT) for a complete mix reactor can be
estimated for a range of biomass concentrations. The following equation is
used for determination of the substrate utilization rate in CSTRs:

(So - Se) = K Se (4)
oX

where X is the biomass concentration, e is the hydraulic retention time in
days, So is the influent substrate concentration, Se is the effluent substrate
concentration and K is the rate coefficient in I/mg-day. This equation is
rearranged as shown in Equation 5 for the determination of the HRT.

e : (So- Se) (5)
K Se X

Figure 2 shows a plot of biomass concentrations versus hydraulic reten-
tion time. From this plot it is apparent that, if a biomass concentration of
5 to 7 g/l can be maintained in the reactor, HRTs should be about 6 to 8
hours. Actual HRTs should be even less since the substrate utilization rate,
K, was expected to be larger in the Deep Column reactor than the rate deter-
mined for a conventional activated sludge reactor.

Equations 4 and 5 are generally applied to complete mix stirred tank
reactors (completely mixed activated sludge); plug flow reactors are subject
to different kinetics due to the changes in substrate concentrations with
respect to both time and location in the reactor. The following equation is
used for a plug flow reactor:

-KXe
Se= e (6)
So

where e is the base of the common log. The other terms are identified
above. Figure 3 shows Equation 6 plotted for an ideal plug flow reactor and a
plug flow reactor with a dispersion factor of 0.2. Dispersion, which ranges
from 0 to infinity, is a measure of deviation from ideal plug flow (Reynolds
1982). A completely mixed reactor has a dispersion number of infinity.

=
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Figure 2. Hydraulic retention time (HRT) versus biomass concentrations for a
range of influent BOD (So) based on the design equation for a
complete mix stirred tank reactor (CSTR). Effluent BOD (Se) is 25
mg/l and the substrate utilization coefficient (K) is 0.021 I/mg-
day.

Figure 3 indicates that the required hydraulic retention time, at a bio-
mass concentration of 6 g/l and using the other assumptions, is approximately
50 to 70 minutes. The HRT predicted using complete mix kinetics is 6.8 to 9.6
times greater than those predicted for plug flow kinetics.

Given the settling velocity of the sludge of approximately 0.04 cm/s, and
using a safety factor, or design factor, of 3, the required flow velocity for
the reactor column is 0.12 cm/sec. For a lO-cm-I.D, column, the required flow
rate is 584 ml/min (840 liters/day or 222 gpd). The reactor volume would be
85 liters, resulting in a net cycling of water through the reactor of 9.9
times. The required cycles through the reactor to provide the desired level
of treatment is calculated as follows:

BOD in = i000 mg/l, BOD out = 25 mg/l; therefore, 975 mg/l 02 are
required, neglecting endogenous oxygen requirements.

Plug flow kinetics predict an HRT of about i hour. A 2-hour HRT will be
used for design purposes.

For an HRT of 2 hours, 1020 liters per day of feed will be required ((24
h/day/2-h HRT) x 85 liters = 1020 liters/day.).
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Figure 3. Hydraulic retention time (HRT) versus biomass concentrations for
plug flow kinetics at an influent BOD of 1000 mg/l, effluent BOD of
25 mg/l and a K of 0.021 I/mg-day.

1020 liters/day x 0.975 g 02/liter = 994.5 g 02/day.

1020 liters feed x 100% recycle from the clarifier = 2040 I/d

2040 liters/day x 0.08 g dissolved oxygen/liter = 163.2 g 02/day.

One complete cycle through the reactor is 85 liters x 0.08 g
02/liter = 6.8 g 02/cycle.

163.2 g O_/day required/6.8 g 02/cycle = 24 cycles required for
complete treatment.

Thus, 9.9 cycles through the reactor are the minimum required for sludge
suspension, and 24 cycles are required to provide for sufficient oxygenation.
Therefore, the recycle Flow rate will be increased from 840 I/d to 2550 I/d
(674 gpd or 0.47 gpm). This recycle flow rate will provide 30 cycles through
the system, although 24 is the estimated requirement. The extra cycles should
ensure that the desired oxygenation can be achieved within the design
limitations.
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2.5.2 Process ConfiQuration

The pilot-scale reactor is shown in Figure 4 with the column lengths and
widths and the clarifier roughly to scale. Design specifications for the
system are given in Table 4.

The feed and recyoled sludge from the bottom of the clarifier were added
to the discharge side of the recycle pump. This arrangement ensures that the
highest concentrations of sludge, feed and dissolved oxygen will enter the
reactor column together. The liquid flow in the oxygenator is countercurrent
to a flow of pure oxygen through a stainless steel fine bubble diffuser; the
liquid was pumped into the bottom of the reactor column. The added feed,
sludge, and oxygenated water flowed in a plug through the column and then by
gravity to the oxygenator column. An effluent stream was drawn off the top of
the reactor and flowed to the clarifier. Clarified effluent was removed by
gravity, while the thickened sludge was returned to the reactor as described
above. A YSI model 56 dissolved oxygen (DO) probe continuously monitored the
DO at the top of the reactor. The quantity of oxygen applied to the water in
the oxygenator was adjusted to maintain the DO content at the top of the
reactor at about 3 to 4 mg/l. This control system ensured that excess oxygen
was not added to the water, while preventing oxygen limitations in the
reactor.

After a period of operation, the pH of the reactor liquor began to drop
below optimal as a result of nitrification. At that time a pH control system
was added. The probe was located in the clarifier and the Beckman model 960B
pH monitor/controller regulated the addition of a saturated solution of sodium
bicarbonate into the clarifier to maintain a system pH of 7.0 ± 0.2. The
dissolved oxygen content was continuously monitored with a YSI model 56 meter,
which was connected to an MIC programmable controller. This controller regu-
lated the flow of oxygen via a control valve with an I/P connection. Cylin-
ders of commercial-grade pure oxygen were used with a line pressure of 20 to
25 psig.

2.5.3 Flow Anal__]_y_si___#s

Tracer studies were conducted to determine the flow pattern through the
system in general and the reactor in particular. Since the reactor was
designed to test the effects of both pure oxygen and plug flow, it is extreme-
ly important that the reactor flow pattern closely simulate plug flow. Two
types of tracer studies were conducted.

In the First study, the flow rates of all pumps were set to provide a
reactor hydraulic retention time of 24 hours. The flow rates, with an oxygen
flow rate representative of expected operation, and volumetric data are shown
in Table 5.

In the first tracer test, the system was filled with tap water, the pumps
and oxygen flow were all calibrated to the values shown in Table 5, and the
system was operated for about one hour for equilibration. Following equili-
bration, 60 ml of a I g/lO0 ml methylene blue dye solution was pumped into the
system via the feed pump. After the dye slug was added, tap water pumping was
resumed through tile Feed pump during the rentainder of the test. Samples were
taken at each of the sample ports throughout the length of the reactor column
(spaced about 1.8 meters apart), at the overflow and the ,_ffluent port from
the clarifier over a 12 hour period.

c_
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Figure 4. Process flow schematic of tile pilot-scale Deep Column reactor. The
reactor, oxygenation and clarifier are drawn roughly to scale.
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TABLE 4

DESIGN CHARACTERISTICSOF THE PILOT-SCALE DEEP COLUMNREACTOR

Item Specification

Reactor column

Material Excelon R-4000 schedule 40 rigid clear plastic
pipe

Total height 10.97 m (36 ft)
Liquid level 10.33 m (34 ft)
I.D. 10.226 cm (4.026 in)
O.D. 11.430 cm (4.500 in)
Liquid volume 85.09 liters

Oxygenation column

Material Excelon R-4000 schedule 40 rigid clear plastic
pipe

Total height 10.97 m (36 ft)
Liquid level 10.33 111(33.9 ft)
I.D. 5.25 cm (2.067 in)
O.D. 6.03 cm (2.375 in)
Liquid volume 22.36 liters

Clarifier

Material stainless steel with a plexiglass front
Size rectangular inverted pyramid, 44.5 cm by 85 cm

by 122 cm tall
Liquid volume 45 liters

Pumps

Feed pump variable speed, accurate and precise; flow
from 60 to 1420 ml/min; maximum head ii m

Sludge Recycle variable speed, solids handling
Pump positive displacement, flow from 60 to 1.420

ml/min, maximum head ii m
Recycle pump variable speed, solids handling positive

displacement, flows from 390 to 790 ml/min,
head approximately 0.6 m

16



TABLE 5

SYSTEMPARAMETERSDURING THE FIRST DEEP COLUMNREACTORTRACERSTUDY

Reactor volume, liters 85

System volume, liters 137

Recycle flow, mls/min 590

Feed flow, mls/min 60

Overflow rate to clarifier, mls/min 120

Sludge recycle rate, mls/min 60

Oxygen flow rate, mls/min at 14.7 psig 25

The samples were analyzed by reading their absorbance with a spectropho-
tometer at 610 nm, using tap water as the blank. The results of this analysis
for the reactor ports are shown in Figure 5. This figure shows the concentra-
tion of the dye at each of the four ports in the reactor as a function of
time. Generally, the plot reveals a plug of dye that increasingly disperses
as it moves through the reactor, resulti,_g in an essentially completely-mixed
system after approximately 480 minutes (8 hours).

A second tracer study was performed, without recycle of column overflow,
to analyze the Slow patLern within the reactor column. Dye concentrations were
measured in the effluent of the reactor column (overflow at the top). The
results of this tracer study are shown in Figure 6. Visual inspection of this
figure reveals a plug flow reactor with a small amount of dispersion.
However, since a detailed kinetic analysis of the performance of this system
will be conducted, it is important to determine an axial dispersion coeffi-
cient that can be used to modify 'the ideal plug flow kinetic expressions.
This would allow the design engineer to use the derived kinetic coefficients
with other reactors for which axial dispersion coefficients are known.

The axial dispersion coefficient encompasses factors such as chat_neling
and short-circuiting that prevent reactor's from reaching ideal flow
conditions. The deviation of a reactor flow pattern from ideal plug flow can
be estimated through the use of the residence time distribution. This is the
distribution of times required by elements of fluid to pass through the
reactor.

The function F(t) is defined as the fraction of elements in the effluent
stream that have residence times less than a given time, t. That function is
known as the cumulative distribution, or" F curve. An example of this func-
tion, based on the second tracer study of the Oeep Column reactor, is shown in
Figure 7. From this figure, it can be seen that 50 percent of the fluid
particles have residence times of less than 2.5 hours, and virtually all of
the fluid particles have residence times of less than 4.5 hours. A second
function, E(t) is defined by its _'elationship to the F(t) function:

E(t) = dF(t)/dt. (7)
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the Deep Column reactor as measured at the 4 reactor sample ports
(indicated by distance from the bottom of the reactor) during the
first tracer study.
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Figure 7. Plot of the F(t) function versus time for the second Deep Column
reactor dye tracer study. Also known as the cumulative
distribution, oY" F curve.

E(t) is the fraction of effluent that has a residence time between t and t +
dt. This function is known as the residence time distribution function, or E
curve, and is equivalent to the derivative of the F(t) function. An example
of the E(t) curve based on the tracer study of the Deep Column reactor is
shown in Figure 8.

The distribution functions for a particular reactor and flowrate may be
determined by injecting a dye into the input of the reactor and recording the
effluent dye concentration versus time. Step and/o," impulse signals are
easiest to use. An ideal step signal is a sudden application of a continuous
flow, and produces a concentration that increases from 0 to the influent
concentration, Co_ at the effluent port in a time equal to one residence
time. An impulse signal is a sudden, short application of tracer that ideally
occurs in zero time. This results in a dye concentration at the effluent
port, at a time equal to one residence time, equal to the concentration
initially applied to the reactor.

The ratio of the concentration, C, at any given time, t, to the initial
concentration, Co, may be related to the cumulative distribution function.
Consider a reactor with a step input and let t equal the mean residence time.
Divide the eff'uent stream into two fractions, one which has spent less time
than t in the rLactor, F(t), and the other, which has spent more time than t

!9
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Figure 8. Plot of the E(t), the point distribution function, versus time for
the second Deep Column dye tracer study (also known as the
residence time distribution function or E curve).

in the reactor, 1 - F(t). At time t, the fraction 1 - F(t) will not contain
any dye, while the fraction F(t) will have the initial concentration of dye,
Co. The total flow of dye in the effluent will be:

F(t)CoQ + [1 - F(t)](O)Q, (8)

which must equal the mass flow of dye at t, or (CQ), where C equals the efflu-
ent dye concentration and Q equals the flow rate through the reactor. At
time, t, the right-hand term of equation 3-8 becomes zero because there is no
dye in the [i - F(t)] fraction.

F(t)CoQ = CQ (9)

or

F(t) = C/Co = C(t)/Co (i0)

Equation i0 shows that F(t) is equal to the normalized tracer concentra-
tion curve due to a step input of dye and provides a convenient method for
determining the F(t) function. The effluent dye concentration expressed as a
fraction of the initial feed concentration is the cumulative distribution
function F(t).
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By definition, the impulse input response is equal to the derivative of the
step input response. Consequently"

E(t) = dF(t)/dt = dtC(t)/Co]step/dt = [C(t)/Co]impulse. (II)

Co may be determined by integrating the area under the curve of C(t) against
time.

Similarly, the point distribution function, E(t), is equal to the
normalized effluent dye concentration curve resulting from an impulse input.
For the tests conducted, impulse dye tracers were used to determine the E(t)
curve from equation ii. The initial dye concentration, Co, may be determined
by determining the area under the curve of the dye concentration at the
effluent port, C, against time. Simpson's rule was used to determine this
area:

Co = C(t)impuls e dt. (12)

The F(t) curve was then obtained from the E(t) curve by integration using
the trapezoidal rule:

F(t) = _ E(t)dt° (13)
0

The F(t) and E(t) curves determined are shown in Figures 7 and 8.

The dispersion number measures the extent of axial dispersion and is
represented by (DL/vL) where DL is the axial dispersion coefficient, v is the
velocity through _he reactor, and L is the axial length of the reactor. Grady
and Lim (1980) derive an equation for the inverse of the dispersion number:

vL/D L = 4_T2{(dF/dt)t=T12, (14)

The dispersion coefficient can be approximated graphically by a determi-
nation of the slope of the F curve at a time equal to one mean residence time
and the use of Equation 14. The mean residence time,T, was calculated by use
of equation 3-15 (Grady and Lim, 1980):

T= _ tE(t)dt/_ E(t)dt. (15)
0 o

Using this equation, the mean residence time was calculated to be 2.57
hours. This compares with a residence time of 2.4 hours based on t = V/Q (V =
85.1 liters and Q = 0.59 liters per minute).

Substituting this mean residence time into Equation 14 and taking the
inverse of this result, a dispersion number of 0.0217 was calculated. Figure
9 shows the relationship between the F(t) function and dimensionless time for
a series of dispersion numbers ranging from 0 (an ideal plug flow reactor) to
infinity (a completely-mixed reactor). This figure may be compared with F(t)
versus dimensionless time for the dye test, which is shown in Figure i0. The
figures indicate that a reactor having an axial dispersion of 0.0217, while
not ideal, approximates plug flow satisfactorily.
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2.5.4 Aeration Testinq

An aeration test was conducted with the Deep Column reactor in order to
determine the following: I) attainable concentrations of dissolved oxygen in
the reactor and 2) the rate of oxygenation under the test conditions. On the
day of the test the empty reactor was filled with room temperature equilibrat-
ed tap water that was deoxygenated. The deoxygenaticn followed the methodolo-
gy suggested by Adams, Ford and Eckenfelder (1981). Sodium sulfite was added
in a ratio of 7.9 mg Na2SO_/mg dissolved oxygen (a dissolved oxygen content of
9.0 mg/l was assumed for tl_e tap water at the start) with a 20% excess of
sodium sulfite. Cobalt chloride was added, as a catalyst, at a concentration
of 0.5 mg/l as cobalt ion. This water was mixed and then pumped into the
react)r.

A YSI model 56 dissolved oxygen (DO)meter was set up to analyze DO at
the top of the reactor column via a stirred probe. This probe was fitted with
a O.O02-inch membrane, which doubled the usual range of dissolved oxygen
measurement from 0 - 20, to 0 - 40 mg/l. A YSI model 58 DO meter, which was
connected to a recorder, was used to measure the DO at the bottom (influent)
of the reactor column. This probe was also fitted with a O.O02-inch membrane
for increasing the range of the meter. In addition, this meter has an
internal switch for membrane thicknesses of 0.0005, 0.001 and 0.002 inches.
This switch was set at 0.0005, thus, together with the thicker membrane,
effectively quadrupling the range of the meter (YSI, personal communication).

The DO meters were calibrated in humidified air and the pumps were
started and run until a steady-state DO concentration was obtained. At this
point the flow of oxygen was started at 25 mls/min at 14.7 psig. The time
when oxygen flow began in the oxygenation column was designated as time
zero. The concentrations of dissolved oxygen versus time for the top and
bottom of the column are shown in Figure Ii. Oxygen concentrations at the
bottom of the column increased quickly to about 40 mg/l. Above the 40-mg/l
level, the increase was much slower; gradually reaching approximately 55
mg/l. Oxygen concentrations at the top of the column did not increase until
about one retention time (154 minutes) had elapsed and then the DO
concentration rose steadily. Oxygen concentrations at the top of the column
reached 40 mg/l (the upper limit of the DO meter), which is approximately
saturation. Surfaces near the top of the column were covered with bubbles of
evolved oxygen.

The actual concentrations of DOachieved are unknown due to the overall
poor accuracy of DO meters, which is even poorer when measuring DO levels wc !
above the usual range. The oxygenation rate for the top of the column was
estimated at 0.37 mg G2/l-minute under the test conditions. This rate is
obviously directly related to the rate of flow of oxygenated water from the
lower part of the column and reflects some dispersion. There are apparently
two rates of oxygenation for the bottom of the column--an initial rate of 1.31
mg 02/l-minute and a final rate of 0.065 mg 02/l-minute. The oxygenation rate
can be controlled by either increasing the flow of oxygen or increasing the
recycle of water between the columns.
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Figure 11. Results of the aeration test in the Deep Column reactor.
Dissolved oxygen concentrations were measured at the top and
bottom of the reactor column throughout the test period.
Recycle flow = 590 mls/min; oxygen flow = 25 mls/min at 20
psig.

2,6 Data Acquisition

Regular maintenance procedures were instituted to ensure continuous and
good operation of the Deep Column reactor. These maintenance procedures and
the frequency with which they were performed are shown in Table 6. lhe
reactor and oxygenator columns were cleaned with a polyethylene brush to
remove wall growth and reduce the size of the biological floc. As floc size
increased, suspension of the floc in the reactor could become difficult and
plugging of piping could result. Clarifier walls were also brushed to remove
growth. The dissolved oxygen meter and probe required regular cleaning,
replacement of membranes and calibration for accurate operation. Readings, as
shown in Table 7, were taken to provide needed operating data for the reactor.
Feed pump calibration was tested regularly by measuring the rate of effluent
accumulation. Feed pump rates varied somewhat as a result of changes in
nitrogen purge flows and height of feed in the tank. Recycle pump pressure
was monitored to ensure that this pump did not become plugged, as it pumped a
large quantity o:Fbiological solids.
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TABLE 6

MAINTENANCESCHEDULEFOR TI_E DEEP COLUMNREACTOR

Item Frequency

Clean reactor walls 2/day

Clean oxygenator walls 2/week

Clean clarifier i/day

Calibrate DO meter 2/week

Take readings I/day

Check feed pump calibration i/day

Check recycle pump pressure i/day

TABLE 7

DEEP COLUMNREACTORDAILY DATA COLLECTION

Item Units

Date MMDDYY

Time 0000

Recycle pump rate hertz

Sludge recycle pump rate hertz

Feed pump rate u-lO units

Oxygen cylinder pressure psig

Oxygen line pressure psig

Oxygen flow rate cc/min

DO at reactor top mg/l

Reactor liquor temperature °C

Reactor liquor pH units (0-14)

Buffer usage liters/day a

Settleable solids ml/l in 30 minutes

Oxygen uptake mg O_/l-minute

a Sodium bicarbonate (160 g/l).
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A list of the analytical methods used for analysis of feed and effluent
wastewater samples and for monitoring the mixed liquor is shown in Table 8.
Sampling was performed using grab samples from the feed tank, effluent and
reactor. Grab samples for mixed liquor were taken from the lowest port on the
reactor column (height of 1.8 m)o Analysis of samples from all ports on the
column showed that the column was essentially completely mixed with respect to
biological solids. Monitoring for pH and dissolved oxygen in the reactor was
performed continuously, as described above. Samples were generally taken
twice per week during periods of relative stability. For example, if the feed
rate had just been changed significantly, sampling might be delayed to allow
the system to adjust to the new conditions.

2.7 Process Performance

Process performance defines the operation of the unit, under the operat-
ing conditions used, with respect to variables that impact the applicability
of this unit for commercial use such as substrate removal, sludge settling,
and operational problems. These items are discussed below.

2.7.1 OPeration

On March 14, 1988, the Deep Column reactor was filled with biologically
treated Great Plains Gasification wastewater and seeded with two liters of

mixed liquor from a continuous-flow, completely mixed seed reactor operating
with Great Plains wastewater. Four liters of synthetic wastewater was batch-
fed to the reactor and the flow of oxygen, and recirculation between the
oxygenation and reactor columns was begun. The Deep Column system was
operated in a batch mode with additions of increasing quantities of feed and
periodic additions of acclimated seed until April 23, 1988. At this time the
reactor column was found to have accumulated a large quantity of bio-sludge at
the bottom. This sludge should have been suspended in the recycle stream at
the 590-ml/min recycle flow. Tilerecycle flow was increased to 890 ml/mins,
where good suspension of the sludge was found. At this time the addition of
feed was begun in a continuous mode at an initial rate of 14 ml/min. The
clarifier was put into operation, but sludge wasting, other than for sampling
and loss over the clarifier, was not performed.

The rate of sludge return from the clarifier was set at 590 ml/min. This
was found to be the minimum rate that returned the sludge, and was slightly in
excess of the backflow through the pump. On May 26, 1988, after continual
gradual increases irlthe feed rate, the hydraulic retention time (HRT) was 2.3
days. The biomass, as mixed liquor suspended solids and mixed liquor volatile
suspended solids (MLSS and MLVSS) were 1035±59 and 926±59, respectively. At
this time the flow of oxygen was switched from programmable control to con-
tinuous. The use of the controller resulted in periodic swings of dissolved
oxygen ranging from around 20 mg/l to about 2 mg/l. Continuous addition of
oxygen resulted in changes in DO only with a) temperature changes and b)
changes in oxygen demand. Daily adjustment of the flow of oxygen was found to
be more than adequate to maintain the target 4-mg/l minimum at the top of the
reactor.
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TABLE 8

ANALYTICAL METHODSdSED FOR THESE INVESTIGATIONS

Parameter Description Reference a

pH electrode SM Nn. 423

Dissolved oxygen polarographic electrode SM No. 421F

Solids gravimetric SM No. 209

TOC combustion -. infrared SM No. 505A

COD digestion - colorimetry SM No. 508C

Ammonia distillation - titration SM No. 505A

Oxygen _ptake polarographic electrode SM No. 213A

Settleable solids vol_metric SM No. 213B

Phenols colorimetric SM No. 510C

a SM - Standard Methods (APHA 1985).

On June 1, 1988, a weir was added to the clarifier overflow to reduce the
loss of suspended solids. At this time the effluent volatile suspended solids
was 518 mg/l. A value of about 50 rag/! would be expected under steady state
conditions. The high effluent volatile suspended solids probably resulted
from the lack of the weir and the low sludge age in the rer_ctor sludge. Fast
growing biomass (low sludge age) results in poor sludge settling.

Between June 30 and September 30, 1988, a series of prcblems associated
largely with periodic power surges and outages occurred. These power problems
were generally related to summer thunderstorms comTnonto North Dakota. The
surges/outages generally resulted in failure of the column and sludge recycle
pumps. The motor controllers for these pumps were very sensitive and required
manual re-start. On September 30 a progran_nable controller was installed that
automatically restarted these motor controllers after a surge or outage in
normal power. This remedied the problem, as no other pump failures occurred
throughout the operation of the system.

On August 7, 1988, the pH of the reactor liquor dropped to 5.7, which was
below the normal range of biological activity. This was the result of
nitrification, or biological oxidation of anml,onia, to nitrite and nitrate, with
subsequent production of acid. A pH a,djustment system was installed at this
tim.e that maintained a pH of 7.0 ._:0,i via the addition of sodium bicarbonate.

On August 19, 1988, the initial target loading of a 1.5-day HRT was
attained. On October 6, ].988, the first batch kinetic test was conducted. At
this time the F/M was 0.29, the sludge age was ._bout 39 days, and ._:he MLVSS
was 2710 mg/l. Data were. obtained on the concentrations of biomass and sub-
strate in the reactor column. The data showed that the differences in biomass
and sL,,bstrate were small and not as expected. That is, the concentration of
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biomass was expected to increase with reactor length, and the substrate
concentration was expected to dec_-ease with reactor lemgth. As a result, the
feed rate to the unit was increased to an HRT of 0.5 days with the hope that
the predicted differences would be found.

On November 28, 1988, the target HRT of 0.5 days was attained° On
December 28, 1988, the.concentrations of biomass and substra_e were evaluated
through the reactor length. The data showed, as before, little differences
with respect to biomass or substrate with respect to reactor i_ngth (COD was
144 ±27 units). A second batch kinetic test was performed on Feuruary 9,
1989. A third batch kinetic test was conducted on April 17, 1989.

Since the data showed that continuous kinetics on the system could not be
obtained as planned, it was decided to determine them via batch methods and
continue pilot operations to provide performa_ce and operating data.
Accordingly, for the remainder of operations the strategy was to slowly
increase the feed rate, while continuing to m_)nitor performance. The HRT was
decreased from 0.5 days (12 hrs) to the lowes_ level attained of 2.13 hours.
The system was shut down on May i, 1989, after operating for over 400 days,
The only difficulties associated with operation resulted from power outages/
surges, pH drops, and inadequate suppl,J of oxygen.

2.7.2 Performance

The optimum temperature conditions in the Deep Column reactor would be a
stable temperature near normal room tempmrature. Actual temperatures varied
according to outside air temperatures and meci:anical difficulties in the
building housing the reactor. Mixed liquor temperatures, obtained as daily
spot measurements, are shown in Figure 12. The mean and standard deviation

.; for tempera; ' ,re were 23.0 +_3.2°C. The principal effect of variations in
temperature within the range noted was a change in oxygen solubilii;y. This
change did not adversely impact operations.

Figure 13 shows the variations in pH thal _, occurred in the cGurse of
operation. A drastic drop in pH was noted around Day 60. At this time a pH
control system was installed that maintained i'.he pH by addition of sodium
bicarbonate, lhe mean and standard deviation for pH were 6.9 +0.2 units.
This pH would be optimum for most degradative bacteria, but not necessarily
optimum for nitrifying bacteria. The drop in pH resulted from biological
oxidation of ammonia (nitrification), which results in the production of
acid. Nitrification was not a goal of this research, and, as such, was not
encouraged.

Buffer, in the form of a solution of sod;ium bicarbonate, was added to the
reactor through the use of a pH controller to maintain a constant, favorable
pH. Figure 14 shows the buffer usage, in liters per day of 160 g/l of sodium
bicarbo_,ate, during the operating period. A large quantity of the added
buffer was used to adjust the pH of the feed to the setpoint of 7.0, since the
synwater was only roughly adjusted to 7.0 when made. However, the buffer
usage during the period of about Day 60 through Day 170 was primarily for
nitrification. After Day 170, nitrification ceased due to a decrease in
temperature that was experienced on about Day 186 (Figure 12). Nitrifying
bacteria are much more sensitive to low temperatures than are heterotrophic
degradative bacteria (EPA 1975). Nitrification did not significantly recover
from this episode° and buffer usage subsequer_t to this time was for feed pH
adjustment.
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the period of operation.

The concentration of dissolved oxygen at the top of the reactor was
targeted at _4 mg/l. At this concentration, oxygen would not be limiting, and
excess oxygen would not be wasted. Figure 15 shows the variation in dissolved
oxygen concentrations in the top of the reactor column throughout operations.
Although the primary variable in operations was the feed rate, the fact that
the temperature tended to vary a few degrees resulted in some undesirable
changes in dissolved oxygen concentrations. Overall, however, oxygen concen-
trations were adequate to demonstrate the system.

The variations in feed rate to the unit, in liters per- day, are shown in
Figure 16. This figure shows the initial strategy to attain steady-state with
respect to hydraulic and organic "loading as well as the solids retention time.
Since this strategy did not allow the determination of continuous kinetics, as
desired, it was abandoned. The alternative for the pilot unit was to obtain
performance data. Thus, the feed rate was periodically increased and the
performance monitored. Figure 17 shows the variation in the hydraulic reten-
tion time (HRT) during the period of operations. This figure reveals a step-
like decline in HRT from about 2.6 to 0.09 days. The mean and standard devia-
tion for HRT were 1.4 ±0.8 days.
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The variation in fluid velocity in the reactor column over the period of
operations is shown in Figure 18. A fluid velocity of about 0.8 cm/sec was
found to be necessary to entrain the biomass in the reactor column during
initial operations. Thus, the column and sludge recycle pump rates were
adjusted to provide this rate. Changes in feed rate were the principal
reasons for changes in fluid velocity. However, as the organic loading to the
unit increased, the oxygen demand increased. The increased demand for oxygen
could only be met by increasing the flow of oxygenated water from the oxygen-
ator column (increasing the column recycle flow). Small increases in the
column recycle flow were made to maintain adequate DO concentrations.

Fluid velocities of greater than 0.8 cm/sec are probably required with
increases in biomass in order to maintain entrainment of the biomass. The

mean and standard deviation for the period of operation were 2.1 ±2.9 cm/sec.

Figure 19 shows the variation in the recycle ratio during the period of
operation. The recycle ratio is the fraction that the sludge recycle flow
(clarifier underflow) is of the feed flow. Ideally, the recycle ratio is
small; however, with a pilot unit that must be capable of a wide range of
operations, the recycle ratio can be expected to be fairly large. This is due
to the fact that clarifiers do not scale weil. Thus, in order to return
sludge appropriately, larger ratios may be needed in pilot- than commercial-
scale units. In fact, the recycle ratio was large in this case because the
sludge return pump was pumping against about 16 psig of head. Backflow in the
pump required a higher than desirable flow rate. The mean and standard
deviation for the recycle ratio were 23.6 ±28,0.
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The variation in the oxygen uptake rate throughout the operating period
is shown in Figure 20. The oxygen uptake rate is often used as a measure of
viability or activity of the biomass. This figure shows a gradually
increasing rate, somewhat proportional to the increases in feed rate (Figure
16). The mean and standard deviation of the oxygen uptake rate during the
operating period were 0.7 ±0.5 mg O_/l-min.

The variation in mixed liquor settleable solids during the operating
period is shown in Figure 21. The settleable solids is a measure of the
volume of solids in one liter of mixed liquor after settling for 30 minutes.
This measure gives an indication of solids stability. A rapidly growing or a
sludge experiencing toxicity will tend to have higher settleable solids.
Figure 21 shows rather abrupt increases irlsettleable solids at about Day 220,
after which the settleability improved. The rapid increase in settleable
solids was probably due to the fact that the reactor temperature dropped to
the observed low on Day 187, prompting a low SRT and subsequent fast growth
rate and poor settling. The mean and standard deviation for mixed liquor
settleable solids were 467 ±197.

The variation in sludge volume index (SVl) over the period of operation
is shown in Figure 22. The SVl is calculated by dividing the settleable
solids by the mixed liquor volatile suspended solids (MLVSS) to give SVl in
units of ml/g. Figure 22 shows that the SVl was at a high level when analysis
began, but declined to the 130-ml/g level for the remainder of operations.
This indicates a stable, well settling sludge, as was expected from the
literature (Rensink 1974). The mean and standard deviation of the SVl were
134 ±51 ml/g during the period of operation.

Biomass can be measured by many diverse methods. The most common method
of estimating biomass in the field of wastewater treatment is to use the
volatile suspended solids analysis. For this analysis a sample of mixed
liquor is filtered through a nominal O.8-uM glass fiber filter that has been
pre-fired and weighed. The solids accumulated on the filter are dried to
determine their moisture content, then fired at 550°C. The use of volatile,
rather than just dry solids eliminates the error due to accumulations of
mineral matter that often occur in the field, l'he variation in the mixed
liquor volatile suspended solids (MLVSS) concentration during the operating
period is shown in Figure 23. Except for a small decline around Day 180-200,
the general trend was of continual increase with respect to time. The decline
noted occurred at approximately the same time as the previously mentioned low
in settleable solids (Figure 21) and likely had the same cause. The mean and
standard deviation for MLVSS during the period of operation were 3710 ±1489
mg/l.

The quantity of biomass lost with the effluent places limits on a
biological treatment system. Large losses with the effluent can prevent the
attainment of high SRTs and accompanying stability. Figure 24 shows the
variation in clarifier volatile suspended solids (CVSS) during the period of
operation. CVSS concentrations averaged a relatively low 31 mg/l, but were
relatively variable. Since pilot-scale clarifiers do not scale properly, the
larger losses of VSS are not troublesome, especially in light of the stable,
low values observed for SVI. A commercial scale clarifier would undoubtedly
perform much better.
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Figure 20. Variation in the oxygen uptake rate of the mixed liquor in the
pilot-scale Deep Column reactor during the period of operation.
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concentration (CVSS) in the pilot-scale Deep Column reactor
during the period of operation.

Determination of effluent settleable solids provides a quick measure of
the volume of VSS lost in the effluent. Since it is much easier to perform,
it was used during the last 45 days of operation to monitor for toxicity or
organic or hydraulic overloading. The effluent settleable solids determina-
tion was performed using an Imhoff cone with a one-hour settling time. Figure
25 shows the variation in effluent settleable solids observed during the final
45 days of operation. Examination of this figure reveals a slight increase in
settleable solids beginning about Day 320. The HRT at this time was decreased
from 0.15 to 0.09 days. This increase in settleable solids can be attributed
to several causes. The rapid decrease in HRT would result in a large decrease
in SRT, as the organic loading would have almost doubled. In addition, the
approximate doubling of hydraulic loading may have begun washout. Since the
system was at the O.09-day HRT for only 9 days before shutdown (too short a
time for significant acclimation), it is uncertain whether the system was in
failure. The mean and standard deviation for these data were 11.5 ±8.2 ml/l.

The solids retention time (SRT), also known as the sludge age or mean
cell retention time, is a key parameter in biological treatment operations.
Generally, a much greater stability, with accompanying better effluent
quality, results from using high SRTs. The practical limit to increases in
SRT comes from the fact that with an increase in SRT there is a proportionate
increase in nonviable mass. In addition, there is usually a limit to the mass
of solids that a treatment system can handle with respect to pumping and
clarification. SRT is a key parameter because it is the inverse of the
microbial growth rate. A high SRT equates to a low growth rate (a biomass
with a large percentage of cells in mid to late stationary phase), which
results in greater stability, settling and, often, metabolic diversity.
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Figure 25. Variation in the effluent settleable solids concentration in the
pilot-scale Deep Column reactor during the period of operation.

For the purposes of this research, the SRT was not controlled at a
particular level. Instead, the level of solids loss over the clarifier was
reduced to approximate average levels and the SRT was allowed to reach an
equilibrium at those conditions. This approach, along with a minimum of
sludge wasting (only for sampling purposes) resulted in a relatively high SRT,
as seen in Figure 26. This figure shows that the SRT was variable, but tended
to be relatively high. The SRT decreased significantly during the last 60
days of operation. The vari,bility noted in SRT values results in part
because these values represent single determinations from periodic analyses
rather than averages. The mean and standard deviation for SRT were 31 ±33
days.

Figure 27 shows the variation in the influent and effluent chemical
oxygen demand (COD) concentration for the Deep Column reactor during the
period of operation. This figure shows that the influent COD concentration
was relatively variable despite efforts to maintain consistency. The feed was
made fresh at least weekly, and stored under flow of nitrogen g.as to reduce
biological oxidation. The mean and standard deviation of the feed COD were
815 ±203 mg/l. The theoretical COD, confirmed with fresh synwater was 1006
mg/l. Biological degradation, sorption and volatilization reduced the
strength of the feed° The effluent CODconcentration, as seen in Figure 27,
was more consistent and was quite low. Mean and standard deviation for
effluent COD were 57.6 ±70oi mg/l.
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The variation in the percent removal of COD during the period of
operation are shown in Figure 28. Overall removals are greater than about
85%, with the exception of three values. The mean and standard deviation for
percent removal of COD were 93.0 ±7.8%. These data encompass a period of
operation that includes HRTs from 2.6 to 0.09 days (63 to 2.2 hours). Thus,
the observed removals are excellent for a pilot unit.

One of the stated advantages of using pure oxygen for a biological treat-
ment system is that sludge settling is excellent (Rensink 1974). The SVI is
often used to estimate how well a sludge might settle; however, Benefield and
Randall (1980) point out that SVI is only a single point on the sludge set-
tling curve. Thus, a sludge settling curve was determined by settling one
liter of mixed liquor in a graduated cylinder and measuring the change in the
sludge/water interface height over time. Figure 29 shows the curve for the
data taken at a time when the HRT was 0.74 days, the SVI was 200 ml/g, and the
MLVSSwas 3700 mg/l. A log decay equation was fit to the data with the
resulting equation shown in Equation 15 below:

Y = -0.196 log X + 1.264 (15)

where Y is the interface height (% of total), and X is the time in minutes.
This settling curve will provide a better point of comparison for settling
between various sludges.

2.8 Kinetics

2.8.1 Continuous Kinetics

Determination of continuous kinetics is desirable since it provides esti-
mates of the kinetic constants during a pseudo steady-state condition when the
biomass is acclimated to a particular loading rate and SRT. Batch kinetics
may not be as representative, since the conditions prevalent at the time of
sampling the biomass affect the activity of the biomass and the resulting
kinetic estimates (Templeton and Grady 1988).

The original research plan called for operating the pilot Deep Column
reactor at 3 or 4 hydraulic/organic loading rates. Samples would have been
taken through the length of the reactor and kinetic constants would have been
estimated. Thus, this method requires that there be measurable differences in
substrate and biomass concentrations with respect to reactor length at a
minimum of three different loadings. Measurements of biomass and substrate at
two different loadings did not result in clear differences in either substrate
or biomass with respect to reactor length, until the 2.2-hour HRT was attained
(Table 9). Thus, continuous kinetic determinations were abandoned in favor of
batch kinetics and process performance evaluations.

The data from the 2.2-hour HRT, as shown in Table 9, are shown plotted in
Figure 30. These data were fit with a power curve using GRAPHER, resulting in
Equation 16:

COD = h-0"656 190 (16)

where h was reactor height and COD was the concentration of COD at height h.
At the same time COD analysis was performed over the reactor height, phenol
analysis was performed. Phenol concentration at 0.5 m was 4.5 mg/l, at 1.9 m
it was 0.2 mg/l, and at greater lengths it was not detectable (<0.i mg/l).
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Figu're 28. Variation in removal of chemical oxygen demand (COD) in the pilot-
scale Deep Column reactor during the period of operation.

J

Figu',re 29. Sludge settling curve for the pilot,.-scale Deep Column reactor.
Conditions were HRT = 0.74 days, SVI = 200 ml/g, and MLVSS-_
3700 mg/l.
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TABLE 9

COD AND BIOMASS CHANGESWITH RESPECTTO I.ENGTH IN THE DEEP COLUMNREACTOR

HRT (hrs) 63 18 2,2

Length (m) COD MLVSS COD COD

1.9 88 936 327 123

3.7 160 830 432 85

7.4 148 951 362 51

9.3 166 988 388 45

Fiqure 30. Change in COD concentration with reactor height at the 2,2-hour
HRT in the Deep Column reactor.
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When the reaction rate constant is evaluated for the data ir Figure 30
using Computer Program i in the Appendix, a K of 49.85 mg/l-hr i'5 obtained for
the full length of the column (10.36 m). This value is calculated using
Equation A-2, which is designed for a plug flow column with low diffusivity.
This rate can be compared to values obtained from batch analysis below.

2.8.2 Batch-Kinetics

Batch methods for kinetic evaluations are often used rather than continu-
ous flow methods. In fact, batch methods are often recommended for kinetic
determinations of plug flow systems (Gr_dy and Lim 1980). To conduct a batch
test, a series of reactors are set up with various food-to-microorganism
ratios (F/M). These reactors are stirred and aerated. Data is collected
through the reaction period and reduced to arrive at estimates of kinetic:
coefficients.

Four batch tests were conducted at various times during the operation of
the Deep Column reactor. Data from one of these tests had to be discarded due
to errors in biomass analyses. The first batch test was conducted at a time
when there was significant nitrification occurs'ing in the Deep Column, while
the remaining two tests were performed after cessation of nitrification. The
data from the test with nitrification was kept separate from those without
nitrification. The data from the remaining two batch tests were pooled for
reduction and analysis.

The methodology used for the batch tests was to prepare a set of four
rectangular plexiglass reactors with a high length-to-width ratio. Varying
amounts of mixed liquor from the Deep Column were added to provide different
F/M ratios, feed was added as a concentrate, and the volume was set at 4.0
liters by addition of dechlorinated tap water. Samples were taken for the
determination of biomass and substrate concentrations at time zero and at the
end of the 24-hour reaction period. A reactor with an intermediate F/M was
analyzed hourly to provide the additional data necessary for determination of
the removal rate and maximum growth rate.

Ali analytical determinations were done according to Standard Methods
(1986). Oxygen uptake determinations were made of the mixed liquor at inter-
vals throughout the reaction period using a YSI (Yellow Springs Instruments)
BOD probe and recording meter (model 55). The batch bioreactors were aerated
with humidified air to supply oxygen and to completely mix the reactor
contents. Temperature during the reaction period was between 20 and 23°C.
The pH of the reactor contents was from 8.5 to 8.9. The reaction time for the
batch tests was 24 hours.

2.8.2.1 Batch Test with Nitrification

The initial batch test was conducted on October 5-6, 1988 (Day 121-122).
At the time of this test the Deep Column was operating at an F/M of 0.29 per
day, am HRT of about i day, and an estimated SRT of 39 da_. The batch
reactors were set up according to Table i0 and the tests were conducted as
described above. After the 24-hour incubation period the samples were
analyzed and the data reduced and analyzed. The batch reactor biomass and
substrate concentrations and the calculated F/M ratios for the 4 batch
reactors are shown in Table II.
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TABLE 10

BATCH REACTORTEST I START-UP COMPOSITION

Component (I). 1 2 3 4

Mixed Liquor 3.5 3.0 2,] 1.0
Feed (IOX) 0.3 0.3 0.3 0.3
Dilution Water 0.2 0.7 1.7 2.7

TOTAL VOLUME 4.0 4.0 4.0 4.0

TABLE 11

BATCH REACTORTEST I BIOMASSAND SUBSTRATECONCENTRATIONS

# F/Ma MLVSSob MLVSSe CODo CODe TOCo TOCe NH3o NH3e

i 0.32 2371 2520 764 102 223 25 90 2
2 0.37 2033 2110 761 91 222 23 89 i
3 O. 56 1355 1520 756 87 218 17 88 2
4 I.ii 678 851 751 106 215 23 87 39

a F/M = food to microorganism ratio (CODo/MLVSSo).
b

o = initial, e = final.

The oxygen uptake rates for each batch reactor were plotted over time and
are shown in Figures 31 through 34. The area under each curve was determined
by fitting a curve to 'the data using GRAPHERand integrating. The resulting
value is the total oxygen used during the batch period of incubation and is
known as the Or. The Or and other reduced data from this batch test are shown
in Table 12.

Kinetic coefficients were determined with the data from Tables ii and 12
using the methods discussed below. These kinetic coefficients can be used for
design and comparison purposes.

The maintenance plot determines the biomass yield coefficient, Yg, and
the endogenous decay coefficient: Kd. The equation for this is shown in
linear form as Equation 17 (Reynolds 1982)

dx = Yg d_S -Kd (17)
X X
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TABLE 12

REDUCEDDATA FROMBATCH KINETIC TEST 1

Mean
# MLVSS dx a dTOC dCOD dNH3 Or

1 2446 149 199 662 87.8 912

2 2071 78 198 670 88.3 978

3 1438 165 202 669 86.3 692

4 764 174 192 645 48.3 454

a d = delta, or change in X or substrate concentration.

Where dx is the change in MLVSS, X is the mean MLVSS, and dS is the change in
substrate (TOC, COD or NH3) concentration. When Equation 17 is plotted, the
slope is Yg and the y intercept is Kd. The maintenance plots for these batch
tests are shown in Figures 35 through 37.

The oxygen coefficients, Y' and Ke', were determined via plotting of
Equation 18 (Reynolds 1982), where Or is the oxygen utilized, Y' is the oxygen
coefficient, and Ke' is the endogenous oxygen coefficient. When Equation 18
is plotted in a linear form, the slope is V' and the y intercept is Ke'. The
oxygen coefficient plots for this batch test are shown in Figures 38 through
40.

Or = Y' S + Ke' (18)m

X X

The kinetic coefficients calculated from the batch data are shown in
Table 13. The values obtained for Kd and Yg are in the range often obtained
for other types of wastewaters (Benefield and Randall 1980). The higher
oxygen requirement, Y', based on TOC, versus that obtained based on COD is
expected, since TOC is expressed as carbon and COD as oxygen. The reverse is
true for biomass yield, Yg, where the value is greater for COD than for TOC.
The coefficients Yg, Kd, and ¥', based on ammonia, are all much higher than
for either CODor TOC. These values are probably skewed high due to the fact
that the nitrifying bacteria undoubtedly make up a very small fraction of the
biomass in the reactors. Additionally, the kinetic values for TOC and COD are
likely skewed somewhat due to the fact that nitrification affects oxygen usage
and biomass production.
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TABLE 13

KINETIC COEFFICIENTS FROMBATCHTEST 1 USING A NITRIFYING SLUDGE

Basis
_Rm

Coeff i c i ent TOC COD NH3 Unit s

Yg 0.319 1.077 5,350 mg MLVSS/mg Sa

Kd 0.041 0.043 0.159 I/day

Y' 1.089 0.326 5.864 mg 02/mg S

Ke' 0.326 0.324 0.184 mg 02/mg MLVSS-day

a S = substrate (TOC, COD or NH3).

Observed COD and TOC removals in the batch tests ranged from 86 to 88%
and 86 to 92%, respectively. Observed ammonia removals ranged from 55 to 98%.
Ammonia removal determinations are complicated by the fact that thiocyanate is
present in the feed at a concentration of 100 mg/l. Ammonia is a degradation
product of thiocyanate. Thus, the actual ammonia removals were probably even
higher than those reported.

Although nitrification was not a goal of this research program, it was
gratifying to find that it could be sustained at the 1-day HRT in the Deep
Column. However, nitrification was lost in the Deep Column when the loading
was increased to provide HRTs of less than I day.

In summary, this initial batch test has shown the range of values that
can be expected for kinetics of substrate removal and biomass production with
the use of a nitrifying sludge.

2.8.2.2 Batch Test without Nitrification

Two batch kinetic tests were conducted with non-nitrifying sludge
obtained from the Deep Column reactor on Day 289 and Day 315. The operating
history of these sludges is shown in Table 14. The batch reactors were set up
in a manner similar to that outlined in Section 2.2.2.1, except that feed
strength was varied to provide a broader range of F/Ms. The F/Ms obtained, as
well as data on the biomass and substrate concentrations from these tests are
shown in Table 15. The data in Table 15 show that, as desired, a broader
range of F/M was covered by the batch tests.

The plots of oxygen uptake rates measured throughout the incubation
period for the six reactors used are shown in Figures 41 through 46. GRAPHER
was used to fit curves to these data and the resulting equations of the curves
were integrated to provide the area under the curve, Or, which is the oxygen
utilized during the incubation period. Values of Or thus obtained are shown
in Table 16 along with other reduced data from these batch tests.
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'_ TABLE 14

OPERATINGHISTORY OF THE BIOMASS USEDFOR NON-NITRIFYING BATCH KINETIC TESTS

Day of Operation

Parameter 289 315

F/M (I/day) 0.19 0.35

MLVSS (mg/l) 3400 4650

SRT (days) 9 6

HRT (hours) I0 3.6

TABLE 15

BIOMASS AND SUBSTRATECONCENTRATIONSFROMTHE
NON-NITRIFYING BATCHKINETIC TESTS

# F/Ma MLVSSob MLVSSe CODo CODe TOCo TOCe NH3o NH3e

I 0.336 5200 5010 1749 174 440 46 552 272

2 0.460 3650 3760 1680 154 419 37 458 230

3 0.672 2400 2650 1612 121 398 34 363 105

4 0.863 3237 3520 2915 146 697 49 335 305

5 0.986 1570 1550 1549 68 378 24 276 200

6 1.240 2312 2488 2915 373 697 96 335 264

a F/M = food-to-microorganism ratio (CODo/MLVSSo).
b

o = initial, e = final.



Figure 41. Plot of the oxygen uptake rate through the 24-h reaction period
for the batch kinetic reactor operated at an F/M of 0.336.

Figure 42, Plot of the oxygen uptake rate through the 24-h reaction period
for the batch kinetic reactor operated at an F/M of 0.460.
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Figure 43. Plot of the oxygen uptake rate through the 24-h reaction period
for the batch kinetic reactor operated at an F/M of 0.672.
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Figure 44. Plot of the oxygen uptake rate through the 24-h reaction period
for the batch kinetic reactor operated at an F/M of 0.863.
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Figure 45. Plot of the o,,ygen uptake rate through the 24-h reaction period
for the batch kinetic reactor operated at an F/M of 0.986.

Figure 46. Plot of the oxygen uptake rate through the 24-h reaction period
for the batch kinetic reactor operated at an F/M of 1.240.
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TABLE 16

REDUCEDDATA FROMTHE BATCHKINETIC TESTS

Mean
# MLVSS dx a dCOD dNH3 Or

]. 5105 -190 1575 280 1882

2 3705 110 1.526 227 1604

3 2525 250 1491 258 1208

4 3378 283 2769 30 4724

5 1630 120 1481 76 865

6 2353 83 2542 71 2222

a d = delta, or change in x or' substrate.

The biomass yield coefficient, Yg, and the endogenous decay coefficient,
Kd, were obtained with the use of Equation 17, as described above. The
maintenance plots thus obtained for COD and TOC are shown in Figures 47 and
48, respectively.

The data points on Figures 47 and 48 show a marked non-linearity at F/M
values above 0.67 per day. This is not too surprising since typical F/M
values are in the range of 0.2 to 0.4 for conventional systems, but may be up
to 0.4 to 1.5 for some high-rate processes (Metcalf and Eddy 1979). However,
these high F/Ms are ]enerally found in the food processing industries, where
the organic components are non-toxic. In gasification wastewaters, many
components may be toxic including ammonia_ phenol, cresols, cyanide, thiocy-.
anate and others (Slack 1979 and Valiknac and Neufeld 1978). Thus, with this
synthetic wastewater, and similar gasification wastewaters, F/Ms of 0.67
should be maximums.

The oxygen coefficients, Y' and Ke', were calculated as described above
using Equation 18. The oxygen plots for COD and TOC are shown in Figures 49
and 50. The oxygen plots show good linearity for all data, and were not
affected by high F/Ms.

One batch reactor, operated with an initial F/M of 0.67, was used for the
determination of the reaction rate constant, K, and the growth kinetics. The
decrease in COD concentration with incubation time for this reactor is §hown
in Figure 51. The decrease is linear with a correlation coefficient, Rb, of
0.948 and a rate of decrease in COD of 74.8 mg/l-hr. Tile increase in biomass
concentration with incubation time in this batch reactor is shown in Figure

52. 2This plot is linear from the incubation time of 4 hours to 9 hours, with
an R value of 0.974 and a rate of increase in biomass of 1027 mg/l-hr of
MLVSS.
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The pseudo first-order reaction rate constant, K, was determined by the
plot shown in Figure 53 (Reynolds 1980). This figure reveals a biphasic plot
of K rates with a transition period between two linear areas between 10000 and
24000 mg ML_SS-hr. The initial, higher removal rate was 0.0700 ±0.0023 I/g
MLVSS-hr (R_ of 0.998), which occurred at substrate concentrations of 1600 to
300 mg/l as COD. The lower linear rate was 0.0022 ±0.0004 I/g MLVSS-hr (R2 of
0.969) and occurred during substrate concentrations of 180 to 150 mg/l as COD.
The average rate was 0.0143 i/g MLVSS-hr.

The biphasic nature of COD removal is due to the heterogeneous nature of
the feed. Some components of the feed are more easily degraded, oY"simply
preferentially used, over others. The phenomena observed with respect to COD
is similar to diauxy (also known as catabolite repression), which has long
been known in microbiology. Diauxy, in strict terms, refers to the complete
consumption of one substrate before beginning consumption of a second (Stanier
et al. 1976). This probably did not occur in this case since the synwater
contains 5 separate compounds that can be oxidized for energy production.

The biphasic kinetics for COD removal of this waste complicates design of
commercial units since it is not known which rates can be applied to which
components of the waste stream. However, since it is known that there exists
an order of preference decreasing from fatty acids>phenol>thiocyanate>cyanide
(Gallagher and Mayer 1985), it can be assumed that thiocyanate was the rate-
limiting component of the COD. In addition, cresols are known to be inhibi-
tory, especially the ortho isomer that was in the synwater (Hrudey and Fedorak
1988). Figure 53 shows a transition zone between 300 to 180 mg/l COD. The
COD equivalent of thiocyanate in the synwater was 176 mg/l, while for o-cresol
the COD equivalent present was 220 mg/l. Thus, although it is likely that
thiocyanate had the major effect, it is not possible to discount o-cresol as
an additional rate-limiting organic component of the wastewatero

The reaction rate coefficient was also determined by the method of
Eckenfelder (Adams et al. 1981). Equation 19, as shown below was used to
analyze the data from the batch test with the F/M of 0.67:

So - Se = KI Se (19)
Xt

where So is the initial substrate concentration, Se is the substrate concen--
tration at time t, X is the biomass concentration at time t, and t is the
elapsed incubation time. The equation is shown plotted in Figure 54. This

plot looks very mucI_like the mirror image of Figure 53, and reveals biphasi_
kinetics. In this case the highest rate for K1 is 0.0153 ±0.0016 per day (R
0.988).

The maximum specific growth rate, Umax, and the Michaelis-laenten half-
saturation constant, Km, were calculated via the use of Equation 20:

1 = Km (I/S) + i (20)
U Umax Umax

where U is the specific growth rate and S is the substrate concentration in
the reactor (Irvine 1980). In order to obtain representative kinetic data for
an evaluation of Equation 20, U was plotted against the COD concentration at
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the various sampling times throughout the incubation period. The results of
this are shown in Figure 55. The non biodegradable fraction of the CODwas
determined from the intercept of the curve with the x-axis. COD values for
Equation 20 were then corrected by this value. The batch data are shown
plotted according to Equation 20 in Figure 56. In this figure, the y inter-
cept is i/Umax and the slope is Km/Umax. The least squares linear correlation
coefficient, R2, for this plot is 0u882

The means and standard deviations for the removal of COD, TOC and ammonia
for the final two combined batch tests were 91.9 ±2.9%_ 90.8 ±2.4%, and 38
±21%, respectively. Some ammonia removal did occur during these batch tests
even though little or no nitrification was occurring in the Deep Column at the
time the biomass was sampled. The bulk of the observed ammonia removal is
likely attributable to air stripping. Vigorous aeration, as was employed, at
the pH range used (8.5 to 8.9) significant quantities of ammonia should be
strippable.

Table 17 shows the kinetic values obtained from the analysis discussed
above No values were computed fo_ ammonia oxidation since the analysis of
the data revealed non linearity (R_<O.5). Ali kinetic values obtained, with
the exception of those for K, are within usual ranges reported by other
investigators for petroleum, coking or other industrial wastewaters (Reynolds
1982, Metcalf and Eddy 1979, Grady and Lim 1980). Even the highest K values
determined in Figure 53 are about an order of magnitude lower than other
values found in the literature. The Eckenfelder KI was also biphasic, but has
different units from K. The highest observed KI was in the usual range found
by other investigators. Perhaps a more typical K would have been found at a
batch F/M of about 0.3 per day.

Some differences are noted when comparing kinetic values obtained from
the nitrifying sludge to those from a non-nitrifying sludge (Tables 13 and
17). The major difference lies in the values reported for Yg and Kd. These
differences, although large, can probably be attributed to the active nitrifi-
cation in tile initial batch test. The production of biomass via nitrification
could result in low estimates for endogenous decay and high estimates of
biomass yield, as were found.

2.9 Microbial Ecology

An understanding of the ecological relationships among the microbes and
the operating environment of a biological system is essential to predicting
the performance of the system. Prel=_nary m_crobial evaluations were per-
formed by the following: i) isolating the principal species from the Deep
Column reactor, 2) characterizing them according to standard biochemical/
physical characteristics, 3) determining relative growth rates of some of
these isolates and 4) comparing the enzyme compositions of these isolates and
the mixture of microbes from the reactor via electrophoretic techniques.

i
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TABLE 17

KINETIC COEFFICIENTS FROMBATCHTESTING USING A NON-NITRIFYING SLUDGE

Basis
m_

Coefficient COD TOC Units

Yg 0.47 2.01 mg MLVSS/mg Sa

Kd 0.17 0.19 1/day

Y' 0.31 0.31 mg O_/mg S

Ke' 0.25 1.08 mg 02/mg MLVSS-day

K 0.070 b -- I/g MLVSS-hr

KI 0.0153 b -- i/day

Umax 0.213 -- I/hour

Km 230 -- mg/l S

a S = substrate (COD or TOC).

b Highest observed value of the biphasic kinetics.

2.9.1 Allozymes

2.9.1.1 Introduction

Conventional techniques that have been applied to the problem of species
comparisons at the microbial level include immunochemical and dilution
plating. Immunochemical methods are very sensitive, but require expensive and
time consuming chemical development. Dilution plating methods assume that the
numbers of the various species found after plating are a true representation
of the in situ species composition and species rank. However, some species,
which may represent a very small percent of the total active population of
microbes, will be capable of very high growth rates in the plating media.
Plating media is typically very rich, often containing as much as 1% glucose
and a protein digest. While in the microbial environment, including many
biological reactors, the microbes are often surviving under conditions of a
very severe carbon limitation.

In order to evaluate the magnitude of the role played by microbes in the
Deep Column reactor, principal isolates were tested for allozyme profiles and
compared to the mixed microbial consortia in the reactor via the technique of
enzyme electrophoresis. Allozymes are different forms of the same particular
enzyme. For example, a very important enzyme in all living organisms is
adenylate kinase (AK). This enzyme phosphorylates adenosine monophosphate
molecules to the level of the diphosphate (ADP). Phosphorylated adenylates
are key carriers of energy. This enzyme and others, has a certain amount of
variability in its structure due to the natural rate of mutagenesis. This



variability in enzymes is often preserved at various levels in the biota, as
low as individual populations in a species or subspecies. These differences
have been used to construct phylogenetic trees on the origins and relatedness
of species and populations (Selander et al. 198E). Differences in allo- (or
iso-) enzymes as small as a single amino acid residue can be detected via
differences in electrophoretic mobility (electromorphs).

Enzyme electrophoresis requires plating of the microbes, but the propor-
tion of the isolates in the population, or species rank, is inferred from the
enzyme patterns. Enzyme electrophoresis has been used by a number of investi-
gators in genetics and systematics research in both bacteria and higher
animals, but, to date, it has not been applied to microbial ecology (Selander
et al. 1986, Pinero et al. 1988).

2.9.1.2 Materials and Methods

The source of bacterial strains was the Deep Column biological reactor
that had been operated for a period of I0 months on a synthetic wastewater
consisting of phenol, o-cresol, acetate, formate, ammonium thiocyanate, ammo-
nium hydroxide and sodium hydroxide. The pH of the synthetic wastewater was
7.0 and the chemical oxygen demand was I000 mg/L. A fresh sample from this
reactor was homogenized for 60 s in a Waring blender to break up the bacterial
floc into individual cells. The homogenate was then serially diluted and
spread in triplicate onto a plating media consisting of 3 g trypticase soy
broth (BBL), 15 g agar (Difco), and 200 ml of synthetic wastewater diluted to
i. The plates were incubated at 30°C for 3 days. The total number of col-
onies was determined on the basis of the dilution, which resulted in between
30 and 300 colonies per plate. Morphotypes were selected from these plates on
the basis of colony size, shape, color, and consistency. The morphotypes were
picked to trypticase soy agar (BBL) slants for further characterization.

Motility, indole production and nitrite reduction was determined using MI
media (BBL) with added agar (2%) to make it semisolid. Indole was tested for
with freshly prepared Kovac's reagent and nitrite reduction was tested for
using the sulfanilic acid and N-(l-Naphthyl)-ethylenediaminedihydrochloride
method (Smibert and Krieg 1981). Gram stains were performed when the cultures
were in the exponential growth phase (18 hrs) and cell size, morphology and
gram reaction were noted. Cells for lysates were prepared by inoculating 150
ml of trypticase soy broth (BBL) in a 250-mi Erlenmeyer flask with the
isolates. The cultures were incubated with shaking (ii00 rpm gyratory) at
room temperature for about 48 h. After incubation the cultures were cooled on
ice, pelleted by centrifugation at I0,000 x g for I0 minutes at 4°C. The
pellets were re-suspended with 2-3 ml of ice-cold Tris-EDTA-NADP buffer (lOmM-
ImM.-O.5mM, pH 6.8). The cells were sonicated with a Branson model S75
sonicator at 6.5-7 amps for 30-40 s using a microtip and ice bath cooling.
The sonicated suspension was clarified by centrifugation at 28,000 x g for 20
minutes. The resulting lysate was collected and stored frozen (-70°C) until
needed.

Horizontal slab starch gels were prepared and operated essentially as
described by Selander et al. (1986). Gels were prepared by mixing 48 g of
starch (Connaught Laboratories) with 420 mls of the appropriate gel buffer.
Gel and electrode buffers used are shown in Table 18. The starch-buffer
mixture was boiled, degassed and poured into a 450-mi, 9- by 120- by 210-mm
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TABLE 18

BUFFER SYSTEMSFOR ELECTROPHORESISOF BACTERIAL ENZYMES

System Electrode buffer Gel buffer

A Tris-Citrate pH 8.0 Tris-Citrate pH 8.0
83.2 g/L Tris (electrode buffer diluted
33.09 g/L citric acid 1:29)

B Tris-Citrate pH 6.3 Tris-Citrate pH 6.7
27.0 g/L Tris 0.97 g/L Tris
18.07 g/L citric acid 0.63 g/L citric acid

C Borate pH 8,2 Tris-Citrate pH 8.7
18.5 g/L boric acid 9.21 g/L Tris
2.4 g/L NaOH 1.05 g/L citric acid

plexiglass gel mold. The solidified gel was cooled to 4°C prior to loading.
Gels were used within 12 hours of preparation. Slits were cut into the center
of the gels for insertion of lysate-impregnated wicks. Wicks were cut from
Whatman #3 filter paper (3 by 9 mm) were dipped into freshly thawed lysate,
blotted and inserted into the slit on the gel. Loaded gels were electro-
phoresed for appropriate time periods ranging from 4 to 5 hours at 75 mA at
4°C to prevent overheating of the gel and subsequent enzyme damage.

After electrophoresis the gels were sliced and stained according to
protocols described by Selander et al. (1986). Since only 11 samples were
being evaluated, and 26 slots were available on each gel, two sets of samples
were run per gel. Each gel was sliced horizontally 3 times, resulting in a
total of 6 slices per gel. Staining solutions were incubated with the gel
slices until good band visualization was obtained or for a maximum of 18 h.
Electromorphs or allozymes were scored by designating the bands with lower
case letters from the anode to the cathode.

2.9.1.3 Results

Table 19 shows the various enzyme and buffer system combinations that
were used. The majority of the enzymes tested are in central metabolic path-
ways that are present in nearly all living organisms. Thus, the absence of a
reaction for an enzyme in a particular isolate is probably a function of the
following: i) inadequate buffer system, 2) failure of the staining technique,
3) inappropriate electrophoresis conditions, which may not separate the enzyme
and keep it in the used portion of the gel, or 4) inadequate enzyme concentra-
tion (below the level of detection under the conditions used).
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TABLE 19

BUFFER SYSTEMSAND ENZYMESTAINS USED

Buffer System Enzymes

A ADH, AK, EST, FUM, GDH, G6P, IDH, IDH, LDH, ME, PEP, PGI
B ADH, FUM, IDH, MDH, PGI, SOD,
C ADH, FUM, G6P, LDH, PEP, SOD,

ADH = alcohol dehydrogenase IDH = isocitrate dehydrogenase
AK = adenylate kinase LDH = lactate dehydrogenase
EST = esterase ME = malic enzyme
FUM = fumerase PEP = dipeptidase
GDH = glutamate dehydrogenase PGI = phosphoglucoisomerase.
G6P = glucose-6-phosphate dehydrogenase

Table 20 shows a listing of microbiological characters for the various
isolates. These data show that each isolate is different, although not
necessarily at the species level. Thus, a comparison of allozymes should be
valid for the purposes intended. Tables 2 and 22 show the allozyme profiles
obtained for the isolates and the consortia from which they were isolated.
Quite a few of the enzymes did not visualize under the conditions used.
Buffer system A produced the best results, with respect to the numbers of
enzymes visualized.

2.9.1.4 Discussion

Although the data do show the presence of electromorphs or purported
allozymes for many of the tested enzymes, the undetection of the enzyme(s)
among either individual isolates or the consortia precludes the intended use
of the data. Actual allozymes may not even be present, as post-translational
modification of the enzyme may result in electromorphs from otherwise iden-
tical gene products. The consortia undoubtedly contained a number of microbes
that were not isolated and compared. For example, the consortia contained
nitrifying bacteria, which, because of their autotrophy and slow growth rate,
are exceedingly difficult to isolate and grow. Other similar microbes may be
a part of the consortia and prevent utilization of this technique as planned.

2.9.2 Growth Rate Comparisons

2.9.2.1 Introduction

Growth kinetics were evaluated on some of the microbial isolates to
establish the relative roles of these microbes in the reactor. Idealized
growth kinetics exhibit five generally distinct phases of growth. In the
initial phase, occurring between inoculation and the onset of exponential
growth, the microbes are preparing for growth by synthesizing the required
enzymes and building block molecules. The length of the initial or lag phase
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TABLE 20

MICROBIOLOGICALCHARACTERSOF THE ISOLATES

Colony Colony Cell Size Nitrite Indole
Isolate Size (mm) Color (u) Reduction Production

I 3 W 3.3x0.7 + -
2 2 C 0.5x<0.5 - -
3 i W 1.0x0.4 - -
4 3 W 2.0x0.6 + -
5 4 W 2.0x0.7 + -
6 2 G 2,0x0,2 + +
7 0.4 W 1.0 x 0.5 + ,-
8 2 W 2.0x0.8 + -
9 1.5 Y 1.2x0.5 - -

10 1.3 W 2.7 x 0.5 - +/-

white
cream
gold
yel low
= weakly positive

TABLE 21

ALLOZYME PROFILES FOR THE BACTERIAl_ ISOLATES USING BUFFER SYSTEMA

Isolate ADH AK EST FUM GDH IDH ME MDH PEP PGI

i b - abc - - b - a b bce
2 - c .- - b .....
3 - - - a ...... b -
4 b b - - - a - a b c
5 a ab - - b c -- - d d
6 .... b .....
7 .... a d - a af -
8 b c - a - d a b c c
9 .... b .......

10 ..........
consortia ..... a - - a a abce abde
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TABLE 22

ALLOZYME PROFILES FOR THE BACTERIAL ISOLATES USING BUFFER SYSTEMSB AND C

Buffer System B Buffer System C

I sol ate IDH I_DH

m m

2 b -
3 - -

,.

5 a -
6 - a
7 - -
8 - -

9 a -
I0 - -

consortia - -

is dependent on several factors including: I) the size of the inoculum, 2)
the capability of the microbes to degrade the available substrate, 3) tempera-
ture, 4) the presence of inhibitory components, and 5) mixing and supply of
nutrients. Following lag phase there is a small transition period after which
exponential growth begins. During exponential growth the biomass concentra--
tion changes very rapidly with doubling times dependent on the microbe and
abiotic factors as described for the lag phase. Doubling times may range from
as low as 20 minutes for Escherichia coli to many hours for slow growing
microbes.

As substrate or other nutrients become limiting, or as inhibitory
components accumulate (often by-products of metabolism), growth slows. The
stationary phase is essentially a resting stage during which growth and death
are roughly equal. Microbes in this stage of growth are utilizing internal
stores of energy and/or degrading excess cellular components. Sometimes
during growth with mixed substrates, additional growth surges are noted during
stationary phase, which delay the onset of death. This phenomenon has been
termed diauxy and is attributed to the fact that when faced with multiple
substrates, a microbe will not necessarily degrade all of them simultaneously,
but will usually degrade them sequentially in order of easiest to most diffi-
cult te degrade. Diauxy explains why some carbon sources break through a
reactor before others when a reactor is heavily loaded with mixed substrates.
Similarly, under sudden stress, rather than observing a proportional decrease
in removal of all available substrates, the more difficult to degrade are
found. This can have profound consequences when the more difficult to degrade
components are highly regulated compounds.

Following the stationary phase another short transition period is usually
found, followed by a period of exponential death. In some cases a short growth
spurt is observed during the death phase, as some microbes are capable of
growth on components released during death of other microbes, lt is important
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to understand that when describing the growth kinetics of microbial systems,
the data represent an average value. At any one time microbes can be found
that are in all phases of growth (asynchronous growth).

Many bioreactors used for wastewater treatment, especially activated
sludge systems, are operated in the mid- to late-stationary phase. This is a
consequence of the desirability of process stability and of the limiting
amounts of carbon available. Plug flow reactors, however, generally operate
closer to the exponential phase.

2.9.2.2 Materials and Methods

Growth kinetics of the isolates were analyzed by inoculating a liquid
media consisting of 12.5% of full-strength synthetic feed. One-tenth of a ml
of a 24-hour culture of each isolate, grown in trypticase soy broth (BBL),
which was assumed to be in the exponential phase of growth, was inoculated
into 150 mls of media in a 250-mi nephelometric flask. The inoculated flasks
were incubated at room temperature with gyratory shaking at i00 rpmo Periodic
measurements of absorbance were made by inserting the special arm of the
nephelometric flask into a spectrophotometer set at 660 nm. Measurement of
absorbance at low culture densities (<i.i) is a direct measure of biomass for
microbes that are: I) non-filamentous, 2) not highly colored, and 3) do not
result in profound changes in morphology (Koch 1981). Thus, the absorbance
readings may be used for a comparison of relative changes in biomass over time
(growth kinetics).

2.9.2.3 Results and Discussion

The total bacterial count performed for the isolation of the bacteria
from the Deep Column resulted in an estimate of io5 x 10" colony-forming units
(CFU)/mI. The assumption is that each CFU represents a single viable
bacterium. However, in a poorly mixed sample a CFU may represent two or a
small cluster (microcolony) of bacteria.

Table 23 shows the length of the lag period, t_e growth rate, as
absorbance units/hr during exponential phase, the R- value for the least
squares linear estimate of growth during the exponential phase, and the growth
pattern observed. Figures 57 through 62 show the growth data for the
isolates. Isolates 6 and 9 were lost after the initial characterization and
allozyme analysis. Isolates 8 and i0 were not subjected to growth rate
analysis due to time constraints.

The isolates for which growth kinetics were analyzed showed three
patterns: i) a short lag period followed by rapid growth, 2) a long lag
period followed by rapid growth, and 3) a long lag period followed by very
slow growth. These patterns can be interpreted as follows: I) the isolate
was well adapted to the substrate (probably most important in reactor zones
with high concentrations (feed end)); 2) the isolate was somewhat inhibited by
the test substrate concentrations (probably most important at somewhat lower
substrate concentrations than used with Isolate I); and 3) the isolate was
inhibited by the test substrate concentrations and probably lacking an
essential nutrient. Microbes displaying Pattern #3 probably are important at
the effluent end of the reactor. Moreover, these microbes probably rely on
other microbes to supply substrates they can use (metabolic by-products) or
trace nutrients such as vitamins or iron.-trarlsDort proteins (siderophores).
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TABLE 23

RELATIVE LAG PERIODS AND GROWTHRATES FOR ISOLATES FROM
TI4E DEEP COLUMNREACTORUNDERBATCH CONDITIONS

Lag Period Growth Rate 2 Growth
Isolate (hours) (A66o/hr) R Pattern

1 13 0.0080 0.974 2
2 7 0.0132 0.999 i
3 10 0.0006 0.763 3
4 8 0.0070 0.977 i
5 6 0.0055 0.945 1
7 I0 0.0007 0.846 3
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Figure 57. Batch growth curve for Isolate I from the Deep Column reactor.
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Figure 58. Batch growth curve for Isolate2 from the Deep Column reactor.
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Figure 59. Batch growth curve for Isolate 3 from the Deep Column reactor.
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Figure 61. Batch growth curve for Isolate 5 from the Deep Column reactor.
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Figure 62. Batch growth curve for Isolate 7 from the Deep Column reactor.

2.9.3 Summary of Microbial Ecology Investigations

The allozyme data failed to provide the desired information. Apparently
the technique lacks the sensitivity to pick up all of the various allozymes
present in individual and mixed cultures. Moreover, the method requires
isolation of component species of the consortia, which can prove difficult.
Growth rate data, on the other hand, may provide a better understanding of the
roles of the microbes in the consortia.

lt would prove interesting and would probably provide a better under-
standing of the roles of the microbes to perform a more detailed analysis of
their roles in the bioreactor. Included among the desired analyses should be
determination of the growth kinetics of individual isolates at various
strengths of feed, growth kinetics of the isolates mixed together, and
analysis of contaminant-specific removal kinetics. An alternate technique to
allozyme profiles that should provide direct evidence of species proportions
in the bioreactor is desired. One method that may fulfill this need is the
use of DNA probes. This method would still require isolation and growth of
the individual components, but it is much more sensitive, and with the use of
multiple probes, it can be very specific.

An alternate method is the use of immunochemical methods. This method
also requires that the species be isolated and specific antibodies against
them be made. These antibodies are then tagged with fluorescent labels. The
tagged antibodies can then be reacted with an aliquot of reactor liquor and
multiple species composition can be viewed under a fluorescent microscope.
Ali of these techniques are time-consuming, expensive, and beyond the scope of
this research.



2.10 Conclusions

Reliable estimates of reaction rate constants have not been obtained as a

result of difficulties with obtaining substrate and biomass differences with
reactor length in continuous operation. Rates obtained via batch methods are
relatively low and biphasic, indicating inhibition and/or diauxy. Implica-
tions for biphasic kinetics on actual operations are not known. Despite the
disappointing results with rate constants, performance of the unit was
excellent. The unit was very stable, required very little maintenance and
gave consistent removals. At moderately high HRTs (about 1 day) reasonable
quantities of nitrification could be sustained.

The performance obtained at the 2.16-hour HRT, the lowest attained,
revealed a nonsteady-state MLVSS of 5000 to 5500 mg/l and COD removals of 90
to 96% with an inhibitory wastewater. This is excellent performance in any
treatment system.

Overall, the concept of a plug Flow, pure oxygen system bus been tested
on the pilot scale, preliminary kinetic evaluations have been obtained, and
performance at HRTs of from 2.6 days to 2.16 hours has been demonstrated.
This concept appears to be viable for applications that have oxygen available.
Systems could, with reduced efficiency, be operated with air instead of
oxygen. Pilot-scale comparisons with air should be conducted to demonstrate
performance.
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APPENDIX A

COMPUTER PROGRAMS FOR KINETIC ANALYSIS



Several computer programs have been written for the analysis of kinetic
data obtained during the continuous operation of the Deep Column reactor. The
objectives in writing these programs were two-fold: first, to simplify the
analysis of the data, and secondly, to provide a means of evaluating the
effects of changes in process variables quickly and easily. The programs have
been written in Basic and are described below along with the assumptions and
equations associated with them.

Program 1, shown below, calculates the reaction rate constant, K, for the
Deep Column reactor. This program uses a modification of Equation A-lo shown
below (Benefield and Randall 1980):

PROGR/_Mi

10 REM THIS PROGRAMCALCULATESTHE REACTIONRATE CONSTANTFOR THE
20 REM PURE OXYGEN PLUG FLOW DEEP COLUMN REACTOR
30 REM K = REACTIONRATE CONSTANT
40 REM T = HYDRAULICRETENTIONTIME
50 REM D = DIFFUSIVITYCONSTANT
60 REM CI = INFLUENTCONCENTRATION
70 REM C2 = EFFLUENTCONCENTRATION
80 REM A = SQR(1 + 4*K*T*D)
90 PRINT "ENTER THE HYDRAULICRETENTIONTIME IN FLOURS";
100 INPUT T
1,10 PRINT "ENTER THE DIFFUSIVITYCONSTANT";
120 INPUT D
130 PRINT "ENTERTHE INFLUENTCONCENTRATIONIN MILLIGRAMS/LITER";
140 INPUT Ci
150 PRINT "ENTER THE EFFLUENTCONCENTRATIONIN MILLIGRAMS/LITER";
160 INPUT C2

170 PRINT "ENTERTHE TOTAL LENGTHTRAVELED IN THE COLUMN IN METERS";
1,80 INPUT LT
190 PRINT "ENTERTHE LENGTHOVER WHICH K IS TO BE CALCULATEDIN METERS";
200 INPUT LI
210 B = LT/LI
220 C4 = (CI-C2)/B
230 FOR C3 = C2 TO C1 STEP C4
240 X = EXP (I/2"D))'4"C3/C1
250 A = I
260 I = I

270 DEF FNF(A) = EXP(A/(2*D))*(A+I/A+2)-X
280 DEF FNG(A) = EXP(A/(2*D))*(2*D*(A_2)+2*(A"2)+3*A-2*D)/(2*D*(A^2))
290 DEF FNH(A) = EXP (A/2*D))*(A^4+2*(A^3)*D+3*(A_3)-2*A*D-A+4*D)/(2*(A^3)*D)
300 N = 25
310 WHILE(I<=N)
320 Al = a - FNF(A)*FNG(A)/(FNG(A)^2-FNF(A)*FNH(A))
330 REMIF NOT(ABS(AI-A)<TOL)THEN
340 I = I + I
350 A = AI
360 WEND
370 K = (A'2-1)/(4*T/B*D)
380 PRINT "THE REACTIONRATECONSTANTIS ";K;" MILI_IGRAMS/(LITER*HOUR)
390 NEXT C3
400 END
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S_o = 4 ae(I/2)d (A-I)

Se (i + a) 2 ea/2d - (i - a) 2 e -a/2d

where

a = i + 4Ktd and d = D = Dt
L'

vl 12

and d is the diffusivity constant or dispersion number, which has values from
0 to infinity; D is the axial dispersion coefficient (area/time); 1 is the
reactor length; and v is the fluid velocity.

If the dispersion number is small (less than 2.0), the second term of the
denominator of Equation A-I becomes very small and this equation may be
modified as an approximation, as shown in Equation A-2.

So = 4 a e (I -a)/2d (A-2)

Se (I + a) 2

Since the dispersion number for the Deep Column reactor has been deter-
mined to be 0.0217, Equation A-2 was assumed to be valid for estimating the
K. Equation A-2 is solved for in Program i using Newton's fast method°

Program 2, shown below, calculates the growth yield, Yg, and the endog-
enous decay coefficient for the Deep Column reactor. This program requires
two sets of removal and biomass data to be obtained during steady state at
different solids retention times (inverse of the growth rate). The equation
used to solve for Yg and Kd is shown as Equation A-3.

I__ =-Kd + Yg _So- Se_ (a-3)
oc Xe

where oc is the solids retention time (i/oc = growth rate), X is the biomass
concentration (MLVSS), e is the hydraulic retention time, Kd is the endogenous
decay coefficient and Yg is the biomass yield coefficient.

When I/ec is plotted as a function of (So - Se)/Xe, the result is a
straight line with a slope of Yg and a y intercept of -Kd (Grady and Lim
1980).

PROGRAM #2

10 REM THIS PROGRAM CALCULATES THE TOTAL GROWTH YIELD AND MICROBIAL DECAY
20 REM COEFFICIENT FOR A PLUG FLOW DEEP COLUMN REACTOR WHEN DATA IS KNOWN
30 REM FOR TWO DIFFERENT STEADY STATE CONDITIONS
40 REM U = SPECIFIC GROWTH RATE
50 ItEMSA = SLUDGE AGE
60 REM $1 = INFLUENT SUBSTRATE CONCENTRATION
70 REM $2 = EFFLUENT SUBSTRATE CONCENTRATION
80 REM Y = GROWTH YIELD

A-2
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90 REM X = BIOMASS CONCENTRATION
i00 REM Q = SPECIFIC RATE OF SUBSTRATEREMOVAL
ii0 REM F = INFLUENT FLOWRATE
]20 REM V = VOLUMEOF REACTOR
130 REM T = HYDRAULIC RETENTIONTIME
140 PRINT "THIS PROGRAMCALCULATESTHE TOTAL GROWTHYIELD AND MICROBIAL"
150 PRINT "DECAY COEFFICIENT FOR A PLUG FLOWDEEP COLUMNREACTORWHENDATA"
160 PRINT "IS KNOWNFOR TWODIFFERENT STEADY STATE CONDITIONS."
170 PRINT
180 PRINT "ENTER THE FOLLOWINGVALUES FOR THE FIRST SEI_ OF DATA"
190 PRINT
200 PRINT "ENTER THE INFLUENT SUBSTRATECONCENTRATIONIN MG/LITER";
210 INPUT SI
220 PRINT "ENTER THE EFFLUENTSUBSTRATECONCENTRATIONIN MG/LITER";
230 INPUT $2
240 PRINT "ENTER THE HYDRAULIC RETENTIONTIME IN HOURS";
250 INPUT T
260 PRINT "ENTER THE BIOMASS CONCENTRATIONIN MILLIGRAMS/LITER";
270 INPUT X
280 PRINT "ENTER THE SLUDGEAGE IN HOURS";
290 INPUT SA
300 REM PRINT "ENTER THE VOt_UMEOF THE REACTORIN LITERS";
310 REM INPUT V
320 REM PRINT "ENTER THE INFLUENT FLOWRATE IN LITERS/HOURS";
330 REM INPUT F
340 REM T = V/F
350 REM Q = F*(SI-S2)/(V*X)
360 REM Q = (SI-S2)/(X*T)
370 REM U = I/SA
380 QI = (SI-S2)/(X*T)
390 UI = I/SA
400 PRINT
410 PRINT "ENTER THE FOLLOWINGVALUES FOR THE SECONDSET OF DATA
420 PRINT
430 PRINT "ENTER THE INFLUENT SUBSTRATECONCENTRATIONIN MG/LITER";
440 INPUT Sl
450 PRINT "ENTER THE EFFLUENTSUBSTRATECONCENTRATIONIN MG/LITER";
460 INPUT $2
470 PRINT "ENTER THE HYDRAULICRETENTIONTIME IN HOURS";
480 INPUT T
490 PRINT "ENTER THE BIOMASS CONCENTRATIONIN MILLIGRAMS/LITER";
500 INPUT X
510 PRINT "ENTER THE SLUDGEAGE IN HOURS";
520 INPUT SA
530 REM PRINT "ENTER THE VOLUMEOF THE REACTORIN LITERS";
540 REM INPUI V
550 REM PRINT "ENTER THE INFLUENT FLOWRATE IN LITERS/HOUR";
560 REM INPUT F
570 REM T = V/F
580 REM Q = F*(SI-S2)/(V*X)
590 REM Q = (SI-S2)/(X*T)
600 REM U = !/SA
610 Q2 = (SI-S2)/(X*T)
620 U2 = 1/SA
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630 PRINT
640 M = (Q2-QI)/(U2-UI)
650 IF U2 > UI GOTO670
660 M = (QI-Q2)/(UI-U2)
670 YT = I/M
680 PRINT "THE TOTAL GROWTHYIELD FOR THE REACTORIS ",YT
690 KD = QI - M*UI
700 PRINT
710 PRINT "THE MICROBIAL DECAY COEFFICIENT IS ";KD;" PER HOUR"
720 END

Program 3, shown below, is used to calculate the maximum specific growt!_
rate (Umax), and the saturation constant (Km), where Km is the substrate
concentration when Umax is one-half.

I = Km I + I (A-4)
(So - Sel/oX Umax QSo/XV Umax

In Equation A-4, F is the flow rate of feed and V is the reactor volume.
QSo/XV is equal to the F/M ratio for the reactor. When i/(So - Se)/oX is
plotted against i/QSo/XV, the result is a straight line with a slope of
Km/Umax and a y intercept of i/Umax (Kincannon and Stover ]984).

PROGRAM#3

i0 REM THIS PROGRAMCALCULATESTHE MAXIMUMSPECIFIC GROWTHRATE FOR A
20 REM PLUG FLOWDEEP COLUMNREACTORWHENDATA IS KNOWNFOR TWO DIFFERENT
30 REM STEADY STATE CONDITIONS
40 REM U = SPECIFIC GROWTHRATE
50 REM UM = MAXIMUMSPECIFIC GROWTHRATE
60 REM SA = SLUDGEAGE
70 REM SI = INFLUENT SUBSTRATECONCENTRATION
80 RE_; $2 = EFFLUENT SUBSTRATECONCENTRATION
90 REM V = VOLUMEOF REACTOR
i00 REM F = INFLUENT FLOWRATE
ii0 REM T = HYDRAULIC RETENTIONTIME
120 REM X = BIOMASS CONCENTRATION
130 REM KS = SATURATION CONSTANT
140 PRINT "THIS PROGRAMCALCULATESTHE MAXIMUMSPECIFIC GROWTHRATE FOR A"
150 PRINT "PLUG FLOWDEEP COLUMNREACTORWHENDATA IS KNOWNFOR TWO"
160 PRINT "DIFFERENT STEADY STATE CONDITIONS."
170 PRINT
180 PRINT "ENTER THE FOLLOWINGVALUES FOR THE FIRST SET OF DATA"
190 PRINT
200 PRINT "ENTER THE INFLUENT SUBSTRATECONCENTRATIONIN MG/LITER";
210 INPUT SI
220 PRINT "ENTER THE SLUDGEAGE IN HOURS"
230 INPUT SA
240 PRINT "ENTER THE VOLUMEOF THE REACTORIN LITERS";
250 INPUT V
260 PRINT "ENTER THE INFLUENT FLOWRATE IN LITERS/HOURS";

A-4



270 INPUT F
280 PRINT "ENTER THE BIOMASS CONCENTRATIONIN MG/I,.ITER";
290 INPUT X
300 REM T = V/F
310 REM PRINT "ENTER THE HYDRAULICRETENTIONTIME IN HOURS";
320 REM INPUT T
330 PRINT
340 UI = I/SA
350 A1 : (F*S1)/(X*V)
360 X1-'; 1/A1
370 Y1 = SA
380 PRINT "ENTER THE FOLLOWINGVALUES FOR THE SECONDSET OF DATA"
390 PRINT
400 PRINT "ENTER "THEINFLUENT SUBSTRATECONCENTRATIONIN VG/LITER";
410 INPUT SI
420 PRINT "ENTER THE SLUDGEAGE IN HOURS";
430 INPUT SA
440 PRINT "ENTER THE VOLUMEOF THE REACTORIN LITERS";
450 INPUT V
460 PRINT "ENI'ER THE INFLUENT FLOWRATE IN LITERS/HOUR";
470 INPUT F
480 PRIN'[ "ENTER THE BIOMASS CONCENTRATIONIN VG/LITER";
490 INPUT X
500 REM T = V/F
51,0 REM PRINT "ENTER THE HYDRAULICRETENTION 'TIME IN HOURS";
520 REM INPUT T
530 PRINT
540 U2 = I/SA
550 A2 = (F*SI)/(X*V)
560 X2 = 1/A2
570 Y2 = SA

580 M = (Y2-YI)/(X2-XI)
590 IF X2 > X1 GOTO610
600 M = (YI-Y2)/(XI-X2)
610 B = YI - M'XI
620 UM = I/B
630 PRINT "THE MAXIMUMSPECIFIC GROWTHRATE IS ";UM;" PER HOUR"
640 KS = UM*M
650 PRINT "THE SUBSTRATELOADINGAT WHICH THE RATE OF SUBSTRATEUTILIZATION"
660 PRINT "IS ONE-HALF THE MAXIMUMRATE IS ";KS;" MG/LITER"
670 END
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