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This report was prepared as an account of work sponsored by the United States 
Government. Neither the United States Government nor the United States Department of Energy, 
nor any of their employees, nor any of their contractors, subcontractors, or their employees makes 
any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, 
completeness, or usefulness of any information, apparatus, product, or process disclosed, or 
represents that its use would not infringe privately owned rights. 
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EXECUTIVE SUMMARY 
The first phase of a three-phase project investigating the development of coal-based 

technologies for Department of Defense facilities has been completed. The objectives of the project 
are to: decrease DOD's dependence on foreign oil and increase its use of coal; promote public and 
private sector deployment of technologies for utilizing coal-based fuels in oil-designed combustion 
equipment; and provide a continuing environment for research and development of coal-based fuel 
technologies for small-scale applications at a time when market conditions in the U.S. are not 
favorable for the introduction of coal-fired equipment in the commercial and industrial capacity 
ranges. The Phase I activities were focused on developing clean, coal-based combustion 
technologies for the utilization of both micronized coal-water mixtures (MCWMs) and dry, 
micronized coal (DMC) in fuel oil-designed industrial boilers. The specific objective in Phase I 
was to deliver fully engineered retrofit options for a fuel oil-designed watertube boiler located on a 
DOD installation to fire either MCWM or DMC. This was achieved through a project consisting of 
fundamental, pilot-scale, and demonstration-scale activities investigating coal beneficiation and 
preparation, and MCWM and DMC combustion performance. In addition, detailed engineering 
designs and an economic analysis were conducted for a boiler located at the Naval Surface Warfare 
Center, near Crane, Indiana. 
Coal Beneficiation and Preparation Studies 

Samples of six coals representing a range in the relative processing complexity required to 
meet sulfur and ash specifications for use in fuel oil-designed boilers have been procured. Each of 
the samples has been subjected to extensive characterization by float-sink analysis to determine the 
required level of cleaning. Some of these coals, and much of the potential reserve base, cannot be 
cleaned to the <5% ash, <1% sulfur specification by conventional means. Preliminary liberation 
models have been developed in order to establish appropriate (conventional) cleaning strategies. 
Fine-coal cleaning processes including fine gravity separations and surface-based processes such 
as froth flotation and selective agglomeration have been evaluated for their applicability to those 
coals which require fine grinding to achieve the necessary liberation. The factors which determine 
the size consist required for MCWM and the grinding/classification systems needed to obtain the 
desired size distribution have also been investigated. A dry coal cleaning system based on 
tribolelectrostatic separation has been evaluated particularly for DMC applications where dry 
cleaning would be preferred over wet cleaning. 
MCWM and DMC Combustion Performance Evaluation 

The combustion performance evaluation included conducting fundamental studies to 
determine the effect of the mineral matter on boiler tube erosion and deposition, identify the 
mechanism of atomizer wear (corrosion or erosion), and computationally model the burner and 
boiler. In addition, MCWMs and DMC produced from the candidate coals were fired in 1,000 and 
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15,000 Ib steam/h watertube boilers. The fuels were fxed in the 1,000 lb s t e m  boiler in order 
to determine their relative performance while one of the coals was used in two demonstrations 
firing DMC and MCWM in the 15,000 Ib steam/h boiler (which is of similar size to the retrofit 
candidate at Crane). The accomplishments on this aspect of the project include: modQing and 
optimizing a full-scale boiler system to fjre DMC and MCWM, integrating the coal storage, 
handling, and micronization with the burner (for DMC firing); achieving 95% combustion 
efficiency (DMC); determining that erosion is not significant in the convective pass; and meeting 
targeted NOx emissions of <0.6 Ib/MM Btu. 
Engineering Design 

Two engineering studies were performed for the complete retrofit of a DOD boiler to fire 
either DMC or MCWM. Each design package includes a fuel preparation system (for the DMC 
option only; two conceptual MCWM processing circuits were prepared but not engineered), fuel 
delivery and handling systems, low-NOx burner, baghouse, forced-draft fan, combustion air 
preheaters, induced-draft fan, ash silo, stack, and control system. The retrofit designs conform to 
accepted engineering practices and site requirements. The designs were based on the system in 
place at Penn State and the information that was learned from operating it. The design packages 
are intended to be used for soliciting bids from engineeringkonstruction firms for completion of 
the detailed design, construction, and start-up of the candidate DOD boiler. 
Cost/Economic Analysis 

technology boilers are not economically viable over a broad range of parameters for the Crane Site. 
For boiler retrofits to become economically viable, capital cost must be reduced, transportation 
costs of MCWM must be reduced, higher performance must be attained, and demand for slurry 
fuel in any given local area must be increased. Improving these parameters would increase the 
price differential of the DMC and MCWM with respect to fuel oil and natural gas. 

With respect to direct capital and operating cost considerations, new DMC and MCWM 
technology boilers are not economically viable over a broad range of parameters for the Crane Site. 
There does not exist a sufficient critical mass of military boilers in one location to transform this 
into a viable option. For new DMC and MCWM technology boilers to become economically 
viable, capital costs and boiler derating must be reduced, higher performance must be attained, or 
fuel costs must be lowered. 

With respect to direct capital and operating cost considerations, retrofit DMC and MCWM 

Retrofit capital costs, followed by transportation costs, are the major inhibiting factors to 
the economic viability of MCWM technology at the Crane site. DMC delivered fuel costs are 
insensitive to fuel demand level. Transportation costs can be improved by developing a lower cost 
system of transportation dedicated solely to coal. With respect to environmental regulations, DMC 
and MCWM technologies are economically viable under a broad range of circumstances. Given 



the small size of industrial boilers, existing pollution control devices will adequately meet 
environmental regulations. The regional multiplier effects of DMC and MCWM technologies are 
not sigmfkant for cases of less than 10 and 15 Crane size-equivalent installations, respectively, in 
a substate area. Regional multiplier effects can be significantly enhanced by purchasing more 
inputs from local vendors, though the sites where this is possible are limited. 
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1.0 INTRODUCTION 

Department of Energy (DOE), initiated a three-phase project with the Consortium for Coal-Water 
Slurry Fuel Technology in September 1992, with the aim of decreasing DODs reliance on 
imported oil by increasing its use of coal. The project is being conducted as a cooperative 
agreement between the Consortium and DOE. The first phase has been completed and is reported 
herein. 

The introduction of the report consists of an outline of the DOD project and a brief 
discussion of two related and concurrent projects being conducted at Perm State. 

1.1 DOD Project Outline 
The general objectives of the cost-shared cooperative agreement are to: 
1. Establish a National Center of Excellence for Coal Utilization to decrease DOD 

dependence on foreign oil and increase its use of coal by pursuing a program of 
research and development and actively participating in technology transfer; 

2. Promote both the public and private sector deployment of technologies for utilizing 
coal-based fuels in oil-designed combustion equipment; and 

3.  Provide a continuing environment for research and development of coal-based fuel 
technologies for small-scale applications at a time when market conditions in the U.S. 
are not favorable for the introduction of coal-fired equipment in the commercial and 
industrial capacity ranges. 

The U.S. Department of Defense (DOD), through an Interagency Agreement with the U.S. 

/ 

To achieve the objectives of the project, a team of researchers was assembled and the 
members of the Consortium for the Phase I activities were Perm State (Energy and Fuels Research 
Center (EFRC), Mineral Processing Section, Department of Mineral Economics, and Polymer 
Science Program) and the Energy and Environmental Research Corporation (EER). AMAX 
Research and Development Center was a member but withdrew. 

for the utilization of both micronized coal-water mixtures (MCWMs) and dry, micronized coal 
(DMC) in fuel oil-designed industrial boilers. These technologies were identified by the U.S. 
Corps of Engineers, Construction Engineering Research Laboratory as the two top priorities from 
a list of six topics for initial Center focus[']. Phase II research and development continues to focus 
on industrial boiler retrofit technologies by addressing emissions control. Phase III activities 
expand upon emissions characterization and control from coal-fired boilers. Each phase includes 
an engineering cost analysis and technology assessment. The activities for Phase I are described 
below. 

The specific objective in Phase I was to deliver fully engineered retrofit options for a fuel 
oil-designed watertube boiler located on a DOD installation to fire either MCWM or DMC. This 
was achieved through the following five tasks: 1) Coal Beneficiatiod Preparation; 2) Combustion 

Phase I activities were focused on developing clean, coal-based combustion technologies 
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Performance Evaluation; 3) Engineering Design; 4) Engineering and Economic Analysis; and 5) 
Final ReportlSubmission of Design Package. Following is an outline of the tasks that comprised 
Phase I: 

Task 1: Coal Beneficiatioflreparation 
Subtask 1.1 IdentifyProcure Coals 
Subtask 1.2 Determine Liberation Potential 
Subtask 1.3 Produce Laboratory-Scale Quantities of MCWMs 
Subtask 1.4 Develop Dry Coal Cleaning Technique 
Subtask 1.5 Produce MCWMs and DMC From Dry Clean Coal 
Subtask 1.6 Produce MCWM and DMC for the Demonstration Boiler 

Task 2: Combustion Performance Evaluation 
Subtask 2.1 Boiler Retrofit 
Subtask 2.2 Fuel Evaluation in the Research Boiler 
Subtask 2.3 Performance Evaluation of the MCWM and DMC in the 

Demonstration Boiler 
Subtask 2.4 Evaluate Emissions Reductions Strategies 

Subtask 3.1 MCWM/DMC Preparation Facilities 
Subtask 3.2 Fuel Handling 
Subtask 3.3 Burner System 
Subtask 3.4 Ash Removal, Handling, and Disposal 
Subtask 3.5 Air Pollution Control 
Subtask 3.6 Integrate Engineering Design 

Task 3: ,Engineering Design 

Task 4: Engineering and Economic Analysis 
Subtask 4.1 
Subtask 4.2 
Subtask 4.3 
Subtask 4.4 
Subtask 4.5 

Subtask 4.6 
Subtask 4.7 
Subtask 4.8 

Survey Boiler PopulatiodIdentify Boilers for Conversion 
Idenm Appropriate Cost-Estimating Methodologies 
Estimate Basic Costs of New Technologies 
Process Analysis of MCWM and DMC 
Analyzeddenm Transportation Cost of Commercial Sources of 
MCWM and Cleaned Coal for DMC Production 
Determine Community Spillovers 
Regional Market Considerations and Impacts 
Integrate the Analysis 

Task 5: 
1.2 
Perm State has been investigating the utilization of coal-based fuels in fuel oil-designed 

Final ReporVSubmission of Design Package 
Complementary Activities at Penn State 

industrial boilers since 1983. Two projects which are related to the DOD project and are being 
conducted concurrently are the Superclean Coal-Water Slurry (SCCWS) and the ABB Combustion 
Engineering, Inc. (ABB CE) Dry Micronized Coal (DMC) projects. 

The SCCWS project started in August 1989 with the DOE objective of developing a 
SCCWS infrastructure capable of providing the fuel auxiliary equipment, and the combustion 
systems needed to commercialize the technology of burning superclean coal-water slurry in oil- 
designed industrial boilers, when the economic justifications are realizedl2I. The project was 



completed in two phases. In the first phase, an oil-designed industrial boiler system was modified 
to handle and fire SCCWS[3]. The system was operated over eleven months (January to 
November 1992) using a modified heavy oil atomizer, and fired SCCWS for 500 hours, achieved 
95% coal combustion efficiency (with 15% natural gas cofxe based on thermal input), and 
established that erosion was not significant in the convective pass. The Phase II testing was 
conducted from February to July 1996 and included firing No. 6 fuel oil and evaluating the effect 
of coal particle size (produced through staged-&ding using coals with varying hardness) on 
combustion performance. Coal combustion efficiency increased as the coal particle size 
decreased[3]. 

Perm State was selected by ABB CE to be the host site in a DOE-funded project with the 
objective of developing and integrating all the system components for burning DMC in oil- 
designed industrial boilers, from fuel through total system controls, and then test the complete 
system in order to evaluate potential marketabilit~[~I. The demonstration boiler testing started at 
Penn State in January 1993 and the proof-of-concept phase was conducted from July 1993 to April 
1994. In this phase, an oil-designed industrial boiler system was modified to produce, handle, and 
fire DMC. The coal storage, handling, and micronizing was integrated with the burner and the 
system operated over ten months with 95% coal combustion efficiency and NOx emissions below 
the target of <0.6 lb/million BtuI5]. A 1,000-hour demonstration was conducted from July 1995 to 
February 1996, which was after Phase I of the DOD project was completed, and addressed 
improved coal handling, ash deposition effects, and improved aerodynamic control of the fuel and 
air streams to improve the combustion efficiency and NOx emissions. Coal combustion efficiency 
of >98% was achieved while maintaining the NOx emissions target of 0.6 lb/million Btu. 

In Phase I of the DOD program, the emphasis was to improve upon the burnerhoiler 
performance obtained during Phase I of the SCCWS and ABB CE projects when using a 
commercial coal-designed burner that was identified for, and designed into, the DOD boiler 
retrofit. The DMC and MCWM demonstrations were conducted from May to December 1994 and 
from January to April 1995, respectively. 

1.3  
The presentation of the results from Phase I begins with the DOD boiler survey and the 

Phase I Final Report Presentation 

selection of a boiler for the retrofit design. This is followed by a discussion of the coal 
beneficiatiodpreparation activities, combustion performance evaluation, engineering design, and 
an engineering and economic analysis. The coal beneficiatiodpreparation activities include 
identifying candidate coals for retrofit applications, fundamental beneficiation and preparation . 
studies, and the preparation of DMC and MCWM for the combustion performance evaluation. The 
combustion performance evaluation includes burnerhoiler modeling, fundamental atomizer erosion 
and boiler tube erosioddeposition studies, pilot-scale testing of DMC and MCWM, and 
demonstration-scale operation using DMC and MCWM. The engineering design summarizes the 

3 
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key design aspects of the boiler conversion at the military site. An economic analysis of the DOD 
retrofitted boiler was also conducted. 
2.0 BOILER SURVEY AND SELECTION 

Penn State, working in conjunction with the U.S. Army Corps of Engineers, Construction 
Engineering Research Laboratory (CERL) and personnel at several military installations, identified 
candidate boilers for conducting the retrofit designs. The initial screening, which was based on a 
CERL computerized database and information received from civilian and military personnel, 
identified approximately 300 boilers as potential candidates. The initial screening was reduced to 
32 boilers located at eleven military installations[6]. Upon further investigation, it was determined 
that several of the military installations were either closed or were on installation closure lists. In 
addition, others were in metropolitan areas or have stringent air qualitykoal usage re,dations. 
Consequently, the list was reduced to thirteen boilers located at the four military installations 
shown in Figure 2-1. Figure 2-1 is a map of the Eastern United States showing the locations of 
coal fields and the military installations. 

Of the four sites shown in Figure 2-1, three were actively pursued as the candidate 
conversion site. They were: the Naval Surface Warfare Center Crane Division (Crane), the New 
Cumberland Defense Logistics Agency, and the Dover Air Force Base (Dover). Penn State visited 
all three of the sites to discuss the program and inspect the site and boilers. DOE attended the site 
visits at Crane and Dover, and CERL attended the site visit at Dover. A discussion of the boilers at 
each of the installations can be found elsewhereI61 7]. 

As a consequence of the site visits and discussions with military personnel, Penn State 
recommended to DOE the Naval Surface Warfare Center at Crane, Indiana as the site for the retrofit 
designs. DOE and DOD (CERL) concurred with Penn State's selection. 

boilers that are technically good candidates for conversion. There are three Cleaver Brooks D-type 
watertube boilers firing natural gas with No. 6 fuel oil backup. Two of the boilers were installed 
in 1989 and have a firing rate of 25.2 million Btu/h. The third boiler was installed in 1972 and has 
a firing rate of 18 million Btu/h. The boilers are good candidates for a retrofit design because there 
is space outside the building to accommodate coal (or MCWM) and ash storage and handling. In 
addition, there is a rail spur that services the building. Steam demand is based upon the number of 
orders for filing bombs. 

The Crane facility has several boiler houses, one (Building 150) of which contains three 

The Crane facility was selected for the retrofit for the following reasons: 
The boilers are of a size which is representative of many military boilers. There are 
currently 266 natural gas, No. 2 fuel oil, or heavy fuel oil boilers in the inventory of the 
U.S. Army with capabilities ranging from 16 to 60 million Btu/h['I. In addition, CERL 
states that these numbers would double if the Navy and Air Force are included[']. 
The boilers are good candidates from a technical viewpoint as discussed above. 
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The installation is located in the coal fields of a coal-producing state. 
3.0 COAL BENEFICIATION AND PREPARATION - 

The initial objectives of this activity were to select appropriate coals which could meet the 
specific requirements of the project (specifically < 5.0 wt.% ash (to reduce deposition and boiler 
tube erosion), < 1.0 wt.% sulfur (to eliminate need for SO2 emissions control), and > 30 wt.% 
volatile matter (to aid in ignition and flame stability)) and to prescribe the necessary cleaning steps 
to obtain these specifications. Longer-term objectives are to develop improved cleaning procedures 
which can be used to increase the yield of usable coal and to expand the reserve base of candidate 
fuels for retrofitted boilers. 

Section 3.0 discusses the identification of candidate coals, and the results from 
fundamental, pilot-scale, and demonstration-scale coal cleaning and preparation studies. The 
fundamental beneficiation activities include modeling studies, coal cleaning processes, grinding 
investigations, and MCWM stabilization studies. Pilot-scale and demonstration-scale activities 
include coal cleaning, MCWM formulation, preparation, and characterization, and DMC 
preparation. 

3.1 Coal Identification 
Perm State, with assistance from AMAX Research & Development Center, identified a set 

of candidate coals. Based on the criteria given below, a final selection of six coals was made and 
samples were procured. The characteristics of the six test coals are presented in Table 3-1. The 
criteria used for the selection were as follows: 
Availability. The test coals (except for the Taggart seam coal) were selected from seams containing 
significant reserves (> 300 million tons) and currently operating mines. Proximity to potential 
technology-demonstration boilers was also taken into account. Figure 3-1 shows the location of 
the coals relative to the candidate boilers for the retrofit design. 
Cleanability. Test coals have been selected which fall into three broad categories based on relative 
ease of preparation to meet project specifications, i.e., less than 5.0 wt.% ash and 1.0 wt.% 
sulfur, and more than 30.0 wt.% volatile matter. The objective is to demonstrate the extent of the 
potential reserve base of coals which could be used in DOD facilities. The three categories are: 

Type I - coals which can meet the specifications at high yield with little or no cleaning; 
Type II - coals which can be cleaned by conventional means and can meet the specifications 
at fairly high yield; and 
Type III - coals which can be cleaned to meet the specifications but only at low yield using 
conventional cleaning technology. 
The classification of each of the test coals is indicated in Table 3-1. Laboratory-scale 

quantities of MCWM were produced from Type II and III coals and used in the development of 
advanced coal cleaning procedures discussed in Section 3.2. 



II-2 

Lower 
Kittanning 

Ill-1 

Upper 
Freeport 

Clarion, 
Jefferson 

Armstrong, 
Jefferson 

2.1 1.4 

Table 3-1. Characteristics of the Test Coals. 

Sample 
Designation 

I- 1 1-2 11- 1 111-2 

Seam Indiana VII Pittsburgh Lower Block 

State Indiana Indiana Virginia 

Wise, 

Lee 

Pennsylvania 

Greene, Counties Greene, 
Knox 

Sullivan, 
Knox 

Armstrong, Indiana, 
Washington 

Estimated Reserves 
(Million tons) 400 3,500 50 6,000 

Proximate Analysis 

Moisture % 
Volatile Matter % 
Fixed Carbon % 

Ash % 

1.6 
34.1 
62.2 
2.1 

11.9 
30.4 
51.5 
6.1 

12.7 
30.4 
49.4 
7.5 

2.6 
34.9 
55.8 
6.7 

Total Sulfur % 0.59 0.70 0.42 1.76 

Hardgrove 
Grindability Index 

47 45 51 56 
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MCWM Characteristics. The test coals were selected from coal seams for which there is existing 
information and actual experience on MCWM formulation and preparation. More complete data 
was generated on the actual samples and was used to provide the basis for the grinding studies 
conducted in Sections 3.2 and 3.3. 

3.1.1 Liberation Potential 
Test coal samples were subjected to a series of float-sink tests to determine the level of 

cleaning to achieve the required grade of 4 wt.% ash and e1 wt.% total sulfur. Coal samples 
were crushed to a nominal -1/4" using ajaw crusher followed by screening at 1/4", 28 mesh, and 
100 mesh. The +1/4", 1/4"x28 mesh, and 28x100 mesh size fractions were separated under 
gravity using Certigrav solutions of various relative densities, while the -100 mesh fraction was 
separated using a centrifuge. Separate samples of the Type II and ILI coals were crushed to a 
nominal -28 mesh. The ground products were then screened at 100 mesh. The +lo0 mesh size 
fraction was separated by gravity float-sink and the -100 mesh fraction was separated using 
centrifugal float-sink at the same relative densities. Each sizeldensity fraction was analyzed for ash 
and sulfur content. The complete results are presented in Tables 3-2 to 3-7. 

The Taggart seam coal can meet the product specification without any cleaning. However, 
floausink separations were conducted on the -1/4" fraction for completeness. The results indicated 
that separating the coal at 1.3 relative density can reduce the ash content from 2.1 to 1.4 wt.% with 
92% yield, while the sulfur reduction was minimal. 

The Lower Block seam coal would require almost no cleaning to meet product 
specifications with 99% yield of less than 5 wt.% ash and 0.6 wt.% sulfur at a nominal size of 
-1/4". Hence, this coal could be classified as a Type I coal. If desired, a superclean coal of less 
than 3 wt.% ash can be produced with 70% yield. By reducing the top size to 28 mesh, the yield 
can be increased to 95% for the same ash content at a separation density of 1.60. The sulfur 
content of the product did not vary with the density of separation. However, this coal sample has a 
low sulfur content (0.7 wt.%) and can meet the sulfur specification at any density. 

In order to produce a 5 wt.% ash product for the Indiana seam coal, crushing to -1/4" 
requires a subsequent separation at 1.37, giving a yield of 80%. By reducing the top size to 28 
mesh, the yield can be increased to 93% for the same ash content at a separation density of 1.55. 
The sulfur content of the product did not vary with the density of separation. However, this coal 
sample also has a low sulfur content (0.45 wt.%) and can meet the sulfur specification without 
cleaning. 

For the Lower Kittanning seam coal, the product specification can be met for the -1/4" coal 
at a separation density of 1.35 with about 75% yield (5 wt.% ash and 0.80 wt.% sulfur). The fine 
coal washability analysis indicates that by reducing the top size to 28 mesh, the yield can be 
increased to 82% (5 wt.% ash and 0.76 wt.% sulfur) at a separation density of 1.37. 

Despite the high ash and sulfur content of the run-of-mine Upper Freeport seam coal, this 

I 
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0.73 

l.i4 0.62 

3.26 0.61 

3.97 0.60 

4.32 0.53 

9.38 0.86 .~ 

95.7 

2.89 

3.72 

0.58 

0.58 

Table 3-3. Washability Analysis of the Lower Block Seam Coal (Sample 1-2). 
a) crushed to a nominal -1/4". 

- 
Rei. 

Den. 

- 
1.3 F 

1.4 F 

1.5 F 

1.6 F 

2.0 F 

2.0 s 

Wt.,% 

- 
- 
- 
- 
- 
- 
- - 

II II 
Composite II 28xl00Mesh 11 -1 00 Mesh 1/4"x28 Mesh 

I 
Wt.,% I Ash,% I T.S.% 

I I 
Ash,% I T.S.% 

T 
Ash,% I T.S % 
I 

Wt.,% 

59.3 

Wt.,% 

0.22 12.7 I 1.47 I 0.64 1.64 I 0.62 0.70 

2.69 0.40 

4.40 0.43 

7.75 0.65 
I T  

~~ 

65.9 I 2.54 1 0.60 13.3 87.2 

89.0 I 3.29 I 0.59 94.1 

95.2 

99.4 

100. 

4.50 I 0.62 !X: I 3.84 1 0.59 

4.56 0.62 

87.3 4.09 I 0.58 

2-k 94.6 4.93 I 0.60 

100. I 5.40 I 0.71 

~~ 

100. 5.87 1 0.69 

46.5 43.5 5.2 II 4.7 II 100.0 



12 



13 

.- I 



b) crushed to a nominal -28 mesh. 

-100 Mesh Rel. 
Den. 

Composite 

1.3 F 4.5 

80.6 

92.6 

96.0 

99.1 

100. 

1.4 F 

1 S O  

3.72 

5.51 

6.34 

7.18 

8.06 

1.5 F 

2.3 

23.0 

85.0 

93.1 

98.0 

100. 

1.6 F 

2.0 0.50 4.0 1.88 0.44 

1.65 0.40 66.5 2.16 0.38 

3.90 0.39 90.8 4.29 0.37 

5.25 0.39 95.3 5.52 0.37 

6.49 0.39 98.8 6.66 0.38 

8.84 0.51 100. 8.20 0.44 

2.0 F 

2.0 s 
Wt., 
% 

28x100 Mesh 

~ T.S. 
% 

0.42 

0.37 

0.37 

0.37 

0.37 

0.42 

24.5 11 100.0 
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1.3 F 

1.4 F 

1.5 F 

1.6 F 

2.0 F 

2.0 s 

Table 3-6. Washability Analysis of the Upper Freeport Seam Coal (Sample III-1). 

33.6 4.61 0.96 

74.0 7.05 1 S O  

80.2 8.10 1.52 

85.7 9.41 1.58 

93.1 11.7 1.95 

100. 16.0 2.61 

a) crushed to a nominal -1/4". 

II Re** II +1/4" 

II Wt.,% -11 14.9 

1/4"x28 Mesh 28x100 Mesh (1 -100Mesh Composite 

Wt.,% 

57.2 

89.1 

91.3 

94.1 

62.9 II 13.2 II 9.0 II 100. II 



b) crushed to a nominal -28 mesh. 

100. 

Composite 

11.12 2.86 

93.0 6.62 

T.S % 

0.78 

0.89 

0.96 

1.11 

1.14 
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b) crushed to a nominal -28 mesh. 

Rel. 

Den. 

1.3 F 

1.4 F 

1.5 F 

1.6 F 

2.0 F 

2.0 s 

Wt.,% 

Composite I/ 28x100 Mesh 11 -100Mesh 

Wt.,% Ash,% T.S.% Wt.,% Ash,% T.S.% Wt.,% Ash,% T.S % 

72.2 2.67 1.11 53.3 1.80 1.00 66.5 2.06 1.08 

89.1 ' 4.22 1.27 93.1 4.29 1.30 

94.5 4.80 1.29 95.2 4.75 1.33 

1.66 6.93 6.46 

69.4 30.6 100.0 

c) crushed to a nominal -100 mesh. 

Rel. 

Den: 

1.3 F 

1.4 F 

1.5 F 

1.6 F 

2.0 F 

2.0 s 

Wt. % 

Wt.,% I Ash,% I T.S % 

62.5 1.78 0.98 

89.1 3.38 1.1 1 

94.0 4.13 1.16 

97.3 4.95 1.28 

98.6 5.17 1.35 

100. 6.20 1.64 

100.0 

t3 
0 
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coal sample can be cleaned with a product of 5 wt.% ash and 0.98 wt.% sulfur at 1.37 separation 
density with a relatively high yield (76%). This suggests that the mineral matter of this coal sample 
can be well liberated by crushing. Further size reduction to -28 mesh can increase the yield to 85% . 
with a cleaner product (5 wt.% ash and 0.92 wt.% sulfur) at a separation density of 1.45. 

The results of the Pittsburgh seam coal showed that the ash specification can be easily met 
with over 90% yield at a separation density of 1.40. However, it would be difficult to obtain a 
product of c1 wt.% sulfur without a significant yield loss. Even with ,Orinding to -100 mesh, this 
coal requires a low density separation at 1.3 to produce a 1 wt.% sulfur clean coal, with a 
theoretical yield of 62.5% and an ash content of 1.8 wt.%. In the actual coal cleaning operation, 
the yield will be further reduced considering the difficulty and the inefficiency of fine coal cleaning. 
Therefore, improvement in fine coal processing is needed to obtain an actual yield close to the 
theoretical. 

3.1.2 Cleaning Strategies 
Based on-the analyses performed in Section 3.1.1, several alternative strategies for 

processing the six test coals to meet the sulfur and ash requirements have been identified. Specific 
examples are summarized below. 

Coal 1-1 (Taggart): 
Coal 1-2 (Lower Block): 
Coal II-1 (Indiana VII): 

Coal 11-2 (Lower Kittanning) 

Coal 111-1 (Upper Freeport)": 

Coal III-2 (Pittsburgh): 

Specification can be met without further cleaning. 
Specification can be met without further cleaning. 
Gravity separation of -1/4" coal at a density of 1.37 (80% 
theoretical yield at 5 wt.% ash and 0.45% sulfur). 
Gravity separation of -1/4" coal at a density of 1.35 (75% 
theoretical yield at 5 wt.% ash and 0.8 wt.% sulfur). 
Gravity separation of -1/4" coal at a density of 1.37 (76% 
theoretical yield at 5 wt.% ash and 0.98 wt.% sulfur). 
5 wt.% ash requirement can be met by gravity separation of 
-1/4" material at a density of 1.40 (>go% theoretical yield). 
Grinding to -100 mesh and separation at 1.30 would be 
necessary to meet the 1 wt.% sulfur specification. 

*Despite the high ash and sulfur content of the Upper Freeport coal, it should perhaps be 
reclassified as Type II because of relatively easy liberation. 

3 . 2  Fundamental BeneficiatiodPreparation Studies 
The production of premium coal for use in the preparation of MCWM requires the removal 

of a large fraction of the mineral matter, including pyritic sulfur, from the raw coal. To obtain 
adequate liberation of the clean coal from the mineral matter, grinding to top sizes of 100 mesh and 
finer will usually be required. However, to take advantage of the liberation, a cleaning technology 
must be used, which is not only capable of processing such fine material, but can do so 
economically. For this reason, physical beneficiation processes such as flotation, selective 
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agglomeration or gravity concentration are the only viable options for near-term applicatioq. At the 
present time, flotation is the only one of these processes that is being used commercially to treat 
-100 mesh coal. Section 3.2 discusses activities that address coal cleaning processes and MCWM . 
production. 

3.2.1 Liberation Modeling 
While the function of comminution is to produce an advantageous size distribution, in this 

case one that produces a highly concentrated slurry that combusts efficiently, a secondary aspect 'is 
the fact that additional liberation of undesirable materials in the coal - i.e., mineral matter that 
produces particulates and SO, upon combustion - may also occur. If additional liberation can be 
achieved, then the undesirable materials should be removed prior to combustion. However, taking 
advantage of the liberationheparation aspect requires proper integration into the fuel preparation 
system. In order to do this optimally, it is necessary to be able to predict the liberation achieved, 
depending upon what devices are utilized. 

viewpoint, the liberation model needs to state what fraction of material of composition cl and size 
Xk that breaks to size xi will be of composition cj. Then the liberation model combined with the 
appropriate comminution model will predict the washability analysis of the comminuted product - 

Liberation modeling, unfortunately, is not a simple thing to do. From a comminution 

SIZE INTERVAL: 
COMPOSITION 
INTERVAL 

1 

2 

m 

1 
- m a s s  f r a c t i o n -  
product attribute 
p11 QP11 

p12 Qp12 

2 . . . . . . . . . n 

Pnm QPnm 

Now consider the comminution process shown in Figure 3-2, fracturing feed material of 
composition k' and size k, where 

(1) the probability of fracture of the feed material is akt 
(2) the distribution of the fractured feed material into size i is bi;kt 
(3) the probability of refracture of material is a'kt 
(4) the distribution of size i material into compositionj is mj;*t 
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Figure 3-2. GENERAL COMMINUTION LlBERATION MODEL 
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(5) the distribution of rebroken size i material into composition j is m’j;ke 

Thus the paths for the production of size 3, composition 1 class material from a 3x3 feed 
material are: 

from the breakage of size 1 classes - 
fll (allb3;ll m1;311) 3 p31- (l-a’31) 4 p31 
f12 - (a12b3;12 m1;312) 4 p’31 (1-a’31) 3 p31 
f13 - (a13b3;13 m1;313) 3 p’31 - (l-a’31) 3 p31 

from the breakage of size 2 classes - 
f21 - (a21b3;21 m1;321) 3 p’31 - (1-a’31) 4 p31 
f22 - (a22b3;22 m1;322) 3 p’31 - (1-a‘31) 3 p31 
f23 - (a23b3;23 m1;323) + p3l- (1-a’31) 3 p31 

from the non-breakage of size 3, composition 1 feed - 
f31 - (l-a31) 3 p31 

Thus, in general 

where 

. I  
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The attribute units in the product are calculated from 

where 

k=l I 

giving 
@pij = Apu I pu 

C. 

The value of mj;ikk' is given by jdM(c;ike), while the product mj;ikt@j; ikf  is given 

by jcdM(c;ike) where M(c;ikk') is the cumulative mass of material of&e i, created by fracturing 

material of composition L and size k, that is of composition c or less. A typical plot of M vs. c, for 
various degrees of liberation, is shown in Figure 3-3. This plot is known as the elementary 
attribute curve. 

the elementary attribute curve can be obtained by differentiating the Mayer Curve. Thus, if a 
functional form can be developed to represent the Mayer Curve, then a functional form can be 

Cj-1 
Ci 

Cj-1 

A plot of A vs. M, shown in Figure 3-4, is known as a Mayer Curve. Since dA/dM = c, 

derived for the liberation model. Now, by defining a Locking Index, 

I 

where @ = IdA, it is possible to perform a parameter search from which the elementary attribute 

curve can be obtained. 

crusher will be demonstrated in Phase JI of the program. 

0 

The combination of these phenomenological liberation equations with repetitive fracture in a 

3.2.2 Conventional Gravity Separations 
. The application of conventional gravity separations to the Type II and Type III coals has 

been evaluated using the washability data obtained for each of the test coals. The data were 
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interpolated as appropriate and then used in conjunction with existing computer simulation 
procedures[8]. The separations were made on the nominal 1/4"x28 mesh size fraction using 
performance data obtained by the U.S. Bureau of Mines for dense-medium cyclone operations. 

Conventional cleaning was able to produce between 50 and 60% of clean coal for three of 
the samples. For the Pittsburgh seam coal, the necessary sulfur reduction could not be obtained 
without crushing to -100 mesh. Therefore this coal was not evaluated, since the treatment of this 
size range would not be considered as conventional processing, at least for gravity concentration 
operations. For the Lower Kittanning and Indiana VII seam coals, the ash content was the limiting 
factor in producing a specification product, while the sulfur content of the clean coal prevented a 
higher yield for the Upper Freeport seam coal. 

3.2.3 Fine Gravity Separations 
Although flotation is quite effective in recovering fine coal and rejecting mineral matter 

impurities, it is not applicable to all coals (e.g., oxidized coal), and it is not always effective in 
rejecting pyritic sulfur. Similar problems are found for separations involving selective 
agglomeration, though not necessarily for the same coals. A gravity-based, fine-coal cleaning 
technique would provide an effective alternative for processing those coals not amenable to 
flotation or selective agglomeration. Gravity concentration processes are especially attractive since 
they are not affected by the surface properties of the coal and are particularly effective in rejecting 
pyritic sulfur because of its very high density. 

Gravity concentration processes include water-only devices such as jigs, tables, spirals and 
hydrocyclones, and dense-medium devices such as baths and cyclones. For water-only devices, 
particles of mixed sizes and densities are separated fiom each other due to the differential settling of 
the particles in water under the influence of gravity or centrifugal force. The same separating 
principles apply to dense-medium processes although in this case, a suspension of fine solids 
(typically magnetite) and water is used. Dense-medium processes are capable of making 
separations over a wide range of relative densities and can be controlled with considerable 
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precision, making them the preferred approach for cleaning coals containing large amounts of near- 
gravity material. Furthermore, these are the only processes that are capable of making separations 
at very low (-1.30) relative densities, an important capability when attempting to meet the low-ash, 
low-sulfur requirement for preparing the coal to be used in a MCWM. 

crushing or grinding to achieve additional liberation of the clean coal from the mineral matter, 
resulting in an increase in the quantity of material that must be treated by the fine-coal cleaning 
processes. As demonstrated above, this fraction may range from less than 50% for Type IT coals 
to 100% for some Type III coals. In many cases, separations must be made at low relative 
densities to achieve the necessary ash and pyritic sulfur rejection. As such, dense-medium 
processes would be required. 
Cyclone Separations 

The separation of fine coal in dense-medium cyclones requires the generation of a greater 
separating force, Le., a higher number of 'lg'sl', to obtain the same separation efficiency compared 
to coarser particles. At the present time, commercial preparation plants are cleaning coal down to 
28 mesh and in some cases, 100 mesh, using dense-medium cyclones. The processing of finer 
coal has not been done, partly because of the decrease in separation efficiency with decreasing 
particle size. In an effort to extend the size range of coal treated by dense-medium separation, a 
micronized-magnetite cycloning process was developed at Department of Energy's Federal Energy 
Technology Center, Pittsburgh[g]. This process entails the use of an ultrafine (micronized) 
magnetite and water mixture as the separating medium in a cyclone for cleaning fine coal. It differs 
from commercial dense-medium cyclone operations in that the magnetite is much finer in size 
consist. The fineness of the micronized magnetite enables a higher number of "g's" to be 
employed during the separation. The result is a process that is capable of achieving separations of 
particles down to 400 mesh, which is not possible with current dense-medium cyclone 
technology. 

when separating nominal 28x100 mesh coal in different diameter cyclones[lO]. When plotted on a 
log-log scale, the probable error decreased linearly as the cyclone diameter decreased (and the 
number of "g's" increased). Two additional data points, obtained from the DOE testing of a 76 
mm diameter cyclone at two flow ratedg], correlated well with the data for the larger diameter 
cyclones. 

different than those in Figure 3-5. It was reported that the performance of a 150 mm diameter 
dense-medium cyclone was not influenced by changes in the volumetric feed rate when treating 
fine coal, at least at high medium-to-coal ratios[ll]. In another case, the separation efficiency 
deteriorated when using smaller diameter cyclones to process fine coal[12]. 

The production of a compliance product from a Type 11 or a Type IU coal will require fine 

Figure 3-5 shows the variation of the probable error as a function of the number of "g's" 

However, in some cases, increasing the number of "g's'' has led to results that were 
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One explanation for these discrepancies relates to the stability and the rheology of the dense 
medium. He and Laskow~ki[~~] showed that the separation efficiency of coarse particles increased 
when using finer magnetite because of the improved stability of the medium. However, for fine 
particles, the separation efficiency decreased because of the rheological effects of the dense 
medium. Similarly, Davis and Napier-Munn[141 showed that changes in medium viscosity 
impacted cyclone performance. 

Another explanation relates to the interactions of the process variables. When the flow rate 
is increased, the overall retention time decreases. In addition, the turbulence would be expected to 
increase as the inlet velocity is increased. Both of these effects decrease the separation efficiency, 
potentially offsetting the expected improvement in cyclone performance. Also, a change in the 
cyclone flow rate changes the volumetric fraction of the feed slurry reporting to the overflow (i.e., 
pulp split). For dense-medium separation, an increase in the pulp split will lead to an increase in 
the density of separation, often with a decrease in the separation efficiency. Hence, it would be 
convenient to examine variable interactions using a mathematical model. One such approach is 
given in the next section. 
Hindered-Settling Model 

The prediction of the performance of dense-medium separation devices is difficult due in 
part to the interaction or compounding of operating variables such as the flow rate, the magnitude 
of the g-force, turbulence, and the characteristics of the dense medium. Recently, a batch 
hindered-settling model was developed and used to evaluate the classification behavior of a 
polydisperse particulate system[l5I. This model was used to investigate the variation of the particle 
size distribution with time under different settling conditions. Dense-medium separation can be 
viewed in a similar fashion whereby the dense-medium solids, coal, and refuse, settle in water. 
Since the principle of separation also depends on the differential settling rate of these particles in 
the suspension, it should be possible to analyze dense-medium separation using the batch 
hindered-settling model[16]. 

movement of particles of a particular size and density, due to both settling (convection) and mixing 
(difision), would be a function of the concentration of these particles in the element within this 
device. It is possible to account for the movement of solids and liquid into and out of an element 
within the device such that the concentration at any height within the column can be calculated[lA. 
Representing Separations Using Fractional Recovery Curves 

more convenient to characterize the separation using fractional recovery (partition) curves. For 
example, consider the column in Figure 3-6 with particles uniformly dispersed in water. If these 
particles are allowed to settle for some time t and then the cylinder is cut at some fractional height 
U H ,  the particles below this cut height can be defined as the refuse and the particles above the cut 

Consider the settling column shown in Figure 3-6. In a hindered-settling regime, the 

Although the solids concentration can be calculated at any point within the separator, it is 
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height as the product. Since the particle size/density distribution at any location can be estimated 
from the hindered-settling ~ n o d e l [ ~ ~ ~  17], the fraction of feed particles of size x and density p which 
report to the product after time tis given by 

where @o(p,x) = initial volume fraction of particles of size x and density p ,  @(p,x,z,t)= volume 
fraction of particles of size x and density p at location z of the settling column after time t, and z' = 
Z/H. 

A plot of a set of values from Equation 3-4 versus p for a given particle size is called a 
fractional recovery curve. As is common in gravity concentration, this curve can be characterized 
by a location modulus and a distribution modulus. The location modulus is defined as the density 
of those particles which have an equal probability of reporting to either the clean coal or to the 
refuse, Le., the density corresponding to a fractional recovery value of 0.5. This location modulus 
for a given size is denoted by p50(~)  and can be adopted as the separation density for that size. A 
distribution modulus is used to characterize the efficiency of separation. In this case, the probable 
error for a given size is defined as 

where p25(x) = density corresponding to 0.25 on the fractional recovery curve, and p75(x) = 
density corresponding to 0.75 on the fractional curve. 

zero, no separation occurs, but rather the particles are split in the ratio L/H. The fractional 
recovery values can be fit to a mathematical function (model) from which the characteristic 
parameters can be obtained. One such model is the logistic function, which is given by 

Thus, as Ep(x) approaches one, the separation approaches ideal, while as Ep(x) approaches 

The parameters p50(x) and Ep(x) can be found by using a nonlinear optimization routine. 
Application to Cyclone Separations 

particle size to be processed must be extended to fine sizes. It is likely that cleaning of the 28x100 
In order to produce an acceptable yield for the Type II or Type III coals, the range of 



mesh size fraction would be required for a Type II coal to produce an acceptable yield of low ash 
and low sulfur material and even finer for a Type III coal. Using the hindered-settling model, an 
analysis of the change in the separation efficiency was made for various conditions. Appropriate 
parameters were used to describe the cyclone operation, the feed washability (Le., the size and 
density distribution) and the dense medium characteristics. This involved the description of the 
parameters that impact the separation, including the number of "g'sl', the mean retention time, the 
amount of turbulence (mixing), and the pulp split. 

The number of "g's" at some diameter, d, within the cyclone, can be estimated by[18] 

27.4D:Q: Dc Ng = (-)2n + 1 A,2Dig d (3-7) 

where Di = cyclone inlet diameter, Dc = cyclone diameter, Q = cyclone volumetric flow rate, Ai = 
inlet area, g= gravitational acceleration, and n= constant usually between 0.5 and 0.8. It can be 
seen from Equation 3-7 that increasing the cyclone flow rate, Q, for a fixed cyclone geometry, will 
increase the "g"-force, which should improve the overall separation. However, variable 
interactions may offset some of the expected improvement. 

For example, as Q is increased, the retention time, t, decreases since 

vc t=- 
Qi 

(3-8) 

where Vc is the internal volume of the cyclone. In addition, the level of mixing would be expected 
to increase with an increase in the flow rate. Schubert and Neesse[19] give an equation for 
calculating a mixing coefficient in a cyclone as 

Di Dm = klQi- 
Ai (3-9) 

where kl = constant that depends on the units, and Ai = inlet area. Also, a change in the flow rate 
will also affect the pulp split, which will change the separation density. Therefore, in a cyclone, 
the number of "g's" cannot be increased independently by increasing the flow rate without causing 
a corresponding decrease in the mean retention time, and increase in mixing, and a change in the 
pulp split, all of which can offset the expected improvement in separation efficiency[20]. 

Simulations were performed to investigate the separation of 28x100 mesh coal in a 
conventional (36 cm) diameter cyclone using a suspension of magnetite and water with a medium 
density of 1.28gkrn3. The corresponding set of simulation conditions are given in Table 3-8. The 

' 
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Table 3-8. Simulation Conditions for the Dense-Medium Cyclone. 

Total Height 
Relative Cut Height 
Number of g's 
Retention Time 
Diffusion Coefficient 

18.0 cm 
0.6 
120.0 
1.75 s 
16.0 cm*/s 

495pm 
1.25 g/cm3 0.145 
1.35 g/cm3 0.026 
1.45 g/cm3 0.014 
1.55 g/cm3 0.015 
1.70 g/cm3 0.010 
2.30 g/cm3 0.037 
Composite 0.247 

Medium Density 
Med.-to-Coal Ratio 
Magnetite 

Density, g/cm3 
Size 

Vol. Fractions 
Solids 
Water 

SizeDensity Distribution of the Coal Particles 

351pm 
0.204 
0.03 1 
0.014 
0.015 
0.010 
0.039 
0.3 13 

246pm 
0.185 
0.022 
0.010 
0.010 
0.007 
0.023 
0.256 

175pm 
0.142 
0.012 
0.007 
0.006 
0.004 
0.013 
0.184 

Characteristics of the Dense Medium 

1.28 g/cm3 
5: 1 

4.8 
95%<53p 

0.074 
0.926 

Composite 
0.676 
0.09 1 
0.045 
0.046 
0.03 1 
0.112 
1 .ooo 
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fraction of each coal species, which reported to the product (Equation 3 4 ,  was calculated by the 
hindered-settling model. Figure 3-7 shows the variation of the fractional recovery curves with 
particle size. As would be expected, sharper separations (Le., lower Ep(x) values) were obtained 
for the coarser particles. If this treatment is extended to finer sizes, i.e., 100x325 mesh size 
fraction, the results as shown in Figure 3-8 are obtained. It can be seen that much flatter fractional 
recovery curves are obtained. Consequently, longer separation times andor higher "g's" are 
needed to improve the separation. Work is continuing in this area (Phase II of the program) 
investigating the effects of variable interactions on separation efficiency, including the effects of 
medium characteristics. 
Centrifuge Separations 

perhaps even 400 mesh utilizing an ultrafine (micronized) magnetite-based process, the Type IU 
coals will likely require grinding to top sizes of 100 mesh or finer to achieve liberation. Such 
grinding would invariably create a large fraction of -400 mesh material. Under these conditions, it 
may not be practical to utilize dense-medium cycloning since small diameter (i.e., lower capacity) 
units may be required to generate sufficient "g's". Also, because of the trade-off between the 
number of "g's" and retention time, it may not be possible to separate the -400 mesh coal 
efficiently using hydrocyclones. 

dense-medium separator, also employing an ultrafine-magnetiteiwater mixture as the dense- 
medium suspension. This device offers at least one major advantage over the cyclone for fine-coal 
cleaning: the ability to control independently the mean retention time and the number of "g's". As 
with the cyclone, the mean retention time can be increased (or decreased) simply by decreasing (or 
increasing) the flow rate through the device. However, unlike a cyclone, higher "g's" can be 
obtained at a constant flow rate by increasing the rotational speed of the centrifuge bowl. 

Although dense-medium cyclones will likely be used to clean coal down to 100 mesh and 

As an alternative to a cyclone, it should be possible to use a solid-bowl centrifuge as a 

The number of "g's" for a centrifuge can be calculated by 

k2 DbN2 
g 

Ng = (3-10) 

where k2 = constant that depends on the units, Db = the bowl diameter, and N=rotatidnal speed. 
Since Equation 3-10 does not depend on Qi, the separating force can be increased, as required for 
the efficient separation of fine coal from refuse particles, without having to decrease the separation 
(retention) time. These devices are capable of operating at several thousand rpm to generate over 
3,000 'g's'. In addition, the amount of turbulence that occurs in a centrifuge should be lower 
since high inlet pressures are not needed as is the case in the cyclone. Also, by changing the scroll 
speed and weir height, it should be possible to vary the pulp split independently, and hence, 

. I  
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regulate the separation density. 
Another potential advantage of the solid-bowl centrifuge is that can be used to classify 

particles at very fine sizes. These devices have been used in the minerals industry to separate 
particles less than 5pm. The capability to classify in this range would be very valuable to produce 
the proper size distribution required for MCWM. 
Batch Centrifuge 

Preliminary testing was carried out using a "batch" centrifugal separator. The purpose of 
this testing was to examine the movement of solids and liquid in a centrifugal field. The primary 
test variables for this part of the study included rotational speed (i.e., N) and volumetric flow rate. 
The test unit, which was fabricated as part of a related study, consisted of a 152.4 mm diameter 
Plexiglas cylinder that was initially 152.4 mm long. However, preliminary tests utilizing the 
Upper Freeport (Type JQ seam coal indicated that some of the higher-ash material was being 
retained in the separator during operation. To minimize this effect, the overall length of the 
separator was reduced to 76.2 mm (Figure 3-9). 

The feed slurry enters at the top of the unit, near the center of the separator. As the slurry 
moves through the separator, the higher-density and/or coarser solids migrate towards the bowl 
wall and are withdrawn by a suction line located near the wall at the bottom of the centrifuge. The 
lower density and/or finer solids, which settle at a slower rate, are also removed by suction but at a 
location closer to the center of the bowl. By varying the location of the suction points, it is 
possible to withdraw lower or higher relative density fractions and hence, change the pulp split, 
without changing the medium density. The separator was mounted to an existing laboratory floor- 
model centrifuge to provide a means of controlling the rotational speed. 

The test magnetite was obtained from the Pea Ridge Iron Ore Company of Sullivan, 
Missouri. This material was much finer than that used in commercial coal prep~ation facilities 
being nearly 100% < 15 pm, with approximately 75% < 5 pm. Nominal 100x500 mesh Upper 
Freeport seam coal was used throughout this study. 

For each test, a suspension of the ultrafine magnetite and water was used at a relative 
density of 1.30 and a medium-to-coal ratio of 15-to-1. After the centrifuge speed was set, the 
sampling pumps were started. The feed pump was set to obtain the desired flow rate and retention 
time. Products were collected continuously over the duration of the test. It was not possible to 
perform long duration tests (i.e., >5 minutes) with the "batch" centrifuge because of a build up of 
solids on the separator wall. Consequently, a typical run lasted approximately 2 minutes. Also, 
the flow patterns of the slurry indicated that an internal recirculation was present, which became 
more pronounced as the centrifuge speed was increased. Different sampling locations were tried in 
an attempt to minimize this effect. 

After each test, the samples were wet-screened at 500 mesh to remove the ultrafine 
magnetite. The -1-500 mesh coal and refuse were dried to determine the clean-coal yield. Ash and 

. 
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total sulfur analyses were performed on each product. In some cases, float-sink separations were 
also performed on the 100x500 mesh size fraction at several relative densities from which the 
fractional recovery values were calculated. 

Tests were made with the "batch" unit to demonstrate the advantage of using a dense- 
medium based separation system compared to a water-only system. When using the water-only 
system, a clean coal yield of 15.4% was obtained with an ash content of 4.9 wt.%. On the other 
hand, when using a dense medium of 1.30, the yield increased to 63.1% at an ash content of 4.7 
wt.%. These results indicate that centrifugal dense-medium separation may be a viable alternative 
for producing the specification coal. 

recovery curves for these tests are shown in Figure 3-10. It can be seen that there is a shifting of 
the curves to lower values with an increase in the centrifuge speed. Also, the curves tend to level 
off around a relative density of 1.32, which may be the result of the internal recirculation. 
However, this recirculation is likely the result of the operation of the "batch" centrifuge and should 
not be present in a continuous centrifuge. The design of the unit limited an extensive investigation 
of the test conditions, in particular the effect of process variable interactions. However, a more 
detailed test program will be conducted in Phase II of the program using a continuous, high-speed, 
solid-bowl centrifuge. 
Continuous Centrifuge 

A continuous, high-g, solid bowl centrifuge was received and installed. This unit will be 
used in Phase II for continuous dense-medium centrifugation and for ultrafiie coal classification. 
The results from this study can be used to scale to larger diameter units to be used in the production 
of MCWM. 

Additional tests were run to investigate changes in the rotational speed. The fractional 

The first phase of this study will involve testing a dense-medium slurry to determine the 
classification effects of the ultrafiie magnetite. The key variables in this part include the volumetric 
feed rate, centrifuge speed, and solids concentration. In addition, the scroll speed and/or weir 
height will be varied to change the pulp split. Samples will be taken to determine the pulp splits 
and the effect on magnetite classification. Subsequent tests will use a dense medium and coal 
mixture to determine the separation efficiency when cleaning the -100 mesh coal. Float-sink 
separations of the products will be performed as appropriate. 
Magnetic Fluid Separation 

As an alternative to using a suspension of solids and water as a dense medium, it is 
possible to utilize a ferro (magnetic) fluid as the separating medium. These fluids consist of a 
colloidal suspension of sub-micron magnetite particles and dispersant in water. The fineness of the 
magnetite particles prevents the particles from settling in the fluid. This would be particularly 
useful when attempting to separate at a very high number of "gls", which are required for the 
separation of ultrafie coal. When a magnetic field is applied to the fluid, the particles align 



42 

1 .o 

0.8 

2 
Q) > 
a3 

0.6 
K 

0 
c 
- 
2 0.4 
Y 
0 
0 
1= 

0.2 

0.0 
1 

Figure 3-10. FRACTIONAL RECOVERY CURVES FOR THE 100 x 500 MESH 
SIZE FRACTION OBTAINED FOR THE "BATCH" CENTRIFUGE 
OPERATING AT VARIOUS ROTATIONAL SPEEDS 



43 I 

themselves in the direction of the field. The result of this alignment is that a "buoyant" or 
''levitation'' force is produced. Particles that are placed in the fluid can be separated according to 
the density difference between the particles and the fluid, i.e., those "lighter" than the fluid will 
float, while those denser will sink. When the magnetic field is removed, the magnetite particles 
return to a random orientation, and no magnetic flocculation occurs. The strength of the buoyant 
force can be regulated by changing the strength of the magnetic field and/or concentration of the 
fluid. 

A commercially available separator that uses a rotating magnetic fluid is the Magstream 
separator[21]. One of these units has been obtained on loan from DOE. This device seem to be 
limited to coal particle sizes greater than about 100 mesh. Testing is continuing in this area, in 
Phase II, to evaluate magnetic fluid technology for finer particle separations. 

3.2.4 Surface-Based Cleaning Processes 
In recent years, several surface-based advanced coal cleaning technologies have been 

0 Advanced froth flotation; 
0 Column flotation; and 
0 Spherical or selective agglomeration. 
As a part of this project these methods were used, individually or in combination, to clean 

developed, or are in vkious stages of development. These include: 

coals from different sources. 
Standard Flotation Tests 

A WEMCO flotation machine, Model 71260-01, was used in the flotation experiments. A 
five-liter or a one-liter cell was used depending upon need. The stirrer speed was kept constant at 
1,000 rpm. The solids concentration in the flotation feed was 10% by weight. The flotation pulp 
was conditioned for 3 minutes to disperse the coal, and dodecane was added in requb-ed amounts 
as the oily collector. The pulp was conditioned for an additional 3 minutes. In some tests, the 
desired quantity of a surfactant was added as a promotor to enhance flotation separation. After 
conditioning with the reagent and/or dodecane, methylisobutylcarbinol (MlBC) was added in the 
desired amount as the frother. The slurry was further conditioned for 2 more minutes prior to 
introduction of air into the cell. The froth was removed at preset time-intervals of 20,40,60,120, 
240 and 480 seconds. The natural pH of the pulp was used without any pH adjustments. The 
flotation products were filtered, dried, weighed and analyzed to determine their ash content. 

feed sizes of -600 and -150 pm. To prepare the -65 pm feed, a Blueler mill was employed. The 
grinding time was determined empirically. The baseline flotation tests were conducted for the Type 
II and Type Ill coals at three different feed sizes and the recovery versus ash curves are given in 
Figure 3-1 1. It can be seen that the effect of feed size was a function of coal type. The Lower 
Kittanning coal floated reasonably well but the ash content was much higher than the target. In 

To prepare the flotation feed, a rod mill was used to wet grind the sample to the nominal 
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Figure 3-1 1. FLOTATION RESULTS FOR THE FOUR COALS TESTED AT THREE FEED SIZES OF 
NOMINAL -600 -150, AND -65 pm. The frother concentration was 0.15 kg/T for the -600 and - 
150 pm feed sizes, and 0.5 kg/T for the -65 pm feed. The collector concentration was 0.3 kg/T 
for the -600 and -150 pm feed sizes and 0.07 kg/T for the -65 pm feed (except for the Indiana 
VI1 coal for which it was 0.35 kg/T). 
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comparison, Indiana VII coal floated poorly, even at large amounts of oil. Both Type lIl coals had 
high floatability but further improvements were needed to reduce the ash and sulfur contents. TO 
determine the effect of collector dosage, flotation tests were conducted at several concentrations of 
dodecane for -65 p material and the results are presented in Figure 3-12 for the Pittsburgh seam 
and in Figure 3-13 for the Indiana VII seam coal. An increase in the collector increased the ash 
content for the Pittsburgh seam coal whereas it increased the recovery for the Indiana VII seam 
coal. The effect of collector concentration on the floatability of -600 and -150 pm materials can be 
seen in Table 3-9. It is obvious that alternate measures are needed to clean various coals. 
Advanced Froth Flotation 

Several methods are available to enhance separation efficiency. These include: 
a Aid capture of fine particles by small bubbles; 
a Increase hydrophobicity to increase rate of flotation - use of promotors; 
a Increase hydrophobicity of particles which might increase the extent of hydrophobic 

aggregation; 
Aid capture of fine particles by oil droplets followed by flotation of aggregates; and 
Promote selective agglomeration to produce larger 'particles' which can be floated 
readily. 

0 

a 

A comprehensive approach was used in this project to exploit some or all of the above methods. 
Block co-polymeric surfactants, consisting of hydrophobic polypropylene oxide (PPO) 

and hydrophilic polyethylene oxide (PEO) groups were selected as promotors to improve the 
efficiency of separation. These reagents were selected based on previous experience in coal 
flotation. The criteria used for selection of these reagents were their commercial availability and 
ability to enhance the selectivity of separation. A list of the surfactants used in this investigation 
and their characteristics are given in Table 3-10. Standard flotation procedures were used to 
conduct tests. Suitable models were used to determine rate and ultimate recovery. 

Role of Surfactants 
Preliminary flotation tests conducted in the presence of selected reagents clearly 

demonstrated that substantial benefits are to be realized in coal cleaning when appropriate 
surfactants are used in small quantities. Prior studies have shown that block co-polymers 
containing ethylene and propylene oxide groups were found to be very effective in flotation of 
some coals. To detennine their effectiveness for the coals chosen for this project, studies were 
carried out to determine the effect of surfactant concentration and surfactant type. 

content in the clean product and the results are presented in Figure 3-14 for the Pittsburgh seam 
coal. A significant reduction in ash was observed in the presence of small quantities of the 
promotor. To further determine the effect of surfactant concentration, tests were performed at 
several concentrations and the combustible matter recoveries for the 2 minute product, along with 

The results were analyzed using the total combustible matter recovery (CMR) and ash 



46 

100 

75 

50 

25 

0 
2 

0 

3 4 5 

ASH, % 

6 7 

Figure 3-12. EFFECT OF DODECANE CONCENTRATION OF FLOTATION 
OF -65 pm PllTSBURGH SEAM COAL 
(0-0.07 kg/T; 0-0.28 kfl) 



47 

100 

75 

50 

25 

0 
2 3 4 5 

ASH, % 

6 7 

Figure 3-13. EFFECT OF DODECANE CONCENTRATION ON 
FLOTATION OF -65 pm INDIANA VI1 SEAM COAL 
( 0 -0.35 kgTT; 0 -0.70 kg/T; V-I .40 kg/T; ‘1-2.80 k n ;  
U-5.60 kg/T; B-11.20 kg/T) 



48 

Oil Conc. 

( k r n  

Table 3-9. Combustible Matter Recovery and Ash Contents after 2 Minutes of Flotation as a 
Function of Oil Concentration for the Three Coal Samples. 

-600 pm -150 pm 

R2 min. Ash2 min. R2 min. Ash2 min. 

0 91 5.0 
0.15 98 5.8 
0.30 99 6.1 
0.60 99 5.9 

Indiana VII - Feed Ash 9.2% 

0.30 
0.60 25 5.9 

85 4.8 
97 5.5 
98 5.7 
99 5.9 

9 10.1 
12 9.0 
11 8.2 
12 7.3 
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Surfactant Surfactant Number of 
Name: Hydrophobic 

pluronic - PPO Groups 

Table 3-10. Selected Properties of the Surfactants Used in this Study 

Number of 
Hydrophilic 
PEO Group 

M.W. 

I 

R1 

HLB Surface 
Tension 
0 cmc, 
dynekm 

2,700 

2,900 

4,950 

5,900 

30 

56 

2.1 36.0 

14 43 .O 

9 34.0 

13 33.0 

26 

39 

Ethylene PPO 
block 
copolymers 

I 
311-- 

LC 

PPO : Polypropylene oxide 
PEO : Polyethylene oxide 

P 104 I 56 60 



50 

100 

s 
U 
W > 
0 
0 
W 
U 
U 

E a 
2 a 
6 
a 

I 

3 

I 
0 
0 

75 

50 

25 

0 
2 3 4 5 

ASH, % 

Figure 3-14. EFFECT OF PROMOTOR TYPE ON FLOTATION OF 
Plll'SBURGH SEAM COAL 
Frother: 0.5 kgK MIBC; Collector: 0.07 kg/T Dodecane. 
Promotor: + - None; V - 0.1 g/T L64; 0 - 20 g/T P104. 
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the corresponding ash are presented in Figure 3-15. These results show that the effect of 
surfactant concentration is non-linear. At low concentrations, both the promotors reduced ash. It 
increased at intermediate concentrations, but decreased again when the surfactant concentration was 
about 0.02 kf l .  The data for flotation in the absence of surfactant were added for comparison. 
Based on these results the following observations were made: 

For the Pluronic L-64 surfactant, 1x10 k f l  (the lowest concentration tested) gave 
the best results with 80% C M R  and 3.1 wt.% ash. 
For the Pluronic P-104 surfactant, a higher concentration was required to obtain low 
ash (3 wt.%) but the CMR decreased to 67%. 
At low surfactant concentrations, the surfactant with less number of ethylene oxide 
groups gave lower ash at a CMR of about 80%. 
Except at the lowest concentration, the increase in the number of ethylene oxide groups 
decreased the ash by about 0.5% and CMR by about 10%. 

-4 

The surfactants might improve the efficiency of separation in two ways: 
1. They make the coal more hydrophobic thereby increasing the rate of flotation. 
2. They emulsify the oil to produce fine droplets. The fme droplets might act as 

collectors for coal or as liquid bridges. In both cases, an increase in flotation rate is 
expected but the effect on quality of the product might be more complex. 

If 75% recovery is considered acceptable, the product ash is given as a function of 
surfactant concentration in Figure 3-16. These surfactants did not improve the flotation of the 
Upper Freeport seam coal. 

The results are presented in Figure 3-17 for two reagents: Pluro&c L-64 and 3 1R-1. Slightly 
different reagents were tested because this coal is relatively more hydrophilic. It can be readily 

The surfactants had somewhat different effect on the flotation of Indiana VII seam coal. 

seen that the amount of collector needed for this coal is considerably more than that for the 
Pittsburgh seam coal. The effect of reagent concentration varied with the type of surfactant. 
Target ash (< 5 wt.%) could be obtained for this coal using both the reagents at 90% recoveries. 
Surfactants did not improve the performance of the Lower Kittanning seam coal but some 
improvement was possible by using the surfactant in the second (cleaner) stage of flotation, as can 
be seen&om the results in Figure 3-18. Based in these observations, alternate cleaning strategies 
were developed for this coal and will be discussed in the Phase 11 report. 

To delineate the effect of surfactant type and concentration, contact angle and emulsification 

Flotation Kinetics Models 
Kinetics of flotation are important for the design of a flotation circuit and to evaluate the 

studies are being conducted and the results will also be addressed in Phase II. 

effect of reagents on flotation separations. Even though the rate of coal flotation has been studied 
by many investigators, there is no general agreement on the models to be used. Various 
investigators have been unable to select an appropriate model to describe the laboratory data for 
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kinetics of coal flotation. Since such data are essential for scale-up, studies were carried out to 
address this issue. Normal practice is to use a kinetic model to fit the coal yield (or recovery data). 
Two types of models have been considered in the past: 

Phenomenological Models: These models consider the process of flotation as 
analogous to a chemical reaction or other rate processes. 
Microscopic Models: In these models, the sub-processes occurring in flotation cell, 
such as bubble-particle collisions, attachment and detachment are considered. 

While microscopic models provide a detailed insight of the processes occurring in the 
flotation cell, phenomenological models are simpler and adequate for scale-up and design. They 
are also suitable for evaluating the effect of various operating variables in laboratory experiments. 
Dowling et al.[22] evaluated several models, and found that all the models tested gave a reasonably 
good fit to the experimental data. Although some models were better than others the hierarchy of 
best models was expected to be a function of the material being floated. Since a suitable model is 
essential for evaluation of flotation kinetics data and to use the results for design and scale-up, a 
continued effort is needed for model evaluation and development. Therefore, several models were 
considered for this project and a few were selected for further evaluation. The criteria used were as 
follows: 

Minimum number of parameters to obtain a reasonable goodness of fit. 
Physical meaning of the model parameters. This aspect was deemed important for 
interpreting the effect of various operating variables on flotation performance. 

The first step in evaluation of flotation results was to select a model to evaluate the results 
of flotation kinetics. Approximately 25 models in the literature were reviewed which were grouped 
as: 

First-order models: 
Second-order models: 
Miscellaneous models: 

several models 
several models 
froth flow, gas adsorption, two phase, law of 
proportionality, etc. 

Various first-order flotation models and a few others were evaluated and a new model was 
developed because the existing models were deemed to be unsatisfactory. It was determined that 
some of the models gave a good fit in some conditions whereas others were better under different 
conditions. The reasons were not clear, however. On the basis of the literature survey, the 
following three models were selected for this project: 

Classical First-Order Model (Model C) 
First-Order Model with Rectangular Distribution of Floatabilities (Model E) 
First-Order Model with Sinusoidal Distribution of Floatabilities (Model S2) 

Classical First Order Model 
This is the basic model in which the flotation process is considered analogous to a first- 

order chemical reaction. The model is well known and used by many investigators to describe the 
kinetics of flotation in a laboratory cell. The mathematical form of this model can be written as 
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(3-1 1 )  

where R is the recovery at time t, R, is the recovery after long time (ultimate recovery), and 
the first-order rate constant. 
First-Order Model with Rectanmlar Distribution of Floatabilities 

is 

This model was suggested by Huber-Panu et al.[23] and Klim~el[*~I by considering a 
rectangular distribution of the rate constant in the first-order model. The model may be written as 

(3-12) 

This model was also derived by Meyer and Klimpe1[25] by considering the effect of mechanical rate 
of froth removal from the cell. 
First-Order Model with Sinusoidal Distribution of Floatabilities 

This model was proposed by Fuerstenau and his co-workers[26]. The mathematical form 
of this model in which a sine function is considered to describe the distribution of floatabilities may 
be written as 

R 
[yle-kr2t 

2 

I+(?) (3-13) 

Since none of the above models gave satisfactory fits to the experimental results, another 
model was developed as apart of this investigation and is discussed in the paragraphs that follow. 
A First-Order Flotation Kinetics Model with Normal Distribution of Floatabilities 

In this model, which is referred to as Model N3, the rate of flotation is assumed to be a 
normal distribution about a mean value. This model is capable of fitting the rate data under a wide 
variety of flotation conditions and the fitting errors were found to be small in the cases tested thus 
far. 

The general form of the first-order rate equation with a floatability distribution f(k) is 
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R(t) = R-[ If(k)e-&dk] (3-14) 

Where (t) is the recovery at time t and R, is the ultimate recovery. If a normal distribution of 
floatabilities is assumed 

and 

fy f (k)dk = 1 

The following first-order model is obtained 

The quantities A, B and C are defined by the following equations: 

02 t2 A=++- 
2 

m+puIo 
1/2 B= 

m - p l o  
1/2 C= 

(3-15) 

(3-16) 

(3-16a) 

(3-16b) 

(3-16~) 

where p is the mean and cs is the standard deviation of the normal distribution curve. 
A two-parameter form of N3 can be derived if one assumes that the standard deviation is 

dependent on the mean. If we assume that p 3 0 ,  the resulting two parameter model (which is 
referred to as Model N2) has the same form as given in Equation 3-16 where the quantities A, B 
and C are defined as 
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p 2  t2 A = + + -  

pt+9 
llis 

pt-9 
-m 

18 

B = -  

C=- 

Model Evaluation 
The frequency distributions obtained from fitting the models to kinetics data are given in 

Figure 3-19 for the Upper Freeport and for the Pittsburgh seam coals. The experimental 
conditions are given in the figure caption. The results of fitting five different models are given. It 
can be seen that the predicted range of the floatabilities are strongly model dependent, making it 
necessary to select the model which most accurately represents the actual distribution of 
floatabilities. An accurate estimation of rate data is necessary for optimization, design, and scale- 
up of flotation. The floatability distributions vary with coal type and conditions of flotation, as 
expected. The model fitting errors are given in Figure 3-20 as mean residual squares ( M R S ) .  For 
the Upper Freeport seam coal the M R S  increased in the order: 

N3<N2<S2<R2<C 

and, for the Pittsburgh seam coal, it increased in the order: 

N3 -C<N2<S 2<R2 

(3-17) 

(3-18) 

For both the coals, errors were least for the Model N3. The m o d  is being evaluated further using 
the flotation results for other test conditions. 
Effect of Particle Size on Flotation Kinetics 

Studies conducted as a part of this project show that the statistics of fitting first-order 
models improved considerably when the flotation products were screened and analyzed 
individually, as can be seen from the results given in Figure 3-21 and Table 3-1 1. For the purpose 
of illustration, Model C was used to fit the flotation kinetic data. Evaluation of other models is in 
progress. This method (Method n> is a compromise between the traditional method of analyzing 
the flotation products collected at pre-selected time intervals (Method I) and a more elaborate 
method in which size-specific gravity fractionation on flotation products is done followed by 
analysis of individual fractions (Method ID). The traditional method is well known and was used 
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Table 3-1 1. 
Coal Flotation (Frother: 0.30 kg/T MIBC) 

Statistical Parameters of Fitting Model C to Individual Size Fractions in 
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recently by researchers at the University of California, Berkeley, as part of a project sponsored by 
the DOE. The second approach was developed and used by Penn State's Mineral Processing 
Section (R. Hogg and S. Chander) as part of a project also funded by the DOE. Method I is not 
very satisfactory because the model discrimination is often poor whereas Method I l l  provides more 
details but requires laborious experiments and data analysis. It should be noted that the size 
fractionation approach was used by Lay and Bell[27], Rastogi and A~lan[~*], and later by others. 
Even though the method has been known for many years, its statistical advantages have not been 
discussed and it has not been used extensively in coal flotation research. 

and the screen fr&tions were dried and weighed. The results were used to calculate the yields 
from which the rates of flotation of the individual size fractions were determined. The ash and 
sulfur analyses are also being conducted and will be reported later. The results are given in Figure 
3-21 for a hvA bituminous coal from the Upper Freeport seam. The symbols represent the 
measured data and the lines were obtained by fitting the model. Figure 3-21a is for the unscreened 
material and Figure 3-21b is for various screen fractions. A careful examination of the 
experimental data and fitted results in Figure 3-21 shows a certain amount of 'systematic' error. 
The goodness of fit can be seen from the values of r2 and M R S  (mean residual squares). There 
was one exception, however, in that the -400 mesh fraction which gave larger errors. The reasons 
for this are being investigated. 

Even though the effects of particle size and collector concentration on the rate of flotation 
and ultimate recovery appear to be reasonable, these results are considered to be preliminary until 
the validity of this approach has been tested using other models and tests with additional coal 
samples. 
Column Flotation 

In the approach used in the present investigation, various flotation products were screened 

A flotation column is a bubble column device in which separation between disperse phases 
is achieved using differences in their affinity for air bubbles. The concept of column flotation was 
first developed and patented in the mid 1910's by Flinn and T ~ w n e [ ~ ~ ] .  However, this early 
design was not commercially successful as it was plagued by solid settlement on the gas 
distributor. The success of the Boutin and Wheeler design of flotation column that was patented in 
the early 1 9 6 0 ' ~ [ ~ ~ ]  is attributed in part to its ability to overcome the solid settlement problem on 
the gas distributor. 

At present, flotation columns are employed in a number of applications in the mineral 
processing industry[31]. Indeed flotation columns have been found to be effective in fme coal 
cleaning (e.g., [32-34]). In spite of the considerable research efforts and industrial applications of 
column flotation in the last seventy-seven years, the design and scale-up of flotation columns 
remains an empirical art. For example, all present designs are based on the use of analogy with 
chemical kinetics. According to this approach, the rate of recovery of hydrophobic particles in the 

. -_ 
I -' . I .  . >. _ -  I..'. I .  
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collection zone may be represented as a first order rate process. Thus, only the Damkohler 
number, ktp, where k and tp are the rate constant and particle residence time, respectively, and the 
mixing parameters of the process vessel or age distribution of the particles, are required for design 
and scale-up. Accordingly, the recovery is given by 

(1 - XI = 4q exp(~ep/2)/{(1+ ql2 exp(~%q/2) - (1 - ql2 exp(-pePq/2)} (3-19) 

where X is the fractional recovery and q is defined as 

q = (1 + 4ktflep)o.s (3-20) 

In Equation 3-19, Pep is the particle Peclet number, a measure of the particle mixing 
intensity in the sedimentation dispersion model. Some issues about this approach were recently 
raised by I tyokumb~l [~~~  361 which may lead to new perspectives in the design of flotation 
columns. Firstly, the use of Equation 3-19 in flotation column design and scale-up is predicated 
on the validity of the sedimentation-dispersion model in providing an accurate description of the 
solid particle behavior in the column. Unfortunately, solid tracer analysis using the sedimentation- 
dispersion model has consistently shown that the particle mixing intensity increases with size and 
in most instances, may even be larger than the corresponding value for the Since the 
larger particles have a higher inertia, it is highly unlikely that they will be more mixed than the 
smaller ones under the same flow conditions. For the same reason, the dispersion coefficient of 
the solid particles cannot be larger than that of liquid molecules under the same flow condition. As 
indicated above, the results from the sedimentation-dispersion model are at variance with physical 
reality. The reasons for this observation &e., increased mixing with particle size) have been 
provided by Ityokumb~l[~~] and will not be repeated here, suffice to say that it clearly demonstrated 
that the sedimentation dispersion model does not provide an accurate description of the particle 
behavior in flotation columns. Ityokumbul[40] has recently shown that the behavior of solid 
particles in a flotation column may be described using the sedimentation-convection model. 

Secondly, Equation 3-19 predicts that the recovery be independent of initial concentration 
of floatable particles. This is clearly not the case in flotation, especially at high concentrations for 
which the column carrying capacity is limited. Furthermore, Equation 3-19 suggests that increased 
mixing may result in lowering of the recovery. For typical column applications (where slugs of air 
bubbles are absent), intimate contact between the air bubbles and the hydrophobic particles is 
indeed required for separation to take place. This intimate contact only comes about as a result of 
mixing of the liquid phase which contains the hydrophobic particles. In fact the results of 
Espinosa-Gomez et al.[411 clearly indicate that with leadzinc separation, the recovery/grade 
performance increases with mixing intensity. 
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In view of the inadequacies inherent in the present approach to flotation column design, a 
new approach based on fundamental principles was recently 
approach to determine key design and scale-up parameters for column flotation has also been 

361. The use of this 

and will form the basis for the analysis of the flotation data in the present study. 
Theory 
The new approach to flotation column design is based on the consideration of the bubble 

loading rate, since it is this process that results in the separation. While the detailed theoretical 
formulation may be found elsewhere[35* 36], it was shown that the performance equation is given 

by 

(3-21) 

where z is height of recovery zone required for a given recovery, X, a is the bubble interfacial area, 
k the particle transfer rate constant, I?, is the maximum bubble load, UR and Vp are the slurry 
velocity in the recovery zone and particle settling velocity, respectively. In Equation 3-21, the 
termS W m ,  ( u R + v p ) / N m  and -h( 1 - x> are eqUiVdent to the interface mass transfer coefficient, 
height of a transfer unit, HTU, and number of transfer units, NTU, respectively. As with other 
mass transfer operations in chemical engineering, the HTU is a measure of the difficulty of 
separation. A brief discussion of this follows. 

The maximum NTU cannot be varied at will. It is determined by the maximum recovery 
which is a function of the degree of liberation of the mineral, reagent dosage, hydrophobicity of the 
particles, etc. The validity of this approach has been tested using literature data from a variety of 
applications (coal and mineral flotation in columns of different sizes). In addition, this approach 
has, for the first time, succeeded in demonstrating the detrimental effect of using excessively tall 
columns in some applications[35* 369 421. 

As indicated earlier, the term (UR + V p ) / N m  is a measure of the difficulty of the 
separation. It follows from this that the difficulty of separation increases with slurry velocity in the 
recovery zone and particle size. Intuitively, this is indeed a valid observation as the effect can be 
explained on the basis of reduced particle residence time in the recovery zone. The height of the 
transfer unit is inversely proportional to the quality of air dispersion in the system (through the 
interaction of a and to some extent, rd. This is also a reasonable assumption insofar as flotation 
is an interfacial phenomenon: increasing the quality of air dispersion results in an increase in the 
bubble surface area available for flotation. The failure of the first column installations at 
Inspiration Copper Company was attributed to solid settlement on the gas distributor. Since 
bubble coalescence was reported with solid settlement on the gas distributor, it is obvious that the 
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available bubble surface for particle collection was reduced resulting in an increase in the HTU. It 
is obvious from the foregoing that knowledge of bubble characteristics (size, gas hold-up) will be 
required in the interpretation of flotation data. Unfortunately, information on bubble characteristics 
is rarely reported with flotation data. This makes comparison of flotation results in different 
vessels andor with different spargers very difficult. 

A comparison of estimates of the HTU from a number of applications in columns of 
different sizes was made recently and% summarized in Table 3-12. The results obtained indicated 
that coal cleaning generally gave lower HTUs in comparison to minerals made selectively 
hydr~phobid~~].  This observation is expected since coal is naturally hydrophobic and the 
concentration of floatable particles is usually higher. From the data in Table 3-12, it is estimated 
that the maximum collection zone height required for coal cleaning should not exceed 2 m. This 
probably explains why Parekh et al.D4] did not observe any dependence of recovery on column 
height in the range 3-8 m. 

on the column performance. Thus the availability of bubble surface does represent a useful design 
and scale-up parameter. However, the operational parameters controlling the bubble size are the 
gas velocity, bubble generator design, and solution chemistry. Xu and Finch[43] have shown that 
the bubble size varies with gas velocity according to 

The ensuing analysis has shown that the quality of air dispersion will have a strong effect 

(3-22) 

where C and n are constants and Rg is the ratio of column cross-sectional area to the area of 
sparger. For sparging through porous media, Xu and Finch[43] reported that n was in the range 
0.2 to 0.5. It is therefore important to determine a priori the maximum gas velocity for effective 
column flotation. By using dimensional analysis, Ityokumbul[44] has shown that the maximum 
gas velocity for column flotation is related to the column diameter by the relationship 

ug, max = 0.1 10:5 (3-23) 

Analysis of published data show that in most large diameter columns (Dc > 0.5 m), the operational 
gas velocities were less than 40% of the maximum values predicted by Equation 3-23 (see Figure 
3 -22). 

Future Test Plans 
A laboratory flotation column was designed and built and will be used in Phase TI testing. 

The column has an internal diameter of 0.076 m and an overall height of 5.5 m; however, its height 
can be readily varied due to its sectionalized nature. ComincoR and Mott MetallurgicalR bubble 
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Table 3-12. Estimates of the Heights of Transfer Unit for the Different Column Applications. 

1 I 
Reference I Dcym 

Application 

I I 

I I 
Luttrel et al. (1988) coal 0.05 

Bensley et al. (1985) coal 0.10 

Reddy et al. (1988) coal 0.10 

Kho arid Sohn (1989) Talc 0.06 

Ounpuu and Tremblay (1991) Sphalerite 1.20 

Ynchausti et al. (1988) Fluorite 0.06 

Pyrolusite 0.06 

5 

-75 

-500 

16 

-3 8 

-300 

~ -210 

U R , d S  HTU, 
m 

0.0067 0.29 

0.0039 0.28 

0.0043 0.43 

0.0066 0.26 

0.0063 0.48 
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generators have been procured. The former employs high external shear to generate fine bubbles 
while the latter forces air through a porous medium with an average pore size of 2 mm. High- 
accuracy pressure transmitters (Cole-Palmer Model G-68971) installed along the column axis will 
be used to measure the static pressure profile. This profile will be used to determine the gas hold- 
up and the location of the pulp-froth interface. Schematic diagrams of the experimental set-up and 
the two bubble generators are shown in Figures 3-23 and 3-24. 

In summary, the experimental work will consist of the following: 
bubble size/gas hold-up measurements with the different spargers; 
recovery/grade data with the different gas spargers; and 
analysis of the data to determine design parameters (terminal recovery, HTU, etc.). 

Results of the Gas Hold-up Measurements 
While the 0.076 m flotation column was under construction, gas hold-ups in a 0.063 m 

flotation column equipped with the static sparger were measured. The gas hold-up was estimated 
from static pressure measurements along the column axis. Since the behavior of air bubbles is 
influenced by the presence of frothers, the gas hold-up was determined as a function of gas 
velocity and frother concentration. For this study two frothers commonly used in flotation column 
work, methylisobutylcarbinol (MIBC), and Dowfroth 250C (DF25OC), were selected. Figure 3- 
25 shows the gas hold-up data in the air-water and air-water-frother systems. For the same gas 
velocity, a higher gas hold-up is indicative of a higher bubble interfacial area in the column. These 
results show that the gas hold-up increases with the addition of frother which is consistent with the 
observation of others [451. In addition, the results show that in comparison with MIBC, DF250C 
is a better frother. 

- 

Figure 3-26 shows the dependence of gas hold-up on the concentration of DF250C. It can 
be seen that the gas hold-up increases with frother concentration, however, the increase was not 
proportional to the frother concentration. Similar results were obtained with MIBC. 

The drift-flux approach was used to estimate the terminal bubble rise velocity. Using 
correlations that have been developed by Ityokumbul et al.[46], the average bubble size in the 
presence of DF25OC was estimated to be of the order of 1 mm. While the size of bubbles from the 
Mott Metallurgical sparger is suitable for fine coal flotation, it is not clear if clogging of the sparger 
will influence its performance. In order to study this phenomenon, the gas hold-up was 
determined at 100,75,50 and 25% of the total sparger surface area. The results obtained are 
shown in Figure 3-27. The results obtained show that for 25% reduction in the sparger surface 
area, the bubble characteristics are not significantly effected. Similar results were obtained with 
MIBC. 

The 0.076 m column construction is completed and preliminary testing has been carried 
out. Systematic investigations of the effects of air, s l y  and recovery zone heights will be 
conducted in Phases 11 and Et. 

I 
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Selective Agglomeration 
The addition of small quantities of oil to a coal-water slurry promotes the selective 

agglomeration of hydrophobic coal particles leaving liberated (hydrophilic) ash minerals dispersed 
in the aqueous phases. The conventional oil-agglomeration (spherical agglomeration) process in 
which relatively large amounts of oil are used has been the subject of numerous laboratory and 
pilot-scale ~ t u d i e s [ ~ ~ - ~ ~ ]  but has not found wide commercial application. The main drawback is the 
high ash and moisture content of the product. The process does, however, have considerable 
potential for deep cleaning of coal at fule sizes, especially for applications in MCWM technology 
so as to avoid the problems of dewatering the fine, clean-coal product. The process is particularly 
attractive as a means of extending froth flotation to finer sizes. The objective is to use selective oil 
agglomeration to produce clean coal “particles” of size appropriate to the application of flotation 
separations. Investigations of the selective agglomeration process with an objective to produce 
micro-agglomerates of clean coal are being carried out in conjunction with a separately funded 
(DOE) project. 

The use of oil agglomeration, at very low oil-addition levels, for sulfur and ash rejection in 
fine (-200 mesh) coal has been investigated. Wetting phenomena which provide the driving force 
for agglomerate formation and the growth of agglomerates in three-phase (oil-water-coal) systems 
have been evaluated in terms of the various contact angles (solid-liquid-liquid and solid-liquid-gas) 
which define the attachment of oil droplets to solid surfaces in an aqueous medium. Two different 
techniques for contact angle measurement have been used. The well-known captive bubble method 
has been used for direct measurements on polished surfaces. A recently developed “interface 
partitioning” technique[51] has been used for measurements on s m d  particles at liquid-air and 
liquid-liquid interfaces. 

since these reagents can affect all of the interfaces present in an agglomeration system, reagent 
selection is by no means simple. Contact angle measurements can provide information of the 
specific effects of variables such as molecular weight and hydrophilic-liphilic balance (HLB). 
Such information can be used in the development of rational guidelines for reagent selection. An 
example of the effects of molecular weight and HLB on the wetting behavior of Pittsburgh seam 
coal (m-2) is shown in Figure 3-28 for two homologous series of ethylene oxide-propylene oxide 
block co-polymers. It can be seen that molecular weight has little effect at low HLB but that 
significant differences occur at an HLB of about 15. Further investigations of these effects are 
being carried out under Phase II of this project. 

diffraction) measurements of agglomerate size in agitated suspensions. The effects of the amount 
of added oil have been determined and indicate growth up to a limiting size of about 50 
should be ideal for separation by flotation. Further analysis of the results suggests that the overall 

Wetting behavior can be controUed through the appropriate use of surfactants. However, 

The dynamics of agglomerate formation and growth have been investigated by in-situ (laser 

- which 
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process involves a complex combination of oil emulsification, agglomerate growth and 
agglomerate breakage. Pre-emulsification of the oil has been found to provide improved control 
over the aggIomerate growth process and may enhance selectivity by eliminating large oil droplets 
from the coal-water slurry. Large droplets tend to form large, oil-rich agglomerates containing 
mineral particles as well as coal. Such agglomerates are resistant to subsequent breakage which 
may play an important role in preferential rejection of mineral matter. 

Studies of combined agglomeration and flotation have also been carried out. The results 
shown in Figure 3-29 show that both the recovery and grade of coal are improved when particles 
were agglomerated prior to flotation. That is, pre-agglomeration of the fine coal leads to a 
substantial improvement in separation efficiency. These preliminary results indicate that 
agglomerate flotation has very considerable potential for fine-coal cleaning in the preparation of 
coal-water slurry, especially for Type III coals where fine grinding, prior to cleaning, is necessary 
for adequate liberation of the mineral matter. A systematic investigation of the effects of agitation, 
surfactant use etc., on selectivity in agglomerate flotation is included in the Phase I]: research. 
Solid-Liquid Separations 

A primary advantage of MCWM technology is that fine coal can be cleaned and utilized 
without the need for expensive, energy-consuming dewatering operations. However, there is 
likely to be some need for solid-liquid separation in order to control slurry density. Practical 
procedures for separating micronized coal from water generally involve flocculation of the particles 
prior to separation by sedimentation or filtration. Since flocculation is generally detrimental to 
MCWM production and utilization, its applicability to solid-liquid separation for increasing slurry 
density is rather limited. In many cases, however, it is possible to achieve some degree of 
flocculation in a reversible fashion - by pH control for example. For some applications, this may 
be sufficient to permit concentration of the slurry by sedimentation. 

MCWM have been developed. Studies of the application to specific MCWM formulations have 
been carried out. The effects of pH on the surface charging characteristics have been evaluated 
using Electro-kinetic Sonic Amplitude @SA) measurements. An example, for the Upper Freeport 
seam coal (m-1), is shown in Figure 3-30. Typically, the greatest need for slurry thickening is 
likely to occur subsequent to cleaning steps such as fine gravity separation or flotation but prior to 
final grinding. Based on available technology, these steps will generally be performed on coal 
ground to about -100 mesh. A series of sedimentatiodclarifkation tests have been performed on 
-100 mesh samples of the Upper Freeport seam coal. Settling behavior was evaluated from 
measurements of suspension turbidity at faed depths as a function of settling time. The results are 
shown in Figure 3-3 1. It is clear that rapid, efficient settling can be obtained at pH 7 which is 
close to the point of zero charge of this coal (see Figure 3-30). The results also indicate that the 
thickened coal can be readily redispersed simply by adjusting the slurry pH. Characterization of 

Test procedures for determining appropriate conditions for reversible flocculation of 
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coal charging behavior through measurements of ESA is being used to provide the basis for 
predicting sedimentation behavior for different coals. The role of solid-liquid separations in the 
control of slurry density at the specific (often quite different) levels required for grinding and final 
coal-water slurry formulation is being evaluated as part of the Phase II research. 

3.2.5 Establish Required Size Consist for Coal-Water Mixture Formulation 
The basic requirements for coal-water mixtures are[52]: 

Maximum particle size less than about 150 pm to ensure complete combustion; 
High solids content (generally greater than 60% by weight); 
Stability with respect to settling and especially to the formation of hard-pack sediments; 
and 
Relatively low viscosity to facilitate handling, transport, and atomization. 

The size distribution of the solid particles is a critical factor in the production of high- 
density MCWM with acceptable viscosity. It is generally accepted that broad size distributions are 
desirable since they afford the most opportunity for efficient packing of the particles. However, 
there seem to be little agreement over the “optimu” size distribution, and trial-and-error methods 
involving changes in the fine-grinding procedure are usually adopted. The sizeconsist 
requirements have been reevaluated in the context of particle backing and particle interaction forces 
in the coal-water slurry. 
Particle Interactions 

Solid particles dispersed in water are subject to forces of interaction which become 
increasingly important as particle size is reduced. The principal forces of importance in coal-water 
slurry technology are: 

van der Waals-London dispersion forces which act between all particles and are always 
attractive for similar particles; 
Electrical double layer interactions between charged particles in suspension; and 
Solvation forces between structured layers of solvent molecules or adsorbed solute 

. species such as polymers. 
The nature and relative magnitudes of these forces were discussed elsewhere[53] and will not be 
repeated here. 

Attractive, van der Waals’ forces and repulsive, electrical double layer and steric interaction 
forces due to adsorbed, dispersant layers probably assume a dominant role in coal-water slurries. 
In the absence of repulsion, the attractive forces lead to particle aggregation and network formation 
with a corresponding increase in apparent viscosity. The presence of repulsive forces gives rise to 
the development of repolsive energy or force barriers between particles which prevent their coming 
into actual contact. Typically, these barriers lead to minimum particle separations in the range of 
0.01 to 0.1 pn. 

By preventing aggregation or network formation, the development of repulsive barriers 
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generally contributes to the reduction of slurry viscosity. On the other hand, the barrier itself 
represents an additional excluded volume which increases the effective solids volume in 
suspension. Such effects can become significant for very fine particles. For particles of size x 
with minimum separation Hm, the effective solids volume fraction $ is increased to 

3 m,=( l+--) Hm 
(3-24) 

For 0.1 pm particles with a minimum separation of 0.05 pm, this would correspond to almost a 
doubling of the effective solids concentration. 

slurries: sediment consolidation. Practical coal-water slurries are inevitably subject to some 
settling during long-term storage. This becomes a problem if the resulting sediments are highly 
consolidated (“hard-packed”) and not easily redispersed by agitation. Network formation due to 
net attraction between particles generally promotes settling but opposes consolidation by forming 
rigid but relatively open structures which can easily be broken down by agitation. Very strong 
repulsive interactions can also inhibit consolidation by preventing close approach of particles. 
Both of these conditions can, however, contribute to increased slurry viscosity. 
Particle Packing 

It has long been recognized that particles of uniform size, arranged at random, pack to a 
solids volume fraction of about 0.6. These packing densities can be increased substantially by the 
addition of smaller particles which can fit into the interstices between the original particles. For 
slurry applications, it is convenient to consider the reverse (but entirely equivalent) situation of 
adding coarser material to a suspension of fine particles. 

particles (size x2) are added, each particle (initially) adds its own solid volume to the suspension. 
Thus 

Particle interactions also play a role in another important characteristic of coal-water 

Consider a suspension of particles of size XI with solids concentration $1. If coarser 

v =  v, 1 $,+ v2 

where V is the total slurry volume, V1 and V2 are the respective solid volumes. 
By definition, the slurry concentration (volume fraction) is 

VI + v2 @ =  

(3-25) 

(3-26) 



and the fraction of coarse particles is 

v2 

VI + v2 Q =  

It follows that 

(3-27) 

(3-28) 

which describes the increase in solids loading due to the addition of coarse material. Obviously, 
such increase in loading cannot continue indefinitely. Eventually, the coarse particles cease to act 
independently; they begin to disturb the packing of the finer material and findy reach a packing 
limit of their own. 

The maximum possible loading occurs when there is just enough fine-particle sluny to fill 
the voids in a bed of close-packed coarse particles. In this case, 

(3-29) v =  V2f $1 
* 

where $2 is the maximum packing fraction for the coarse material (typically about 0.6). The void 
volume Vv (available to fine-particle slurry) is 

v, = (1 - $l)V (3-30) 

It follows that the maximum loading occurs when the fraction of coarse particles in the mixtures is 
such that 

$1 
Q m =  fpl(l-$;)+& 

(3-3 1) 

The corresponding maximum solids loading is 

Some examples of calculated solids loadings for coarse-particleffine-slurry mixtures are 
shown in Figure 3-32. The substantial increases in loading which can, potentially, be achieved can 
be seen clearly. It is also apparent that a range of options is available for producing a slurry with 

84 
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given loading. Thus a loading of 50% solids overall can be accomplished by adding about 30% 
coarse particles to a 40% solids slurry or 70% coarse to a 20% solids slurry. Obviously, the 
rheological and settling characteristics of these different (but same-density) slurries would not be 
expected to be the same. 

still finer or coarser component in the appropriate amount. However, experience with powders 
suggests that such improvements are not generally achieved in practice[54]. 

In order to obtain the optimum packing from binary mixtures, it is necessary that the size 
ratio x2/x1 be as large as possible, In real coal-water mixtures, however, there are practical limits 
on this ratio. Combustion and burner requirements generally limit the upper size, x2 to less than 
about 100 p. Grinding costs and, to some extent, rheology constraints place limits on the finer 
size XI. 

The ability to achieve high packing density is largely determined by the ratio of the average 
separation H2 of the large partides to the size of the fine material. For a "dilute" (non close- 
packed) coarse fraction, assuming an average cubic arrangement, the mean particle separation can 
be estimated as follows: 

In principle, further increases in solids loading could be obtained by the addition of a third, 

The volume of slurry associated with an average (size x) particle is 

k, x3 
vs=-T- (3-33) 

where kv is the column shape factor ( d 6  for spheres). For a cubic arrangement, the average 
center-to-center separation is 

and the average surface-to-surface separation for the coarse component is 

(3-34) 

(3-35) 

The excluded-volume effect noted above restricts the size (xi) of the fine-particle fraction. 
For stabilized particles, the minimurn separation Hm (see Equation 3-24) is essentially constant, 
independent of particle size. Thus, as size x is reduced, the excluded volume effect described by 
Equation 3-24 becomes increasingly important and places an upper limit on the concentration $1. 

at 50% solids, by weight, from various combinations of coarse and fine particles. The packing 
The particle size limitations can be illustrated by considering a hypothetical slurry prepared 
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effect is described by the ratio of the coarse-particle separation H2 to the fine-particle size XI. A 
large value indicates that the fie-particle slurry can readily fill the space between coarse particles. 
The excluded volume effect is reflected by the effective fine-particle concentration (41)eff as 
defined by Equation 3-24. High values would be expected to correspond to high slurry viscosity. 

The results of such calculations, based on a coarse-particle size x2 of 75 pm and a 
minimum separation of the fine particles of 0.05 pm, are given in Table 3-13. It can be seen that 
the packing effect becomes critical when the fine-particle component is dilute and relatively coarse. 
As expected, the excluded volume effect becomes si&icant when the fine-particle component is 
concentrated and extra f i e .  

These calculations also demonstrate the value of using a true bimodal size distribution for 
slunry formulation. The presence of intermediate sizes in a broad but continuous distribution will 
invariably lead to reduced values of H2/x1 and correspondingly reduced packing efficiency for a 
given solids loading. 

The packing model can also be used to estimate the rheological behavior of binary 
(coarse+fine) coal-water mixtures. Provided the coarse particles are sufficiently widely spaced 
(dilute), such systems can be modeled as suspensions of coarse particles (concentration 42) in a 
medium consisting of fine particles at concentration $1. The advantage of this approach is that the 
relatively simple relationships which have been developed for suspensions of uniform particles can 
be used to estimate the viscosity of the fine-particle medium and the overall slurry. Typically, such 
expressions are of the form: 

. 

(3-36) 

where p is the viscosity of the suspension and jlo is that of the medium. Thus, for the binary coal- 
water mixture, the viscosity can be estimated by successively applying Equation 3-36, first to the 
fine-particle "medium", and then to the suspension of coarse particles in that medium. An 
example, using the Dougherty-Krieger relationship is given in Table 3-14. The results indicate an 
optimum composition (minimum viscosity) consisting of relatively coarse (> 2 p )  fine particles at 
about 30% solids by volume with an appropriate addition of the coarse fraction (also about 30% by 
volume) in order to provide the desired overall solids content (50% in this example). 

In practice, it is common to approximate the true bimodal distribution by a very broad, but 
continuous size distribution produced from a single-stage grinding operation. While this approach 
can provide slurry with acceptable characteristics, the compromises involved lead to several 
undesirable features. In addition to sub-optimum solids loading/stability/rheology characteristics, 
the grinding procedures used to produce such slurries tend to be quite inefficient. Since grinding 
costs are a major factor in the economics of coal-water slurry technology, it is obviously desirable 
to maximize grinding efficiency. On the other hand, a two-stage grinding process, designed to 
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Table 3-13. Packing Ratio and Excluded Volume Effect for Binary Slurries at 50% Solids by 
Volume (Based on 75 pm coarse particles). Figures in shaded blocks represent 
conditions where coarse-particle separation would be expected to limit fine-particle 

, packing. 
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Table 3-14. Estimated Viscosity for Binary Slurries at 50% Solids by Volume. Shaded figures 
represent impractical packing conditions (see Table 3-13). 
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provide an optimal bimodal distribution can, in principle, be operated so as to maximize grinding 
efficiency. 

Perhaps the major potential advantage of coal-water mixture technology over conventional 
cod f h g  lies in the opportunity for advanced coal cleaning which is offered by the associated 
fme-grinding but is not offset by the need for expensive product dewatering. Integration of a 
multi-stage grinding operation with physical cleaning process such as flotation offers several 
opportunities for cost-effective deep cleaning of coal. With many coals, for example, it is possible 
to separate a clean fraction at a relatively coarse size, grinding of the remainder of the coal can then 
be used both to provide the sulfur and ash liberation and to produce the finer fractions needed for 
slurry preparation. 

consist for MCWM preparation is relatively independent of the nature of the feed coal. However, 
the procedure for obtaining that size consist will be highly coal-dependent. In particular, it is 
necessary to optimize the size-reduction processes used in the MCWM preparation. 

Within the constraints imposed by the basic requirements listed above, the required size 

3.2.6 Ball Mill Grinding 
The use of coal-water mixtures in combustion requires high density slurries consistent with 

slurry handling and storage. Ball mi l l s  have been widely used for the preparation of coal-water 
mixtures because of their availability and capacity. Over last three decades, ball mill grinding has 
been studied extensively at Penn State and it is now possible to predict the performance of various 
ball mill grinding circuits based on laboratory grinding data. However, the grinding of high 
density slurries needs further study due to the complexity arising from the dependence of breakage 
rates on the slurry properties[55]. It is well-known that wet ball milling gives higher mill capacities 
than dry milling. However, as the slurry becomes thick and viscous, the grinding rate deteriorates. 

According to Klim~el[~~] ,  grinding rates depend on several factors which affect the slurry 
rheology. These are: (i) the slurry density, (ii) the fineness of the size distribution, (E) the shape 
of the size distribution, and (iv) the chemical environment. The work on the rheological properties 
of slurries and their effect on the breakage rates is summarized in the following: 

(i) Many coals and mineral slurries exhibit dilatant character at relatively low slurry densities, 
less than 40 - 45% solids by volume for typical size distributions; closely sized solids give 
more dilatant character than broad distributions. 

(ii) In this dilatant region, grinding is first-order, and absolute rates of breakage do not vary 
during the grinding or from one slurry density to another. 

(E) Increasing slurry density causes a trend toward pseudoplastic behavior. At a given slurry 
density, more pseudoplastic character can be developed by increasing the solids packing 
efficiency (by adding a proportion of fines or cmtrolling the size distribution), by the use 
of a bulk thickening agent, or by the use of chemicals to modify viscosity. 

(iv)When a slurry exhibits pseudoplastic behavior without a yield stress, then grinding is first- 
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order with higher absolute rates of breakage than in the corresponding dilatant systems. 
(v) Grinding aid chemicals that work best in practice are those which maintain pseudoplastic 

behavior in the slurry without associated yield stress, or which reduce the yield stress in a 
dense pseudoplastic slurry. 

(vi) When grinding is performed on a very dense slurry, the yield stress increases rapidly and 
leads to non-first-order breakage with a slowing-down of breakage rates. 
Although this gives a general explanation of the change in the breakage rates as slurry 

condition is changed, the detailed variation is likely to be coal specific and must be determined 
experimentally. Therefore, a study of laboratory ball mill grinding of coal-water mixtures was 
carried out for five selected coals to identify and correlate different slurry conditions with grinding 
behavior. The effects of a dispersant (Coal Master A-23M) on grinding in dense suspensions were 
also analyzed for the modification of slurry rheology to increase mill output by taking advantage of 
high solids content. 
Experimental Procedure and Results 

The mill was loaded to a bulk volume of 1,570 cm3 (30% loading) with 25 mm diameter steel 
balls. All tests were run at 72 rpm (70% of critical speed) with a constant slurry volume loading of 
approximately 627 cm3. Five of the coal samples (Taggart, Indiana, Lower Kittanning, Upper 
Freeport and Pittsburgh seam coal) were first crushed to -16 mesh using a hammer mill. 
Variations in the percent solids were achieved by changing the water-to-solids ratio to give 627 
cm3 total slurry volume assuming a coal density of 1.4 g/cm3. Grinding tests were conducted for 
various times using a new sample for each test. The ground products were screened using a 
combination of wet and dry sieving. 

the grinding proceeds, the curves shift in a parallel manner to finer sizes. A convenient way to 
analyze the rate of grinding is the Weibull plot, which shows the variation of the percentage of 
material less than a certain size with time. Figure 3-34 is one such plot for 200 mesh at various 
solids concentration. It can be seen that the breakage rate decreases as the solids concentration 
increases, giving lower curves. Also, above 65% solids loading, the curve bends away from the 
straight line relationship as grinding proceeds. This indicates a slowing-down of the breakage 
rates for longer grind times. The addition of 0.5 wt.% dispersant increased the grinding rate and 
also removed the slowing-down effect, resulting in a higher production of fines as indicated by a 
higher curve in the figure. However, a further increase in reagent dosage did not improve the rate 
of grinding. Similar results were obtained for the other coals. 

Figure 3-35 shows the time required to reach a product size of 80% passing 200 mesh. It 
is apparent that the time increases with increasing solids concentration. A rapid increase in the time 
was observed in the neighborhood of 60 wt.% for all coals except the Indiana seam coal, which 

The laboratory mill used was 200 mm i.d. with a volume of 5,230 cm3, fitted with lifters. 

Figure 3-33 shows a typical set of grinding data for various grinding times. Generally, as 
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increased at a much lower solids loading. This indicates that the Indiana seam coal exhibits the 
greatest tendency for a slowing-down of the breakage rate with increasing slurry concentration due 
to the increase in slurry viscosity. However, as with the other coals, the required ,orinding time 
can be significantly reduced by the addition of the reagent. 

Figure 3-36 shows a plot of the grinding time required to achieve a product size of 80% 
passing versus HGI of coals. Except for the Indiana seam coal, a more or less straight line 
relationship can be seen. For these four coals, the HGI can be used as a criterion to determine the 
time required to produce a specific size. 

Figure 3-37 shows net production of -400 mesh material versus solids concentration with 
and without chemicals for all coals. The decrease in the breakage rate at the higher solids 
concentration noted in Figure 3-34 is offset by the higher solids content, resulting in a net increase 
in the production rate of fines. However, beyond 60% solids, the slurry viscosity becomes too 
high, causing a slowing down of the breakage rate and a decrease in the net production rate. 
Nevertheless, grinding with the reagent resulted in a significant increase in the production rate for 
five coals. Figure 3-38 relates the production of fines after 32 minutes of grinding with HGI for 
all coals. Again, the production is well correlated linearly with HGI except for the Indiana seam 
coal. Obviously, the harder the coal, the longer the time needed to produce a specified size, 
therefore, the production will decrease accordingly. 

Figure 3-39 shows a set of product size distributions for various solids concentrations. In 
order to compare the results, a grinding t h e  was selected which gave a product size of 80% 
passing 200 mesh. It can be seen that the size distributions fall into three distinct groups, one for 
slurry densities of 50% and less, one for slurry densities of 60-65%, and one for the slurry density 
of 70%. The higher density slurries produce comparatively more fines. Similar trends were 
observed for all the other coals. This indicates that the mechanism of fracture changes when going 
from low to high pulp density. 

Figure 3-40 shows the size distributions for the five coals ground at 70% solids with 0.5% 
dispersant. Typically, the softer (higher HGI) coals produce a flatter size distribution, containing a 
bigger portion of fines. However, this trend is not observed for this high solids loading. It seem 
that in addition to the solids content, the coal surface properties play a important role in determining 
the viscosity of the coal slurry, which in turn affects the shape of the size distribution. The solid 
line represents the optimum size distribution for a stable coal-water slurry as given by Henderson 
and S~heffeel~~] .  It can be seen that the size distributions for all coals do not follow the limiting 
size distribution. Generally, a natural breakdown of the particles does not produce the shape of the 
limiting size distribution under a simple grinding process. Therefore, a circuit arrangement 
involving staged grinding will be needed. 

mills. For this purpose, stirred ball milling can be used to produce the finer stream, which can be 

. 

The simplest way to obtain the desired size distribution is by blending products from two 



96 

100 1 1 1 

0 Taggart 
90 - Indiana 

v Pittsburgh 
80 - v Lower Kittanning 

Upper Freeport 

- 
- 

m 
Q) 

I- 
E 
c- 

60 

'* 1 
50 

30 

2o 10 I 

0 

1 - 
50 60 70 80 0 

40 

Hardgrove Grindability index 

Figure 3-36. RELATIONSHIP BETWEEN THE TIME REQUIRED TO REACH 
A PRODUCT SIZE OF 80% PASSING 200 MESH AND 
HARDGROVE GRINDABILITY INDICES OF COALS 



400 

350 
2 
OI 

300 
v) a 
E 
0 

V 
250 - 

0 

c 
2 200 

2 

t 
0 
3 
U 

150 

100 

I I 1 l 

o Upper Freeport 
0 Lower Kittanning 
v Pittsburgh 
T Taggart a' 

0 Indiana 0'' 

D 

30 40 50 60 70 80 

Solids Conaentration, wt% 

97 

Figure 3-37. PRODUCTION OF THE -400 MESH MATERIAL FOR THE 
5 COALS PRODUCED AFTER 32 MINUTES OF GRINDING 
AT VARIOUS SOLIDS CONCENTRATION # 



98 

400 J I I 7 

350 - - 

300 - - 

250 - - 

200 - - 

150 - - 

I 1 1 100 

* 
s 
bY 
Q 
E 
0 
0 
t 
V 
w- 
0 

C 
0 
E 

L 

0 Upper Freeport 
0 Lower Kittanning 
v Plttsburgh 
v Taggart 
o Indiana 

Ha rdg rove Grlnda blllty Index 

Figure 3-38. RELATIONSHIP BETWEEN HGI AND THE PRODUCTION OF 
-400 MESH MATERIAL AFTER 32 MINUTES OF GRINDING 
AT 65 WT. % SOLIDS WITH 0.5 WT. % DISPERSANT 



99 

o 40% 
0 50% 
v 60% 
v 65%" 

70%* 

with 0.5% dispersant 

I I I 1 1 I I I I  1 1 1 1 1 1 1 1  

1 i o  100 

Particle Size, pm 

Figure 3-39. PRODUCT SIZE DISTRIBUTIONS OF 80% PASSING 200 
MESH AT VARIOUS SOLIDS CONCENTRATIONS FOR 
THE TAGGART SEAM COAL 

0472 



100 I 

100 

10 

i! 
Taggart 

v Indiana 
v Pittsburgh 
o Upper Freeport 
= Lower Kittanning 
- Optimum Size Dist. 

I I '  
11 I I I I 1 t 1 1 1  I I t I 1 . 1 .  I I I 1 I I l . l  I 

0.1 1 10 100 

Particle Size, ,urn 

Figure 3-40. PRODUCT SIZE DISTRIBUTIONS OF 80% PASSING 200 
MESH AT 70 WT. % SOLIDS FOR ALL COALS 

I 



10 1 

mixed with the ball mill product to obtain the required size distribution. 
3.2.7 Stirred Ball Milling 

Stirred-media mi l l s  offer an attractive alternative for ultrafine grinding in the production of 
MCWM. Their use would be especially appropriate for preparing the fine component of a bimodal 
slurry for the relatively small-scale applications being evaluated in this project. However, while 
design and operation criteria for conventional ball mil ls are well established and widely applied, 
considerably less information is available for stirred-media milling. 

of stirred-media mills. The results to date can be summarized as follows: 
In a separate, industrially-funded project, Penn State has been evaluating the performance 

Stirred-media mi l l s  can be used to grind to extremely fine sizes - as much as 100% less 
than 0.5 pm. 
Grinding behavior in stirred-media mills appears to follow a very similar pattern to 
conventional ball milling. 
Direct measurement of product size distributions by laser scatteringldiffraction, 
dynamic light scattering, transmission electron microscopy and gas adsorption all 
support the approach to a limiting, minimum particle size in the 10-50 nm range. 
The results are consistent with primary breakage distributions which show progressive 
narrowing for sizes less than about 1 pm. ' 

The results also suggest that the specific rates of breakage follow a power-law 
relationship with size similar to that found for conventional (ball mill) ,orinding but 
show an enhanced decrease with size in the submicron range. 

4 

Based on the standard test procedures developed in these studies, an investigation of stirred-media 
milling of four coals was conducted. 

The grinding tests were carried out using a laboratory horizontal stirred ball mill (Dyno- 
MU). It consists of a water-jacketed stainless-steel grinding chamber of 0.6 liter volume and a 
stirrer shaft with four agitating disks. It is equipped with a feed inlet and outlet for continuous 
closed-loop operation, however, the tests were conducted in a batch mode without recirculation of 
the slurry. Stainless steel beads of 1/16 inch diameter were used as grinding media. The grinding 
tests were conducted with a 80% loading of media on a bulk volume basis and a slurry of 114 g of 
coal and 171 g of water (40% solids by weight). The mill was operated at a constant 3,000 rpm, 
although speed can be adjusted by a pulley arrangement. 

were screened at 400 mesh. The +400 mesh size fractions were dried, followed by dry screening. 
Any -400 mesh material was combined with the wet-screened fines and then analyzed using a 
Microtrac SRA and SPA. The overall size distribution was calculated by combining the sieve size 
and Microtrac size based on the material balance and a sieving/Microtrac conversion factor. 

Figures 3-41 to 3-44 show the size distributions of the four test coals obtained. for various 
grinding times. It can be seen that the size distribution becomes progressively finer in a parallel 
manner, a trend very similar to the typical batch grinding data in a ball mill. However, the overall 

The coal was ground for various times using a new sample for each test. The products 
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shape of the size distribution is steeper than the ball mill grinding products at the same solids 
concentration. For example, the Gaudin-Schumann slope of the Taggart seam coal is about 0.8 for 
the stirred ball mill, compared to 0.72 for ball milling. Also, unlike the ball mill products, the 
shape of the size distribution is similar regardless of coal type. This is more evident in Figure 3-45 
where the size distributions are plotted against the dimensionless size (dx50). It can be seen that 
all the size distribution data collapsed into a single curve. The implication is that the median size 
(x50) can be used as a characteristic parameter to describe the grinding products. 

Figure 3-46 shows the variation of median size with grinding time for the four coals. It 
can be seen that the median size decreased in a linear manner with grinding time when plotted on a 
log-log scale. Also, there is a general trend that for a given grinding time, the median size is 
smaller for the higher HGI coals. Figure 3-47 shows the power consumption over the grinding 
period for the Taggart seam coal. Except for the initial period of grinding, the power consumption 
remains fairly constant with a average value of 0.292 kW compared to 0.005 kW for the ball 
milling. Figure 3-48 relates the median particle size with the specific energy input for the ball mill 
and stirred ball mill. In this log-log plot, the size reduction is well correlated linearly with the 
energy input by a single line for both mills, known as the Charles’ energy-size relationship. In this 
particular case, a size reduction ratio of 10 requires 80 times more energy. 

Figure 3-49 shows the product size distributions after 16 minutes in the stirred ball mill and 
the ball mill products at various slurry conditions giving 70% passing 200 mesh. Since the 
calculated optimum size distribution of 80% passing 200 mesh lies between the two mill products, 
blending of the products should produce the desired size distribution. Indeed, 3:l blending of the 
ball mill product and the stirred ball mill product produces a size distribution close to the optimum 
size distribution. 

3.2.8 Attrition Milling 
Attrition milling operates on the same basic principle as stirred-media milling, but the size 

reduction is accomplished by the using the coal itself as the media. However, there is a major 
difference between the stirred-media m i l l s  and attrition mills. First, the power input is substantially 
less for the attrition milling, since the coal is lighter than the media and hence, less energy is 
required to agitate the slurry. More importantly, the breakage process in attrition milling is totally 
different. Large coal particles acts as a grinding media for smaller particles, giving breakage 
mechanisms similar to those obtained by normal grinding media. But they also break themselves 
by particle-particle contact. The breakage in any grinding mi l l s  is generally achieved by the three 
different mechanism - fracture, chipping, and abrasion. 

Fracture refers to complete disintegration of a particle by massive impact., while chipping 
refers to cutting off comers. Abrasion involves the wearing of surfaces by a rubbing action. The 
fragments prod ’ced by fracture spread over a broad range in size. On the other hand, chipping and 
abrasion lead to production of fine material and a residual “core” close to the original particle size. h 
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Therefore, the shape of the product size distribution is greatly influenced by the type of the 
breakage mechanism. In attrition milling, chipping and abrasion will play a bigger role and the 
resulting product is likely to be composed of two main populations - coarse (remaining cores) and 
fines (chipped or abraded material). This is quite favorable for the production of coal-water slurry 
feedstock. Therefore, attrition milling potentially offers a great advantage for coal-water slurry 
preparation over other grinding device from both economic and engineering viewpoints. 

advantage using a vertical type stirred-media mill. 
Tests will be conducted as part of the Phase IT research to explore such a potential 

3.2.9 A Dry Coal Cleaning 
An alternative to wet cleaning is to utilize dry beneficiation. A dry process offers several 

advantages. The formulation of coal-water slurry can be controlled closely since no water has to 
be removed, which eliminates the need for dewatering equipment. It also offers a direct method of 
cleaning coal prior to micronized coal firing, again eliminating the need for extensive dewatering 
and drying of coal. One process that offers the potential for dry cleaning of fine coal on a 
commercial scale is triboelectrostatic separation[58]. This process involves the tribocharging and 
subsequent electrostatic separation of fine and ultrafiine coal particles. Air-borne particles are 
charged by contacting them with some material such as copper. A common technique is to pass the 
particle stream through an in-line static mixer. The charged (positive) coal particles and charged 
(negative) mineral matter particles can then be separated electrostatically by passing them through 
an electric field. 

The work by DOE showed that clean coal products with ash and pyritic sulfur contents of 
4% and ~ 0 . 3 % ~  respectively, at yields of more than 40% were obtained when cleaning -400 
mesh Pittsburgh and Upper Freeport seam coals. One of the goals for this project is to increase the 
overall yield for each coal, while still producing a product that meets the ash and sulfur 
requirements. 
Dry Grinding 

Prior to separation, the particles must be ground to produce the appropriate size 
distribution. This requires both size reduction and size classification. A grinding circuit was set- 
up, which consists of an opposing jet fluid-energy (jet) mill, in closed circuit with a Donaldson 
Acucut classifier (Figure 3-50). The compressed air (@-760 H a )  for the jet mill is supplied by a 
rotary screw compressor, while the flow of air through each jet is monitored with a differential 
pressure gauge. This circuit is capable of providing a wide range of particle size distributions for 
triboelectrostatic separation and is used primarily to produce micronized coal. The production of 
the coarser (pulverized coal-grind) material is done using staged size reduction with a hammer mill 
and high-speed pulverizer. A typical size distribution of the -100 mesh coal generated by the latter 
procedure is shown in Figure 3-5 1. 
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Deagglomeration 
One of the difficulties of separating fine coal is agglomeration. As particle size decreases, 

the tendency for particles to agglomerate increases. Hence fine coal may be carried to the refuse, 
decreasing recovery. Likewise, fine mineral matter may be carried to the clean coal, decreasing 
grade. Consequently, it is desirable that the coal be thoroughly dispersed before and after 
tribocharging, and that all particles appear in the gas stream as single particles rather than as 
agglomerates of two or more particles. It was repo~-ted[~~-~~I that the deagglomeration of 
particulates can be achieved by the use of a fluidized bed. In this technique, the powder to be 
dispersed is introduced into a fluidizing bed of beads (bronze or brass beads), which are larger 
than the powder. The fluidizing action of these beads disperses the powder as individual particles. 
A small test unit has been fabricated and will be tested during the subsequent phase of the study. 
Dry Separations 

series of flow straighteners (-5 mm diameter by -100 mm long plastic tubes) were added at the 
feed end to the separator so that sweep air could be drawn through the tubes. The coal was fed 
into the carrier gas stream by a vibrating feeder. Dried compressed air was initially used as the 
carrier gas, but was later replaced with nitrogen. Preliminary tests indicated that between 50 and 
100 g of coal could be separated over a 5 to 10 minute period before the plates had to be removed 
for cleaning. It was also found that a separator gap of 115 mm was appropriate. Different 
baffling arrangements were used in the separator feed funnel in an attempt to improve the 
distribution of coal across the separator plates. Testing indicated that the best coal distributions 
were obtained when no feed funnel was used. These conditions were kept constant for subsequent 
tests. 

A sample of the test coal was pulverized in stages to the desired product size (e.g., 
-100 mesh). This material was riffled into 50-100 g samples, which were stored in sealed bags 
under argon. Prior to each test, the coal sample was dried in an oven at 105°C for one to two 
hours. One sample was used per run. After the test was completed, the plates were removed and 
the coal and refuse were separated at spaced increments along the length of each plate. The 
samples were weighed to determine the yield at each increment and then analyzed for ash and total 
sulfur content. 

An electrostatic separator, similar to that tested by DOE, was fabricated (Figure 3-52). A 

A series of tests was performed using the Upper Freeport seam coal to investigate the 
effects of nitrogen flow rate, plate voltage, and coal feed size. Figure 3-53 shows the effects of 
changing the nitrogen flow rate. A change in the flow rate and hence, gas velocity through the feed 
tube and tribocharger (static mixer) had a minimal effect on the weight of coal (or refuse) reporting 
to the negative (or positive) plate. In both cases, approximately 60% of the feed reported to the I 

clean coal. Likewise, the cumulative ash content as a function of distance along the plates was the 
same for both velocities, with ash contents less than 5 wt.% obtained in both cases. The total 
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sulfur content was slightly lower for the lower aerosol velocity (- 1.1 versus 1.4 wt.%). This is 
likely the result of the higher sulfur content of the feed sample used in the higher velocity test. 

The effects of changing the voltage on the separator plates are shown in Figure 3-54. A 
decrease in the voltage drop across the plates decreased the coal yield over the first 40 cm of the 
plates. However, the final yield was the same (-60%) for both tests. The ash and sulfur contents 
on the refuse (positive) plate were higher when the higher voltage was used. On the other hand, 
these attributes were lower on the clean coal (negative) plate. This indicates better selectivity at the 
higher voltage. 

For the next set of tests, the feed size fraction was varied. A sample of the -100 mesh coal 
was ground using the jet mill/Donaldson classifier circuit. A 6x12 pm fraction was prepared by 
grinding the entire sample down to a nominal -12 pm. The -6 pm material was then removed by 
classification. A separate -100 mesh sample was ground in closed circuit to a nominal -6 pm and 
then classified to remove the -3 pm material. A third fraction (1x3 pn) was also prepared in the 
same manner. Each of these size fractions was passed through the tribochargedseparator unit. For 
the fmest size fraction, it was not possible to remove the material fi-om the plates without causing 
excessive contamination and/or loss of coal. The resulting curves for the other two size fractions, 
along with the curves for the (-100 mesh ) fraction, are given in Figure 3-55. 

the selectivity of the -100 mesh fraction was also the best, .with the lowest and highest attributes 
obtained on the clean coal and refuse plates, respectively. One of the difficulties in processing the 
ultrafine size fractions is the agglomeration of the particles. There is a tendency for the fine mineral 
matter particles to coat the coal particles, destroying the ability to separate the particles selectively. 
This negates the advantages of grinding to ultrafine sizes to improve liberation. For this reason, 
testing of deagglomerating procedures is required if effective ultrafiine coal separations are to be 
performed. 

Another explanation may be associated with the material preparation during grinding and 
classification. Since the grindingklassification circuit is an air-swept system, the particles are 
continually being contacted with different materials within the devices (e.g., steel, ceramic, etc.). 
Such contact will resulting in some level of particle charging, which could have an effect on the 
final separation. This effect will also be examined. 

The clean coal yield was much higher for the Upper Freeport seam coal (60 versus 25%). 
Interestingly, the ash content of the clean coal was the same (-4 wt.%) for both coals, while the 
ash content of the refuse material for the Upper Freeport seam coal was much higher, indicating 
greater selectivity for this coal. However, the higher feed ash content of the Upper Freeport seam 
coal would also contribute to this effect. Similar results were also obtained for the sulfur content 
of each product. 

It can be seen that the yield of clean coal decreased with decreasing particle size. Likewise, 

Figure 3-56 compares separations for the Upper Freeport and the Pittsburgh seam coals. 
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In an attempt to improve the yield of this coal, a longer in-line static mixer was tested. The 
new mixer was also constructed of copper. It was 61 cm long, with a nominal inside diameter of 
1.25 cm. This mixer had 16 elements compared to the 6 element mixer used in the previous 
testing. The -100 mesh Pittsburgh seam coal was tested under the conditions as noted above. A 
comparison of the results from both mixers is given in Figure 3-57. 

The longer mixer had a dramatic effect on the yield of the clean coal product, which 
increased to -73%. This was achieved without an increase in the ash content of the clean coal 
(-4%), although the total sulfur content increased from 0.8% to approximately 1.1%. One 
explanation for the increase in yield would be the higher probability of coal to copper contact using 
the longer mixer. This would increase the opportunity for the coal particles to acquire a surface 
charge. 

case, the longer mixer had less of an impact on the separation but still increased the clean coal yield 
approximately 5% (Figure 3-58). Again the cumulative ash remained constant (-4.3 wt.%), while 
the total sulfur content of the clean coal increased slightly from 1.05 to 1.15 wt.%. The small 
increase in yield with the number of elements and length of the static mixer suggests that the Upper 
Freeport seam coal acquires a charge more readily than that of the Pittsburgh seam coal. 

Pittsburgh and Upper Freeport seam coals as shown in Figure 3-59. The yield for the three coals 
is constant up to a plate length of -16 cm. Beyond 16 cm, the yield changes with the Pittsburgh 
seam coal having a final yield of 73%, followed by the Indiana VII seam coal at 68%, and the 
Upper Freeport seam coal at 64%. These results suggest that the surface charge is independent of 
coal type up to 16 cm. At the longer distances, the charge on the Indiana VII and Upper Freeport 
seam coals diminishes more quickly than that on the Pittsburgh seam coal. The ash content of all 
three coals was the same, while the total sulfur of the Pittsburgh seam coal was slightly less than 
that of the Upper Freeport seam coal. The sulfur content of the Indiana coal is not shown because 
of the low amount (-0.5 wt.%) in the feed. Work will continue in Phases II and IlI to investigate 
continuous triboelectrostatic separations. 

Tests were then run on the Upper Freeport seam coal using the 16 element mixer. In this 

The results from using the Indiana VII seam coal are compared to those obtained for the 

3.2.10 The Optimal Packing of Particles in Coal-Water Mixtures 
The problems of the optimal size distribution in the packing of powders was discussed in 

the classical work of Furnas[62] as early as 1931. During the last 55 years Furnas' theory, in its 
original form or with some modification[63], has been a major tool in particle packing theory. 
However, the Furnas theory has some drawbacks. First, there are some discrepancies with 
experimental data[@]. Second, it is necessary to calculate an integer constant n, which is a root of 
a rather complicated equation. Third, in this model the transition to a smooth size distribution is 
neither clear nor self-consistent. Fourth, it is not clear how the limiting cases of infinitely broad 
and infinitely narrow distributions may be derived from the Furnas' theory. These difficulties arise 
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from the assumption that the particles are of very different size, such that small particles fill the 
"gaps" between the large particles. This leads to difficulties when introducing a "correction" factor 
to account for volume changes and in the transition to a smooth distribution. 
Theory 

small is used and it is assumed that there is a mixture of m spherical particles with sizes 
Unlike the Fmas model, a distribution of particles where the successive size difference is 

DL = D1>D2> ... >Dm = Ds 

It is also assumed that the ratio 

D*+ 1 
Di 

t = i  =constant 

for all i, so 

l/(m-1) t = (DSDL) 

(3-37) 

(3-38) 

(3-39) 

The size distribution of balls that ensures optimal packing is to be determined. 

volume fraction is: 
Following the Furnas' treatment, a volume V is taken and filled with large spheres. Their 

and the volume fraction of voids is 

(3-40) 

(3-41) 

Now some spheres of diameter D2 are added and it is assumed that the packing is changed 
in such a way that the total volume is unchanged (this assumption will be modified below). 
Suppose this is accomplished and the maximd volume of spheres of diameter D2 is f2V. The 
resulting fraction of voids is V2<V1. Then spheres of diameter D3 are added, and so on. 

added at the (i+l)th step? If t d  is small, spheres whose total volume, fi+l= 4mVi, can be 

added (because maximal packing is maintained) and the fraction of voids after (i+l)th step is Vi+l 
= Vi ( l-$m). If, however, t = i  =1, no additional spheres can be added because there is close 

After the i-th step, the fraction of voids is Vi. How many spheres of diameter Di+l can be 
D-+l 

Di 

D*+ 1 
Di 
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packing at each step! (So, in this case, fi+l= 0, Vi+l= Vi.) In the intermediate case 

fi+l= s$m Vi (3-42) 

where s is a "correction factor" that allows for volume change, analogous to the factory in the 
Furnas theory. 

t , and does not depend on m. Then for the function s: 
In analogy to Furnas' treatment, the assumption was made that the factor s depends only on 

1,t = 0 
s(t> = { 0,t = 1 

For t close to 1 

s(t) = a( 1-t) 

(3-45) 

(3-46) 

where it is assumed that a is a universal constant which does not depend on the size distribution. 
The total volume fraction of voids is then: 

Vm = (l-$m) U-$m s(OIm-l 

and the volume fraction occupied by the balls of diameter Di is 

The total volume fraction of spheres is given by 

1-Vm = I-( I-$& [ I-$m ~(t)lm-l 

(3-47) 

(3-49) 
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and it is possible to determine the cumulative distribution function, fi, given by 

and 

f :  
1 dFi =m 

c f i  
i=l 

The formula for the radii must be added: 

where K = D f l s  is the width of the distribution. 

distributions. Then 
Suppose now that m>l. It must be assumed that m>>5 - 10 for most broad 

and 

s(t)- d 1nK 
m-1 

(3-50) 

(3-5 1) 

(3-52) 

(3-53) 

(3-54) 

m 
Using the limit l.imm+- (1 + ;) = e , the volume fraction of voids is given by 

(3-55) 
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and the cumulative distribution function is determined by the equation 

dF 
dD 
- 1 = -  

DL p”’ 
(3-56) 

Integrating this equation and using the boundary conditions 

l im, -+~~-o  F@) = 0 

~ D + D ~ + o  F(D) = 1 

gives: 

(3-57a) 

(3-57b) 

(3-58) 

Analysis and Extension of the Model 

reveals that the function s(t) coincides with the Furnas’ function y (K””). Unfortunately, Furnas 
was interested only in the limit t+O while this analysis is interested in the limit t +l. (To 
reiterate, Fumas started with particles that have a large difference in radii, this study starts fiom 
small differences). Accordingly, his data considers only regions of small t. Strangely enough, 
during the 60 years since Furnas proposed his model, nobody appears to have reported 
comprehensive experiments in this area. For now, extrapolations of Furnas’ data are used. A 
rough estimate gives 

The next step is to evaluate the constant r in Equation 3-58. A more thorough analysis 

~ 0 . 3  , so that ~ 0 . 1 8  - 0.19 (3-59) 

The most interesting feature of the distribution described by Equation 3-58 is that it has a 
discontinuity at D+DL. This can be formally incorporated into the model in the following manner. 
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hD+DL>@>= 1 

There is a difference between these two limits, equal to 

L 

K' -l+$m K' 

(3-60) 

(3-61) 
. I  

(3-62) 

Therefore, the cumulative distribution function has the structure shown in Figure 3-60. 
To understand what this means, consider the differential size distribution, 

f = dF/dD (3-63) 

where the volume fraction of balls with diameters between D and D+ dD is f(D)dD. 
Substituting from Equation 3-63, gives 

The distribution has two terms: a continuous distribution and a step function or 6 -like 

The meaning of this peak is simple. The starting point was the volume filled by the balls of 
peak. (See Figure 3-6 1) 

diameter DL. This gives the 6 - like initial distribution. By adding other balls, a continuous 
spectrum is introduced into the distribution, but the initially placed big balls remain, hence the 
calculated peak remains. 

filled with small balls (of diameter Ds) followed by the gradual addition of balls of greater and 
greater radius. The final differential distribution will have the form shown on Figure 3-62. 

This result can also be obtained by starting from the "other end". The space could first be 

(3-65) 
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Figure 3-60. CUMULATIVE DISTRIBUTION FUNCTION FROM EQUATION 3-58, 
K = 1 0  
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Figure 3-61. DIFFERENTIAL DISTRIBUTION FUNCTION FROM EQUATION 3-64 
K = 1 0  
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Figure 3-62. DIFFERENTIAL DISTRIBUTION FUNCTION FROM EQUATION 3-65, 
K = 1 0  
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with a peak at Ds. The cumulative distribution in this case will be: 

O,D < DS 

L 
QmK' 

Kr - l+$m 
,Ds < D < D 

l,D > DL 

(3-66) 

So optimal packing can be approached in the following way: first the space is filled by 
either the smallest or biggest balls. Then the voids are filed with the continuously distributed 
balls. In both cases the continuous distribution and final fraction of voids are the same. 

Now take some balls obeying the distribution described by Equation 3-58 and some balls 
obeying the distribution described by Equation 3-65 and mix them. The fraction of voids in both 

distributions is the same: (l- 9 m )K-r, so the fraction of voids in the mixture cannot be larger 
than this. It will probably not be less, although this is more difficult to prove. The following 
distribution is obtained 

where 

OSa l l  

(3-67) 

(3-68) 

Here a is an arbitrary constant. This distribution has the following charactkristics, first 
there are big and small balls only, and the ratio of their volume fractions is (1-a):a. Then 
intermediate balls are added up to the value determined by Equation 3-67. The differential size 
distribution is 

(3-69) 
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This distribution has two peaks, at Ds and DL, with a peak height ratio a:(I-a) and an 
intermediate power-law curve linking them, as shown in Figure 3-63. 
Limiting Cases 

parameter K = Dfls, so the limiting cases K+-J and K+l must be discussed. 
Consider some limiting cases of the distribution. The distribution depends only on the 

a) K+l. In this case there is only one size of balls Ds = DL. 
Therefore: 

(3-70) 

The fraction of voids is: 

(3-7 1) 

This is reasonable; this is the mono-disperse close-packing limit. 
b) K +-. In this case 

(3-72) 

The fraction of voids is 

(3-73) 

This means that there is a sufficiently broad particle size distribution, all available space 
can be filled with balls. The power-law continuous distribution does not depend on Ds only on &. 
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Figure 3-63. DIFFERENTIAL DISTRIBUTION FUNCTION FROM EQUATION 3-69 
K = I O ,  a = 0.5 

0237 
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Accordingly, this theory predicts that if the particles that are sufficiently small, all the space 
can be filled and the distribution is not sensitive to the cut-off size (size of the smallest particle). 
This too seems to be intuitively reasonable. 

Preparation of DMC and MCWM for the Combustion Performance 
Evaluation 

3 .3  

The preparation of DMC and MCWM included pilot-scale and demonstration-scale 
activities. Pilot-scale activities include the cleaning of the coal feedstock to targeted coal 
specifications and the preparation of DMC and a stable, low viscosity MCWM from the cleaned 
coal feedstock which were tested in the research boiler (see Section 4.3 for combustion results). 
Demonstration-scale activities focused on producing DMC and MCWM from a cleaned coal 
feedstock for testing in Penn State's demonstration boiler (see Section 4.4 for combustion results). 

Freeport, Lower Kittanning, and Indiana VIE seam coals. Of these, DMC was prepared from two 
* of the coals while MCWM was prepared from all four. DMC was not prepared from Lower 
Kittanning and Indiana VII seam coals because they were cleaned using wet techniques and 
commercially they would not be dried for a DMC application; therefore, they were not tested as 
DMCs. In the demonstration-scale activities, the Upper Freeport seam coal was utilized. 

MCWM Preparation 
The targeted coal and MCWM specifications are presented in Table 3-15. The 

methodology by which the various coals were cleaned and prepared into a MCWM was coal . 
specific and will be discussed on an individual basis. Despite the differences in the coal's physical 
properties (e.g., particle size) the methodology by which the slurryability of the coal is determined 
is similar. A systematic approach was undertaken for each of the four coals to determine how 
particle size, solids loading, slurry pH, and concentration of chemical additives (e.g., viscosity, 
pH, and stability modifiers) affected the rheology and stability of the MCWM. This approach is 
often referred to as the MCWM formulation methodology. A brief summary of the MCWM 
formulation for each of the four coals is summarized below. 

Four coals were examined in the pilot-scale activities. They include the Taggart, Upper 

3.3.1 Pilot-Scale Activities 

Upper Freeport Seam Coal 
The Upper Freeport seam coal was procured from Rawlee Fuels of Indiana, Pennsylvania. 

The coal was transported to a commercial coal cleaning facility located near Osceola Mills, 
Pennsylvania which is owned and operated by Power Operating Company, Inc.. The Upper 
Freeport seam coal was cleaned using heavy media cyclones operating at a media gravity of 1.30. 
The cleaned 1.5" x 0 Upper Freeport seam coal stockpile was sampled by taking approximately 
two fifty-galIon barrels of coal around the perimeter of the coal stockpile, and from the top, 
middle, and toe sections of the stockpile. The material was crushed and sample splits taken for 
chemical analysis and the MCWM formulation. A typical analysis of the cleaned Upper Freeport 



Table 3-15. Targeted Coal and MCWM Specifications 

~ 

Parameter Targeted Specification 
Coal Feedstock 

Total Sulfur 

Volatile Matter 

< 1.0 wt.% (d.b.) 
Ash < 5.0 wt.% (d.b.) 

Maximize, > 30 wt.% 

Micronized Coal-Water Mixture 
Coal Particle Size (Top Size) 

Coal Particle Size Distribution 
Apparent Viscosity 

Solids Loading 

Stability / Sedimentation Type 

100 wt.% passing 200 pm (- 65 mesh) 
Broad, optimize using Fanis-Furnas Equation 

< 500 cp. at 100 sec-1 at 25" C 

Maximize to targeted viscosity, < 50 wt. %) 

Maximize stability without the use of a stabilizer / 
softpack sedimentation 

MCWM Flow Behavior Yield psuedoplastic 

138 



139 

seam coal is presented in Table 3-16. 

2.1 kg of coal was wet milled at a 68 wt.% solids loading in a 12" diameter by 12" long ball mill to 
determine the effect of grinding time on particle size. The coal, water, and chemical additives were 
mixed and introduced to the batch ball mill prior to grinding. Milling was performed in a batch 
mode at 65% of the critical speed. Hardened chrome alloy steel grinding media constituted 
approximately 35% of the mill volume and was comprised of 51 wt.% 1.5" balls and 49 wt.% 
1.0" balls. The dispersant used in the pilot and demonstration-scale MCWM productions was an 
ammonia based sulfonated naphthalene condensate marketed under the trade name A-23-M by the 
Henkel Corporation. The dispersant concentration was adjusted to allow the MCWM to gravity 
discharge from the ball mill. In addition, ammonium hydroxide was used as a pH modifier in 
order to increase the slurry pH to 8.5 to 9.5. Solids loading was measured using a CEM AVC-80 
microwave moisture analyzer. Particle size was measured using a Malvern 2600 Droplet and 
Particle Size Analyzer. Figure 3-64 illustrates the variation in particle size with grind time when 
the Upper Freeport seam coal was milled at approximately 68 wt.% solids, 0.6 wt.% dispersant, 
and slurry pH of approximately 9. To determine if the particle size distribution of the coal was 
near that required for optimum packing density, the particle size distributions were plotted against 
the calculated theoretical particle size distribution[@. 651 using the following mathematical 
expression: 

The coal was further reduced in size to a nominal top size of minus 1/8". Approximately 

CPP = (100) (D"-Dsn)/D1"-Ds") 

where: 
CPP = Cumulative weight percent of particles smaller than a given size 
D = Particle diameter 
D1= Largest diameter coal particle 
Ds = Smallest diameter coal particle 
n = Distribution modulus (0.19 to 0.25) 

(3-74) 

The particle size distribution for the 30,45,60,75, and 90 minute grinds were compared to the 
calculated theoretical particle size distribution needed to achieve optimum packing density. Figure 
3-65 illustrates the "measured" vs. "calculated" particle size distribution for the 75 minute test 
grind. The 75 minute grind was used in the formulation work because it produced a top size less 
than the 100% passing 200 p target specification while most closely approximating the theoretical 
particle size distribution. 

The effect of slurry pH on the apparent viscosity was examined, after the determination of 
the grind time, to determine if additional reductions in apparent viscosity could be realized if slurry 
pH was modified. The slurry pH was varied from approximately 6.5 to 9.0. Slurry pH was 
measured using an Orion Model 420 pH meter. Apparent viscosity was measured using a using a 

. I  
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Table 3-16. Typical Analysis of the Cleaned Upper Freeport Seam Coal 

Parameter Wt.% (dry basis) 

Particle Size 
Coal Cleaning Methodology 

Proximate Analysis 
Volatile Matter 
Fixed Carbon 

Ash 

Ultimate Analysis 
Carbon 

Hydrogen 
Nitrogen 

Sulfur 
Oxygen 

Higher Heating Value (Btu/lb) 
Hardgrove Grindability Index 
Alkali Extraction 
Free Swelling Index 

1.5" x 0 
Heavy Media Cyclone 

31.7 
61.7 
6.6 

79.5 
5.2 
1.3 
0.5 
6.9 

14,062 
58.0 
94.3 
6.5 

Equilibrium Moisture 3.37 
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Figure 3-64. EFFECT OF GRINDING TIME ON PARTICLE SIZE 
FOR THE UPPER FREEPORT SEAM COAL 
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Bohlin Visco-88 rotational viscometer. Figure 3-66 illustrates the effect of slurry pH on apparent 
viscosity. A marked decrease in apparent viscosity occurred as slurry pH increased. 

varying dispersant concentration from 0.6 to 1.2 wt.% (wt.% active solids, dry coal basis) while 
holding the solids loading at approximately 60 wt.%. Figure 3-67 illustrates the effect of 
dispersant concentration on apparent viscosity. A dramatic decrease in apparent viscosity can be 
clearly identified between the 0.6 to 0.7 wt.% dispersant levels. At a dispersant level greater than 
approximately 0.8 wt.%, there was little benefit of adding additional dispersant and would most 
likely over-disperse the MCWM eventually leading to the formation of "hardpack". 

solids loading from approximately 59 to 66 wt.%. Dispersant concentration was held constant at 
0.7 wt.%. Figure 3-68 illustrates the sudden increase in apparent viscosity when the solids 
loading exceeds approximately 63 to 64 wt.%. 

The effect of stabilizer on the MCWM's apparent viscosity was determined by varying 
stabilizer concentration from 0 to 1,000 ppm (active solids, dry coal basis). The stabilizer used in 
the formulation and pilot-scale productions was a xanthan gum marketed under the trade name 
Flocon 4800C by the Pfizer Chemical Division. Dispersant concentration was held constant at 0.7 
wt.% and solids loading was approximately 61 wt.%. The effect of stabilizer concentration on 
apparent viscosity is illustrated in Figure 3-69. Apparent viscosity increased as stabilizer 
concentration increased. 

the demonstration-scale MCWM production for the Upper Freeport seam coal: 

The effect of dispersant level on the MCWM's apparent viscosity was determined by 

The effect of solids loading on the MCWM's apparent viscosity was determined by varying 

Based on the pilot-scale MCWM formulation data, the following criteria were targeted in 

Solids Loading: 62 wt.% 
Slurry pH: 9.0 to 9.5 
Dispersant Concentration: 0.7 wt.% 
Stabilizer Concentration: 400 ppm 

Barrel quantities of Upper Freeport seam MCWM were provided for pilot-scale atomization 
and combustion performance testing by taking several fifty-five gallon drums of MCWM from the 
process mix tanks at the demonstration-scale MCWM production facility. 

Lower Kittanning Seam Coal 
The Lower Kittanning seam coal was collected fiom Jefferson County, Pennsylvania. The 

Lower Kittanning seam coal was cleaned using the continuous, two-stage froth flotation circuit 
shown in Figure 3-70. A froth flotation feedstock was produced by crushing and sizing the parent 
coal into a 28x400 mesh size fraction. The 28x400 mesh size fraction was then slurried to a solids 
loading of approximately 25 wt.%. The feed slurry was pumped and stored in a 500 gallon tank 
which served as the main feed tank to the froth flotation circuit. 

tank where froth flotation reagents were introduced and slurry soids loading adjusted to 
The Lower Kittanning seam feed slurry was pumped into a nominal 20 gallon conditioning 
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approximately 5 wt.%. MJBC was introduced to the conditioning tank as the frothing reagent at a 
dosage of 0.3 kg/ton of coal. Dodecane was introduced into the conditioning tank as the collector 
at a dosage of 0.05 kg/ton of coal. The conditioned slurry exited the conditioning tank through an 
overflow port at a rate of approximately 8 gpm into a single rougher flotation battery consisting of 
four Wemco flotation cells. The rougher concentrate then, if needed, underwent additional 
cleaning in a single cleaner flotation battery consisting of two Wemco flotation cells. The froth 
from the both the rougher and cleaner cells averaged approximately 20 wt.% solids. The froth was 
dewatered using a continuous Denver disk filter consisting of two 24 inch disks. After the initial 
shakedown and optimization of the froth flotation circuit, the cleaner cells were not operated 
because the targeted cleaned coal specification of < 1.0 wt.% sulfur and < 5.0 wt.% ash could be 
achieved by only cleaning the coal in the rougher circuit. A typical analysis of the cleaned Lower 
Kittanning seam coal filter cake is presented in Table 3-17. 

Because the particle size of the froth flotation filter cake did not meet the particle size 
specifications for the MCWM, additional grinding in the 12 inch diameter batch ball mill was 
required. The MCWM formulation approach for the Lower Kittanning seam coal was identical to 
that for the Upper Freeport seam coal. Based on the formulation data, the following MCWM 
formulation was recommended for the Lower Kittanning seam coal: 

Solids Loading: 63 wt.% 
Slurry pH: 9.0 to 9.5 
Dispersant Concentration: 0.8 wt.% 
Stabilizer Concentration: 200 ppm 

Taggart Seam Coal 
The Taggart seam coal was collected from Wise County, Virginia. The as-received Taggart 

seam coal did not require cleaning to meet the clean coal specifications. A typical analysis of the 
Taggart seam coal is presented in Table 3-18. The MCWM formulation approach for the Taggart 
seam coal was identical to that for the Upper Freeport seam coal. Based on the formulation data, 
the following MCWM criteria were recommended for the Taggart seam coal: 

Solids Loading: 61 wt.% 
Slurry pH: 9.0 to 9.5 
Dispersant Concentration: 0.4 wt.% 
Stabilizer Concentration: 200 ppm 

Barrel quantities of Taggart seam MCWM were provided for pilot-scale atomization and 
combustion performance testing by preparing the MCWM in a 2x4' ball mill. A generalized 
schematic diagram of the 2x4' ball mill MCWM preparation circuit is provided in Figure 3-71. The 
coal was crushed to minus 1/4" using a hammer mill and manually placed in a nominal 30 gallon 
stainless steel Acrison feed hopper. The minus 1/4" coal was fed to the 2x4' ball mill at a rate of 
approximately 125 lbh. Water, dispersant (A-23M), and pH modifier W O H )  was introduced 
into the ball mill feed screw as the coal was being fed into the ball mill. The coal was milled at a 
solids loading of approximately 68 to 72 wt.% while running the mill at 65% critical speed. 

' I  
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Table 3-17. Typical Analysis of the Cleaned Lower Kittanning Seam Coal 

Parameter Wt.% (dry basis) 

Particle Size 
Coal Cleaning Methodology 

Proximate Analysis 
Volatile Matter 
Fixed Carbon 

Ash 

Ultimate Analysis 
Carbon 

Hydrogen 
Nitrogen 

Sulfur 
Oxygen 

28 x 400 mesh 
Conventional Froth Flotation 

30.6 
65.8 
3.6 

84.5 
5.2 
1.6 
0.8 
4.4 

Higher Heating Value (Btu/lb) 14,824 
Alkali Extraction 91.3 
Free Swelling Index 8.5 
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Table 3-18. Typical Analysis of the Taggart Seam Coal 

Parameter Wt.% (dry basis) 

Particle Size 
Coal Cleaning Methodology 

Proximate Analysis 
Volatile Matter 
Fixed Carbon 

Ash 

Ultimate Analysis 
Carbon 

Hydrogen 
Nitrogen 

Sulfur 
Oxygen 

1.5" x 0 
Not Required 

34.5 
61.9 
3.6 

84.1 
5.6 
1.5 
0.5 
4.7 

Higher Heating Value (Stunb) 14,879 
Hardgrove Grindability Index 55.0 
Alkali Extraction 94.3 
Free Swelling Index 7.5 
Equilibrium Moisture 1.71 
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Hardened chrome alloy steel grinding media constituted approximately 30% of the milI volume and 
was comprised of 40 wt.% 2.0", 45 wt.% 1.5", and 15 wt.% 1.0" balls. The MCWM was 
discharged into a nominal 55 gallon sump and then was screened using a 30 mesh screen to 
remove oversize particles. The MCWM was then pumped into a baffled 1,000 gallon, stainless 
steel miXing tank where the stabilizer was added. The MCWM was allowed to mix for 
approximately 12 to 24 hours. 

Indiana VI1 Seam Coal 
The Indiana VII seam coal was collected from Sullivan County, Indiana. A cleaned coal 

column flotation filter cake was supplied by Amax Research and Development Center. A typical 
analysis of the Indiana VII seam coal is presented in Table 3-19. Because the particle size of the 
column flotation filter cake met the MCWM particle size specifications additional grinding was not 
required. The MCWM formulation approach for the Indiana VII seam coal involved re-entraining 
the filter cake and then determining the effect of slurry pH, dispersant concentration, solids 
loading, and stabilizer concentration on the MCWM rheology and stability. Based on the pilot- 
scale MCWM formulation data, the following criteria were recommended for the Indiana VII seam 
coal: 

Solids Loading: 49 wt.% 
Slurry pH: 9.0 to 9.5 
Dispersant Concentration: 2.0 wt.% 
Stabilizer Concentration: 200 ppm 

Barrel quantities of Indiana VII seam MCWM were provided for pilot-scale atomization and 
combustion performance testing by re-entraining the column flotation filter cake in. a nominal 75- 
gallon ribbon mixer. Dispersant, pH modifier, and dilution water was added while the filter cake 
was being mixed. Once re-entrainment was achieved, the MCWM was pumped to a baffled 1,000 
gallon, stainless steel mixing tank where the stabilizer was added. The MCWM was then allowed 
to mix for approximately 12 to 24 hours. 
DMC Preparation 

was crushed using a laboratory-scale hammer mill to a nominal -1/4" product. The -1/4" material 
was then pulverized using a MikroPuhI Model 10 ACM Mikro-ACM-Pulverizer mill. 

MCWM 

grinding circuit. A generalized schematic diagram of this circuit is presented in Figure 3-72. The 
Upper Freeport seam coal was used in the demonstration as the coal feedstock fiom which the 
MCWM was produced. Production of Upper Freeport seam MCWM began on January 30,1995 
and was completed on April 14, 1995 with a total of approximately 210 tons of MCWM produced. 

The Upper Freeport seam coal was transported fiom Power Operating Company Inc.'s coal 

The DMC was prepared using a two-stage grinding approach. The as-received 2" x 0 coal 

3.3.2 Demonstration-Scale Activities 

Demonstration-scale MCWM activities focused on preparing MCWM in a single-stage, wet 
* 
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Table 3-19. Typical Analysis of the Indiana VII Seam Coal 

~ 

Parameter Wt.% (dry basis) 

Particle Size 
Coal Cleaning Methodology 

Proximate Analysis 
Volatile Matter 
Fixed Carbon 

Ash 

Ultimate Analysis 
Carbon 

Hydrogen 
Nitrogen 

Sulfur 
Oxygen 

Column Flotation 

30.4 
66.7 
2.9 

85.1 
5.5 
1.5 
0.8 
4.2 

. I  

Higher Heating Value (Stunb) 13,876 
Alkali Extraction 95.6 
Free Swelling Index 8 
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cleaning facility in Osceola Mills, Pennsylvania to a covered outdoor storage area owned and 
operated by Bradford Coal Company in BigIer, Pennsylvania. The coal was trucked on an as- 
needed basis to the MCWM preparation facility. Incoming truck loads of coal were dumped into a 
covered 25 ton hopper. The coal was crushed to minus 1/4" using a cage mill and conveyed to a 5 
ton surge bin. The minus 1/4" coal feed was fed to the 4x8' ball mill at a rate of approximately 600 
to 650 lb/h. Water, dispersant (A-23M), and pH modifier @&OH) was introduced into the ball 
mill feed screw as the coal was being fed into the ball mill. The coal was milled at a solids loading 
of approximately 68 to 72 wt.% while running the mill at 65% critical speed. Hardened chrome 
alloy steel grinding media constituted approximately 33% of the mill volume and was comprised of 
40 wt.% 2.0 'I, 45 wt.% 1.5", and 15 wt.% 1.0" balls. The MCWM was produced using a 
dispersant level target of 0.7 wt.% (percent actives, dry coal basis) and a pH target of 8.5 to 9.5. 
The MCWM discharged into a 175 gallon sump and was diluted to a solids loading of 
approximately 64 wt.%. The MCWM was agitated in the ball mill sump by an in-situ air sparge 
system. The MCWM was pumped from the ball mill sump to a Liquidtix vibratory screen where 
the MCWM was screened using a 30 mesh screen to remove any oversize particles. From the 
screen sump, the MCWM was pumped into a baffled 1,000 gallon, stainless steel mixing tank 
(identified as FT on Figure 3-72). Stabilizer (Flocon 4800 C) was added to the MCWM in the 
process tank at a dosage level of 400 ppm (percent actives, dry coal basis). The MCWM was 
allowed to mix in the process tank for 4 to 8 hours. Mixing was accomplished using a variable 
speed, center mounted, 5 Hp, Lightnin mixer (model 15Q5) equipped with a lower 18", 6-bladed, 
R-100 impeller and an upper 30", 3-bladed, A-305 impeller. The MCWM was pumped from the 
process tank (PT) to another baffled 1,000 gallon, stainless steel mixing tank (BT). This tank 
provided intermediate storage between the fuel production facility and the demonstration boiler. 
The MCWM was mixed in this tank using a fixed speed, center mounted, 5 Hp, Lightnin mixer 
(model 15Q5) equipped with a dual 30", 3-bladed, A-305 impeller. The MCWM was then . 

pumped on an as-needed basis to the 2,000 gallon day tank located within the demonstration boiler 
room. 

To maintain the targeted MCWM specifications, the MCWM was sampled at various 
sampling points within the circuit as it was being prepared. These sample points included: 1) the 
ball mill discharge, 2) the process tank inlet, 3) the blend tank inlet, and 4) the day tank inlet. The 
MCWM collected at the ball mill discharge was analyzed for temperature, pH, solids loading, and 
particle size distribution every 1 to 2 hours. The ball mill discharge sample was collected p h d y  
to ensure that the MCWM's solids loading and particle size were acceptable and, if necessary, the 
coal feed rate and/or feed water to the ball mill would be adjusted accordingly. After the dilution 
water was added to the ball mill sump, another MCWM sample was collected from the process 
tank inlet and analyzed for pH, solids loading, particle size distribution, and apparent viscosity. 
This sample was collected primarily to determine if an adequate amount of dilution water was being 
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added to the ball mill sump to meet the targeted MCWM solids loading and also to measure the 
MCWM's apparent viscosity prior to adding the MCWM stabilizer. These samples were collected 
every 2 to 4 hours. After the stabilizer was added to the process tank, another MCWM sample was 
collected from the blend tank inlet and analyzed for pH, solids loading, particle size distribution, 
and apparent viscosity. This sample was collected every 2 to 4 hours and was primarily used for 
determining MCWM quality prior to pumping the MCWM to the 2,000 gallon day tank located in 
the demonstration boilerhouse. Day tank MCWM samples were taken prior to each test and on an 
as-needed basis throughout the combustion tests. Tables 3-20 and 3-21 are illustrative examples of 
these MCWM characterization data. 
DMC Production 

Similar to the MCWM preparation, the production of DMC started with Upper Freeport 
seam coal being transported from Power Operating Company Inc.'s coal cleaning facility in 
Osceola Mills, Pennsylvania to a covered outdoor storage area owned and operated by Bradford 
Coal Company in Bigler, Pennsylvania. The coal was trucked on an as-needed basis to the fuel 
preparation facility. Approximately 182 tons of coal were used in the demonstration. Incoming 
truck loads of coal were dumped into a covered 25 ton hopper. The coal was crushed to minus 
1/4" using a cage mill and conveyed to a 5 ton surge bin. From the surge bin, the coal was screw 
fed to the TCS mill (See Figure 4-7, Section 4.1 for a layout of the DMC coal-fired system.) and 
transported to the burner via a booster fan. 
4 .0  COMBUSTION PERFORMANCE EVALUATION 

, 

As previously mentioned in Section 1.0, Penn State has been investigating the utilization of 
coal-based fuels in oil-designed industrial boilers since 1983. In the combustion performance 
evaluation, the emphasis was to improve upon the burnerboiler performance obtained in 
complementary program when using a commercial coal-designed burner that was identified for, 
and designed into, the DOD boiler retrofit. Improving burnerboiler performance was addressed 
by conducting a fundamental, pilot-scale, and demonstration-scale combustion performance 
evaluation when firing coal-based fuels in a retrofitted oil-designed industrial boiler and 
determining flame stability, completeness of combustion, deposition, emissions, system derating, 
and erosion. 

The presentation of the activities in Section 4.0 begins with a brief summary of previous 
burner activities in Penn State's demonstration boiler discussing the accomplishments made and the 
goals yet to be accomplished. This is followed by a discussion of the fundamental, pilot-scale, and 
demonstration-scale DOD activities. 

4.1  Results from Previous Demonstration Boiler Activities 
A summary of previous burner activities that preceded the DOD project is presented in 

Section 4.1. This section discusses previous accomplishments and sets the groundwork for the 
DOD demonstration-scale activities. 
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Table 3-20. Quality Assurance Data For the March 22,1995 Ball Mill Discharge 

% Solids Partide Size Distribution 
Time SampleId T e m p o  pH (wt.%) D (V,O.9) D (V,0.5) D (V,O.l) 
0200 
0220 
0240 
0325 
0440 
0530 
0630 
0800 
0930 
1030 
1130 
1230 
1345 
1430 
1530 
1730 
1930 
2130 
2330 

BM-01 
BM-02 
BM-03 
BM-04 
BM-05 
BM-06 
BM-07 
BM-08 
BM-09 
BM-10 
BM-11 
BM-12 
BM-13 
BM-14 
BM-15 
BM-16 
BM-17 
BM-17 

101 
109 
114 
122 
117 
115 
120 
122 
124 
122 
122 
124 
123 
122 

9.78 
9.52 
9.49 
9.42 
9.28 
9.08 
9.00 
8.8 1 
9.08 
9.28 
9.27 
9.27 
9.18 
9.39 
9.08 

65.0 
65.4 
65.8 
67.2 
68.0 
69.0 
68.7 
71.0 
70.6 
69.7 
69.5 
70.0 
69.7 
69.8 
70.0 
69.2 
70.0 
70.2 

83.9 
85.6 
87.3 
93.5 
90.4 
87.8 
91.9 
87.6 
74.1 
88.5 
77.8 
86.4 
80.8 
77.9 
78.5 

21.0 
22.0 
21.9 
23.0 
22.3 
22.2 
23.5 
22.7 
21.3 
22.6 
21.4 
22.6 
21.6 
22.5 
21.7 

2.8 
2.9 
2.9 
3 .O 
2.8 
2.8 
2.9 
2.8 
2.8 
2.9 
2.8 
2.9 
2.8 
2.9 
2.7 

BM-18 126 8.94 71.4 70.8 19.2 2.5 



Table 3-21. Quality Assurance Data For the March 22,1995 ProcessDay Tank Samples 

% Solids Particle Size Distribution Viscosity 
Time SampleId pH (wt.%) D (V,O.9) D (v,o.5) D (V,O.l) (100 sec-1) 

0500 
0700 
1000 
1915 
2130 

0250 
0420 
0730 
1500 
2130 

0600 
0900 
1100 
1400 

PT-0 1 
PT-02 
PT-03 
PT-04 
PT-05 

BT-0 1 
BT-02 
BT-03 
BT-04 
BT-05 

DT-0 1 
DT-02 
DT-03 
DT-04 
DT-05 

9.28 
9.38 
9.36 
9.50 
9.53 

8.78 
8.96 
9.25 
9.30 
9.44 

9.08 
9.03 
9.02 
9.05 
9.15 

64.6 
64.7 
66.0 
61.5 
62.4 

63.3 
63.2 
64.1 
64.6 
62.6 

62.4 
63.2 
63.5 
63.5 
62.5 

88.2 
82.4 
85.5 
87.4 
83.7 

97.3 
90.3 
94.8 
83.5 
89.0 

83.8 
90.5 
94.9 
78.0 

21.9 
21.4 
21.2 
23.3 
22.5 

23 .O 
22.4 
22.4 
22.4 
23 .O 

21.4 
23.0 
23.2 
21.7 
22.6 

2.9 
2.9 
2.7 
3 .O 
2.9 

2.9 
2.9 
2.9 
2.8 
3.0 

2.8 
2.8 
2.9 
2.8 
2.9 

357 
381 
568 
180 
212 

298 
247 
296 
377 
196 

174 
212 
215 
241 
239 

159 
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* 

4.1.1 SCCWS Project 
Perm State and DOE entered into a cooperative agreement in 1989 with the purpose of 

determining if a MCWM prepared from a cleaned coal (containing approximately 3.0 wt.% ash and 
0.9 wt.% sulfur) can be effectively burned in a heavy fuel oil-designed industrial boiler without 
adverse impact on boiler rating, maintainability, reliability, and availability. The project, called 
SCCWS (Superclean Coal-Water Slurry) will also provide information to help in the design of new 
systems specifically configured to fire these clean coal-based fuels. The first of two 
demonstrations was conducted, prior to conducting Phase I of the DOD project, to determine if the 
MCWM combustion characteristics, heat release rate, fouling and slagging behavior, corrosion and 
erosion tendencies, and fuel transport, storage, and handling characteristics can be accommodated 
in a boiler system designed to fire heavy fuel oil. A summary of the first phase of the SCCWS 
project is given; a complete discussion of the entire project and results can be found in the SCCWS 
final report to ~ 0 ~ 1 ~ 1 .  

A fuel oil-designed package boiler was installed at Penn State's East Campus Steam Plant. 
Equipment that was installed includes: a watertube package boiler of D-type design nominally 
rated for 15,000 lb saturated stearn/h at 300 psig; forced draft and induced draft fans; a flue gas-to- 
combustion air heat pipe heat exchanger; a baghouse and an ash conditioning screw; a boiler 
feedwater pump; a MCWM unloading and pumping station; a 15,000 gallon storage tank, and a 
2,000 gallon day tank; a MCWM preheater; control panels; automatic and manual boiler control 
systems and instrumentation; and associated ductwork and piping. Figure 4-1 is a layout of the 
ECSP showing the location of the boilerhouse addition, baghouse, MCWM unloading and 
pumping station, and 15,000 gallon storage tank. Figure 4-2 is a schematic diagram of the 
MCWM-fired system that was installed. 

boiler and consisted of optimization testing and a combustion performance evaluation using 
MCWM preheat, a range of atomizing air pressures, steam as the atomizing medium, alternative 
atomizers, and minor burner modifications. Figures 4-3 and 4-4 are schematic diagrams of the 
burner and atomizer, respectively. 

MCWM. The system was operated over eleven months from January to November 1992. 
Approximately 500 hours f d g  MCWM was obtained which translates into -25% availability. 
The poor availability was due to poor fuel quality, component failure (e.g., MCWM preheater, in- 
duct burner, unloading station, boiler feed pump, condensate pump, draft control) and 
remediation, and system and burner modifications. The study indicated that deposition was not a 
problem under the conditions tested, erosion was not significant in the convective pass, and that 
MCWM could not be burned in the fuel oil-designed package boiler, using the fuel oil burner 
provided with the boiler, without cofhng natural gas. However, by optimizing the operating 

The first demonstration was conducted using the burner/atomizer system provided with the 

In summary, an oil-designed industrial boiler system was modified to handle and fire 
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Figure 4-2. MCWM-FIRED BOILER SYSTEM 
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parameters, and making minor modifications, the coal combustion efficiency was increased from 
82 to 95% (see Figure 4-5). The reason for not achieving coal combustion efficiencies higher than 
95% (with 15% natural gas support, based on thermal input) is believed to be the inability to stage 
the combustion air to promote recirculation of hot combustion products, thereby creating an 
optimum internal recirculation zone (IRZ). An IRZ enhances the convective heat transfer, which is 
the primary source of ignition energy, which reduces the time required for evaporation of water in 
the droplets, and thereby reduces the ignition delay. The goal was to be able to achieve fuel firing 
rates of 100% MCWM, 100% natural gas, or any comb&ation of the two. In order to achieve this 
goal with acceptable coal combustion eficiencies (98%), it was determined that major 
modifications were necessary. Therefore, it was decided that a new burner with air staging 
capabilities would be installed prior to the next SCCWS demonstration. 

4.1.2 ABB CE Project 
In 1990, ABB Combustion Engineering (ABB CE) began a project funded by DOE to 

demonstrate the technical and economic feasibility of retrofitting a gadoil-designed industrial boiler 
to bum micronized coal. In support of the overall objective, the following specific areas were 
targeted 

A summary of the proof-of-concept testing is given; a complete discussion of the project 
and results has been presented elsewhereL5]. ABB CE designed a new burner, called the HEACC 
(High Efficiency Advanced Coal Combustor;see Figure 4-6), for burning micronized coal in an 
industrial boiler. After experimental testing of a prototype burner, Perm State acted as a host site 
for the installation and testing of a HEACC system in a retrofit application. Items installed for the 
HEACC system included facility for housing coal storage, handling, and micronization; 25-ton 
coal hopper; vibratory feeder; crusher; conveyor; 5-ton swrge bin, screw feeder; TCS mill; booster 
fan; magnets for removing tramp metal; HEACC; and associated piping and controls. Figure 4-7 is 
a schematic diagram of the micronized coal-fired system. 

In summary, an oil-designed industrial boiler system was modified to produce, handle, and 
fxe DMC. Coal storage, handling, and micronization were integrated with a burner. Proof-of- 
concept testing was conducted for ten months (from July 1993 through April 1994) firing DMC for 
-600 hours (-25% availability). The poor availability was due to poor fuel quality, component 
failure (e.g., ignition system, control of fuel delivery, deposition and ash settling problems, and 
burner modifications for stability and flame shaping) and remediation. The testing indicated that 
the boiler thermal performance met requirements, combustion efficiency of 95% could be met on a 

A coal handlinglpreparation system that can meet the technical requirements for 
retrofitting microfine coal on a boiler designed for burning oil or natural gas; 
Maintaining boiler thermal performance in accordance with specfications when burning 
oil or natural gas; 
Maintaining NOx emissions at or below 0.6 lb NO2 per million Btu; 
Achieving combustion efficiencies of 98% or higher; and 
Calculating economic payback periods'as a function of key variables. 
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daily average basis, which is below the target of 98% (Figure 4-8 shows combustion efficiency as 
a function of test number as variables were being changed), and NOx emissions can meet the target 
of 0.6 lb/million Btu. 

As a result of problems encountered during the ABB CE project, improvements were made 
(upon conclusion of Phase I of the DOD project and prior to the ABB CE 1,000-hour 
demonstration) to the raw coal storage and transport. The surge bin was redesigned and will have 
a mass flow bottom. Also, a gravimetric feeder will be installed for better monitoring and control 
of coal feed to the TCS mill. 

4.2 Fundamental Activities 
Fundamental activities were performed in support of the combustion performance 

evaluation. These included burnerhoiler modeling, an atomizer erosion investigation, and an 
erosioddeposition study. The burnerhoiler modeling was performed to determine the effect of 
burner modifications on performance; the atomization study was conducted to determine the 
mechanism of atomizer wear (corrosion or erosion) by MCWM; and the erosioddeposition study 
was conducted to quantify the erosioddeposition interaction of convective pass tubes. 

Summary of the Modeling Work 

of this project was to produce a computer model capable of predicting the combustion of natural 
gas and DMC in the demonstration boiler. 

categories: 

4.2.1 BurnerBoiler Modeling 

The objective of the computer and numerical modeling effort carried out during the course 

Computer codes used for modeling the combustion process can be divided into two broad 

1. Kinetics Codes, which model the kinetics and the chemistry of the combustion 
reactions whiIe neglecting or simplifying the fluid mechanics of the combustion 
process; and 
2. Fluid Dynamics Codes, which simplify the kinetics and the chemistry of 
combustion based on the assumption that the fluid mechanics, and the heat and mass 
transfer processes, determine the overall process of combustion in industrial-scale 
combustors. 

For this work, it was assumed that the fluid mechanics of the combustion process, which 
determine the rate of mixing of air and coal and hence the rate of combustion, dominated the overall 
combustion process. Consequently, a computational fluid dynamics (CFD) code was chosen. 
Further support for this decision was based on the fact that the fluid mechanics in an industrial 
boiler are in turn determined by the burner design, and hence to investigate the fluid mechanics of a 
burner it is important for the burner geometry and the burner operating parameters to be 
characterized. Only the second category of code allows the investigator to model a burner@]. 

As there are a number of CFD codes available on the market, a set of guidelines had to be 
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defmed in order to choose the most appropriate code. These guidelines include the following: 
It must be convenient to define and change both the geometry and the simulated 
operating conditions; 
The governing equations which are solved must correctly represent the physical 
and chemical processes which take place in the practical system; and 
The results must be communicated in an easily assimilated 

A number of the commercially available CFD codes were investigated: PCGC-2 (Brigham 
Young University, UT), FLOW 3D (Flow Science, New Mexico), FLUENT (FLUENT Inc., 
New Hampshire), NEKTON (FLUENT Inc., New Hampshire), SIMPLE (Imperial College, 
United Kingdom), FLOTRAN (Swanson Analysis Systems Inc., Pennsylvania). Based on the 
above guidelines, FLUENT 4.2 was chosen[67]. 

The numerical modeling effort was divided into two main areas -- the burner and the boiler. 
The reason for this division was that with state-of-the-art CFD codes, it is impossible to model 
both the geometry of the burner and that of the boiler with any degree of accuracy. A sound 
approach is to model the burner separately and use the results of the computations as input 
boundary conditions for the model of the boiler. A brief history of the development of the model 
is: 

The modeling of natural gas combustion with the Faber burner for a simplified 2- 
dimensional geometry in the absence of swirl[53]; 
The modeling of natural gas combustion with in a 3-dimensional geometry in the 
presence of swirl for a range of operating conditions and geometries[67]; 
The isothermal modeling of the HEACC and the EER burner for generic, simplified, 
and two dimensional geometries in the presence of swirl under a range of operating . 
conditions[68]; and 
The modeling of micronized coal combustion in a 3-dimensional geometry, in the 
presence of swirl, for a range of operating conditions and geometries. 

The modeling efforts progressed to the point that the following phenomena can be modeled 
successfully in the boiler: 

swirling turbulent flow; 
combustion of natural gas; 
combustion of micronized coal; and 
heat and mass transfer processes associated with the combustion process (including 
radiative heat transfer). 

Furthermore, the model that was produced can be applied to other combustors with similar 
geometries with minor modifications. The theory embodied in FLUENT, along with some of the 
validation studies, have been reported previously. Consequently, the focus of this section will be 
on some of the more salient features of the results and the predictions obtained from the modeling 
effort. The predictions of temperature and velocity fields in the boiler during the combustion of 
natural gas and DMC will be discussed and compared with experimental data. 
Comparison of Modeling Predictions with Experimental Measurements 

Figures 4-9 and 4-10 depict the numerical modeling predictions of gas temperatures an$ 
velocities respectively for natural gas firing at 17.3 MM Btu/h with the HEACC. In order to assess 
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Figure 4-9. GAS TEMPERATURE (K) PROFILE IN THE DEMONSTRATION BOILER WHEN FIRING 
NATURAL GAS AT 17.3 MM Btu/h USING THE HEACC 
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Figure 4-1 0. GAS VELOCITY (m/s) PROFILE IN THE DEMONSTRATION BOILER WHEN FIRING NATURAL 
GAS AT 17.3 MM Btu/h USING THE HEACC 
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the accuracy of the predictions, experimental measurements of gas temperature were taken. Figure 
4-1 1 shows the locations in the boiler where the temperature measurements were taken by means 
of suction pyrometry. Six observation ports (ports A-F in Figure 4-1 1) provide access to a central 
slice of the boiler (in the x-z plane) located at a distance equal to approximately half of the height of 
the boiler. 

experimental determination of the accuracy involves plotting the values of observed temperature 
against the volumetric flow rate through the suction pyrometer. The efficiency of a particular 
design, operating under given conditions, can then be estimated from a knowledge of heat transfer 
and of the geometry of the shield system. The theory of operation has been published previously 
and some of the relevant results are quoted here[69-74]. 

The accuracy of a suction pyrometer depends on the flow rate over the thermocouple. An 

Accuracy of the Experimental Measurements 
The temperature reported by a pyrometer falls between the true temperature of the gas, T, 

and the temperature (T - 0,) indicated by a simple sheathed thermocouple. The suction pyrometer 
indicates a temperature (T - 0) which falls to (T - 0 ,) when the gas velocity is reduced to zero. 
The ratio (00 - 0) 180 has been termed the "efficiency" of the pyrometer and this definition is used 
here. From theoretical c~nsiderations'~~~: 

. I  

where, h, is the convective heat transfer coefficient, o, is the Stefan-Boltzman constant, N is the 
number of radiation shields and Io, is the modified Bessel function of the first kind.(zero order). It 
can be seen from the above equation that the efficiency depends on the term 

which is, in effect, a ratio of the convective to radiative heat transfer coefficients. In addition to the 
above theoretical definition of the efficiency, there are two other methods of determining the 
accuracy of a suction pyrometer; estimation of efficiency from the ratio of time constants, and 
estimation of efficiency from the shape of temperature/velocity curve [731. The efficiency of the 
suction pyrometer used in this investigation was estimated by all three methods and was found to 
be greater than 92%. 

Figure 4-12 illustrates the experimental measurements when firing the boiler at 17.3 MM 
Btu/h. From Figure 4-12 the Furnace Exit Gas Temperature (FEGT) was determined to be 
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between 1,422 and 1,505 K. The FEGT from the numerical predictions was 1,560 K (Figure 4- 
9). The maximum temperature measured was 1,783 K at an axial distance of one burner diameter, 
on the centerline of the boiler (Figure 4-12). The corresponding value of temperature obtained 
from the numerical predictions was 1,740 K (Figure 4-9). Hence, there is relatively good 
agreement between the predictions made by the model and the experimental temperature 

1 

i 

measurements. 

combustion using the HEACC. Comparison of the predicted temperatures (Figure 4-13) with the 
experimental measurements (Figure 4-15) reveals the following: The maximum temperature 
predicted was 1,210 K and the FEGT was 1,060 K (Figure 4-13). The maximum temperature 
measured was 1,533 K and was at a location close to the centerline of the boiler with a slight bias 
to the right side of the boiler volume (Figure 4-15). The measured FEGT was approximately 
1,144 K. Consequently, while the magnitudes of predicted temperatures seem realistic, the 
distribution of the temperatures does not. Furthermore, in Figure 4-13 the ignition and the 
subsequent release and combustion of the volatiles from the micronized coal particles are not 
characterized by a rapid rise in temperature. The reasons for some of these differences are 
discussed next. 

boiler, by definition, the investigator is making gross oversimplifications of the kinetics of the 
combustion process in general, and the kinetics of the ignition process in particular. This means 
that while the gas flow fields (as shown by Figures 4-10 and 4-14) were computed accurately for 
natural gas and micronized coal combustion, the predicted temperature field for micronized coal 
combustion will contain some inaccuracies. The implications of such simplifications become even 
more significant in the case of a heterogeneous'combustion process such as micronized coal 
combustion and result in some of the differences between the measurements and the predictions. 

Classification of the Scientific and Engineering Methodologies Employed 
for Furnace Analysis 
In general, there are three methods of analyzing and predicting the behavior of swirling 

Figures 4-13 and 4-14 illustrate the temperature and flow fields, respectively, for DMC 

As mentioned previously, by choosing a CFD code to model the combustion behavior in a 

turbulent reacting and 3-dimensional flows [751: 
Numerical modeling and subsequent solution of the relevant set of partial 
differential equations of conservation of mass, momentum and energy for turbulent 

The use of simplified statistical models of flow in furnaces such as combinations of 
well-stirred and plug-flow sections to describe the mixing pattern in the combustors. 
This includes physical modeling for the determination of the residence time 
distributions; and 
Predictions based on the laws of similarity of turbulent jets. 

flow; 

Clearly, the computer modeling effort carried out so far falls under the first category. 
However, for the sake of thoroughness the second methodology was also utilized. The theory 
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Figure 4-13. GAS TEMPERATURE (K) PROFILE IN THE DEMONSTRATION BOILER WHEN FIRING DMC AT 
15 MM Btu/h USING THE HEACC 
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behind this second methodology is explained briefly and some of the predictions are compared 
with experimental measurements of particle speed, number density and size distribution. 

Distribution of Residence Times in Watertube Boilers 
The key to this approach is the concept of residence-time-distribution (RTD) which has a 

long history deriving largely from chemical engineering [761. The RTD is often determined by 
tracer experiments, in which the age distribution functions of molecules or particles injected into a 
reactor at some certain time are monitored either inside the reactor or at the exit. In essence, the 
RTD provides information on how long different parcels of gas or particles of fuel (in this case 
micronized coal) spend traveling through the volume of the combustion chamber. 

curves are employed [769 771. These four curves include: 
To determine the RTD, two Standard Response curves and Two Age Distribution Function 

Following a slightly different approach, a fifth curve, G,, the exit response from a step 
function cutoff input, is added to the above family of curves. These functions can be related to the 
probability distribution functions P(E,0i) where P is the probability of finding a particle injected 
some time between 0i and 0i + d0i earlier in a normalized volume element de(x,y,z) inside the 
reactor, and 0 is the normalized time, that is 0 = t / ZS. The probability of finding the particles in 
the exit volume, which is the only way for them to leave the boiler, is P(e, 03. The following 
relationships between the different functions are thus obtained[77]: 

C- the exit response from a pulse input; 
F- the exit response from a step function start-up input; 
I- the internal age distribution function; and 
E- the exit age distribution function. 

? 

= P ( E , ~ ; )  de 

= s,” E(0) de 

=s,” C(e) de 

= 1 - ’ P(e,0) de - P(e,0) de 
J O  - Jei 

(4-3) 

(4-4) 

(4-5) 

(4-6) 

(4-7) 
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Previous studies and experiments have employed the step function cutoff [78-80]. The 
response was then compared to the expected behavior for a perfectly stirred reactor (PSR) 
condition [771. The PSR response was obtained from the equations above by assuming that the 
probability of finding a fluid particle was equal at all points, including the exit volume. Inserting 
this condition yields [771: 

G, =exp (+I 
S 

(4-8) 

In practice, the response generally includes an initial period of constant concentration (the 
mixing period ZD) before the exponential decay begins. Conceptual models have been developed 
to explain this delay behavior, and primarily it appears to be due to the finite transit time through 
the reactor. The exponential decay highlights the distribution of residence times that exists in a 
stirred reactor that is frequently ignored in combustion equations by employing an average 
residence time. 

Another reason for using a residence time distribution in the current analysis is the swirling 
nature of the flow field. In general, the existence of swirl in a flow field gives rise to variations in 
the degree of swirl due to decay of the kinetic energy in the swirling flow as a function of time or 
distance. As a result of the decay in the degree and intensity of swirl, there is a distribution of 
residence times for the different fluid-particles in the flow field. In a turbulent swirling flow-field 
the path of travel for the fluid is no longer linear. The fluid as a whole follows a spiral path and as 
a result, different particles of the fluid sweep through unequal distances. The direct result of this 
behavior is a distribution of residence times for the various fluid-particles. Fluid particles in this 
context refer to infinitesimal parcels of fluid and not physical particles. Solid particles will be 
referred to as coal particles, char particles and ash particles. It is because of the existence of a 
distribution of residence times in turbulent swirling flows that swirl affects the combustion 
efficiency 1757 811. 

employing a laser-based particle analyzer to determine the importance of the RTD on the 
combustion history of the particles. Mepurements of particle number density, size distribution, 
and speed were taken at set intervals starting at the boiler wall and traversing the width of the 
boiler, by employing the central side port (Port B in Figure 4-1 1). The purpose of these 
measurements was twofold; firstly, to determine the impact of various operating parameters on the 
speed of the particles and secondly, to determine changes in the particle size distribution and 
number density with time and distance in the boiler. The experimental technique utilized is based 
on the particle counting, sizing, and velocimetry technology that has been explained previously [539 

Based on the above discussion it was decided to monitor the behavior of DMC particles 

82-86] 

I 
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Measurements of Particle Number Density and Speed 
Particle size distributions and average particle speeds obtained from the PCSV-P particle 

Counter-Sizer-Velocimeter-Probe) are depicted in Figures 4-16 through 4-19. Distance (depicted 
in the legend box of each graph) refers to the length of penetration of the probe into the boiler while 
traversing the width of the boiler through the middle observation port. 

Figure 4- 16 illustrates the variations in the number density (particles per cubic centimeter) 
of the burning micronized-coal particles as a function of distance from the boiler wall toward the 
center line. The measurements shown in Figure 4-16 were made at a constant firing rate of 13.2 
MM Btu/h. Measurements were also taken for firing rates of 14.3 and 15.1 MM Btu/h (Figures 4- 
17 and 4-18, respectively). The most noticeable trend in the data was a shift in the particle size 
distribution to larger sizes with increasing distance from the boiler wall. This was attributed to 
swelling as well as the combustion history of the DMC particles. The particles close to the boiler 
wall have undergone more complete combustion than the particles close to the centerline of the 
boiler. 

Figure 4-19 depicts the variation in particle speed with distance from the boiler wall for 
three different firing rates (13.2, 14.3 and 15.1 MM Btu/h). The highest particle speeds were 
observed at the highest firing rate. Additional measurements of particle speed were made and are 
expressed as a function of the mass flow rate of the total combustion air in Figure 4-20. 

Before any further discussion of Figure 4-20, it is important to point out that the detected 
changes in the particles' speed were too significant to be attributed to factors such as the 
reproducibility of the measurements taken by the PCSV-P, beam steering and measurement errors. 
The two key parameters that determine the RTD of micronized coal particles for a given size 
distribution are the speed and the trajectory of the particles. Both parameters are in turn influenced 
by the fluid dynamics of the boiler. Consequently, Figure 4-20 establishes the variations of the 
particle speed as a function of the mass flow rate of combustion air. It is clear from Figure 4-20 
that as the mass flow rate of combustion air was increased the average speed of the particles was 
also increased. Consequently, the RTD of the particles, as influenced by their speed was changed. 

micronized coal particles and hence in their RTD. 
The Modifications to the EER Burner 

The above measurements have provided a body of evidence for changes in speed of the 

Pulverized coal burners are mixing devices. The functions of such burners are: 
To inject the pulverized coal and combustion air into the combustion chamber (in this 
case an industrial boiler); 
To mix the pulverized coal with the combustion air or the hot gases present in the 
combustion chamber appropriately; 
To provide good flame stability by promoting back-mixing of hot gases; and 
To ensure that combustion efficiency is met at satisfactory levels with a minimum of 
excess air (usually 15%)[*']. 
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Figure 4-16. NUMBER DENSITY AS A FUNCTION OF DISTANCE FROM THE 
BOILER WALL WHEN FIRING DMC AT 13.2 MM Btu/h 

Particle Diameter (pm) 

Figure 4-17. NUMBER DENSITY AS A FUNCTION OF DISTANCE FROM THE 
BOILER WALL WHEN FIRING DMC AT 14.3 MM Btu/h 
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Figure 4-18. NUMBER DENSITY AS A FUNCTION OF DISTANCE FROM THE 
BOILER WALL WHEN FIRING DMC AT 15.1 MM Btu/h 
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While satisfying the above functions it is essential that the burner and its surrounding walls 
do not collect excessive amounts of slag, and that the pressure drop across the burner does not 
exceed prohibitively high levels in terms of pumping air power requirements. It is with these 
guidelines that the HEACC and the EER burner were tested and compared. 

and the EER burner was carried out and the results were reported. Based on some of the results of 
this work and further computational modeling work done on the EER burner, it was determined 
that the flame issued by the EER burner was a Type I or Type III flame. What this means is that 
the flame has two main characteristics: 

Previously, a comparison between the fluid mechanics of the flows issued by the HEACC 

1. The primary jet of coal and air penetrates the TRZ of the burner 

2. It is a fairly long flame and has the potential to impinge on the back wall of the 

The flame shape and type for the EER burner remained as described above over the range 

either completely (Type I) or partially (Type m>; and 

industrial boiler in which it is being tested. 

of operating parameters used. For a full comparison of the aerodynamics of the two 
aforementioned burners, the reader is referred to Sharifi and S~aroni,[~~];  and Miller et al.[68]. 

It is important to point out that an ideal flame for a retrofit application should have the 
following characteristics: 

1. AlargeIRZ, 
2. 
3. 
Clearly, a long Type I or Type III flame is not desirable in a retrofit application. Since it is 

A wide angle of spread; and 
Relatively low values of axial velocity. 

the burner design that determines the fluid mechanics of the burner, it was postulated that by 
modifying the geometry of the EER burner, improvements in the flame shape and type might 
result. The main reason for the long flame issued by the EER burner was the staging of secondary 
and tertiary air streams. In order to create an IRZ with a rich stoichiometry, the tertiary air stream 
is kept separated from the secondary air stream and the natural gas or coal (in this case MCWM). 
This separation is achieved by means of a membrane. Consequently, it is only after a certain time 
period when both secondary air, fuel (natural gas or MCWM) and tertiary air are issued into the 
boiler that they can mix thoroughly. This delayed mixing, while beneficial for creating a rich 
stoichiometric zone, results in a long flame. It was postulated that by removing a portion of the m 
embrane the rate of mixing between the secondary and tertiary air streams could be enhanced. In 
effect, the objective was to produce a wider and shorter flame by causing the secondary air, fuel, 
and tertiary air to mix closer to the burner throat. The main steps of this task were: 

Numerical modeling of the burner; 
Measurements of gas temperature and velocity; and 
Modifications to the burner geometry. 

1. 
2. 
3. 
The logical sequence of the steps involved in the above analysis of the burner are depicted 

in Figure 4-21. Upon making modifications to the burner, it was found that when firing natural 
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Figure 4-21. LOGIC SEQUENCE TO MODIFY THE EER BURNER GEOMETRY 
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gas at different rates the flame issued by the burner did indeed become shorter and wider. The 
direct impact of this was to make the burner quarl highly radiant. Furthermore, the modifications 
to the burner caused the flame to stay closer to the quarl. Hence, the quarl served as a preliminary 
frrebox. The modified burner discharges the fuel and air into the quarl and a flame is established 
within the quarl. This enhances the combustion process downstream of the boiler when firing 
natural gas. 

MCWM demonstration) the coal combustion efficiency was lowered. See Section 4.4.4 for a 
discussion of the combustion results. 

However, when firing MCWM (the burner modifications were made near the end of the 

4.2.2 Investigation and Prediction of Atomizer Nozzle Erosion 
Introduction 

erosion by the constituent coal  particle^[^^-^^]. The fundamental mechanisms and theoretical 
considerations of the underlying erosion processes have been extensively ~ t u d i e d [ ~ ~ - ~ ~ ]  but 
systematic investigations of atomizer wear are limited to candidate materials evaluation Ig87  g9]. 

Prototype analyses do not provide adequate predictive capabilities; consequently, a fundamental 
study, using a modified atomizer and dilute silica-water slurry (SWS), was undertaken to develop a 
modeling technique and theoretical prediction of the erosion rate. 

The computational fluid dynamics (CFD) code FLUENT 4.2, which was used in the 
burnerhoiler modeling, was also used to numerically model the flow field and silica particle 
trajectories within the mixing region of a modified fuel oil atomizer. Data obtained from the 
simulation were then input into Sundararajan's comprehensive erosion equation lg8] and the numerical 
results compared with experimentally determined values. 

rate in a simplified (no airblast, dilute silica-water slurry) atomizer/slurry system. Procedures 
developed and information gained can be expanded to aid in the design and performance prediction of 

Experimental Procedure 

Rapid failure of atomizer nozzles in coal-slurry systems is commonly attributed to mechanical 

The objective of the study was to adapt modeling techniques for the prediction of the erosion 

* the more complex twin-fluid (airblast) atomizers comonly used in MCWM applications. 

Atomizer Modification 
The atomizer used in the study was a Delavan Variflo Nozzle originally designed to fire #2 

fuel oil. Modifications to the original design are illustrated in Figures 4-22 (original design) and 4-23 
(modified design) and included removal of the swirler and isolation of the mixing chamber. 

Damage to the atomizer and subsequent erosion analyses were limited to the nozzle's 
removable orifice disk (Figure 4-24). Disks were constructed of 416 martensitic stainless steel. 
Material properties of the stainless steel are: 

Tensile Strength 97.5 ksi, and 
Vickers Hardness 205.0 kg/mm3. 
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The chemical composition of the stainless steel is (weight basis): C, 0.10%; Mn, 0.42%; Si, 0.62%; 
P, 0.014%; S ,  0.35%; Cr, 13.14%; Ni, 0.24%; Mo, 0.04%; Cu, 0.04; and Fe, balance. 

Silica-Water 'Slurry 
The silica-water slurry used in the experimental investigation was produced in 5 gallon 

charges from 2.1 kg of powdered silica and 5 gallons of distilled water. The silica concentration was 
formulated to be 10% by weight. 
Silica Specifications 

The physical and chemical specifications of Sil-Co-Sil250, which was obtained fiom U.S. 
Silica of Ottawa, Illinois, are: 

Median size (Dv,o.5) -- - 42 p; 
Density[gg] -- 2.2 g cm-3; 
Vickers Hardness[go] -- 1,100 kg mm-2; and 
Chemical Composition (U.S. Silica Corp.) -- > 99.9 % SiO2. 

Figure 4-25 shows the particle size distribution obtained using a Malvern 2600 Droplet and Particle 
sizer. 

Operating Conditions 
Experimental and theoretical erosion rates were calculated for a mass flow rate of -500 lb/h 

and a SWS composition of 10 wt.% silica. 
Experimental Setup 
The experimental setup is shown in Figure 4-26 and consists of two separate components, the 

spray chamber and the slurry train. 
Sprav Chamber 

The spray chamber is a 2' x 2' x 2' cube constructed of 0.5" thick 6061-T651 aluminum 
plate. Although originally designed for the analysis of unrestricted MCWM sprays[53], the study 
discussed here used the chamber as a nozzle housing, with minor alterations made to facilitate 
collection and reuse of SWS. 
Slurry Train 

SWS was mixed and stored in a five gallon, plain carbon steel storage tank. The tank was 
painted to discourage corrosion and fabricated from a 12 3/4" diameter 16" long A53 steel pipe and 
12 3/4" butt weld cap. A 1/4 hp, 1,725 rpm Reliance agitator was mounted on the housing frame 
above the slurry tank and used to keep the slurry charge suspended. 

cavity Moyno pump. Power is supplied to the pump by a 1 hp Reeves Motodrive connected to a 
Cutler Hammer 3-phase magnetic starter and 30 amp, 230V disconnect. 

SWS is carried from the pump exit through 3/8" diameter high pressure (< 200 psig) hose 
through a Micro Motion model D25 mass flow meter. At the flow meter outlet, 1/4" high pressure 
hose transports SWS into the spray chamber, through a check valve, and into the atomizer. 

The fuel tank is mounted at the inlet port of a Robbins and Myers 6P3-CDQ progressive 
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After atomization, spent s1un.y is collected in 1/2" diameter Tygon tubing fastened to the 
atomizer tip with a hose clamp. The tubing feeds a return line at the bottom of the chamber in which 
slurry is conveyed back to the slurry tank for reuse. 

Fluid Flow Modeling 
FLUENT 4.2 was used to model individual particle impacts within the atomizer nozzle for a 

SWS mass flow rate of -500 lbh. Impact velocities and impingement angles (to be used in the 
erosion equations) were obtained for a range of 10 particle diameters (10-200 p) taken to represent 
specific size fractions contained within the experimental silica distribution (Figure 4-25). 

elsewhere[100] and[lol]. 
Explicit details of the numerical modeling process and the underlying theory may be found 

Erosion Rate Calculation 
ExDerimental 

Experimental values of erosion rate were calculated by dividing the mass lost from an orifice 
disk after 30 minutes of slurry exposure by the mass of SWS which resulted (not all slurry that 
moves through the nozzle contains silica that does damage) in the erosion. Erosion rate is therefore 
expressed as: 

where Am is the total mass lost from the orifice (kg), and m,, is the mass of slurry which caused 
material loss (kg). 

The mass of SWS passing through the atomizer with potential to cause erosion (mSlv, ) was 
estimated from the CFD calculations to be 30% of the total mass throughput by noting an inlet 
location (inlet to the mixing region) which separated an area of no predicted impact from an area of 
potential particle impact. Equation 4-9 may then be rewritten as follows: 

Am 
Eexp = 0.3M,, (4-10) 

where Am is the change in orifice mass (kg), and M,, is the total mass of SWS throughput (kg). 
Theoretical 

having a velocity V and an angle a is predicted by Sundararajan[98] to be 
The dimensionless erosion rate E (kgikg) of a ductile target impacted by a mass of particles 

(4- 1 1) 
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All nomenclature used in Equation 4-1 1 is described in Section 8.0. The equations used to derive 
numerical quantities for nomenclature given in Section 8.0 are extensive and the interested reader is 
referred to references[98* 102-1071. 

The theoretical considerations from which the model was derived account for erosive attack 
by a homogenous abrasive particle stream, i.e. uniform impact characteristics (velocity and angle). 
Actual erosive environments, e.g. atomizers, are not homogenous and Sundararajan's original 
equations must therefore be modified to predict the erosion rate of a surface exposed to an ensemble 
of impact conditions. 

The calculation of erosion rate by a particle distribution is performed by numerically 
integrating Equation 4-1 1 over the range of conditions experienced by the eroding surface. 
Integration requires that the equation be rewritten in terms of the impact variables V and a (velocity 
and angle, respectively). Expansion and simplification yields a three term equation for E having the 
form: 

E =E,+EZ+E, (4- 12) 
' I  

where ' I  

(4- 13) 

(4-14) 

and 

(4- 15) 

The calculation of mass lost from the atomizer's orifice disk required that Equations 4-13 to 4- 
15 be evaluated for each particle size at every impact location. Analysis of the erosion equations was 
simplified from double integration (velocity and angle) to single integration (velocity) by noting that 
results of the CFD simulations predicted only small fluctuations (typically 2 1") in impact angle within 
the boundaries of reported particle impact. Calculations were therefore performed by designating 
three surface regions of the orifice, illustrated in Figure 4-27, where fluctuations of impact angle were 
assumed negligible. 
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Figure 4-27. EROSION ZONES 
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Impact angle was taken to be constant and velocity was treated as a linear function of position 
within the boundaries of each erosion region. Equations 4-13 to 4-15 were then integrated with 
respect to the axial (z) position using velocity functions derived from a least squares curve fit of the 
cm> data. Rewriting: 

E, = 2" C F ( ~ )  s in2a i r  v2dz 
nCP 

V'-75d~ 
+ l)sin2a 

In 1'8 E2 = 0.95 
nCpE, p p  t ana  

(4- 16) 

(4- 17) 

The limits of integration for Regions I and 17: were taken to be the geometric boundaries of 
each erosion zone. Integration limits for Region III were defined for each particle size based on the 
lower boundary (between Regions II and III) and the uppermost impact position, obtained from CFD 
impact predictions of the type presented in Figure 4-28. 

The computational software Mathcad 3.1[108] was used to evaluate erosion integrals in each 
of the three erosion zones for each of the ten particle sizes modeled. Total erosion attributed to each 
particle size was calculated from the sum of the erosion rates produced in each zone, e.g., 

E g ,  = E, +E2 + E3. (4-19) 

Erosion rate was predicted for the complete particle size distribution by assuming the results 
for the ten sizes modeled could be weighted to include the effects of any species not explicitly 
considered in previous calculations. Weighting factors were derived based on inspection of the 
experimentally determined size distribution (Figure 4-25) and the assignment of a percentage of that 
distribution to be represented by one of the modeled sizes (It was assumed that particle distribution 
was constant throughout the slurry.). The percentage of the distribution assigned to each particle size 
was then divided by the percentage contained in the smallest size fraction yielding a value for relative 
impaction frequency. 

rectangular scar on the orifice surface. Results are based on the two dimensional particle tracks 
produced by the CFD simulations and therefore neglect particle impact on the complete circumference 
of the orifice face. The comprehensive erosion rate was calculated by assuming symmetric particle 

Data obtained from the procedure described above predicts the theoretical mass loss from a 
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behavior within the mixing region and determining the number of scars contained on the eroding 
surface. Multiplying erosion rate of the scar by the total number of theoretical scars yielded the 
comprehensive erosion rate of the surface in terms of kg/(kg Si02). 

the nozzle exit (-8 %), converted kg/(kg Si02) to kg/(kg SWS) and allowed direct comparison of 
theory with experiment. 
Results 

experimental erosion calculations and the corresponding theoretical prediction are 3.44 x 10-7 f 2.04 
X ~ O - ~  and 1.8 x 10-7 respectively, for 10% silica-water slurry delivered to the atomizer nozzle at 500 
lbh for 30 minutes. The theoretical model predicts a value of erosion rate approximately two times 
smaller than the experimentally determined average. In an attempt to simplify erosion calculations, 
the modeling procedure ignored the possibility of multiple impact (per particle) and erosion within the 
cylindrical region of the orifice disk (i.e., the exit port). Inspection of numerical data obtained from 
CFD simulations (Figure 4-28) and SEM micrographs of the eroded surface (Figure 4-29) indicate 
both assumptions to be an oversimplification of the problem resulting in the underestimation of 
erosion rate. 
Conclusions 

The comprehensive erosion model of Sundararajan has been extended from the conditions of 
its derivation (homogenous particle stream, identical surface characteristics) and applied to the 
practical problem of atomizer nozzle erosion. FLUENT 4.2 was used to model the dilute two-phase 
flow field and predict silica particle trajectories within a modified fuel oil atomizer at -500 lb SWS/h. 
Information obtained from particle trajectory analysis was input into the modified erosion equations 
and the results weighted to account for silica species not explicitly treated. Summation of the 
weighted erosion results and integration over the orifice surface yielded a value of the theoretical 
erosion rate which was a factor of two smaller than the experimental average obtained at similar 
conditions. 

Multiplication of the predicted erosion rate by the solids loading of the slurry, as measured at 

The 95% confidence interval (adjusted using Student's t statistic[102]) obtained from six 

The agreement between theory and experiment is considered satisfactory and represents a 
significant advance in atomizer erosion analysis. Extension of analytical techniques developed in this 
study to coal-liquid systems and twin-fluid atomizers is a promising area of future research and will 
require fundamental treatments of three-phase fluid mechanics and non-Newtonian slurry flows. 

This component of the research program addresses the impact of ash and unburned char 
4.2.3 ErosiordDeposition Study 

particles on the performance of heat exchanger tubes in the convective section of the demonstration 
boiler. Since carbon steel is the material universally used for convective heat exchangers in 
package boilers, the investigation is centered on the performance of this material. A plan of the 
boiler showing the location of the erosion test probe is given in Figure 4-30. The erosion test 
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Figure 4-29. ELECTRON MICROGRAPHS OF UNMOLESTED SURFACE (a) 
AND ERODED ORIFICE SHOWING DAMAGED EXIT PORT (b) 
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probe was used for this erosioddeposition study. 
Test Conditions 

Measurements on erosion and deposition have been completed for two candidate fuels, 
MCWM and DMC, both prepared using high volatile A bituminous coal from the Brookville seam 
in Lawrence County, Pennsylvania. The properties of the MCWM and DMC are listed in Table 4- 
1. The MCWM contained 58.4% solids having a mean coal particle size of 23 pm. The DMC had 
a mean diameter of 22 p. The experimental measurements were obtained during MCWM and 
DMC testing during the SCCWS and ABB CE programs, respectively, along with preliminary 
model development. The final model development and its interpretation were done in Phase I of 
this program. 

The combustion conditions under which the measurements were made are listed in Table 4-2. 
When the boiler was cofiring MCWM and natural gas, the latter provided 31.5% of the heat 
input[10g]. Modifications were made to accommodate the HEACC[87* 111], and the boiler was 
able to fire 100% DMC. Table 4-2 shows the boiler heat input, carbon conversion, and NOx/S02 
emissions for MCWM and DMC. 

Conditions at the location of the probe are listed in Table 4-3. The flue gas temperature was 
averaged over the test period. Convective section gas velocity and particle concentration were 
calculated using boiler dimensions and material balances. The particles collected in the baghouse 
contained residual combustibles and ash. The apparent density of the particles was determined 
from their settled volume, assuming a voidage of 0.42[112]. The volume-based size distributions 
of particles in the baghouse catch are shown in Figure 4-3 1. 
Erosion-Corrosion 

diameter, was supported on a sidearm attached to the probe and supplied with compressed gas 
from a cylinder outside the boiler. The rate of erosion was enhanced by directing a small jet of 
clean gas to accelerate the particles toward the surface of a test coupon. Details of the jet and metal 
sample, with some examples of particle trajectories, are shown in Figure 4-32. 

The jet issuing from the nozzle was oriented with its axis parallel to the flue gas flow and 
perpendicular to the surface of the sample. Specimens of carbon’steel were cut from 25.4 mm 
outside diameter ASTM A179 tube having the following composition (weight basis): C, 0.08%; 
Mn, 0.42%; P, 0.027%; S, 0.017%; Si, 0.030%; Al, 0.048%; and Fe, balance. A flat area, 38 x 
10 mm, was machined, ground, and polished to roughness less than 0.05 pm on the outside of 
each test piece, for the erosion measurements. 

air-cooled support. The temperature of the target was controlled by adjusting the cooling air 
flowrate and measured using two thermocouples located in recesses drilled into the back side of the 

Specifics of the probe may be found elsewhere[10g]. A small orifice, 1.7 mm inside 

The initial jet velocity at the orifice was 200 m/s during all of the measurements reported. 

The samples were mounted in the opening formed by cutting an identical section from the 
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Table 4-1. Properties of the MCWM and DMC 

Fuel Type MCWM DMC 

Proximate Analysis (wt%, as-received) 
Moisture 41.6 
Ash 2.1 
Volatile Matter 21.1 
Fixed Carbon (difference) 35.2 

6.4 
3.3 

33.5 
56.8 

Ultimate Analysis (wt%, as-received) 
Moisture 41.6 
Ash 2.1 
Carbon (C) 46.6 
Hydrogen (H) 3.2 

Sulfur (S) 0.5 
Oxygen (0) (difference) 5.1 

Nitrogen (N) 0.9 

6.4 
3.3 

74.5 
5.0 
1.5 
0.7 
8.6 

Higher Heating Value (MJkg, as-received) 19.3 3 1.0 

Particle Size Distribution: Fraction 
under the Size (p, volume-based) 

10 % 4 
50 % 23 
90 % 78 

6 
22 
62 
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Table 4-2. Operating Conditions and Flue Gas Composition 

Fuel Type MCWM DMC 

Fuel Firing Rate (MWth) 
coal 
Gas 
Total 

3.8 
1.7 
5.5 

4.4 

4.4 
- 

Carbon Conversion (wt%) 
coal 
Gas 
Total 

87 
100a 
91 

94 

94 
- 

Flue Gas Compositionb 
N2 (vol %) 
H20 ( V O ~  %) 
c02 (vol %) 
0 2  (vol %) 
CO (vol ppm) 
so2 (vel PPm) 
NO, (vel PPm) 

68.3C 
14.3C 
13.6 
3.7 

190 
430 
570 

75.4c 
6.9C 

14.2 
3.4 

480 
430 
410 

aAssuming the combustion to be complete. 
bAt the exit of the boiler. 
CCalculated. 



Table 4-3. Conditions in the Convective Section and Composition of the Paaicles 

Fuel Type MCWM DMC 

Parameters of Flue Gas 
near the Erosion Probe 

Temperature (K) 850 
Velocity ( d s )  4.0a 
Particle Loading (g/m3) 2.7a 

890 
3.la 
3 .Oa 

Fly Ash and Unburned 
Char Particles (wt%, dry) 

Ash 23 
Combustible 77a 

37 
63a 

Ash Compositionb (wt%, dry, SO3 free) 
Si02 49.4 50.3 
d 2 0 3  35.7 35.2 
Ti02 1.2 1.4 
Fe203 7.3 6.6 
CaO 2.7 3.2 

0.6 0.7 
0.5 0.4 

Mso 
Na20 
K20 1.3 1.5 
Other (difference) 1.3a 0.7a 

aCalcula 
ted. 
bSample from baghouse. 
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sample, one on the axis of the jet and the other 10 mm away. The difference in temperature 
indicated by the thermocouples was 10 K at the highest sample temperature. 

Conditions which were varied during the tests were metal temperature and jet gas oxygen 
content. Measurements were made at metal temperatures of 450,550, and 650 K. The jet gases 
were: nitrogen, dry air, and pure oxygen for the measurements of erosion during MCWM 
combustion; and nitrogen, a mixture of 3 vol.% oxygen in nitrogen, and dry air for the erosion 
measurements during DMC combustion. Some oxygen was present as an impurity in the nitrogen 
gas, at a typical level of 3 ppm. 

Each sample was exposed to the effects of the jet and particles for 2 hours. After a test, the 
shape of the surface of the sample was measured using a profiler and the erosion craters and 
surface structure were examined using a scanning electron microscope. The profiles and electron 
micrographs of samples treated under all of the combinations may be found elsewhere[10g* ll3l. 

The maximum erosion depths in each surface profile were converted to time-averaged rates, 
assuming constant rate of material loss over the 2-hour exposure period. The averages of these 
maximum rates, with estimates of their uncertainty, are plotted as a function of temperature for 
each jet gas in Figures 4-33 and 4-34. 

The dependence of the erosion rate on temperature and oxygen partial pressure is 
summarized as follows: the rate of metal loss was lowest at low temperature, regardless of the 
oxygen concentration; it was also slow under strongly oxidizing conditions, at high temperature 
and high oxygen concentration; and erosion was most rapid at high temperature in the presence of 
very low oxygen concentration. 

ll51. In the model, metal undergoes ductile erosion, increasing with increasing temperature, while 
oxide exhibits brittle erosion, at a rate independent of temperature. Oxide and metal are removed in 
series, their proportions depending upon their relative resistance to erosion and the steady average 
thickness of the scale. Over most of the range of temperatures investigated, oxide scale was more 
resistant to erosion than the carbon steel substrate. 

A model for simultaneous erosion and oxidation of carbon steel has been developedll 13- 

Four parameters were adjusted to fit the model to the measurements: 1) Erosivity of the 
particles toward the metal; 2) Erosivity of the particles toward the metal oxide; 3) Effective order 
of the metal oxidation process with respect to oxygen; 4) Average area of scale removed by a 
single impact. A procedure for determination of erosion rate coefficients from the measurements 
may be found elsewherel' 131. Comparisons betw.een the calculated and measured results are 
shown in Figures 4-33 and 4-34. 

The characteristic dependence of erosion on temperature arises from the model calculations 
as follows. At the low end of the temperature range, the oxidation rate of carbon steel is slow, the 
oxide layer is very thin, the erosion behavior is that of bare metal, and the erosion rate therefore 
increases with increasing temperature. Because the oxidation rate is so slow, oxygen partial 
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pressure has little effect on the steady oxide thickness or erosion rate, as shown by comparison of 
the measurements at 450 K in nitrogen, air, and oxygen. 

As temperature is increased, the oxidation rate increases, with a corresponding increase in 
the steady thickness of oxide scale. As the thickness of scale increases, the fraction of oxide in the 
eroded material increases, and the influence of the oxide on erosion behavior increases. Over most 
of the temperature range investigated, the oxide is more resistant to erosion than the metd, 
therefore, as the contribution of oxide to eroded volume increases with increasing oxygen paaid 
pressure, the erosion rate declines. 

When the oxidation rate is sufficiently high, the scale on the metal surface is large enough 
that the erosion rate is that which is characteristic of pure oxide, which is independent of 
temperature. This is the situation under the most oxidizing conditions, on the right hand sides of 
Figures 4-33b7 4-33c, 4-34b7 and 4-34c. As shown by the calculations for air and oxygen gases, 
increasing oxygen partial pressure shifts the transition from metal to oxide erosion toward lower 
temperature. 

Using the experimentally determined values for the erosion rate coefficients and the 
oxidation rate coefficient which fit the measurements, the erosion-oxidation loss was calculated for 
a tube having a diameter of 51 mm and metal temperature of 550 K. The typical conditions in the 
convective section of the boiler during MCWM combustion were: gas temperature 850 K, excess 
oxygen 3.7 vol.%, particle loading 2.7 g/m3, particle density 870 kg/m3, and particle size of 65 
pm. During DMC combustion, gas temperature was 890 K, excess oxygen 3.4 vol.%, particle 
loading 3.0 g/m3, particle density 835 kg/m3, and particle size 43 pm. The impaction efficiency on 
the tube was obtained using the correlations of Israel and Rosner[116] and Serafiil' 171, as 
described by Walsh et al.[118]. Ductile erosion of metal and brittle erosion of oxide are expected to 
be most rapid at impaction angles of 30" and go", respectively. The erosion rates at these locations, 
as functions of the convection section gas velocity, are shown in Figures 4-35 and 4-36. 

At low velocity the erosion rate is low, and erosion occurs only from the oxide layer. 
Increasing the gas velocity increases the rate of oxide removal and decreases the steady thickness 
of the scale. At a critical velocity, the oxide layer becomes thin enough that erosion removes both 
oxide and metal, and the rate begins to increase markedly. The critical velocities are 21 m/s for 
MCWM and 25 m/s for DMC at an impaction angle of 30", but these values decrease to 12 m/s and 
16 m/s, respectively, for impaction at go", the angle at which brittle erosion of oxide is greatest. 

R a a ~ k [ ~ ~ ]  considered 0.05 pmh to be the highest acceptable rate of tube thickness loss. 
According to the model, erosion at collision angles near 30" is below 0.05 pm/h for gas velocities 
up to approximately 12 m / s  for MCWM and 15 m/s for DMC. However, erosion at an impaction 
angle of go", on the upstream stagnation line of the tube, is only expected to be less than this rate at 
flue gas velocities below approximately 8 m/s for MCWM and 10 m/s for DMC. These are the 
estimated upper limits on gas velocity when firing MCWM with natural gas and when fuhg DMC 

I 
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alone, under the conditions of metal temperature, particle size, particle composition, and particle 
loading investigated. 
Deposition of Ash 

Deposition of ash on heat exchanger tubes has direct impact on the boiler rating and 
maintainability. Measurements of ash deposition in the convective section of the boiler were 
presented in previous reports[67* 68]. A test probe of 25.4 mm diameter was air-cooled to maintain 
its temperature level and placed in the convective section for a period of time within the 
sootblowing interval. Removal of the accumulated ash covering the circumference of the probe 
showed patterns of deposition versus angle with respect to the flow direction, as shown in Figure 
4-37. The mass amount of ash deposit, collected from 12 sectors at the circumference of the 
probe, was converted to time-averaged rates, assuming constant rate of deposition over the 
exposure period. 

Figure 4-37a shows the rate of ash deposition during combustion of MCWM. The 
deposits were found on the downstream side of the tube, but they were very thin over almost the 
entire upstream half of the tube. A maximum rate of about 4.4 g/m*-h was found in the region 
from 90" to 135" away from the upstream stagnation line. The probe temperature was 450 K. At 
higher tube temperatures, less deposits or clean tubes were observed. The fine dashed lines in 
Figure 37a correspond to the sectors where ash deposits were collected. 

During combustion of DMC, the deposits were found over all the sectors at the 
circumference of the probe, as shown in Figure 4-37b. The maximum rate of 26 dm2-h (at 
temperature of 450 K) was 6 times of that in Figure 4-37a. As the probe temperature rose from 
450 to 650 K, the temperature gradient between the probe and flue gas decreased, and deposition 
declined. The deposits on the probe at temperature of 450 K were relative thin at angular positions 
from -45" to 45". 

The trajectories of particles suspended in the gas around the probe in crossflow, described 
elsewhere[*19], are shown in Figure 4-38. Small particles (S 10 pm) respond to the changes in 
direction of the gas flow and pass around the tube under the aerodynamic drag on the particles. 
However, in the presence of a temperature gradient within the boundary layer around the heat 
exchanger tubes, the thermophoretic force causes W s i o n  toward the lower temperature region, 
and deposition of fine particles occurs on the surface of the tube. Most of the particles found in the 
deposits collected during combustion of MCWM have sizes between 0.5 and 5 pm. The sizes of 
the particles in the deposits collected during combustion of DMC were up to 20 pm. 

temperature perpendicular to the tube surface, and because the gradient is steepest on the upstream 
stagnation line of the tube, deposition by this mechanism is expected to be greatest on the upstream 
side. The measurements, shown in Figure 4-37, indicate that the opposite was the case; the 
deposit was thickest on the downstream side, suggesting that deposition is offset by erosion. As 

Because the thermophoretic velocity of particles is proportional to the gradient in the gas 



6 I I 1 I 1 I 
I a. MCWM Combustion I 

cv 

z 4  m 
W 

Figure 4-37. DEPOSITION OF ASH ON AN AIR-COOLED TUBE EXPOSED TO 
THE CONVECTIVE SECTION FLOW AT 4.0 m/s FOR MCWM AND 
3.1 m/s FOR DMC 



218 

2 

1 

0 

- I  

- 2  
- 1  

................................... ........ ........ .................. t ................. 
::::::::5O ........ pm:::::::: ........ ........ ........ .................................... .................................... .................................... .................................... .................................... .................................... .................................... .................................... .................................... .................................... .................................... .................................... ................................... - .................................... 

- 

I 

0 1 - 1  0 1 

X-Position (dimensionless) 

Figure 4-38. TRAJECTORIES OF PARTICLES AROUND A SINGLE TUBE UNDER 
TYPICAL CONDITIONS IN THE CONVECTIVE SECTION OF THE BOILER 



219 

shown in Figure 4-38, large particles (2 50 pm), whose behavioris dominated by inertia, collide 
with the front surface and cause the removal of deposit. Therefore, the observed deposition rate is 
the difference between the deposition andiemoval rates. 

Details for simulation of ash deposition may be found in a previous report[67]. An increase 
in gas velocity has two effects: 1) it decreases the thickness of the thermal boundary layer of the 
tube and increases the temperature gradient and thermophoretic velocity, and 2) it increases the rate 
of erosion of the ash deposit by impacting particles. The total effect of gas velocity on deposit 
growth on the upstream stagnation line is that: at velocities higher than approximately 3 d s  ,' 
deposition is offset by inertia impaction, and erosion is the dominant process; at very low 
velocities (say, less than 3 d s ) ,  where erosion becomes negligible, the deposit will build up 
rapidly. 

The largest local Nusselt number around the circumference of the tube is near the upstream 
stagnation line. Formation of deposit on the upstream side of heat exchanger tubes cause a 
significant derating of heat transfer in the convective section of the boiler. When the boiler is firing 
DMC, the gas velocity in the convective section is about 3 d s .  When firing DMC, deposition of 
ash caused an increase in the flue gas temperature at the boiler outlet, therefore, sootblowing was 
frequently used to clean the heat exchanger tubes to maintain the temperature of the gas entering the 
bagho~se[~~] .  
Conclusions 

Formation of ash deposit and erosion of tube material by fly ash and unburned char were 
studied in the convective section of the boiler while firing MCWM and DMC (Brookville Seam 
coal). Deposition is favored by the relatively low convective section gas velocity and high 
temperature gradient around a heat exchanger tube. When the demonstration boiler was firing 
MCWM with natural gas and DMC alone, the rate of deposition was measured in the convective 
section at gas velocities 4.0 m/s and 3.1 d s ,  respectively. Deposition was the dominant process 
occurring on heat exchanger tubes in the boiler, particularly, while firing DMC. 

velocities. The transition from metal erosion to oxide erosion, with increasing temperature or 
oxygen concentration, was accompanied by a decrease in the erosion rate. Using experimentally 
determined values for the erosion rate coefficients, a model for simultaneous erosion and oxidation 

Erosion of tube material by impaction of particles is expected at high convective section gas 

provided estimates of the erosion rate as a function of the gas velocity in the convective section of 
the boiler. Under the conditions of metal temperature, flue gas oxygen concentration, particle size 
distribution, and particle loading investigated, erosion of carbon steel is expected to be slower than 
0.05 pm/hour when the gas velocity in the convective section is less than 8 m/s for MCWM 
combustion and approximately 10 d s  for DMC combustion. 

4.3  Pilot-Scale Activities 
Pilot-scale atomization and combustion tests were performed in support of the combustion 
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performance evaluation. The candidate coals identified in Section 3.1 were firedin Pem State:s 
research boiler. All were fired as MCWM, most were fired as DMC. Those that required cleaning 
by froth flotation, and hence formed a filter cake, were not fired as DMC because they would not 
be dried for a commercial application. Atomization studies were conducted for each of the 
MCWMs. 

The combustion test matrix was: 
Test #1 Upper Freeport seam DMC; 
Test #2 Upper Freeport seam DMC; 
Test #3 Upper Freeport seam DMC; 
Test #4 Upper Freeport seam DMC; 
Test #5 Taggart seam DMC; 
Test #6 Taggart seam DMC; 
Test #7 Upper Freeport seam MCWM; 
Test #8 Upper Freeport seam MCWM, 
Test #9 Indiana VII seam MCWM, 
Test #10 Taggart seam MCWM; 
Test #11 Taggart seam MCWM; 
Test #12 Upper Freeport seam DMC; 
Test #13 Upper Freeport seam M C W ,  
Test #14 Upper Freeport seam MCWM; 
Test #15 Upper Freeport seam MCWM; 
Test #16 Upper Freeport seam MCWM; 
Test #17 Lower Kittanning seam MCWM; and 
Test #18 Indiana VII seam MCWM. 

The Indiana VII and Lower Kittanning seam coals were not tested in dry micronized coal 
form because of the fine wet cleaning methods that are employed to clean the coals. The fine coal 
product from wet cleaning circuits is in the form of a cake, and from an economics stand point, 
would only be utilized in slurry form. The slurry tests were limited to one or two tests with a 
maximum of about 6 hours duration because of the availability of MCWM (except for the Upper 
Freeport MCWM). 

profiles resulting from heat release rates, and char/ash morphology. The gas temperature profiles 
were measured inside the boiler using a Land suction pyrometer. The combustion gas profile was - 
measured with a Lancom portable gas analyzer. The total heat flu measurements were made using 
a Total Heat Flux meter from Land Combustion. Radiation heat f l u  measurements were made 
using an ellipsoidal radiometer from Land Combustion. 

ultimate analyzers. Calorific values of the fuels were determined using a Parr Adiabatic 
Calorimeter. Table 4-4 provides the analysis of the coals tested. 

research boiler system has been given elsewhere[68]. A ceramic qual was preheated by a natural 
gas flame until the surface temperature was approximately 900°F for DMC. DMC was then 

The combustion behavior was characterized in terms of combustion efficiency, temperature 

The compositional analysis of the as-fired coal was determined using Leco proximate and 

The fuels were fired in the 1,000 lbk watertube research boiler. A description of the 
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Table 4-4. Proximate Analysis of the Coals Tested in the Research Boiler 

Coal Seam: upper Taggart Lower IndianaVIT 
Freeport Kittanning 

Volatile Matter 
(wt.% dry basis) 31.68 34.47 30.62 30.43 

Fixed Carbon 
(wt.% dry basis) 6 1.72 61.91 65.82 66.70 

Ash 
(wt.% dry basis) 6.60 3.62 3.56 2.87 

Heating Value 
(Btu/lb dry basis) 14,062 14,879 14,824 13,876 
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admitted slowly (1 lb of airfib of coal). The coal firing rate was increased gradually while reducing 
simultaneously the natural gas rate until the desired load was obtained on coal. A thermal input of 
approximately 1.6 million Btu/h (MM Btu/h) was held constant throughout the testing with DMC 
and about 1.9 MM Btu/h for MCWM testing. A higher firing rate when firing MCWM was 
necessary to maintain a self-sustaining flame. The boiler was operated on coal for about half an 
hour before ash samples were collected from the hoppers and baghouse. A test was continued 
thereafter for about four to six hours while collecting ash samples from the hoppers and the 
baghouse every fifteen minutes. Data were collected at 30 second intervals on pressures, 
temperatures, emissions, and air flow rates. The data during steady-state operation were then 
averaged. The ash samples were analyzed for moisture and ash to calculate the combustion 
efficiency using the ash tracer technique as follows: 

- 
A, (100 -A,) lX lOO 
A, (100 -A,) 

Combustion Efficiency (%) = 1 - 
- 

where, & = weight percent ash in the coal (dry) and Ar = weight percent ash in the residue (dry). 

to a data acquisition system @AS). The flue gas analyzers and the data acquisition system used 
are listed below. The analyzers included: Beckman Oxygen Analyzer, model 755; Beckman 
Carbon Dioxide Analyzer, model 864 infrared; Thermo Electron Pulsed Fluorescent SO2 Analyzer, 
series 40; Thermo Electron Chemiluminescent NO-N02-NOx Analyzer. A computer was used to 
collect the temperatures, flow rates, and the flue gas concentration at the economizer outlet. AU the 
signals were relayed to a Texas Microsystems industrial grade computer and processed through a 
Viewdac software package. The Viewdac display was updated every second and data were 
recorded from each signal every 30 seconds. 
Test Results 

The flue gas analysis was obtained by a continuous emissions monitoring system interfaced 

Table 4-5 gives a summary of the test conditions, including air and fuel flow rates, flue gas 
composition, temperatures and combustion efficiencies for each test. In addition to 7-8 hours of 
heating time burning natural gas, each combustion test lasted between 2 to 6 hours. During this 
test period, data on temperature profiles, heat flux, gas composition, etc. were obtained using 
various probes. Since the Upper Freeport and Taggart seams were the only two coals burned both 
as DMC and MCWM, most of the comparison of data was made with these coals. Indiana VIl 
MCWM tests were conducted with natural gas support because of the limitation of the pump to 
handle the required flow to achieve 100% thermal load. Therefore, it does not reflect the 
combustion behavior of the MCWM. Combustion efficiency data of the Indiana VII seam MCWM 
therefore, was not directly comparable with other slurry data. 



Table 4-5. Summary of the Research Boiler Combustion Test Results 

w w 





Atomization Characteristics of the MCWMs 
Atomization studies were carried out in EFRC's atomization test facility. The 

characteristics were measured by atomizing the MCWM either from the same batch that was burned 
in the research boiler or a MCWM that was prepared simulating the properties of the MCWM that 
was burned. The MCWMs that were used for this study were Upper Freeport, Taggart, and 
Indiana VII seam MCWMs. Upper Freeport seam MCWM was also used to study the effect of 
variation of solids loading on the atomization and combustion characteristics. Tables 4-6 to 4-8 
and Figure 4-39 give a summary of the atomization characteristics for an Upper Freeport seam 
MCWM. Since the solids loading was varied in the study for the Upper Freeport seam MCWM, 
the flow rate had to be varied to obtain constant thermal outputs of 1.5 and 1.9 MM Btu/h. Flows 
required for 1.5 and 1.9 MM Btu/h were termed low and high fire flow rates, respectively. 
The data indicate that the atomization becomes coarser (based on D50) as the air to fuel ratio is 
decreased (from low to high fire) at any given atomization air pressure. A decrease in solids 
loading (dilute slurries) decreased the mean droplet size for any air to fuel ratio. However, the 
decrease in the mean droplet size is more significant for the low air to fuel ratio case. Similar trends 
were also observed for Dlo for all the atomization pressures tested. However, no significant effect 
was seen on the DgO of the spray of the air to fuel ratios tested in the study. 
Temperature Profiles 

Figures 4-40 and 4-41 provide the gas temperature profiles as measured by a suction 
pyrometer for the Upper Freeport and Taggart seam DMCs and MCWMs, respectively. The 
temperature data for the MCWMs are given in parentheses. 

is due to evaporation of the water in the MCWM. The average difference in the temperature 
measured across a vertical plane in front of the boiler for the Upper Freeport seam DMC and 
MCWM is about 337°F. The temperature difference remained about the same from the front of the 
boiler (exit of the quarl) to the back of the radiant section (3 13°F). Similar measurements for the 
Taggart seam DMC and MCWMs shown in Figure 4-41 indicate that the difference in the average 
temperature in the front section of the boiler is about 260°F, whereas at the back of the boiler 
(radiant section) it is only 30°F. The higher mean temperatures in the front of the boiler indicate 
quicker ignition and higher rates of combustion and heat release. Higher combustion efficiencies 
were obtained in the micronized Taggart tests (both DMC and MCWM) compared to those for the 
Upper Freeport seam coal. Higher gas temperatures for similar particle size distributions of the 
starting coal resulted in relatively lower combustion efficiencies for the Upper Freeport seam coal. 

For the MCWM tests, the solids loading for the Upper Freeport seam coal was slightly 
higher than that for the Taggart seam coal on the days these measurements were made. However, 
it should be noted that for all the tests with Upper Freeport seam MCWM (with varying solids 
contents and viscosities), the combustion efficiency was lower than during the Taggart seam 
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The gas temperature, when firing DMC, was higher than that when firing MCWM. This 
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Table 4-7. Summary of the Atomization Characteristics of an Upper Freeport Seam 
MCWM at 80 Psig Atomization Air Pressure 

Upper Freeport 
(67% Solids) 

Upper Freeport 
(65% Solids) 

Upper Freeport 
(63% Solids) 

Upper Freeport 
(60% Solids) 

Upper Freeport 
(55% Solids) 

Upper Freeport 
(51% Solids) 

flow flow 
1,223 1,563 
995 1,567 

1,105 998 
1,5 14 88 1 
1,429 1,507 
1,480 1,220 
1,416 1,454 
1,557 1,445 
1,405 1,269 
1,391 1,382 
1,543 1,479 
1,607 1,485 
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Slurry 

Upper Freep ort 
(67% Solids) 

Upper Freeport 
(65% Solids) 

Upper Freeport 
(63% Solids) 

Upper Freeport 
(60% Solids) 

Upper Freeport 
(55% Solids) 

Upper Freeport 
(51% Solids) 

Table 4-8. Summary of the Atomization Characteristics of an Upper Freeport Seam 
MCWM at 100 Psig Atomization Air Pressure 

~~ 

D90 (pm) D50 ( P I  D10 ( P I  
Lowfire Highfire Lowfire Highfire Lowfire Highfire 

flow flow flow flow flow flow 
1,316 1,439 78 83 30 29 
230 1,356 68 79 29 29 

1,425 25 1 78 75 30 29 
1,530 1,468 86 85 30 30 
1,532 1,553 82 82 29 30 
1,582 1,563 82 81 29 29 
1,561 1,521 69 70 27 28 
1,649 1,512 88 66 28 28 
1,370 1,425 40 47 26 27 
1,531 1,424 51 44 26 27 
1,676 1,569 94 48 21 24 
1,651 1,611 75 54 24 24 
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Figure 4-40. GAS TEMPERATURE MEASUREMENTS (“F) IN THE RESEARCH BOILER 
FOR UPPER FREEPORT SEAM DMC AND MCWM AT VARIOUS LOCATIONS 
(MCWM value in parentheses) 

0789 
. . 
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Figure 4-41. COMPARISON OF TEMPERATURE ("F) PROFILES FIRING 
TAGGART SEAM DMC AND MCWM AT VARIOUS LOCATIONS 
(MCWM Values in parentheses) 



MCWM tests. A more detailed analysis of the combustion efficiencies is presented in a later 
section. 
Heat Flux Measurements 

various fuels. Figure 4-42 shows a comparison of total heat flux (radiant and convective) profiles 
for the Upper Freeport and Taggart seam coals. These profrles indicate that there are differences in 
the heat fluxes at a given location in the boiler. Total heat flux, in general, is lower for the Taggart 
seam coal at most locations than for the Upper Freeport seam coal, which is consistent with the 
temperature profile data. The asymmetry in the heat flux distribution is likely caused by the 
asymmetrical firing or maldistribution of fuel. 

boiler for Upper Freeport and Taggart seam DMC and MCWM tests, respectively. The heat fluxes 
in the front portion of the firebox are higher than those in the back portion, which is a similar trend 
to the temperature measurements at those locations. Heat fluxes for the Upper Freeport seam 
MCWM are lower than those for the DMC at most of the locations. This is also consistent with the 
temperature profiles. The differences in the total heat fluxes become smaller with axial distance 
from the burner. The mean total heat fluxes along the vertical plane (ports closer to the burner) for 
the Upper Freeport seam DMC and MCWM tests were 52,205 and 29,350 Btu/h-ft2, respectively. 
The mean heat fluxes at the back of the boiler along the farthest vertical plane for the Upper 
Freeport seam DMC and MCWM tests were 22,199 and 18,321 Btu/h-ft2, respectively. It is 
important to note that in spite of higher thermal input rates (-1.9 MM Btu/h) for the MCWM tests 
than for the DMC tests (-1.5 MM Btu/h), the total heat fluxes are lower for the MCWM tests. 

Figures 4-45 and 4-46 compare the total and radiant heat fluxes at given locations for the 
Upper Freeport and Taggart seam MCWM tests. The average total heat flux in the ports closer to 
the burner wall for the Upper Freeport seam MCWM was 29,350 Btu/h ft2, whereas the radiant 
heat flux was 10,303 Btu/h f?. The total and the radiant heat fluxes in the farthest ports (closer to 
the back wall) were 18,321 and 6,198 Btu/h ft2, respectively. The radiant heat flux was, therefore 
a third of the total heat flux for the Upper Freeport seam MCWM. 

The total and radiant heat fluxes for the Taggart seam MCWM test at the ports closer to the 
burner wall were 31,598 and 2,044 Btu/h ft2, respectively; whereas, at the farthest ports from the 
wall they were 16,510, and 3,237 Btu/h ft2, respectively. The radiant heat flux in the case of the 
Taggart seam MCWM was significantly lower than the total heat flux. For the Taggart seam 
MCWM test, the radiant heat flux was significantly lower than that measured for the Upper 
Freeport seam MCWM in spite of slightly higher mean gas temperature for the Taggart seam 
MCWM. Recall that the combustion efficiency for the Taggart seam MCWM was higher than that 
for the Upper Freeport seam MCWM. This points to a balance between an increase in the . 

emissivity of the flame due to the moisture content and the overall temperature decrease due to 

Heat flux measurements were made to examine and compare the heat release rates for*the 

Figures 4-43 and 4-4-4 show a comparison of the total heat fluxes at various planes in the 
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Figure 4-42. COMPARISON OF TOTAL HEAT FLUX (Btuh ft*) MEASUREMENTS 
DURING THE UPPER FREEPORT AND TAGGART SEAM DMC TESTS 
(Taggart seam values in parentheses) 

0799 
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Figure 4-43. COMPARISON OF TOTAL HEAT FLUX MEASUREMENTS (Btu/h ft2) 
FOR THE UPPER FREEPORT SEAM DMC AND MCWM 
(MCWM values in parentheses) 

. 
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Figure 4-45. COMPARISON OF TOTAL AND RADIANT HEAT FLUX MEASUREMENTS 
(Btu/h ft2) FOR THE UPPER FREEPORT SEAM MCWM TEST 
(Radiant heat flux in parentheses) 

0807 
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Figure 4-46. COMPARISON OF TOTAL AND RADIANT HEAT FLUX 
MEASUREMENTS (Btuh ft2) FOR THE TAGGART SEAM MCWM 
(Radiant heat flux values in parentheses) 
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higher moisture content on the radiant heat flux. 
All bodies continuously emit radiant energy in amounts which are determined by the 

temperature and nature of the surface. The maximum theoretical radiant energy emitted by a Black 
Body is given by: 

qr = AoT: (4-20) 

where, (3 is the Stefan Boltzman constant (0.1713 x loe8 Btu/h ft2 R> and T? absolute temperature 

(R). 
A real body absorbs (or emits) less than 100% of the energy that is incident on the surface. 
Therefore, the energy that is absorbed by a real body (gray body) is expressed by: 

(4-2 1) 

where, E is the knissivity of the surface. Emissivities of substances depend on the surface 
composition, surface finish, and wavelength of radiation. Emissivity values range between 0.2 
and 0.9. The higher the value, the closer the surface is to a blackbody. A number of commercial 
surfaces, particularly at high temperature, have emissivities of 0.8 to 0.95 and behave much like 
blackbodies. In addition to solid surfaces, many gases absorb and emit radiation. Diatomic gases 
such as oxygen and nitrogen, which are present in boiler furnace gases, absorb and emit 
insignificant quantities. However, triatomic gases such as water vapor, carbon dioxide, sulfur 
dioxide etc., absorb and emit radiation in significant quantities. Although both water vapor and 
carbon dioxide are important constituents of combustion gases and contribute to nonluminous 
radiation, for a comparison of the flue gases from DMC and MCWM f i g ,  the role of water vapor 
is particularly important. Although the radiation to and from the furnace wall is a surface 
phenomenon, flue gas radiates and absorbs at every point throughout the furnace chamber. 
Furthermore, the emissivity of the flue gas changes with temperature and composition, and the 
presence of one radiating gas has an effect on the radiating characteristics of another gas with 
which it is mixed. Since the temperature and gas composition change from point to point in a 
furnace, it should be noted that a multi zone analysis is required. In this section, first order 
estimates are used to evaluate the magnitude of the influence of these factors. 

of the components in the mixture, and the beam length, L, which depends on the shape and 
dimensions of the furnace (gas enclosure). An estimate of beam length can be made using: 

* 

I 

The energy emitted by a radiating gas mixture depends on the temperature, partial pressures 

L = 3.6 (V/A) (4-22) 
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where V and A are the volume and surface area of the enclosure, respectively. 
In the research boiler, the volume of the radiant section is 53.5 ft3, and the surface area of 

the four walls is 83.3 ft2. For a typical pulverized coal fired unit, the flue gases would contain 
6.0% (by volume) water vapor and 14.3% C02. For a unit operating at atmospheric pressure, pw 
= 0.06 atm;, L= 2.3 1 and therefore, emissivity (~~20) at 1,500"F (1,960 R) = 0.07. Similarly, pc= 
0.143 atm, and at L=2.31 emissivity ( ~ ~ 0 2 )  at 1500°F (1960 R) = 0.12. The correction factor AE 

For a MCWM unit, the flue gases would contain approximately 14% water vapor and 13% 
' = 0.008['201; and hence & = & ~ 2 0  + Ec02 - A&= 0.07 + 0.12 - 0.008 = 0.182. 

C02 and pw = 0.14 atm, k 2 . 3 1  and therefore, emissivity (sH20) at 1,200"F (1,640 R) = 0.16. 
Similarly, pc= 0.13 atm and at L = 2.31 emissivity (ko2) at 1,200"F (1,640 R) = O.ll., The 
correction factor, A&, is 0.025[120]; and hence E = &H20 + Ec-2 - A&= 0.16 + 0.1 1 - 0.025 = 
0.245. 

' 

Assuming that the emissivity of the boiler water walls and the view factor are the same for 
both DMC and MCWM systems: 

where q"= heat flux, Btu/h ft2; 

F, = 0.9 (assumed effectiveness factor excluding the emissivity of gases); 
TI= Furnace gas temperature (average temperature of eight measurements in the radiant 
section); and 
T2= Wall temperature (approximately saturation temperature). 
For Upper Freeport seam DMC f ~ n g ,  q" = 0.171 x lo-' Btu/h ft2 x 0.9 x 0.182 x 

(( 159 1+460)4 - (358+460)4= 4,83 1 Btu/h ft2. For Upper Freeport seam MCWM firing, q" = 
0.171 x lo-' Btu/h ft2 x 0.9 x 0.245 x ((1,265-~l60)~ - (358 +460)> = 3,169 Btu/h ft2. 
This analysis shows that in spite of a 30% increase in the gas emissivity for the MCWM flame due 
to increased water vapor content, a gas temperature drop of about 300°F caused a 30% overall drop 
in the radiative heat flux in the boiler. However, this may slightly change if the beam length of the 
boiler changes. These calculations also indicate that the average radiant heat flw measurements 
made are slightly lower than the calculations for the Taggart seam MCWM, whereas the 
measurements are higher than the calculations for the Upper Freeport seam MCWM. It should be 
noted that the ash content of the Upper Freeport seam coal is 6.6% whereas that of the Taggart 
seam coal is 3.6%. The char/ash particles carried by the flue gases receive heat from the flue gases 
by radiation, convection, and conduction and emit radiation to the furnace enclosure. The extent of 
this process depends on the particle temperature, which depends on the extent of combustion. 
Deposits on the furnace walls also change the emissivity and the radiation heat flux. 
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Char Characteristics 
Particle Size Distribution 
Chars produced in the boiler from DMC and MCWM firing were si,dicantly different in 

appearance both in terms of size and surface texture. Figures 4-47 and 4-48 compare the particle 
size distribution of the feed coal and the char collected from the baghouse and hoppers for the 
Upper Freeport and Taggart seam DMCs, respectively. Figures 4-49 and 4-50 provide the size 
distribution of coals and chars from the baghouse and hoppers for the Upper Freeport and Taggart 
seam MCWMs, respectively. These size distributions were obtained using a Malvern Droplet and 
Particle Size Analyzer. 

It should be noted that the values for D ,  0.9) etc., are for the coal and not for the MCWM 
droplets. The data suggest that larger particles drop out in the hoppers. A higher D(", o.9) is 
observed because the hopper char is not representative of the total char that is passing though the 
convective section of the boiler. It is also observed that the mean sizes of the hopper and baghouse 
samples from Taggart seam MCWM are lower than those of the Upper Freeport seam MCWM. 
This could be a result of finer atomization of the former. Although the mean size of the baghouse 
ash samples generated from a MCWM test is higher than that from a dry coal test, the combustion 
efficiency of the samples is very close. This suggests that although for larger particles oxygen 
penetration into the particle is difficult, size alone may not be a limiting factor for oxygen 
penetration. Irrespective of the viscosity, particle size and temperature profile, Taggart seam 
MCWMs had higher combustion efficiencies in the baghouse than the Upper Freeport seam 
MCWMs. 
In Situ Droplet / Particle Size Analysis 

The objective of this work was to'obtain in situ measurements of size distribution, number 
density, and speed of the particles in an industrial boiler firing DMC and MCWM using the PCSV- 
P. 

Results and Discussion 
The locations of the measurements taken in the boiler are shown in the Figure 4-5 1. The 

operating parameters were: 
OperatinP Parameter DMC MCWM 
Firing rate (MM Btu/h) 1.60 1.92 
Combustion air flow (lbh) 1,019 819 
Atomizing air flow (lbh) 0 110 
Primary air (lbh) 109 0 
Tertiary air (lbh) 320 222 
Steam flow (lbh) 1,07 1 1,110 

The data collected from mapping a plane of the boiler is voluminous and instead of 
reporting the entire size distributions and number densities of the particles, a number of key 
parameters were used to summarize the data. These parameters are: 
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Figure 4-47. PARTICLE SIZE DISTRIBUTION OF COAL AND CHAR SAMPLES 
COLLECTED AT VARIOUS TIMES DURING THE TEST PERIOD FOR 
THE UPPER FREEPORT SEAM DMC 
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Figure 4-48. PARTICLE SIZE DISTRIBUTION OF COAL AND CHAR SAMPLES 
COLLECTED AT VARIOUS TIMES DURING THE TEST PERIOD FOR 
THE TAGGART SEAM DMC 
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Figure 4-51. LOCATION OF MEASUREMENTS TAKEN IN THE RESEARCH BOILER 
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dlo 10% of the particles sampled having diameters larger than this value; 

d50 50% of the particles sampled having diameters larger than this value; 
d90 90% of the particles sampled having diameters larger than this value; 
u, the mean speed of the particles sampled; and 
C Ni the total number of particles sampled at a specific node within the boiler. 

It is important to emphasize that the above listed measurements were taken using the PCSV-P, a 
single particle counter, and are all number based (i.e., they are expressed on the basis of the 
number of particles measured). Hence, the subscripts with the numbers 10,50 and 90 refer to 
number based measurements, as opposed to the measurements with the Malvern Particle and 
Droplet Analyzer, which are volume based. 

were characterized by high number densities in the small size classes (0.4-2 pm) followed by a 
logarithmic increase to larger particle sizes. For the data collected from Port 1, the largest dso 
measured was at a position midway between the boiler wall and the centerline of the boiler 
(Position 2). The PCSV technology does not distinguish between coal, char, and ash particles and 
therefore it is very difficult to infer direct information on the combustion history of the coal 
particles as they are issued by the burner into the boiler. In other words, every time a particle 
passes through the control volume of the laser analyzer, it gives rise to a light scattering signal, the 
magnitude of which depends primarily on the size of the particle, regardless of whether it is a coal, 
char or ash particle. Other factors influencing the size of this scattered signal include variations in 
the particle morphology (characterized by the porosity and density) and opacity (characterized by 
the particle's refractive index). Translucent particles, such as char cenospheres or those particles 
with low light absorption coefficients tend to scatter more light. Consequently, despite the fact that 
the complex light scattering interrelations between absorption, sphericity and porosity of ash 
particles are not well understood, an increase in the amount of scattered light will ultimately result 
in particle oversizing by the PCSV technology, which in turn results in high calculated mass 
loadings. Despite this shortcoming of the instrument, it still provides indirect evidence of the fate 
of the particles in the boiler. If the particles are burning under Regime II conditions (i.e., mixed 
control), their density and their size should be changing and the overall shift in the particle size 
distribution toward smaller sizes can be attributed to fragmentation and ash formation: processes 
that are likely to occur during char combustion and toward the end of the travel of coal particles in 
the boiler. The implication of this is that it is likely that by the time the particles have reached those 
regions of the boiler accessible by Port 1, they have already undergone devolatilization, and the 
process of char burnout is well underway. 

From the data collected from Port 2 (which is the port closer to the front of the combustor 
where the burner is located), the d50 measured on the centerline of the boiler (Position 3) was 1.08 
pm, which indicates the existence of larger particles. Traversing the width of the boiler from Port 

A summary of the data when firing DMC is given in Table 4-9. Particle size distributions 
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Table 4-9. Summary of the PCSV-P Data When Firing DMC 

a Convective section of the boder 
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3 (Le., the port opposite Port 2) the values of dlo , d50 and d90 did not differ significantly from 
those measured in Port 2. This observation provides indirect evidence for nhomogeneous mixing" 
caused by the swirl burner. "Homogeneous mixing" in this context refers to the symmetry of the 
mixed jets of air and coal around the centerline of the boiler. "Homogeneous mixing" does not 
refer to the "efficiency" with which the burner is mixing fuel and air. It is common in mathematical 
modeling to assume a line of symmetry running through the center of the combustor and if the flow 
has a swirling component, by employing symmetrical cylindrical coordinates, the task of numerical 
modeling can be facilitated and simplified significantly. These measurements provide support for 
this approach when firing DMC. In other words, because of the aforementioned symmetry 
observed in the concentration, size distribution and speed of the particles in the near burner region, 
if numerical modeling of the burner and/or the boiler were to be carried out, then by employing a 
two dimensional cylindrical coordinate system, considerable computer time could be saved. 
However, as will be discussed shortly, this was not the case when firing MCWM. Finally, the 
data collected in the convective pass of the boiler can be used to complement the modeling work 
carried out on erosion and corrosion phenomena, as both are strong functions of particle dynamics. 

A summary of the data when firing MCWM is given in Table 4-10. The most noticeable 
change was the asymmetrical spread of the data points. Measurements obtained from ports located 
opposite each other, i.e., Ports 2 and 3, show distinct differences in particle loadings and speeds. 
For instance, traversing the width of the boiler with the'PCSV-P through Port 2, the total number 
of particles counted was 23,000 at Position 1 and went up to 100,000 for the corresponding 
position reached from Port 3. Similar trends were observed for the mean speeds of the particles. 
That is, the particles sampled close to Port 3 showed considerably higher speeds than those 
sampled close to Port 2. It was concluded that the atomized spray of MCWM in the boiler was not 
homogeneous, with a much higher loading closer to Port 3. 

As mentioned previously, instead of reporting the entire particle size distribution functions, 
a number of key parameters were used to characterize each data set. For example, 10% of the 
particles measured had diameters larger than the diameter specified dlo. At this stage, an additional 
parameter, the top size measured at each node within the boiler, is reported for comparison. This 
diameter refers to the diameter of the largest particles detected by the PCSV-P. It should be 
pointed out that for the sake of consistency, ~e measurement time was kept constant when firing 
DMC and MCWM. Longer measurement times may have allowed the detection of larger particles. 
Nonetheless, the maximum diameters measured are given in Table 4-1 1. 

The most obvious feature of Table 4-1 1 is a shift to larger top sizes detected by the 
instrument when firing MCWM. The particle size distributions of the coal fired as DMC and the 
parent coal from which MCWM was produced were identical, hence there should be other 
explanations for the observed differences in the top sizes. Some causes are explained briefly here. 
Coal particles are hydrophobic and tend to agglomerate in the presence of water molecules, which 
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Table 4-10. Summary of the PCSV-P Data When Firing MCWM 

a Convective section of the boiler 
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Fuel Fired 
Top Size 

Table 4- 1 1. Maximum Particle Diameters Measured in the Research Boiler Using the 
PCSV-P When Firing DMC and MCWM 

DMC MCWM 
d (pm) d (pm) 

Position 1 17.29 
Position 2 17.29 
Position 3 15.99 
Con-Pas@ 14.22 

22.74 
23.19 
20.62 
17.63 

Position 1 19.07 
Position 2 15.99 
Position 3 15.08 
Con-Passa 13.15 

21.03 
22.30 
25.57 
17.98 

Position 1 12.90 
Position 2 17.98 
Position 3 15.08 
Con-Pas9 12.16 

31.10 
27.65 
25.08 
16.63 
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means no matter how efficient the process of atomization, it is virtually impossible to produce 
droplets containing a single coal particle. Furthermore, since there is an additional step of 
evaporation of the water involved in the sequential combustion process, the overall time for 
combustion becomes longer and, therefore, for a given boiler mean residence time the char 
particles produced from MCWM tend to be larger as they may not bum out. 

Finally, the measured speeds of the droplets issued by the atomizer were high, which can 
be the only explanation for the particulate matter from MCWM combustion having higher speeds 
than the particulate matter from DMC combustion. 
Char Structure 

Figures 4-52 to 4-57 are scanning electron micrographs which highlight some fundamental 
differences in the morphology of the chars that were generated from the same coal when fired as 
DMC and MCWM. The char particles from the Upper Freeport seam MCWM are large in 
diameter, almost spherical, and most importantly have passed through a plastic phase and formed 
large cenospheres. The char particles from DMC combustion are smaller in size, very porous and 
do not appear to have gone though a plastic phase. The char particles from the MCWM droplets 
experience different conditions than those burned as DMC because of the differences in their size, 
speed and temperature. DMC and MCWM particles have similar mean diameters (D50 of 20 and 23 
pm for the MCWM and DMC, respectively). However, the atomization study showed that the 
mean droplet size for the MCWM ranged from 48-95 pm (2.5 - 5.0) times the mean particle size) 
depending on the solids loading. These droplets have gone through the processes of evaporation 
of water, devolatilization, swelling, agglomeration and fragmentation during combustion. 
AsNchar from the hoppers in the case of the MCWM test runs was larger in mean size and quantity 
than that from the DMC tests. A summary of the amount of aswchar collected from the hopper and 
the baghouse was compared for the two DMC and MCWM tests is given in Table 4-12. 

MCWM firing. As char and cenosphere formation depends on the plastic and swelling properties 
of the parent coal, the Free Swelling Index (FSI) of the parent coal was determined as per ASTM 
D720. A one gram sample of the DMC (minus 60 mesh) was loaded into a standard crucible. The 
crucible was placed in a standard furnace and was heated as per the prescribed procedure. The 
resulting coke button was then compared to the ASTM standard profile scale and assigned an index 
number. An average number based on three tests was reported as per the standard. The procedure 
was the same for the MCWM except that one gram of water was added to the coal sample. 

Gieseler fluidity was determined as per ASTM standard D2639. Five grams of the 
micronized coal sample was prepared to pass through a US. No. 40 sieve with a minimum of 
fines. The retort with the sample was lowered into the solder bath and the test began as the bath 
came to equilibrium. An impeller shaft was imbedded in the coal. As the coal became fluid the 
impeller was turned by the application of a constant torque from the head of the plastomer and the 

It appears as if the char particles have undergone plastic transformations only during the 
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Figure 4-52. SEM MICROGRAPHS (0.5 k Magnification) OF CHAR COLLECTED 
FROM THE RESEARCH BOILER HOPPER WHEN FIRING UPPER 
FREEPORT SEAM DMC 

0839 
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Figure 4-53. SEM MICROGRAPHS OF CHAR COLLECTED FROM THE 
RESEARCH BOILER HOPPER WHEN FIRING UPPER 
FREEPORT SEAM DMC 
(a) 0.5 k Magnification; (b) 1.5 k Magnification 

0840 
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Figure 4-54. 

(b) 

SEM MICROGRAPHS OF CHAR COLLECTED FROM THE 
RESEARCH BOILER BAGHOUSE WHEN FIRING UPPER 
FREEPORT SEAM DMC 
(a) 0.5 k Magnification; (b) 2.0 k Magnification 
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Figure 4-55. SEM MICROGRAPHS OF CHAR COLLECTED FROM THE 
RESEARCH BOILER HOPPER WHEN FIRING UPPER 
FREEPORT SEAM MCWM 
(a) 0.03 k Magnification; (b) 0.05 k Magnification 
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Figure 4-56. SEM MICROGRAPHS OF CHAR COLLECTED FROM THE 
RESEARCH BOILER HOPPER WHEN FIRING UPPER 
FREEPORT SEAM MCWM 
(a) 0.25 k Magnification; (b) 0.30 k Magnification 
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Figure 4-57. SEM MICROGRAPHS OF CHAR COLLECTED FROM THE 
RESEARCH BOILER BAGHOUSE WHEN FIRING UPPER 
FREEPORT SEAM MCWM 
(a) 1.01 k Magnification; (b) 1.30 k Magnification 

0844 
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Taggart 
DMC 

12.6 

11.4 

Table 4-12. Summary of ChadAsh Collected in the Hopper and Baghouse When Firing 
Upper Freeport and Taggart Seam DMCs and MCWMs 

Taggart 
MCWM 

30.4 

66.9 

Upper Freeport Upper Freeport I DMC I MCWM 
Total ash fed 
from coal (lbs) 
Charhh 
collected from 
baghouse (lbs) 

~- ~ 

38.1 43.3 

26.0 121.1 
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temperature at which movement occurred was recorded as the initial (softening) temperature. The 
solder bath was heated at a constant rate of 3"C/minute from the starting temperature (330°C) to 
600°C. The fluidity (dial divisions per minute, ddpm) and temperature were recorded every minute 
to determine the temperature of maximum fluidity, the maximum fluidity, the initial softening 
temperature and the fmal resolidification temperature. 

A summary of the influence of water addition on these properties is: 

Coal - FSI Maximum Fluidity 
/ddDm) 

Upper Freeport Coal 3 70 
Upper Freeport Coal 3 48 

(with water) 
Taggart Coal 3 3,698 
Taggart Coal 3 2,101 
(with water) 

Water addition did not enhance the swelling or fluidity of the coals, in fact, the maximum 
fluidity decreased. Therefore, the cenosphere formation must be a result of the differences in 
combustion conditions. It should be noted that the maximum gas temperatures in the boiler by 
suction pyrometry were approximately 300°F lower when firing MCWM than when f&g DMC. 
The mean size of the MCWM droplets issuing from the atomizer was 3-4 times larger than the 
mean particle size observed during DMC firing. These two factors decrease the droplet heating rate 
and therefore, the time required to reach the maximum temperature. This increases the duration 
over which the particles remain fluid, thus providing enough time for the carbon atom to rearrange 
before resolidification. For the DMC particles, the heating rate was so rapid that the time during 
which the particles were fluid was short and this resulted in resolidification before the molecules 
rearranged. 
Combustion Efficiency ' 

for the DMC was higher than that for the MCWM (Figure 4-58). The average baghouse 
combustion efficiency for the Taggart seam MCWM was 97.6% whereas it was 88.5% for the 
Upper Freeport seam MCWM. The combustion efficiency for the Taggaa seam DMC was 98.5% 
whereas it was 97.6% for the Upper Freeport seam DMC. The difference in combustion efficiency 
between the DMC and MCWM tests for the Taggart seam coal was only 0.9% (based on average 
results from multiple tests). On the other hand, the difference in combustion efficiency between 
the DMC and MCWM tests for the Upper Freeport seam coal was 9.1%. The mean particle size of 
the Taggart seam MCWM char was almost twice that of the DMC char but the combustion 
efficiency was only 0.9% lower; whereas the mean particle size of the Upper Freeport seam 
MCWM char was also twice than that of the DMC char but the combustion efficiency was 0.1 % 

The combustion efficiency results are tabulated in Table 4-5. The combustion efficiency 
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lower. These data suggest that in addition to the larger particle size, which reduces the oxygen 
penetration, ash also physically hinders the penetration of oxygen in the case of MCWM droplets. 
This effect due to ash is also evident in the case of DMC but is lower in magnitude because of the 
smaller particle size. 

Figure 4-59 is a plot of combustion efficiency as a function of ash content for all the 
MCWM tests performed. Irrespective of the solids loading or viscosity of the MCWM, the Upper 
Freeport seam MCWM consistently had lower combustion efficiencies than the Taggart seam 
MCWMs. This supports the hypothesis that ash hinders the oxygen availability or penetration. 

4.4  Demonstration-Scale Activities 
The demonstration-scale activities included procuring a coal-based burner, burner and 

boiler characterization firing natural gas, a DMC demonstration, and a MCWM demonstration. 
Each is discussed in detail in the following sections. The procurement of the burner, and tests 
firing natural gas, DMC, and MCWM were conducted in the order listed. 

4.4.1 Burner Procurement 
A commercial low-NO, burner capable of firing natural gas and DMC or MCWM was 

designed and constructed by EER for Perm State's 15,000 lb steam/h demonstration boiler. A side 
view of the burner is shown in Figure 4-60 anda sectional view is shown in Figure 4-61. The 
specifications for which the burner was designed are: 

DMC 
>3:1 turndown 

25% excess air 
MCWM 

< 8" H20 pressure drop 
Dual fuel capable (Natural gas and DMC) 
No support fuel required for flame stability 
< 400°F combustion air preheat temperature 
> 98% coal combustion efficiency 
< 200 ppm CO @ 3%02 (-0.17 lb/mUon Btu) 
< 475 ppm NOx @ 3%02 (-0.6 lb/million Btu) 

>3:1 turndown 
< 8" H20 pressure drop 
Dual fuel capable (Natural gas and MCWM) 
No support fuel required for flame stability 
< 400°F combustion air preheat temperature 
> 98% coal combustion efficiency 
< 200 ppm CO @ 3%02 (-0.17 Ib/million Btu) 
< 475 ppm NO, @ 3%02 (-0.60 lb/million Btu) 
25% excess air 
> 4,000 h atomizer tip life 
< 0.2 atomizing air/fuel ratio 
90 psig atomizing air pressure 
air or steam as the atomizing medium 
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4.4.2 BurnerBoiler Characterization Firing Natural Gas 
After the burner was installed, it was shaken down and evaluated firing natural gas prior to 

the fust (DMC) demonstration. This was done to ensure proper performance firing natural gas, to 
obtain comparative data to previous burners, and to provide baseline data prior to firing coal. 
Burner Optimization 

high CO emissions were observed. Modifications to the burner were necessary in order to 
maintain a stable flame. The modifications consisted of systematically plugging axial natural gas 
ports and drilling radial ports until a stable flame was obtained. Details of the burner modifications 
are given elsewhere[l2'l. In addition, modifications to the ultra violet (u.v.) scanner tube and 
refractory rework were necessary for flame detection. Figure 4-62 is a schematic diagram of the 
natural gas burner prior to, and after, the modifications. 
Baseline Data Firing Natural Gas 

This was done to verify natural gas firing capabilities and characterize the burner on natural gas 
prior to beginning coal f d g .  The objective of the testing was to evaluate the effect of excess 
oxygen, firing rate, and tertiary and secondary air swirl on boiler efficiency and emissions, and to 
determine the burner stability as a function of tertiary and secondary air degree of swirl and flow. 

Table 4-13 contains a summary of the tests (boiler performance/emissions) except for the 
stability tests which are presented later. Each boiler performance/emissions test was conducted 
over a five to six hour period with maximum tertiary and secondary air swirl. The tests are 
presented in chronological order and the planned test conditions are briefly described below. 

Difficulties were initially experienced upon firing natural gas. The burner was unstable and 

A series of tests was conducted to evaluate the performance of the burner firing natural gas. 

TestNo. 1 -- 
TestNo. 2 -- 
TestNo. 3 -- 
TestNo. 4 -- 
TestNo. 5 -- 
TestNo. 6 -- 
TestNo. 7 -- 
Test No. 8 -- 
Test No. 9 -- 
TestNo. 10 -- 
Test No. 11 -- 
Test No. 12 -- 

TestNo. 13 -- 
TestNo. 14 -- 

e TestNo. 15 -- 

High f ~ n g  rate; 2% 0 2  
High firing rate; 3% 0 2  
High firing rate; 2% 02; repeat of Test No. 1 (reproducibility test) 
High firing rate; 1% 0 2  
-60% firing rate; 2% 0 2  
-80% firing rate; 2% 0 2  
Lowest firing rate achievable when f d g  at 3% 0 2  
High f d g  rate; 2% 02; 2-hour test 
Lowest firing rate achievable when firing at 1% 0 2  
High firing rate; 3% 0 2 ;  heat flux and suction pyrometry data obtained 
High firing rate; 2% 02; minimal transport air 
High firing rate; 3% 02; heat flux data obtained (This test was a repeat 
of Test No. 10 after it was observed that the steam drum pressure 
was 183 psig instead of -200 psig which is the normal operating 
pressure.) 
High firing rate; 2% 02; minimum tertiary and secondary air swirl 
High firing rate; 2% 02; medium tertiary and secondary air swirl 
High firing rate; 2% 0 2 ;  minimal transport air (This test was a repeat 
of Test No. 11 after it was observed that the steam drum pressure was 
178 psig instead of -200 psig which is the normal operating 
pressure.) 

' I  

. I  
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Table 4-13. Summary of Results for Boiler Performance/Emissions Testing When Firing Natural Gas 
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Boiler Performance 
The effects of the oxygen concentration in the flue gas (excess air), mill (coal transport) air 

flow rate, firing rate, and secondary and tertiary air swirl on boiler efficiency were determined. A 
detailed discussion of the results are given elsewhere[121]. In summary, the boiler efficiencies . 
ranged from -82.5 to 83.6% and exhibited a decreasing trend in boiler efficiency as 0 2  

concentration was increased (as would be expected) fiom -1.2 to 1.8%, but was variable from 1.8 
to -3.0% 0 2 ;  no relationship between boiler efficiency and mill air (coal transport) flow was 
observed; the boiler efficiency exhibited a decreasing trend as the firing rate was increased fiom 
-10.2 to 15.2 MM Btu/h but was very variable as it ranged from -82.5 to 83.6% when firing at 
16.5 MM Btu/h; and there was a minor effect of swirl on boiler efficiency as it increased as swirl 
increased. 

Emissions 
The effects of excess air (02  concentration), firing rate, and secondary and tertiary air swirl 

on CO and NOx emissions were determined. None of these operating conditions affected the 
emissions significantly except for very low 0 2  concentration (- 1.1%) where the CO concentration 
increased from the typical <40 to 140 to 300 ppm. The concentration of NO, was consistently in 
the 90 to 100 ppm range. 

Burner Stability 
A series of eight tests was conducted to evaluate the stability of the burner when varying 

the secondary and tertiary air dampers and swirl. This was done to characterize the burner prior to 
firing coal. The tests that were conducted were: 

Matrix Number 
1 
2 
3 
4 
5 
6 
7 
8 

Tertiary Air 
Damper Setting 

Maximum 
Vaned 

Maximum 
Maximum 

Varied 
Maximum 

Vaned 
Maximum 

Secondary Air 
Damper Setting; 

Vaned 
Maximum 
M&um 
Maximum 
Maximum 

Vaned 
Maximum 

Vaned 

Tertiary Air 
Swirl 

Maximum 
Maximum 
Maximum 

Vaned 
Minimum 
Maximum 
Maximum 
Maximum 

Secondary Air 
Swirl 

Maximum 
Maximum 

Vaned 
Maximum 
Minimum 
Minimum 
Minimum 
Minimum 

A detailed discussion of the results of the stability testing is found elsewhere [122]. In 
summary, the burner was very stable regardless of secondary and tertiary air swirl or the amount 
of secondary air introduced into the boiler. Only when closing the tertiary air damper, and hence 
limiting the quantity of combustion air into the boiler, did the burner become unstable. The burner 

I 



exhibited flexibility in damper and swirl settings. 
4.4.3 DMC Demonstration 

A DMC demonstration was conducted with the objectives of determining burner and boiler 
performance, improving burner performance (increasing combustion efficiency) firing coal, 
examining furnace and convective pass deposition, and determining the effect of deposition on 
continuous operation. A day-to-day synopsis can be found 
hours of operation were accumulated from May through December 1994, of which 396.1 hours 
were with coal firing (5.1 hours of operation per 1 .O hour of coal fring). The DMC demonstration 
included coal firing, baseline testing (natural gas), burner optimization (natural gas and DMC), 
system modification, and component repair. 

half hour periods) for the DMC demonstration. Most of the testing was conducted with two shifts 
per day except for the testing from November 21 to 22, 1994 and from December 5 to 7,1994. 
These tests were continuous (24 h/day) but the results have been reported for either twelve or eight 
hour periods for the November and December testing, respectively. 

Two coals were used during the demonstration. The first was Brookville seam coal (fiom 
July to September 1994) which had been tested in the SCCWS and HEACC projects. The second 
was an Upper Freeport seam coal (October through December). Table 4-15 contains the coal 
analysis of weekly composites produced from daily samples collected at the screw feeder outlet. 
Combustion and Boiler Performance 

121]. A total of 2,028.5 

Table 4-14 contains a boiler performance and emissions summary (which are averaged over 

The combustion and boiler efficiencies, when firing DMC, ranged from 86 to 95% and 
from 76 to 84%, respectively. Figure 4-63 shows the combustion efficiency for the testing 
conducted from July to December 1994. Most of the DMC operation resulted in combustion 
efficiencies ranging from 92 to 94%, which were below the target of 98%. 

and their degrees of swirl were varied, a coal diverger piece (cone) was installed, and air was 
introduced into the center of the burner. The installation of the cone and introducing air into the 
center of the burner had a negative impact on combustion efficiency; varying the quantity of 
secondary and tertiary air and their degrees of swirl did not result in combustion efficiencies greater 
than approximately 94%. 

previous testingI5I. As can be seen from Figure 4-64, where the combustion efficiency results 
from the two series of DMC testing are overlaid, the combustion efficiencies obtained with the , 

EER burner were slightly less than those obtained with the HEACC. 
Deposition/Accumulation 

portion of the coal on deposition and erosion. This section describes the effect of deposition. 

In an attempt to increase combustion efficiency, the quantity of secondary and tertiary air 

One goal of this testing was to improve upon the combustion efficiencies obtained during 

A concern when firing coal in a boiler designed for fuel oil is the effect of the inorgank ' I  



Table 4-14. Summary of Results for the DMC Demonstration 

Summary Sheet 

13-Jul 13-Jul 14-JUi 14-Jul 1 5 - J ~ l  18-Jul 19-Jul 2O-JUl 20-J~l  21-Jul 27-Jul 
#1 #2 #3 #4  #5  #6 7 8 9 1 0  11 

Gas Support Coal Only Gas Support Coal Only Coal Only Coal Only Coal Only 0800 hrs 0945 hrs Coal Only Coal Only 
Gas Support Gas Support 

TESTDESCRIPTION: 

WATEWSTEAM SIDE 

Steam flow rate; lblh 
Water temperature Into boiler; OF 
DNm pressure; pslg 
Calorimeter temperature; OF 
Steam temperature; O F  

Steam quality; % 
Blowdown rate; lblh 

11,830 8,868 12,877 
209 207 208 
209 204 21 3 
215 305 203 
384 381 385 

94.39 ' 99.51 93.72 
3,170 3,131 3,196 

12,446 
209 
21 1 
294 
385 

98.93 
3,182 

11,164 
207 
209 
288 
384 

98.58 
3,171 

12,063 
209 
208 

- 307 
384 

99.66 
3,159 

12,269 
209 
206 
306 
383 

99.59 
3,142 

12,048 
209 
208 
203 
384 

93.74 
3 , i 5 9  

11,956 
204 
206 
203 
383 

93.73 
3,142 

11,754 
209 
200 
306 
383 

99.62 
3,118 

12,486 
210 
204 
306 
382 

99.62 
3,126 

AIR,NEL, FLUE GAS SIDE 

Natural gas flow rate: 1blh;MMBtulh 
Coal flow rate; Iblh,MMBtulh 
Air temperature enterlng air heater; OF 
Alr temperature leaving air heater; OF 
Alr temperature Into boller; O F  

Furnace outlet temperature; OF 
Gas temperature leaving air heater; OF 
Bagfilter Inlet temperature; OF 
Bagfilter outlet temperature; OF 
Combustion air flow; Iblh 
Boller draft; In H20 
Boiler efflclency; % 
Mill alr flow rate: ACFM;lbsihr 
Mill Inlet temperature; O F  

Mlll outlet temperature; OF 
Burner inlet temperature; O F  

Natural gas temperature; O F  
Coal combustion efllclency; % 

0;o 0;o 326;7.66 
639;8.92 i,172;16.2 1,174;16.6 

8 9  8 8  7 5  
392 402 397 
363  372 365 
572 584 57 1 
364 369 361 
3 5 3  359 353 
31 5 318 314 

15,783 14,388 14,220 
-0.01 -0.09 -0.02 
03.3 80.7 82.9 

362;1,657 386;1,744 418;1,916 
90  9 8  8 9  

185 189 179 
1 5 3  170 166 
8 2  90  77  

90.12 90.49 92.80 

280;6.58 
534;7.62 

9 3  
366 
338 
529 
336 
328 
299 

12,880 
0.01 
84.1 

354;1,608 
94 

185 
152 
8 2  

97.00 

0;o 
977;13.95 

154 
392 
362 
528 
352 
346 
31 0 

12,646 
-0.03 
82.1 

317;1,432 
9 8  

215 
181 
97 

86.90 

140;3.29 
780;11.14 

137 
405 
373 
577 
387 
379 
330 

13,180 
0.01 
83.5 

350;1,599 
9 3  

205 
172 
8 2  

94.40 

0;o 0;o 0;o 
1,113;15.9 1,120;15.9 1,117;15.8 

135 172 87  
411 417 409 
381 387 378 
565 553 587 
377 383 372 
371 376 362 
325 339 324 

13,571 14,221 13,601 
-0.01 -0.02 0.02 
83.9 83.5 83.6 

348;1,576 380;1,728 353;1,591 
96 9 5  99 

208 20 1 209 
174 182 180 
7 9  94 90 

94.00 94.62 93.77 

0;o 
1,294;lE.l 

92  
403 
374 
585 
370 
360 
322 

15,818 
0.01 
84.0 

361;1,627 
99  

208 
183  
92  

94.34 

313;7.35 
639;8.92 

8 4  
383  
353  
563  
356 
346 
304 

15,415 
-0.01 
83.3 

352; 1,619 
8 8  

184 
148  
80 

90.12 

. , -4 

EMISSIONS 
02; % 
CO; ppm 
co2; % 
SO2; ppm 
NOx; ppm 
Land Analyzer (In bold) 

3.2 
52  

13.4 
21 9 
446 

3.2 
193  
16.0 
496 
536 

3.9 
123  

15.1 
514 
538 

3.3 
286 
16.0 
499 
541 

3.3 
161 
16.0 
481 
573  

4.3 3.6 
1,454 122 

14.7 14.7 
479 354 
298 540 

3.7 
3 4  

15.5 
121 
444 

3.8 
2 8  

15.5 
125  
404 

3.4 
192 

15.6 
490 
553  

3.3 
158 

16.1 
456 
594 

I 

N 
4 
0 

, 



Summary Sheet 

TEESFDESCRIPllON: 

WATEIUSTEAM SIDE 

Steam flow rate; lblh 
Water temperature into boiler; OF 
Drum pressure; pslg 
Calorimeter temperature; OF 
Steam temperature; O F  

Steam quality; Yo 
Blowdown rate; Ib/h 

AIR,NEL, FLUE GAS SIDE 

Natural gas flow rate: Ib/h;MMBtu/h 
Coal flow rate; Ib/h,MMBtu/h 
Air temperature entering alr heater; OF 
Air temperature leavlng air heater; OF 
Air temperature into boiler; OF 
Furnace outlet temperature; OF 
Gas temperature leaving air heater; OF 
Bagfilter Inlet temperature; OF 
Bagfilter outlet temperature; O F  

Combustion air flow; Ib/h 
Boiler draft; In H20 
Boiler efficlency; % 
Mill air flow rate: ACFM;lbs/hr 
Mill Inlet temperature; O F  

Mill outlet temperature; OF 
Burner Inlet temperature; OF 
Natural gas temperature; OF 
Coal combustlon efficiency; % 

EMISSIONS 
02; Yo 
CO; ppm 
c02; Yo 
SO2; ppm 
NOx; ppm 
Land Analyzer (In bold) 

Table 4-14. Summary of Results for the DMC Demonstration 

28-Jul 29-J~i  1 -Aug 3-Aug 4-Aug 4-Aug 5-Aug 1 O-Aug I l - A u g  25-AUg 
1 2  13 1 4  1 5  1 6  1 7  18 1 9  20 21  

Coal Only Coal Only Coal Only Coal only Coal only Coal only Coal only Coal Only Coal Only Coal Only 

11,888 11,679 11,471 12,074 12,194 12,656 9,686 11,993 13,097 1 1,526 
209 209 21 0 209 206 205 117 220 21 5 217 
199 196 204 197 201 191 209 206 207 21 1 
305 304 306 306 305 302 304 306 306 208 
380 379 382 380 380 375 382 382 383 383 

99.55 99.51 99.61 99.59 99.53 99.39 99.49 99.61 99.61 93.99 
3,087 3,064 3,126 3,077 3,110 3,028 3,170 3,145 3,149 3,187 

0;o 0;o 
1,174;16.7 1,174;16.5 

110 119 
424 433 
394 403 
582 582 
385 393 
379 388 
335 344 

14,221 14,540 
-0.01 -0.01 
81.1 81.1 

424;1,927 488;2,214 
94 96 

181 171 
169 165 
8 2  , 8 9  

91.32 91.72 

0;o 
1,174;16.6 

118 
428 
394 
578 
388 
382 
342 

14,353 
-0.01 
82.9 

489;2,222 
95  

171 
166 
8 9  

93.76 

0;o 
1,129;15.9 

132 
417 
390 
578 
385 
378 
338 

13,535 
-0.01 
82.8 

294; 1,327 
99 

213 
179 
92  

93.46 

0;o 
1,129;16.0 

132  
412 
386 
581 
386 
377 
337 

13,741 
0.00 
84.0 

324;1,467 
96  

201 
177 
8 7  

95.29 

0;o 
1 , I  29;16.0 

131 
408 
385 
575  
382 
375  
334 

13,475 
0.00 
84.0 

308;1,383 
101 
208 
179 
9 3  

94.90 

0;o 
1,170; 16.4 

9 8  
403  
375  
572 
368 
364 
326 

15,196 
0.00 
83.7 

311;1,409 
9 7  

205  
175  
7 4  

94.62 

0;o 
1,166;16.7 

128 
414 
382 
142 
382 
376 
335 

14,344 
-0.01 
83.2 

303;1,389 
9 0  

195  
172 
83 

94.16 

0;o 
1,165;16.5 

128 
411 
385 
159 
387 
380 
339 

13,908 
0.01 
82.7 

283;1432 
95  

210 
182 
81 

93.77 

0;o 
1 ,l35;16.1 

144 
419 
386 
570 
381 
374 
331 

14,001 
0.02 
81.2 

343;1569 
90  

212 
178 
81 

91 -92 

3.2 3.6 3.8 3.5 4.0 3.7 4.7 3.6 3.3 3.8 
1,070 1,121 536 260 132 277 165  509 496 473 

15.9 15.8 15.3 15.4 15.1 15.3 14.6 15.5 15.8 15.1 
426 426 291 400 368 442 535  376 401 322 
512 529 554 618 65  1 67  1 610 583  665 494 



Table 4-14. Summary of Results for the DMC Demonstration 

Summary Sheet 

TESTDESCRIPTION: 

WATEWSTEAM SIDE 

Steam flow rate; ib/h 
Water temperature Into boiler; O F  

Drum pressure; psig 
Calorimeter temperature; OF 
Steam temperature; OF 
Steam quality; % 
Biowdown rate; Ib/h 

AIR,NEL, FLUE GAS SIDE 

Natural gas flow rate: Ib/h;MMBtu/h 
Coal flow rate; Ib/h,MMBtu/h 
Air temperature entering air heater; OF 
Alr temperature leaving alr heater; O F  

Air temperature into boiler; O F  

Furnace outlet temperature; OF 
Gas temperalure leaving air heater; O F  

Bagfilter Inlet temperature; OF 
Bagfilter outlet temperature; OF 
Combustton alr flow; ib/h 
Boiler draft; in H20 
Boller efficiency; 
Mill air flow rate: ACFM;lbs/hr 
Mill inlet temperature; OF 
Mill outlet temperature; OF 
Burner inlet temperature; OF 
Natural gas temperature; OF 
Coal combustion efflclency; % 

EMISSIONS 
02; % 
CO; ppm 
c02; % 
SOa; ppm 
NOx; ppm 
Land Analyzer (in bold) 

30-Aug 30-Aug 31-Aug 31-Aug 2-Sep 13-0ct 19-oct 20-oct 7-NOV 
22  2 3  24 25  26  2 7  2 8  29  3 0  

w/o gun w/ gun wl gun wlo gun CoalOnly cone Coal Only 
w/ gun Installed 

12,016 11,439 
218 21 8 
212 21 1 
208 21 1 
386 385 

93.98 94.17 
3,190 3,180 

0;o 
1,134;16.0 

158 
415 
384 
554 
382 
378 
337 

13,468 
0.02 
82.6 

327;1494 
91 

204 
173  
7 9  

93.16 

0;o 
1,134;16.0 

171 
4 20 
393  
559 
38 1 
376 
332 

13,790 
-0.03 
80.3 

333;1505 
98 

208 
180 
8 5  

90.17 

11,462 11,271 11,600 11,835 
196 164 189 209 
213 212 212 209 
215 230 203 161 
385 385 384 385 

94.41 95.27 93.73 91.31 
3,196 3,191 3,192 3,166 

0;o 
1,134; 16.1 

167 
420 
391 
559 
382 
376 
331 

13,860 
-0.02 
80.6 

333;1517 
9 3  

203 
171 
81 

90.39 

0;o 
1,134;16.1 

166 
426 
401 
578 
392 
385 
341 

13,894 
-0.03 
83.1 

333;1518 
94 

204 
176 
8 5  

93.81 

0;o 
1,132;15.9 

160 
417 
386 
555 
380 
378 
334 

13,005 
0.05 
82.4 

289;1316 
9 3  

217 
177 
71 

92.71 

0;o 
1,135;16.0 

170 
422 
388 
560 
381 
378 
330 

13,806 
0.03 
80.1 

345;1602 
83 

194 
162 
70  

91.50 

3.1 3.5 3.4 3.5 2.7 3.6 
439 332 462 234 420 127 
16.4 15.9 16.2 16.2 17.1 15.7 

Nvl I\M Nvl Nvl Nvl 60 
507 427 416 544 639 519 

13,289 15,508 13,167 
161 21 8 195 
206 203 212 
308 203 305 
384 383 382 

99.68 93.69 99.56 
3,142 3,123 3,189 

0 
1,102;15.2 

1 5 5  
414 
387 

8 2  
397  
389 
345 

14,160 
-0.02 
81.8 

360;1663 
85 

21 6 
1 8 3  

74  
93.28 

4.0 
164  
15.3 
337  
338 

0;o 
1,120; 15.4 

159 
415 
390 

91 
402 
395 
355 

13,759 
0.00 
80.7 

365;1677 
8 9  

219 
191 

82 '  
91.71 

0;o 
906;12.5 

155 
399 
365 

7 2  
376 
379 
332 

11,134 
-0.03 
79.6 

366;1705 
8 1  

207 
174 
66 

89.71 

3.3 3.7 
397 187 
15.8 15.6 
334 9 6  
364 299 



Table 4-14. Summary of Results for the DMC Demonstration 

Summary Sheet 

TESTIDESCRIPTION: 

WATERISTEAM SIDE 

Steam flow rate; Ib/h 
Water temperature into boiler; OF 
Drum pressure; psig 
Calorimeter temperature; OF 
Steam temperature; OF 
Steam quality; % 
Blowdown rate; Ib/h 

AIR,NEL, FLUE GAS SiDE 

Natural gas flow rate: Ib/h;MMBtu/h 
Coal flow rate; Ib/h,MMBtu/h 
Alr temperature enterlng alr heater; OF 
Air temperature leaving alr heater; OF 
Alr temperature Into boiler; OF 
Furnace outlet temperature; OF 
Gas temperature leaving alr heater; OF 
Bagfilter Inlet temperature; OF 
Bagfilter outlet temperature; OF 
Combustlon air flow; Ib/h 
Boiler draft; in H20 
Boiler efficiency; % 
Mill alr flow rate: ACFM;lbs/hr 
Mill Inlet temperature; OF 
Mlll outlet temperature; O F  
Burner Inlet temperature; OF 
Natural gas temperature; OF 
Coal combustlon efflclency; YO 

EMISSIONS 
02; % 
CO; ppm 
c02; Yo 
SO2; ppm 
NOx; ppm 
Land Analyzer (In bold) 

16-NOV 17-NOV 18-Nov 2l-Nov 21-Nov 22-Nov 28-Nov 30-NOV 1-Dec 
31 3 2  33 3 4  35 3 6  37 3 8  3 9  

Coal Only Coal Only Coal Only AM FM Coat Only Baseline prior Baseline prior Baseline prior 
Cont. Testlng Cont. Testing Cont. Testing to Cont. Test. to Cont. Test. to Cont. Test. 

12,454 13,650 12,748 13,448 14,851 15,027 9,252 10,409 11,052 
193 206 209 197 21 1 214 214 21 6 217 
207 209 207 205 186 184 206 208 188 
305 304 303 302 300 302 200 300 278 
381 382 381 380 373 373 380 382 374 

99.53 99.50 99.42 99.38 99.25 99.38 93.55 99.25 98.01 
3,156 3,168 3,154 3,134 2,990 2,974 3,148 3,162 3,006 

0;o 
1,080;14.89 

161 
428 
392 
573 
393 
389 
332 

13,995 
-0.10 
76.2 

358;1673 
80 

21 4 
176 
6 1  

86.35 

0;o 
1,147;16.0 

154 
417 
389 
109 
389 
384 
333 

16,783 
-0.04 
48.6 

353;1630 
8 6  

21 4 
181 

68 
90.48 

0;o 
1,147;15.8 

157 
41 6 
391 
114 
389 
385 
339 

15,721 
-0.03 
59.7 

361 ;1670 
85 

207 
175 
7 0  

93.98 

0;o 
1,174; 15.7 

144 
410 
383 
120 
391 
389 
338 

14,780 
-0.02 
79.6 

360;1675 
8 1  

205 
172 
5 6  

91 -50 

0;o 
1,174;15.7 

145 
414 
396 
587 
397 
394 
352 

14,359 
-0.02 
79.7 

349;1613 
8 6  

212 
185 

67 
91 -50 

0;o 
1,174;16.4 

139 
408 
390 
595 
397 
392 
350 

15,287 
-0.02 
82.1 

358;1,658 
8 4  

210 
183 

68 
93.68 

0;o 
910;12.81 

167 
415 
367 
549 
370 
37 1 
308 

11,514 
-0.01 
78.8 

359;1689 
7 5  

195 
169 

6 2  
88.72 

0;o 
910;12.81 

150 
411 
377 
561 
375 
374 
324 

11,841 
-0.03 
79.9 

351 ;1625 
8 5  

210 
178 

6 9  
89.70 

0;o 
910;12.81 

153 
413 
383 
109 
380 
377 
328 

11,900 
-0.04 
80.5 

357;1639 
8 9  

217 
179 

6 5  
90.93 

4.4 7.0 5.8 4.2 3.7 4.5 4.1 4.4 4.6 
1,339 115 -4 225 256 30  1 987 526 7 8 2  

14.8 10.5 10.8 15.0 15.3 14.5 14.8 14.6 14.2 
270 3 6 0  3 1  1 Nkl Nkl Nvl Nvl 378 393 
323 312 349 3 4 4  403 31 7 Nvl 224 242 
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ccc 
0 

m m - r - r l - m l -  
N cu m m 7 

m ~ o o m q m  
0 m m- 
r ._ 

P 
0 m 



\ -  . . \' 

Date Screw Full Proximate Analysis Ultimate Analysis 
Composite %Moist %V.M. %Ash %F.C. % C %H % N  %S % 0 

P i e d )  Pry) (Dry) (Dry) P ry )  Pry) (Dry) (Dry) (Dry) 
11 JuI - 15 JuI screw 02.66 35.81 03.66 60.53 81.19 05.34 01.55 00.68 07.58 

M.04 353.00 fO.01 f0.04 M.05 f0.01 M.01 
18 Jul - 22 JuI screw 02.39 34.84 04.76 60.40 80.24 05.30 01.51 00.73 07.46 

00.00 rto.19 fO.09 f0.15 rtO.01 fO.01 M.O1 
25 JuI - 29 JuI screw 02.39 34.45 04.62 60.93 80.54 05.28 01.51 00.77 07.28 

rtO.01 f0.03 f0.01 f0.02 f0.04 f0.03 M.01 
01 Aug - 05 Aug screw 03.06 34.41 05.72 59.87 79.48 05.24 01.52 00.64 07.40 

f0.05 f0.21 f0.04 f0.03 fO.01 f0.03 M.01 
08 Aug - 12 Aug screw 02.83 34.65 04.19 61.16 80.86 05.32 01.53 00.56 07.54 

fO.01 fO.01 rto.01 fO.01 fO.01 fO.01 M.01 
25 Aug - 02 Sep screw 02.72 34.37 04.36 61.27 80.73 05.27 01.53 00.61 07.50 

fO.04 fO.01 rto.01 f0.01 f0.04 fO.00 M.00 
19 Oct - 21 Oct screw 01.63 32.03 06.57 61.40 79.51 05.38 01.50 00.53 06.51 

rt0.03 f0.04 f0.03 fO.01 rtO.08 rt0.02 M.01 
07 Nov - 18 Nov screw 01.72 31.91 06.93 61.16 79.13 05.09 01.50 00.52 06.83 

rt0.03 f0.03 f0.03 f0.12 f O . O O  rto.01 rto.01 
21 Nov - 22 Nov screw 01.48 31.79 06.65 61.56 79.47 05.10 01.49 00.44 06.85 

f0.03 f0.09 f0.03 k0.06 rtO.09 rt0.02 rtO.00 
28 Nov - 02 Dec screw 01.46 31.54 06.61 61.85 79.26 05.00 01.49 00.48 07.16 

fO.O1 fO.01 10.05 fO.20 f0.08 40.03 fO.01 
05 Dec - 07 Dec screw 01.52 31.75 06.51 61.74 79.69 05.21 01.44 00.45 06.70 

M.04 M.15 fO.00 M.ll rtO.01 rtO.03 rt0.01 I 

Cal 
Value 
Pry) 
14229 
rt19 

14084 
rt7 

14070 
f16  

13883 
rt3 

14143 
rt22 

14163 
+I 1 

13771 
r t l  

13915 
f 6  

13909 
f l  

13852 
f 4  

14033 
f l  

~~ 

Table 4-15. Coal Analysis of Composite Samples Collected During the DMC Demonstration 

Brookville Seam coal - July 11 through September 2 
Upper Freeport Seam Coal - October 19 through December 7 



Coal Combustion Efficiency (%) 

03 03 to 
0 cn 0 

to cn 
-L 
0 
0 

c c r 
4 
-I 
0 

9LZ 
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0 
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0721 I 
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Erosion was previously addressed. 
The boiler outlet and baghouse inlet temperatures were monitored and the convective pass 

steam sootblower was operated when the boiler outlet temperature was -600°F. The baghouse 
inlet temperature would approach 400°F as the boiler outlet temperature reached 600°F and this is 
the upper limit set for comfortable operation. 

Figure 4-65 is a typical plot of the boiler outlet temperature history for a day of operation. 
Figure 4-65 is a plot of boiler outlet temperature as a function of data acquisition time and shows 
when the coal feed was started (time 50), the period of cofiring coal and natural gas where the total 
firing rate was held constant and the coal feed was increased as the natural gas was decreased 
(approximately the next 100 data points), the switch to 100% coal (approximately time 175), four 
convective pass and furnace floor blowdowns, and the termination of the test (approximately time 
800). 

Plots such as Figure 4-65 illustrate the timeltemperature history of the boiler outlet 
temperature but do not give a quantitative indication of the severity of deposition. Figure 4-66 is a 
plot of coal consumed since the last soot blowdown when using the Brookville seam coal. It must 
be noted that soot blowing routinely occurred at the beginning and end of most days and was not 
strictly a function of boiler outlet temperature. Noting this, between 2,000 and 3,000 lb of coal 
were fired between sootblowing events. This is similar to testing that occurred during the previous 
program firing DMC. 

During the previous burner demonstration, testing was stopped because a significant 
quantity of ash was building up on the floor and walls of the furnace, and this had to be removed. 
As a consequence of this buildup, a manufacturer of commercial soot blowing systems was 
approached for options to keep the ash entrained. Their recommendation of retractable soot 
blowers was not adopted and Penn State designed a floor blast system. A schematic diagram of a 
prototype system is shown in Figure 4-67. The system consists of two pipes that are located on 
the furnace floor with a series of holes directed towards the furnace floor. A small quantity of air 
is constantly passed through the pipe to keep it cool. Whenever the sootblower in the convective 
pass is operated, the floor is also blown down. Several variations of the system have been tested 
where the hole size, height of the pipes above the floor, and the compressed air impact area on the 
floor have been varied. The results were encouraging; most of the ash was entrained and the boiler 
has not been shut down due to excessive ash accumulation on the furnace floor. The prototypes 
were constructed out of carbon steel (to use an inexpensive material of construction) while 
determining optimum design and operating conditions. 

during November and December 1994 to evaluate the effect of ash deposition on boiler 
performance. A detailed discussion of the results can be found elsewhere[121]. 

The demonstration boiler was operated on a 2-shiWday and a continuous (24 hour) basis 

The boiler was operated at two firing rates -- approximately 16 and 13 million Btu/h. Prior 
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Figure 4-65. EXAMPLE OF BOILER OUTLET TEMPERATURE ("F) vs TIME FOR MICRONIZED COAL TESTING 
ON 08/04/94 
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Figure 4-66. QUANTITY OF COAL CONSUMED SINCE LAST CONVECTIVE PASS SOOT BLOWING WHEN 
OPERATING FROM 07/13/94 TO 09/02/94 
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Convective wall side length is 82.375 
inches long with 39 - 3/16 inch holes 
equally spaced such that the air jet 
impinges with the furnace floor 12" 
from the sparge pipe. 

Front wall sparge length is 
46 inches long with 20 - 3/16 
inch holes equally spaced. 

Ash sparge enters through the 
man opening in the furnace. 00000000000000000000000000000000 

Typical air usage 

Furnace side length is 66 inches 
long with 31 - 3/16 inch hole 
equally spaced 

3 

is 87 scfm 

Two ball valves and a magnetic 
flowmeter are  used to throttle 
the  air used. 

Ash sparge pipes are located 
1 3/4 inch off of the furnace 
floor. Each section h a s  two 
supports to maintain this 

Air sparge nozzle openings are positioned 
so that the air impacts the furnace floor 
aprox. 12 inches from the header. 

Headers are made from 1.5" sch. 40 
pipe, (carbon steel) as a proof of 
concept unit. If effective, more robust 
materials will be used to withstand 
the environment. 

, 

Figure 4-67. FURNACE ASH BLOWDOWN SYSTEM 
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to testing in November, the boiler was cleaned on November 4,1994 and ash was removed from 
the furnace, the entrance to the convective pass, and the breaching (interconnection between the 
boiler and the heat-pipe heat exchanger). Tests conducted on November 16,17, and 18,1994 
were performed while operating the boiler on two shifts per day and at 14.9 to 16.0 million Btu/h. 
The test conducted from November 21 to 22,1994 was performed while operating the boiler 24- 
hourdday at a firing rate of 15.7 million Btu/h. The 15.7 firing rate increased from 15.7 (for two 
twelve hour periods) to 16.4 MM Btu/h (for one twelve hour period) because the feed rate was 
held constant but the heating value of the coal increased. 

The boiler was cleaned on November 23,1994 and ash was removed from the furnace, 
entrance to the convective pass, and the breaching. Tests were then conducted on November 28 
and 30,1994 and December 1 and 2,1994 while operating the boiler on two shifts per day at 12.7 
to 12.8 million Btu/h. A test was conducted from December 5 to 7, 1994 while continuously 
operating the boiler and firing at a rate of 12.7 million Btu/h. 

be noted that there were not any operational problems observed when operating the boiler on a 
two-shift per day basis. The tests conducted when operating on a continuous basis were 
terminated when si,dficant deposition was noted in the entrance to the convective pass (when 
frring at -16 million Btu/h) and when the rear side panels of the boiler warped and discoloration 
was noted on the back wall (when firing at 12.7 million Btu/h). 

Table 4-17 summarizes the results of the two continuous tests conducted at the two firing 
rates. As previously mentioned, the tests were terminated when si,dficant deposition was noted 
in the entrance to the convective pass when firing at -16 million Btu/h (1 1/21-11/22/94), and when 
the rear side panels of the boiler warped and discoloration was noted on the back wall when firing 
at 12.7 million Btu/h (12/05-12/07/94). The boiler was shut down on November 22,1994 
because it was the first time that such significant deposition was observed at the entrance into the 
convective pass. The shutdown on December 7,1994 was a forced shutdown due to the sidewall 
(metal) warping allowing burning between the refractory rear wall and the insulationlmetal skin 
interface. 

Table 4-16 summarizes the results of the tests conducted at the two firing rates. It should 

Summary 
No operational problems were encountered when operating the boiler on a two-shift per 

day basis. There was no significant deposition on the boiler walls or accumulation at the 
convective pass entrance, and the floor blast system entrained the majority of the ash (after a 
steady-state layer was deposited) that accumulated on the floor. It appears that the ash that 
deposited on the walls sloughed off due to the cyclic nature of the operation. Conversely, the tests 
conducted when operating on a continuous basis were terminated when si,onificant deposition 
occurred at the entrance to the convective pass (when firing at -16 MM Btu/h) and when refractory 
failure around a sight port on the sidewall occurred (when firing at 12.7 MM Btu/h). As a 



Table 4-16. Deposition Summary -- Two Firing Rates 

15.7 - 16.4 Million Btu/h 12.7 Million Btu/h 

61,216 lb of coal were consumed at a 74,606 lb of coal were consumed at a 
rate of 904 lb/h for 83 h of operation. 
(22% more coal was consumed and 57% 
more operating time was accumulated.) 

rate of 1,148 lb/h for 53 h of operation. 

The boiler outlet pressure (B.O.P.) The B.O.P. maxed out after consuming 
maxed out (<-2.2" W.C.) after 
consuming 57,000 lb of coal. 

64,000 Ib of coal (12% more coal 
was consumed.). 

The B.O.P. started at -0.8" W.C. and 
began decreasing at 47,000 lb of coal 
consumed. There was 10,000 Ib of coal 
consumed between the time the B.O.P. 
started to decrease and when the gauge 
maxed out. This is equivalent to 8.7 h 
of operation. of operation. 

The sootblowing frequency was 
typically every half hour and increased 
to 1.5 and then 2h before boiler 
shutdown (during the continuous test). 

The B.O.P. started at -0.8" W.C. and 
began decreasing at 56,000 lb of coal 
consumed. There was 8,000 lb of coal 
consumed between the time the B.O.P. 
started to decrease and when the gauge 
maxed out. This is equivalent to 8.9 h 

After the B.O.P. maxed out, the soot 
blowing frequency increased to 2,2.75 
2.5, and 2h before the forced shutdown. 

The boiler was cleaned out on 11/23/94 
and 855 lb of ash were removed from 
the furnace/convective pass entrance 
and 180 lb of ash were removed from 
the breaching for a total of 1,035 lb. 
There was 3,979 lb of ash introduced 
into the boiler (6.50% ash as-rec.; 61,216 
lb of coal fired); 26.0% of the ash was 
retained in the system. 

The boiler was cleaned out on 12/09/94 
and 740 lb of ash were removed from 
the fumace/convective pass entrance 
and 175 lb of ash were removed from 
the breaching for a total of 915 lb. 
There was 4,693 lb of ash introduced 
into the boiler (6.29% ash as-rec.; 74,606 
lb of coal fired); 19.5% of the ash was 
retained in the system. 

283 
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Table 4-17. Deposition Summary -- Two Continuous Tests 

11/21/-11/22/94 -- 15.7-16.4 Million Btu/h 12/05-12/07/94 - 12.7 Million Btu/h 

37,945 lb of coal were consumed at a 
rate of 1,148 lb/h for 33 h of operation 

The boiler outlet pressure (B.O.P.) 
maxed out (<-2.2" W.C.) after 
consuming 33,927 lb of coal 

53,476 lb of coal were consumed at a 
rate of 904 lb/h for 59 h of operation. 
(41% more coal was consumed and 79% 
more operating time was accumulated.) 

The B.O.P. maxed out after consuming 
43,080 lb of coal (27% more coal 
was consumed.) 

The B.O.P. started at -0.8" W.C. and 
began decreasing at 24,000 lb of coal 
consumed. There was 10,000 lb of coal 
consumed between the time the B.O.P. 
started to decrease and when the gauge 
maxed out. This is equivalent to 8.7 h 
of operation. of operation. 

The sootblowing frequency was 
typically every half hour and increased 
to 1.5 and then 2h before boiler 
shutdown (during the continuous test). 

The B.O.P. started at -0.8" W.C. and 
began decreasing at 35,000 lb of coal 
consumed. There was 8,000 lb of coal 
consumed between the time the B.O.P. 
started to decrease and when the gauge 
maxed out. This is equivalent to 8.9 h 

After the B.O.P. maxed out, the soot 
blowing frequency increased to 2,2.75 
2.5, and 2h before the forced shutdown. 

The ID fan amperage exhibited a The ID fan amperage was less than  at 
observed during the 15 million Btu/h 
tests because of the decreased volume 
of flue gas and was -28 amps as 
compared to 30 to 32.5 amps. The 
amperage was relatively constant at 
-28.5 with an increase to -29.5 at the 
time of shut down. 

decrease from -31.5 amps to 30.0 amps 
after consuming -1,000 lb of coal. The 
amperage then slowly increased to -32.5 
over the consumption of -27,000 Ib of 
coal. 

The convective pass temperature No temperature data was collected. 
decreased from -1,300 to l,OOO°F while 
the B.O.P. was decreasing. 

progressed. constant during the test. 
Steam production increased as the test Steam production remained relatively 
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consequence of the excessive ash deposition at the convective pass entrance during continuous 
testing, a sootblower is being designed for this region and will be used during the next series of 
testing. 
Emissions 

Table 4-18 contains the emissions data from the DMC demonstration. The flue gas 
analysis has been converted to a lb/MM Btu (corrected to 3% 02)  basis. The SO2 and NOx 
emissions ranged from 0.6 to 1.2 lb/MM Btu and from 0.3 to 1.0 lb/MM Btu, respectively. The 
targeted NOx level was met at firing rates from 12.7 to 15.7 MM Btu/h but was not met at firing 
rates greater than 15.8 MM Btu/h. 

emissions (sometimes in excess of 4,000 ppm) were observed when coal feed variability and 
maldistribution were encountered, and during the natural gaskoal cofiring period when transiting 
to 100% coal firing. 
Derating 

The original rated capacity of the DS-15 package boiler was 15,000 lb saturated steam/h at 
300 psig; however, the design capacity was decreased to 14,900 lb steam/h (at a natural gas firing 
rate of -19.8 MM Btu/h) when two rows of tubes were removed from the convective pass to 
accommodate test probes. Natural gas testing that was conducted for the boiler performance 
guarantees in January 1992 resulted in 14,700 lb steam/h produced when firing at 18.5 MM 
Bt~/h[~] .  

rates from 12.5 to 16.4 MM Btu/h. Testing was conducted primarily over two ranges of firing 
rates, 15.0 to 16.5 MM Btu/h and 12.5 to 13.0 MM Btu/h. Typically, the boiler was not fired over 
16 MM Btu/h because increases in the boiler outlet temperature (and hence the baghouse entrance 
temperature) were observed. At the higher firing rate range, 15.0 to 16.5 Mh4 Btu/h, the mean 
steam production was 13,600 lbh or 93% of design capacity and the standard deviation of 1,200 
lb steam/h. 
Operability 

The carbon monoxide emissions varied considerably during the testing. Very high CO 

Steam production during this reporting period ranged from 9,300 to 15,500 l b h  at firing 

Redesign of Coal Storage and Handling Facilities 
One objective of the DMC testing was to determine the operating characteristics of a 

complete, integrated firing system. Although all of the system components (e.g., coal hoppers, 
crushers, conveyors, and mill) have been used commercially, an integrated system from coal 
preparation to steam production has not been proved, trouble free, at this scale. 

during the winter of December 1993 to March 199415]. Because of the relatively small quantities of 
low ash coal required for the testing, the coals were cleaned in a batch mode by heavy media 
cyclones and stored in a local coal yard. During testing in the winter, snow and ice were included 

Severe coal handling problems were encountered during DMC testing that was conducted 



Table 4- 18. Emissions Levels During the DMC Demonstration 286 

Date Test # Firing Rate SO2 Conc. NOx Conc. CO ConC. 0 2  Conc. SO2 Conc. NOx Conc. CO Conc 
(MMBtolh) (moles) (moles) (moles) ("/.I (IblMMBtu (IblMMBtu (IblMMBtu 

Corrected Corrected Corrected 
to 3% 02) to 3% 02) to 3% 02) 

711 3/94 2 14.0 0.000479 0.000298 
711 4/94 
711 5/94 
711 8/94 
711 9/94 
712 1 I 9 4  
7/27/94 
7/28/94 
7/29/94 
8/1/94 
8/3/94 
8/4/94 
8/4/94 
8/5/94 
811 0194 
811 1194 
8/25/94 
8130194 
8130194 
813 1 I 9 4  
813 1 I 9 4  
9/2/94 

1011 3/94 
1011 9/94 
10/20/94 
1 1/7/94 
11/16/94 
1 1 I1 7/94 
1 1 I 1  8/94 
11/21/94 
11121194 
11/22/94 
11/28/94 
11/30/94 
12/1/94 
12/2/94 
12/5/94 
12/5/94 
12/5/94 
12/6/94 
12/6/94 
12/6/94 
12/7/94 
12/7/94 

4 
5 
6 
7 
10 
11 
1 2  
13 
14  
15 
16  
17  
18  
19  
20 
21 
22 
23 
24 
25 
26 
2 7  
28 
29 
30  
31  
3 2  
33 
3 4  
35 
36 
3 7  
38 
39 
40 
41 
42  
43 
44  
45 
46 
47  
48 

15.9 
15.9 
15.8 
18.1 
16.2 
16.6 
16.7 
16.5 
16.6 
15.9 
16.0 
16.0 
16.4 
16.7 
16.5 
16.1 
16.0 
16.0 
16.1 
16.1 
15.9 
16.0 
15.2 
15.4 
12.5 
14.9 
16.0 
15.8 
15.7 
15.7 
16.4 
12.8 
12.8 
12.8 
12.7 
12.7 
12.7 
15.7 
12.7 
12.7 
12.7 
12.7 
12.7 

0.000496 
0.000514 
0.000499 
0.000481 
0.000490 
0.000456 
0.000426 
0.000426 
0.000291 
0.000400 
0.000368 
0.000442 
0.000535 
0.000376 
0.000401 
0.000322 

Nvl 
Nvl 
Nvl 
Nvl 
Nvl 
Nvl 

0.000337 
0.000334 

0.000270 
0.000360 
0.00031 1 

Nvl 

Nvl 
I\M 
Nvl 
Nvl 

0.000378 
0.000393 
0.000475 
0.000430 
0.000375 
0.000402 
0.000386 
0.000391 
0.000502 
0.000516 
0.000480 

0.000536 
0.0 0 0 5 3 8 
0.000541 
0.000573 
0.000553 
0.000594 
0.000512 
0.000529 
0.000554 
0.000618 
0.000651 
0.000671 
0.000610 
0.000583 
0.000665 
0.000494 
0.000507 
0.0 0 0 4 2 7 
0.00041 6 
0.000544 
0.000639 
0.000519 
0.000338 
0.000364 
0.000299 
0.000323 
0.000312 
0.000349 
0.000344 
0.000403 
0.000317 

0.000224 
0.000242 
0.000287 
0.000304 
0.000300 
0.000364 
0.000354 
0.000345 
0.000330 
0.000327 
0.000276 

Nvl 

0.001454 4.26 0.99 0.44 1.32 
0.000193 
0.000123 
0.000286 
0.000161 
0.000192 
0.000158 
0.001070 
0.001 121 
0.000536 
0.000260 
0.000132 
0.000277 
0.000165 
0.000509 
0.000496 
0.000473 
0.000439 
0.000332 
0.000462 
0.000234 
0.000420 
0.0001 27 
0.0001 64 
0.000397 
0.000187 
0.001339 
0.0001 15 
0.000274 
0.000225 
0.000256 
0.000301 
0.000987 
0.000526 
0.000782 

0.000287 
0.000279 
0.0001 83 
0.000217 
0.000339 
0.000240 
0.000257 
0.000540 

Nvl 

3.19 
3.92 
3.26 
3.28 
3.36 
3.27 
3.24 
3.63 
3.77 
3.47 
4.01 
3.68 
4.75 
3.58 
3.34 
3.78 
3.10 
3.52 
3.44 
3.47 
2.67 
3.55 
4.03 
3.29 
3.68 
4.44 
7.00 
5.84 
4.16 
3.66 
4.53 
4.12 
4.43 
4.59 
4.64 
4.20 
4.78 
4.92 
5.28 
4.75 
4.88 
4.54 
5.26 

0.91 
1.03 
0.93 
0.91 
0.94 
0.84 
0.78 
0.83 
0.56 
0.74 
0.71 
0.82 
1.17 
0.71 
0.73 
0.62 

NA 
NA 
NA 
NA 
NA 
NA 

0.71 
0.64 

NA 
0.59 
1.08 
0.81 

NA 
NA 
NA 
NA 

0.81 
0.85 
1.04 
0.90 
0.84 
0.74 
0.92 
0.87 
1.14 
1.13 
1.14 

0.71 
0.78 
0.72 
0.78 
0.77 
0.79 
0.68 
0.74 
0.77 
0.83 
0.91 
0.90 
0.96 
0.79 
0.87 
0.69 
0.66 
0.58 
0.56 
0.74 
0.78 
0.72 
0.51 
0.50 
0.42 
0.50 
0.67 
0.65 
0.53 
0.58 
0.49 

NA 
0.34 
0.38 
0.45 
0.46 
0.48 
0.48 
0.61 
0.55 
0.54 
0.51 
0.37 

0.1 6 
0.1 1 
0.23 
0.13 
0.16 
0.13 
0.86 
0.95 
0.45 
0.21 
0.1 1 
0.23 
0.16 
0.42 
0.40 
0.40 
0.35 
0.27 
0.38 
0.1 9 
0.31 
0.1 1 
0.15 
0.34 
0.1 6 
1.28 
0.15 
0.31 
0.21 
0.23 
0.29 
0.88 
0.49 
0.74 

NA 
0.26 
0.27 
0.15 
0.23 
0.33 
0.24 
0.25 
0.56 

NM - Not measured 
NA - Not applicable 
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in the shipments. The wet coal (often with moisture content in excess of 12%) tended to bridge 
and rathole in the hoppers, especially the surge bin. This required constant operator attention and 
corrective action and resulted in erratic coal feed. This inconsistent coal feed, coupled with the 
variability introduced by varying coal size and moisture content, made it difficult to maintain a 
constant feed to the burner. The moisture content was inconsistent because of drying in the heated 
building and by an air sparge system that was installed on the surge bin. 

transport oscillations led to a reevaluation of the system design and coal storage logistics. For 
winter testing conducted during the period December 1994 to March 1995 (DMC testing for the 
DOD program), the moisture content of the coal was limited by storing it in a protected 
environment after cleaning. Less coal handling problems were encountered during the present 
winter; however, snowfall was sigmfkantly less than that during the previous winter (a few inches 
compared to several feet). 

Since most of the coal feed problems occurred in the surge bin, its design was evaluated 
and it was found that the bin outlet dimensions and hopper sidewall angle should be modlfied to 
improve coal handling. The original surge bin has a circular opening with a bin angle of 60". It 
was recommended that the bin outlet should be pyramidal with a length to width ratio of 3: 1 and 
the sidewall angle should be 70". 

as-received coal at various moisture levels. This was done to test the flowability of the coal in a 
new hopper before reengineering the coal handling and feeding system. The pyramidal test hopper 
was constructed from carbon steel, had a discharge opening of 16 by 48" (3:l ratio), had sidewall 
angles of 70°, and was a full-scale model of the bottom portion of a proposed surge bin. The 
discharge width (16") was maximized based on the width of candidate weigh-belt feeder belt sizes. 

Flowability tests were conducted by first adding water to the coal (-1/4" in size) at various 
moisture levels in a barrel. A barrel roller was then used to achieve homogeneous moisture levels. 
The coal was then transferred into the test hopper and left to settle prior to the flow test. Moisture 
levels of approximately 8.0, 12.0, 14.1, and 17.8% were tested. The moisture content would vary 
from 24% from the top to the bottom of the hopper. The highest percentage of moisture noted at 
the bottom of the hopper was approximately 21%. The flow test was conducted by lifting the 
hopper with a forktruck and allowing the coal to flow from the hopper onto the ground. The test 
hopper was lifted at a rate of one inch per minute which translates into a coal flow rate of 18.5 
lb/min. At each of the conditions tested, there was little or no coal left in the hopper at the end of 
each test. 

As a result of the system design reevaluation and study, a new coal storage and handhg 
system was reengineered. A pyramidal bin with a length to width discharge outlet of 3:l and a 
steeper angle (70 vs 60") was designed and installed in ApriVMay 1995 (after testing was 

The operating problems encountered due to high moisture content of the fine coal and fuel 

A test hopper was fabricated based on the recommended design criteria and tested with the 



288 

completed for Phase I of the DOD project and prior to the ABB CE 1,000-hour demonstration). 
An isometric view of the new hopper is shown in Figure 4-68. The new surge bin will be 
constructed out of stainless-steel to eliminate scaling. In addition, the screw feeder will be replaced 
with a weigh-belt feeder to eliminate fuel feed oscillations. Figure 4-69 is a schematic diagram of 
the new coal storage and handling system. 

4.4.4 MCWM Demonstration 
A MCWM demonstration was conducted with the objectives of determining burner and 

boiler performance, achieving high coal combustion efficiency firing MCWM without natural gas 
support, examining furnace and convective pass deposition, and determining the effect of 
continuous operation on deposition. A day-to-day synopsis can be found elsewhere[121]. A total 
of 1,461.5 hours of operation were accumulated from January to mid-April, 1995, of which 244.5 
hours were with MCWM firing (6.0 hours of operation per 1.0 hour of MCWM firing). The 
MCWM demonstration included firing MCWM, completing the construction of MCWM 
preparation circuit (see Section 3.3.2 for a discussion of the circuit), component repair, and 
making minor modifications to the burner. 

half-hour periods) of the MCWM demonstration. Most of the testing w& conducted with two 
shifts per day except for the testing on March 22 and 23,1995 which were continuous (24 Wday). 

which was also used during the DMC demonstration. Table 4-20 contains the coal analysis of 
weekly composites produced from daily samples of M W  collected at the burner pump. 
Combustion and Boiler Performance 

(with -30% natural gas support based on total heat input) and from 64 to 76%, respectively. 
Figure 4-70 shows the combustion efficiency for the testing conducted from January 31,1995 to 
April 13, 1995. Most of the MCWM operation resulted in combustion efficiencies ranging from 
80 to 85%, with -30% natural gas support. This did not meet the program target of 98% 
combustion efficiency without natural gas support, and the results were poorer than those obtained 
during the SCCWS testing in which 95% combustion efficiency with 15% natural gas support was 
obtained. The combustion efficiency results from the two programs are overlaid in Figure 4-71. 
Items that were different between the two demonstrations include: 

Table 4-19 contains a boiler performance and emissions summary (which are averaged over 

One coal was used during the MCWM demonstration. It was the Upper Freeport seam coal 

The combustion and boiler performance, when firing MCWM, ranged from 72 to 86% 

1. A fully-swirled burner FER) was used in the latest test program compared to a 

2. A quarl(34" dia. x 18" long) for flame stabilization was installed in the boiler (on the 

3. The best results during the SCCWS testing were observed when using 186 psig 

partially-swirled burner (oil-burner; Faber) in the previous testing; 

front wall) for the SCCWS testing; and 

atomizing air pressure (from a portable air compressor) compared to -90 psig (typical 
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Figure 4-68. ISOMETRIC VIEW OF NEW HOPPER 
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Figure 4-69. SCHEMATIC DIAGRAM OF THE NEW COAL HANDLING SYSTEM 
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Table 4-19. Summary of Results for the MCWM Demonstration 

I 
FUEL ANALYSIS DATA 
Sollds Content (%) 62.5 60.8 81.2 58.9 58.9 61.6 61.5 62.3 83.2 63.0 62.4 81.0 81.0 
Top SIZE brn) 
D90 (urn) 95.2 95.2 88.1 98.9 96.3 83.8 81.5 81.5 81.5 
D50 (urn) 23.9 23.9 21.6 23.8 23.8 21.4 21.9 21.4 21.4 
D10 (urn) 2.9 2.9 2.8 2.9 3.0 2.8 2.8 2.8 2.8 
vlscosllyo1oo/s (cp) 148 176 174 178 113 113 

p h  I 8.8 8.8 9.3 9.6 9.2 9.1 9.4 9.3 9.3 

I 

I Tesl No.: I I 1 7  I 19 I 21  I 22 I 28  I 
I I I I I 1 I I I I I 

I I I I 29 I WATERISTEAM SIDE 

I 



Table 4-19. Summary of Results for the MCWM Demonstration 

I 

FUEL ANALYSIS DATA 
Solids Contonl (%) 
Top size (urn) 

61.3 61.3 58.3 56.3 61.8 61.2 60.1 62.5 64.0 59.8 

090 (iirn) 74.1 71.9 71.9 65.2 63.1 74.7 
050 (pm) 19.6 20.6 20.6 21.5 20.7 20.0 
010 (vm) 2.7 2.8 2.6 2.8 2.7 2.8 

p h  9.3 9.3 9.4 9.5 
vIscoslly~1oo1s (CP) 239 94 94 161 119 106 

, 

02: % I-------- 3.01 2.67 2.68 y.871 3.56 

,3.401 
, y . O 7 I y . 4 6 1  y . 3 1  7 2pDm:lblMMBlU (3% 02) 199i0.16 283;0.22 169k0.13 151:0.12 124;O.l 340;0.26 290;0.25 339:028 247i0.24 358:0.30 

CO2: %;lb/MMblu (3% 02) 13.8:172 13.7:170 13.7:171 13.6.172 12.6;161 13.6.173 13.6'181 13.3'174 11.9'184 12.9:171 
502: ppm:lb/MMBlu (3% 02) 322:0.59 341:0.62 347;0.63 3530;.64 240'0.45 344'0.64 362:0.70 371;0.71 345i0.78 344i0.67 
NOx: pDm;lblMM :0.51 400i0.53 440:0.61 258:0.35 223:0.36 38Qi0.54 

. 
13 
w 



294 



295 I 

1 

0 2 4 6 8 1 0  1 2 1 4  1 6  1 8  2 0  2 2  2 4  2 6  2 8  3 0  3 2  3 4  3 6 3 8  4 0  

Test Number 

Figure 4-70. COAL COMBUSTION EFFICIENCIES FOR MCWM TESTING 
FROM JANUARY TO APRIL 1995 USING THE EER BURNER 
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University compressed air pressure) during the EER burner test program. 
In an attempt to improve the combustion efficiency, several operating parameters were 

varied and minor modifications to the burner were made. The atomizer that was provided with the 
burner produced a long, narrow flame that impinged on the back wall. It was replaced with the 
Faber nozzle during MCWM/burner shakedown in January. Subsequent testing was conducted 
using various nozzle combinations, MCWM preheat temperatures, and solids loading, and burner 
modifications to initiate earlier tertiary and secondary air mixing. A discussion of each of these is 
provided in the following subsections. 

Error Analysis 
A series of tests was used to determine reproducibility of the coal combustion efficiency. 

Table 4-21 contains three sets of data listing the primary operating parameters and coal combustion 
and boiler efficiencies. Most of the testing was conducted with three atomizer tip configurations 
(see next section) and each is represented in the error analysis. The sets of data were assembled 
using tests without MCWM preheat, and with firing rate, solids loading, percent natural gas 
support, and excess air as similar as possible. The set of data for the 65"XHC cap/modified XHC 
plug combination had the most variability; these were the three closest data points as most of the 
testing with this nozzle combination was conducted with MCWM preheat. 

The coal combustion efficiency differed by 0.9,2.4, and 3.1% for the three sets of tests. 
Hence, coal combustion efficiency reproducibility is determined to be k lS% and was used to 
determine significance when evaluating the results from the parametric analysis presented in the 
following subsections. This is larger than the error in the previous SCCWS testing where the coal 
combustion efficiency significance was determined to be k0.25%[3]. 

Nozzle Configuration 
The primary components of the internal mix, twin-fluid Faber atomizer consist of a plug 

and cap combination. An example of one combination, a XHC (extra-high capacity) plug and 
75"XHC cap, is shown in Figure 4-72. The 75" in the cap designation refers to the spray angle 
produced, the capacity descriptor refers to the MCWM flow. Table 4-22 lists the caps and plugs 
that were used and their characteristic air and MCWM passage openings. 

MCWM demonstration. Test group A used a 65"XHC cap: Tests 3 through 8 used a XHC plug; 
Test 39 used a modified XHC plug (air openings enlarged to 0.141"; this was the only test with the 
plug modified to this dimension); and Test 24 used a ceramic cap with a modified XHC plug (air 
openings enlarged to 0.125"; all modified XHC plug refers to this dimension except for Test 39). 
Test group B used a swirl nozzle. Test group C used a 75"XHC cap with a XHC plug. Test 
group D used a modified 75"XHC cap (holes were jetted to 0.18Stt) and a modified XHC plug. 
Test group E used a 75"XHC cap and a modified XHC plug. 

Five primary nozzle combinations were used. Table 4-23 lists selected results from the 



' !  

Table 4-21. Comparison of Test Results for Determining Significance 

Nozzle Firing Rate Solids CWF Temp. Pct. Gas Excess Coal Combustion Boiler 

86.1 73.3 February 15,1995 65"XHc/ 15.2 59.9 95 29.5 16.2 
February 16, 1995 XHC 15.3 59.0 95 29.6 17.3 83.7 71.6 

March 13,1995 75"XHC/ 18.3 61.6 95 29.5 14.6 82.4 71.1 
March 14,1995 m-XHC 18.2 61.5 95 29.1 14.4 83.3 71.3 

March 27, 1995 m-75"xHC/ 18.1 61.0 95 28.1 16.1 82.3 71.1 
March 28,1995 m-XHC 18.2 61.3 95 28.5 15.8 79.2 69.5 

Support Air (%) Efficiency (%) Efficiency (%) Test No. CapRlug MM Btulh Loading (%) ("m 

N 
W 
09 
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Table 4-22. Hole Diameters of the Faber Plugs and Caps Used in the Demonstration 

Swirl Plug Opening Diameters (175 gam): 
Slurry Openings 
Axial Air Openings 
Tangential Air Openings 

Standard Plug Opening Diameters: 
Extra High Capacity (XHC) 

Axial Slurry Opening 
Radial Air Opening 

Standard Cap Opening Diameters: 
Extra High Capacity 

1/16" 
7/64" 
1/8" 

0.109" 
0.125" 

5/32" 



Table 4-23. Selected MCWM Data 

coal KW.4 Atomizing Air Sleam 
Fidng Rate Pct Gas Combustion Boiler Temperalure lo Fuel Rallo Produclion 502 Nox co 02 

Date Test Grouo Test No. (MM Blulh) Support Pcl Solids Efficiency (%) Efficiency (%) (F) (I bll b) (iblh) (Ib/MM Blu) (IbMM Blu) (IbMM Blu) (%) 
A 3 10,523 0.78 0.55 0.19 3.25 2/8/95 

2/14/95 
2/15/95 
211 6/95 

2/17/95-NP 
2117195-P 

3/22/95-AMI 
4/13/95 

2/21/95 

2/23/95 
2/24/95 

2/28/95-NP 
2128195-P 

3/1/95 
3/2/95 

3/27/95-NP 
3127195-P 

3/28/95-NP 
3128195-P 
3/29/95-NP 
3/29/95-P 
3/31/95 
4/3/95 
4/4/95 
411 0195 
411 1/95 

3/6/95 
3/7/95 

3/9/95-NP 
319195-P 

3/10/95-NP 
3/10/95-P 
3/13/95 
311 4/95 

312 219 5- AM 2 
3/22/95-PM 

A 4 
A 5 
A 8 
A 7 
A 8 
A 24 
A 39 

B 9 

C 10 
C 11 

D 12 
D 13 
D 14 
D 15 
D 26 
D 29 
D 30 
D 31 
D 32 
D 33 
D 34 
D 35 
D 38 
D 37 
D 38 

E 16 
E 17 
E 18 
E 19 
E 20 
E 21 
E 22 
E 23 
E 25 
E 26 

15.7 
15.3 
15.2 
15.3 
15.1 
15.0 
18.0 
17.9 

18.7 

18.7 
18.8 

18.4 
18.5 
18.4 
18.5 
18.1 
18.5 
18.1 
18.2 
18.0 
17.9 
17.2 
18.1 
18.3 
18.7 
18.3 

18.0 
19.1 
17.7 
18.2 
18.1 
18.2 
18.3 
18.2 
18.6 
18.5 

20.7 
28.7 
29.5 
29.6 
28.6 
29.3 
28.2 
32.5 

28.3 

27.5 
26.1 

27.4 
27.2' 
30.8 
28.8 
28.1 
29.4 
28.5 
28.7 
28.9 
28.4 
47.4 
28.3 
28.3 
27.4 
29.4 

30.0 
27.8 
28.8 
29.7 
29.3 
29.1 
29.5 
29.1 
29.6 
29.2 

60.1 
62.5 
59.9 
59.0 
60.5 
60.5 
62.3 
59.8 

57.5 

59.2 
62.6 

61.8 
61.8 
61.6 
61.4 
61 .O 
61.0 
61.3 
61.3 
58.3 
58.3 
61 .8 
61.2 
60.1 
62.5 
64.0 

62.5 
62.5 
80.8 
61.2 
58.9 
58.9 
81.6 
61.5 
63.2 
63.0 

83.1 
85.6 
86.1 
83.7 
85.3 
86.8 
83.6 
76.8 

72.3 

85.2 
83.6 

79.7 
80.7 
79.9 
81.6 
82.3 
80.9 
79.2 
81.2 
81.2 
84 

66.9 
81.7 
78.7 
78.2 
76.2 

84.7 
83.3 
80.2 
83.8 
83.5 
84.8 
82.4 
83.3 
77.2 
83.4 

70.84 
73.50 
73.25 
71.59 
72.83 
74.54 
71.74 
68.40 

64.31 

72.31 
72.12 

69.80 
70.62 
69.92 
71.53 
71.11 
70.79 
69.47 
71.00 
69.84 
71.89 
75.82 
71.15 
68.85 
68.84 
67.81 

73.1 1 
71.74 
69.81 
72.27 
71.82 
72.89 
71.14 
71.34 
68.26 
71.86 

95 
95 
95 
95 
95 
168 
95 
95 

95 

134 
138 

95 
131 
95 
154 
95 
124 
95 
143 
95 
139 
180 
147 
95 
95 
95 

148 
137 
95 
130 
95 
132 
95 
95 
95 
95 

0.32 
0.37 
0.35 
0.40 
0.37 
0.37 
0.32 
0.29 

0.32 

0.25 
0.26 

0.35 
0.35 
0.37 
0.35 
0.31 
0.31 
0.32 
0.33 
0.30 
0.31 
0.52 
0.31 
0.31 
0.30 
N1 

N3 
0.31 
0.31 
0.32 
0.31 
0.31 
0.32 
0.32 
0.33 
0.33 

11.611 
11,539 
11,284 
10,943 
11,014 
13,384 
12,764 

10,737 

12,856 
12,728 

12,523 
12,883 
12,415 
13,231 
12,379 
12,532 
12,396 
12,623 
12,742 
13,116 
13,201 
12,382 
12,538 
11,608 
1 1,685 

13,093 
12,898 
12,834 
12,992 
12,348 
12,719 
13,130 
13,317 
13,693 
13,991 

0.60 
0.61 
0.64 
0.60 
0.59 
0.64 
0.67 

0.58 

0.59 
0.64 

0.65 
0.64 
0.60 
0.61 
0.61 
0.60 
0.59 
0.62 
0.63 
0.64 
0.45 
0.64 
0.70 
0.71 
0.78 

0.64 
0.64 
0.60 
0.63 
0.57 
0.57 
0.56 
0.54 
0.63 
0.62 

0.62 
0.53 
0.47 
0.50 
0.54 
0.59 
0.54 

0.40 

0.58 
0.71 

0.46 
0.43 
0.45 
0.44 
0.51 
0.47 
0.43 
0.50 
0.53 
0.55 
0.51 
0.53 
0.61 
0.35 
0.36 

0.56 
0.48 
0.58 
0.66 
0.53 
0.54 
0.57 
0.55 
0.60 
0.59 

0.1 9 
0.15 
0.17 
0.17 
0.1 5 
0.28 
0.30 

0.80 

0.13 
0.20 

0.1 6 
0.15 
0.15 
0.1 1 
0.13 
0.19 
0.1 6 
0.22 
0.13 
0.12 
0.10 
0.28 
0.25 
0.28 
0.24 

0.13 
0.24 
0.16 
0.35 
0.16 
0.16 
0.12 
0.20 
0.19 
0.20 

3.13 
3.07 
3.25 
3.43 
3.43 
2.86 
3.56 

3.04 

2.90 
3.13 

3.19 
2.82 
3.66 
3.04 
3.06 
3.00 
3.01 
2.87 
2.88 
2.87 
3.40 
3.07 
3.46 
3.34 
4.79 

3.55 
3.57 
2.87 
3.52 
2.84 
2.49 
2.82 
2.78 
2.95 
2.96 

3/23/95 E 27 18.7 27.3 59.2 85.2 72.31 134 0.25 12,856 0.59 0.56 0.1 3 2.90 

Group Descdption: 
A - 65OXHC cap/ XHC plug; except for Test #24 which used a ceramlc cap and Test 39 whlch used a modified XHC plug (9116' openlngs) 
B - Swld nozzle 
C - 75OXHC cap/XHC plug 
D - modified 75OXHC caplmodifled XHC plug 
E - 75OXHC caplmodifled XHC plug 
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Previous testing during the SCCWS program determined that 65" was the optimum spray 
angle after investigating spray angles from 50 to 75OI3 ] .  Consequently, the testing was started 
using the 65"XHC cap. The 65" angle cap was replaced with the 75" angle caps in order to widen 
the flame and attempt to make the quarl radiant. The quarl never became radiant during the 
MCWM demonstration. The caps and plugs were later modified to vary the atomizing air-to-fuel 
ratio. 

As a group, the tests conducted with the 65"xHC cap/xHC plug at firing rates from 15.0 
to 15.7 MM Btu/h performed the best with an average of 84.8% coal combustion efficiency 
without MCWM preheat, and 86.8% coal combustion efficiency with MCWM preheat. These 
results are similar to the sccws testingI3J. 

at fxing rates from 17.2 to 19.2 MM Btu/h worked slightly better than the modified 75"XHC 
cap/modified XHC plug combination. The average coal combustion efficiencies were 84 and 82%, 
respectively, with MCWM preheat. No tests were conducted using the 75"XHC cap/XHC plug 
combination without MCWM preheat. 

The swirl nozzle performed very poorly with a coal combustion efficiency of 72.3% and 
resulted in a narrow flame that impinged on the back wall. Similarly, the ceramic cap was used for 
approximately eight hours with 83.6% coal combustion efficiency before it lost structural integrity 
and the center of the cap broke resulting in a narrow flame that impinged on the rear wall. The 
ceramic tip was a prototype that was produced for the atomizer corrosioderosion testing but was 
used in the boiler because it was too large for the fundamental study. 

The tests conducted with the 75"XHC cap and with either the XHC or modified XHC plug 

MCWM Preheat 
Tests were conducted to determine the effect of MCWM temperature on coal combustion 

efficiency. Figure 4-73 shows the effect of MCWM on coal combustion efficiency for a series of 
side-by-side tests. Seven tests were conducted where several hours of operation were conducted 
without MCWM preheat which was followed by several hours of operation with MCWM preheat. 
In six of the seven tests there was an increase in coal combustion efficiency of 1.0 to 3.6%; in one 
test there was a decrease in coal combustion efficiency of 1.4%. Using 1.5% as the significance 
level, four of the tests indicated that preheating the MCWM had a positive effect on coal 
combustion efficiency. Previous testing had shown that preheating the slurry from 95 to 160°F 
resulted in only a minor increase of 1.0% in coal combustion 
program, increases in coal combustion efficiency as high as 3.6% were observed when preheating 
the MCWM to 130°F. 

When evaluating the data as a whole, the effect of MCWM temperature on coal combustion 
efficiency is not clear. Figure 4-74 is plot of coal combustion efficiency as a function of MCWM 
temperature for the 65"XHC cap/modified XHC plug combination (15.0 to 15.7 MM Btu/h firing 
rate) and for the 75"XHC cap/xHC and modified XHC plugs combinations (17.7 to 19.1'MM 

In the current test 
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Btu/h firing rate). The modified 75"XHC cap was not included in the data because it was a poorer 
performer than the unmodified 75"xHC cap. There is much scatter in the data and no trends are 
evident. 

MCWM Solids Loading 
The effect of MCWM solids loading on coal combustion efficiency was influenced by the 

nozzle combination. Fiawe 4-75 shows the effect of solids concentration on coal combustion 
efficiency. The solids loading varied from 58.3 to 64.0 wt.% during the test program. The coal 
combustion efficiency showed a decreasing trend as the solids loading was increased from -58.5 , 

to 64.0 wt.% when using the modified 75"XHC cap/modified XHC plug combination. Similarly, 
there was a decrease in coal combustion efficiency as solids content increased from 59.2 to 62.6% 
when using the 75"XHC cap/XHC plug combination. Apparently, poorer atomization was 
obtained with these nozzles. Full-scale atomization studies were not conducted to determine the 
atomization characteristics of these nozzles. 

No trends were discernible when using the 65"XHC cap/XHC plug and 75"M-IC 
cap/modified XNC plug combinations. Previous testing showed a slight increase (1 .O%) when 
increasing the SCCWS solids content from 59 to 62 ~ t . % [ ~ ] .  

Burner Modifications 
Throughout the MCWM demonstration prior to the burner modifications, CO excursions 

were experienced and the quarl never became radiant (quarl is shown in Figure 4-61). This may 
have contributed to poor coal combustion effciency and the need for natural gas to maintain a 
stable flame. Minor modifications were made to the burner to address this issue. First, the section 
of the membrane that separates the tertiary and secondary air streams was shortened to alter the 
flame shape in order to widen the base of the flame and transfer more heat to the quarl. The goal 
was to make the quarl more radiant to stabilize the flame. The Fluent CFD code was used to model 
the burner before and after the modifications when firing natural gas (see Section 4.2.1). The code 
results indicated that the alteration would have a minor affect on the temperature and gas velocity in 
the near burner region, and consequently, the modifications were made after the April 3,1995 test. 
The tests conducted after this date were with the modified burner. As can be seen from Table 4- 
19, the modifications had a negative effect on the coal combustion efficiency even though the qual 
became radiant. The momentum of the MCWM/atomizing air stream may have negated the effect 
of the modifications. 

The final test of the program was conducted with air introduced through the annular section 
around the atomizer (core air). Previous work f ~ n g  DMC and cofiring DMC and MCWM with air 
introduced into the center of the flame improved flame stability and increased coal combustion 
efficiency. However, the test on April 13, 1995 resulted in poor coal combustion efficiency. 
Deposition/Accumulation 

L 

No depositional problems were experienced when firing MCWM. Most of the testing was 
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two shifts per day and test lengths were typically 3 to 10 hours in length except for the testing on 
March 22 and 23,1995 which was 24 hours in length. No buildup on the furnace wall tubes was 
observed and no sootblowing was necessary. The boiler outlet temperature remained constant 
during the testing and did not exceed 600'F and was typically 560 to 580°F. 
Emissions 

analysis has been converted to lb/MM Btu corrected to 3% 0 2  basis. The SO2 and NOx emissions 
ranged from 0.5 to 0.8 lb/MM Btu and from 0.4 to 0.7 lb/MM Btu, respectively. The SO2 
emissions were lower than the DMC testing and previous SCCWS testing (the coals dl had similar 
sulfur levels) due to the level of natural gas support and probably the lower coal combustion 
efficiency. For the most part, the targeted NOx level were met over the range of firing rates tested. 

The carbon monoxide emissions varied during the testing. The CO emissions were more 
stable during the MCWM operation and, on average, were lower than those observed during the 
DMC operation; however, high CO excursions were encoGtered. 
Derating 

As previously discussed, the capacity of the boiler is 14,700 lb s t e d  when firing at 18.5 
MM Btu/h. Steam production during the MCWM demonstration ranged from 10,500 to 13,400 
lb/h at firing rates from 15.0 to 19.1 MM Btu/h. Testing was conducted primarily over two ranges 
of firing rates, 15.1 to 15.7 MM Btu/h and 17.2 to 19.1 MM Btu/h. At the higher firing rate 
range, 17.2 to 19.1 MM Btu/h (26 out of 28 tests were in the range 18 to 19 MM Btu/h), the mean 
steam production was 12,600 lb/h or 86% of design capacity with a standard deviation of 600 lb 
steam/h. 

Table 4-24 contains the emissions data from the MCWM demonstration. The flue gas 

4.4.5 Summary 
In summary, two demonstrations firing DMC and MCWM were conducted. The 

accomplishments of this aspect of the program include: modifying and optimizing a boiler system 
to fxe DMC and MCWM, integrating the coal storage, handling, and micronizing with the burner 
(for DMC firing); achieving 95% combustion efficiency (DMC); determining that erosion is not 
significant in the convective pass; and meeting targeted NOx emissions of <0.6 lb/MM Btu. Items 
not accomplished were: establishing the effect of long-term continuous operation on deposition, 
firing 100% MCWM, achieving 98% coal combustion efficiency; and eliminating CO fluctuations. 
These items will be addressed in future testing. 
5 .0  ENGINEERING DESIGN 

Two engineering studies were performed for the complete retrofit of a DOD boiler to fite 
either DMC or MCWM. Each design package includes a fuel preparation system (for the DMC 
option only), fuel delivery and handling systems, low-NO, burner, baghouse, forced-draft 0) 
fan, combustion air preheaters, induced-draft (ID) fan, ash silo, stack, and control system. The 
retrofit designs conform to accepted engineering practices and site requirements. The designs were 
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Date Test # Firing Rate S02Conc. NOxConc. COConc. 02Conc. S02Conc. NOxConc COConc 
(MMBtuIh) (moles) (moles) (moles) (%.) (IbIMMBtu (IbIMMBtu (IbIMMBtu 

Corrected Corrected Corrected 
t0 3% 02) t0 3% 02) t0 3% 02) 

_ _ _ _ _ _ ~  

2/8/95 3 
2/14/95 4 
2/15/95 5 
2/16/95 6 
2/17/95 7 
2/17/95 8 
2/21/95 9 
2/23/95 1 0  
2/24/95 1 1  
2/28/95 1 2  
2/28/95 1 3  

3/1/95 1 4  
3/2/95 15 
3/6/95 1 6  
3/7/95 1 7  
3/9/95 1 8  
3/9/95 1 9  

3110195 20  
3110195 2 1  
3/13/95 2 2  
3/14/95 23  

3122;AM-I 2 4  
3/22;AM-ll 25 

3l22;PM 26 
3/23/95 27  
3/27/95 28 
3/27/95 29  
3/28/95 30  
3/28/95 3 1  
3/29/95 3 2  
3/29/95 3 3  
3/31/95 3 4  

4/3/95 35  
4/4/95 36  

4110195 37  
4/11/95 38  

15.6 
15.3 
15.2 
15.3 
15.1 
15.0 
18.7 
18.7 
18.8 
18.4 
18.5 
18.4 
18.5 
18.0 
19.1 
17.7 
18.2 
18.1 
18.2 
18.3 
18.2 
18.0 
18.6 
18.5 
18.4 
18.1 
18.5 
18.1 
18.2 
18.0 
17.9 
17.2 
18.1 
18.3 
18.7 
18.3 

0.00041 2 
0.000323 
0.000328 
0.000338 
0.000313 
0.000308 
0.000309 
0.000323 
0.000342 
0.000346 
0.000354 
0.000306 
0.000329 
0.000328 
0.000326 
0.000331 
0.000323 
0.000318 
0.000329 
0.00031 3 
0.000303 
0.000349 
0.000342 
0.000338 
0.000340 
0.000332 
0.000328 
0.000322 
0.000341 
0.000347 
0.000353 
0.000240 
0.000344 
0.000362 
0.000371 
0.000345 

0.000402 
0.000462 
0.000393 
0.000344 
0.000358 
0.000395 
0.000292 
0.000423 
0.000526 
0.000339 
0.000334 
0.00031 9 
0.000328 
0.000402 
0.000341 
0.000429 
0.000472 
0.000409 
0.000433 
0.000443 
0.000429 
0.000449 
0.000454 
0.000449 
0.000417 
0.000383 
0.000361 
0.000326 
0;000385 
0.000409 
0.000419 
0.000377 
0.000400 
0.000440 
0.000258 
0.000223 

0.000226 
0.000167 
0.0001 80 
0.000208 
0.000204 
0.000181 
0.000961 
0.000167 
0.000246 
0.000199 
0.000188 
0.000172 
0.000136 
0.000149 
0.000281 
0.000200 
0.000407 
0.000197 
0.000208 
0.000149 
0.000256 
0.000352 
0.000236 
0.000248 
0.000209 
0.0001 60 
0.000234 
0.000199 
0.000283 
0.000169 
0.000151 
0.000124 
0.000340 
0.000291 
0.000339 
0.000247 

3.25 
3.13 
3.07 
3.25 
3.43 
3.43 
3.04 
2.90 
3.13 
3.19 
2.82 
3.66 
3.04 
3.55 
3.57 
2.87 
3.52 
2.84 
2.49 
2.82 
2.78 
2.86 
2.95 
2.96 
3.01 
3.06 
3.00 
3.01 
2.87 
2.88 
2.87 
3.40 
3.07 
3.46 
3.34 
4.79 

0.78 
0.60 
0.61 
0.64 
0.60 
0.59 
0.58 
0.59 
0.64 
0.65 
0.64 
0.60 
0.61 
0.64 
0.64 
0.60 
0.63 
0.57 
0.57 
0.56 
0.54 
0.64 
0.63 
0.62 
0.63 
0.61 
0.60 
0.59 
0.62 
0.63 
0.64 
0.45 
0.64 
0.70 
0.71 
0.78 

0.55 
0.62 
0.53 
0.47 
0.50 
0.54 
0.40 
0.58 
0.71 
0.46 
0.43 
0.45 
0.44 
0.56 
0.48 
0.56 
0.66 
0.53 
0.54 
0.57 
0.55 
0.59 
0.60 
0.59 
0.55 
0.51 
0.47 
0.43 
0.50 
0.53 
0.55 
0.51 
0.53 
0.61 
0.35 
0.36 

0.19 
0.14 
0.15 
0.17 
0.17 
0.15 
0.80 
0.13 
0.20 
0.16 
0.15 
0.15 
0.1 1 
0.13 
0.24 
0.16 
0.35 
0.16 
0.16 
0.12 
0.20 
0.28 
0.19 
0.20 
0.17 
0.13 
0.1 9 
0.1 6 
0.22 
0.13 
0.12 
0.10 
0.28 
0.25 
0.28 
0.24 

4/13/95 39  17.9 0.000344 0.000389 0.000356 3.56 0.67 0.54 0.30 
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based on the system in place at Perm State and the information that was learned from operating it 
during the SCCWS and ABB CE programs (see Section 4.0). The design packages are intended to 
be used for soliciting bids from engineeringkonstruction firms for completion of the detailed 
design, construction, and start-up of the candidate DOD boiler. 

contained in Volume 2. The design packages include system descriptions, mass and energy 
balances, instrument lists, major equipment lists, electrical lists, building lists, compressed air 
consumption, drawing lists, cost summaries, vendor literature and quotes, and reduced copies of 
the blueprints. 

Section 5.0 contains summaries of the designs. The complete design packages are 

5 . 1  Site Description 
As discussed in Section 2.0, the boiler chosen for the design is located at the Crane Naval 

Surface Warfare Center (NSWC). Factors used in the selection process included geographic 
location, site specific parameters, and size and configuration in regards to total population. This 
facility is located in southern Indiana approximately 30 miles southwest of Bloomington, Indiana. 
The host boiler (Boiler #1) is located in building 150, along with two similar boilers. The boiler 
was installed in 1989 and is used to produce steam for weapons production and general building 
heating. The weapon production steam is used for a bomb assembly line and a mine filling area. 

5.2  Boiler Description 
The host boiler is a Cleaver-Brooks watertube boiler model D-42-LH. It has a design 

capacity of 20,000 lb/h saturated steam at 125 psig and was originally designed to fire natural gas, 
#2, or #6 fuel oil. The boiler has fired natural gas and #2 fuel oil. The boiler occupies this 
building with two other boilers; one is a twin of the unit and the other is a Cleaver-Brooks D-type 
with a capacity of 15,000 lb/h steam. Typically, the boilers are operated nine months of the year 
on a cycling basis, each boiler being utilized approximately three months per year. The annual fuel 
consumption per boiler is approximately 35,000 MM Btu. The boiler's normal production rate is 
approximately 80% of its maximum continuous rating. If additional steam is required, a second 
boiler is put into service. 

The boiler is a two drum, bent tube D-type boiler. The inside and outside furnace walls 
and the floor and roof, are of tangent tube construction. The front and rear walls are also of 
tangent tube construction, but are refractory covered. 

existing boiler controls are relatively simple and operate without an operator in attendance. A 
roving operator checks on the boilers in the building once or twice a day. The only existing boiler 
alarm is that of low steam pressure. All of the boilers on site are tied into phone line to a remote 
operations center. 

Base personnel are not normally at the site during routine operation of the boilers. The 

5 . 3  Design Approach 
The goals established for the retrofit designs were to maintain operational simplicity, low 
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operations cost, and to minimize any negative impact on boiler performance. Specific concerns to 
be addressed by the retrofit designs with respect to boiler performance included ash deposition and 
coal combustion efficiency. 

Several features have been incorporated into the design to address these concerns. The cod 
will be micronized to increase the combustion efficiency and reduce the tendency of the ash to settle 
in the boiler system. Combustion efficiency will be further enhanced by preheating the combustion 
air to 400°F. To keep the system free of ash deposition, a compressed air ash reentrainment 
system will be installed in the furnace floor and an existing sootblower, in the convective pass, will 
also be utilized. The air heater is equipped with a sootblower to control ash deposition. 

Each conversion includes a fuel preparation system (for the DMC option only), fuel 
delivery and handling systems, low-NO, burner, baghouse, FD fan, combustion air preheaters, ID 
fan, ash silo, stack, and control system. The systems are all designed to minimize operator 
attention and maintenance requirements. Each of these systems are discussed in the following 
sections. 

5 .4  DMC System 
The DMC retrofit design includes a fuel delivery and handling system, low-NO, burner, 

baghouse, FD fan, combustion air preheaters, ID fan, ash silo, stack, and control system, each of 
which is described in the following subsections. See Figure 5-1 for the process flow diagram. 
This diagram demonstrates the functional relationship between the components of the system. 
Figure 5-2 presents an isometric view of the DMC retrofit facility with the various ancillary 
systems as designed for the Crane demonstration unit. 

5.4.1 Fuel Unloading/Handling System 
Coal will arrive at the facility in 20-ton conventional coal trucks. The system is based on a 

design coal from the Indiana VII seam (higher heating value of 11,898 BtUnb). The coal will be 
received as a 2"xO product. The coal will have less than 1.2 lb S02/million Btu and an ash content 
of 4.3 wt.% as received. 

The DMC unloading and handling system will consist of an unloading building, coal 
receiving hopper, vibratory feeder, 2-belt conveyor, and coal storage silo. The system is sized to 
handle 20 tons/h or approximately one coal truck per hour. The coal will be delivered to the coal 
unloading building where the truck will dump into the coal receiving hopper. The unloading 
building will be a pre-fabricated metal building (22'L x 16'W x 20'H) and will be equipped with a 
dust collection system. The coal receiving hopper will be constructed of 304 stainless steel and 
have a capacity of 980 ft3. The capacity includes the coal in and piled on the hopper. A vibratory 
feeder located underneath the hopper transfers the coal from the hopper to the roll crusher. The 
vibratory feeder will meter the coal flow from the hopper to the crusher. The vibratory feeder is 
equipped with a 0.5 HP TEXP motor and a magnet to capture any ferrous material. The roll 
crusher is powered by a 30 HP TEXP motor and will reduce the coal from 2"xO to 3/4"xO. The 
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crusher is designed to minimize fines production. The crusher will discharge into an enclosed 2- 
belt conveyor which transports the coal into the coal storage silo. The 2-belt conveyor will be 
equipped with a 36" wide continuous bucket belt and a 7.5 HP motor. The coal storage silo (16' D 
x 32' H - including 40" cone) will have a capacity of 4,100 ft3 to provide the required five day on- 
site fuel reserve. The silo will be equipped with an air cannon that will operate when there is a loss 
of coal feed, bin vent fdter, and high level alarms to prevent overfilling. The coal storage silo will 
also be equipped with a fire detection and C02 suppression system. Magnets will be used 
throughout the system to remove any ferrous material that may be entrained in the coal. 

5 .4 .2  Fuel Delivery System 
The DMC burner system will consist of a gravimetric weigh-belt feeder, rotary feeder, coal 

micronizing mill, and the coal delivery piping. Coal will be discharged from the coal storage silo 
onto the metering weigh-belt feeder. The feeder will have a capacity of 2,400 lb/h and be equipped 
with a 24" belt. The feeder, constructed of stainless steel, will be equipped with a DC drive to 
control the flow to the micronizing mill and, in turn, to the boiler. The National Fire Protection 
Association (NFPA) code requires that in pulverized coal feed systems all equipment from two feet 
above the coal feeder to the burners must be rated to withstand a 50 psig burst. An NFPA rated 
rotary feeder will be installed at the inlet to the mill to meet NFPA code requirements. By installing 
the rotary feeder, the explosion protection requirements will be limited two feet above the inlet of 
the valve, allowing the use of a standard weigh-belt feeder. The rotary feeder will be constructed 
of stainless steel and equipped with a 1.5 HP TEXP motor. The rotary feeder will discharge the 
coal into the micronizing mill. 

The micronizing mill is equipped with a rotary classifier and provides the primary combustion air 
to transport the micronized coal to the burner. The mill has a capacity of 2,400 lb/h and is driven 
by a 125 HP TEXP motor. The mill is protected from tramp metal by magnets and a metal detector 
with diverter valve at the outlet of the weigh-belt feeder. 

The micronizing mill will take the coal from 3/4"xO to 80% through 325 mesh (45 pm). 

5.4 .3  Burner 
The burner will be a FlamemastEERm burner that will fire natural gas to bring the boiler 

up to operating temperature then switch to DMC. A sectional view of the burner is shown in 
Figure 5-3. The DMC will be injected down the center of the burner and six spuds will deliver 
natural gas through the secondary air zone. The FlamemastEERm burner is designed for long life 
and uses an innovative air flow control mechanism that eliminates complex linkages and gears. 

The key functional features of the FlamemastEERm burner design includes: 
Combustion air supply through separate secondary air (SA) and tertiary air (TA) 
passages; 
Variable S M A  flow distribution; 
Variable SA and TA swirl; 
Low micronized coal velocity; and 

. I  
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The low primary &/coal velocity and flameholder are designed to provide good flame 
stability and acceptable flame characteristics for a wide range of operating conditions and fuel 
characteristics. The flameholder establishes local recirculation zones and promotes local mixing 
between the coal and the secondary air. This leads to rapid devolatilization of the coal and 
liberation of fuel nitrogen in a low excess air environment resulting in reduced NO, formation. 

Mechanically, the burner has been designed to minimize the number of moving parts. 
Those parts which do move slide axially, eliminating complex linkages and gears. The secondary 
and tertiary air swirl control vanes, called turbolators, move back and forth within conical passages 
of the burner. As the turbolators are moved toward the narrow end of the cone, more air passes 
through the vanes increasing the amount of swirl. As the turbolator is moved in the opposite 
direction, the air follows the path of least resistance and by-passes the vanes, resulting in less 
swirl. The moving parts are located away from the high heat flux environment in order to reduce 
warpage and binding. The parts of the burner which are subjected to a high heat flux are fabricated 
from a high strength heat resistant alloy. 

Flameholder attached to the coal nozzle. 

5.4.4 Combustion Air Preheaters 
The retrofit will include two combustion air preheaters. The first is a steam coil air 

preheater designed to heat 0°F ambient air to 200"F, to prevent corrosion in the flue gas system. 
The heater will have a rating of 1.4 MM Btu/h, and will be located in the combustion air duct work 
just after the discharge of the FD fan. The second combustion air heat exchanger is a heat pipe flue 
gas heat exchanger that will be located on the roof of the building. The flue gas will leave the 
boiler at 500°F and will exit the heat exchanger at 350°F. Simultaneously, the combustion air will 
be heated to 400°F. The heater has a rating of 7 MM Btu/h. The flue gas heat exchanger will be 
equipped with a sootblower to clean the flue gas side of the exchanger. 

5.4.5 Ash Handling System 
The ash handling system will consist of a baghouse to collect the particulate matter in the 

flue gas stream, pneumatic conveying system, ash storage silo, and an ash unloading screw 
conveyor. The baghouse was sized for a 3.5: 1 air-to-cloth ratio and specified with Nomex bags 
and a fire detectiodsuppression system. The bags will be cleaned via compressed air pulses. The 
pneumatic conveying system will transfer the ash from the baghouse into the ash storage silo. The 
ash storage silo (8' D x 33' H) has a capacity of 12 tons and is constructed of carbon steel. The 
silo is sized to handle five days storage. The silo has a bin vent filter to capture fugitive dust from 
the pneumatic conveying system and a level sensor to prevent overf i ig .  The ash silo is also 
equipped with a fire detection system. The ash screw conveyor will unload the silo into trucks. 
The screw conveyor has a capacity of 1,200 €@/h and is equipped with a 5 HP variable frequency 
drive. Water injection nozzles are installed in the screw conveyor to condition the ash to prevent 
fugitive dust emissions. The screw conveyor is heat traced and insulated to prevent acidic 

. I  



316 

corrosion and freezing. Heat tracing was selected over a steam jacket since steam is not always 
available at the site. 

5.4.6 Design Specifications 
This section will present the design basis used in the preliminary design of the boiler 

retrofits to the Crane boiler. These criteria are based upon accepted engineering practices, vendor 
recommended parameters for their equipment, experience from operating the Penn State 
demonstration boiler system, and EERs experience. Also presented in this section is the boiler 
nameplate data and design operating parameters. 
Design Specifications - DMC Retrofit , 

Boiler Manufacture Cleaver-Brooks 
Boiler Model No. D-42-LH 
Unit No. W-3482 
Steam Capacity 20,000 lbh  
Pressure Vessel Design 260 psig 
Operating Pressure 125 psig 
Heat Input 25.22 MM Btu/h 
Pilot Gas 
Main Gas 

350 SCFH @ 7" H20 to 1 psig 
25,220 SCFH @ 1,000 Btu/ft3 

Genera1 Information on the DMC Retrofit System 
1. 
2. 
3. 

4. 
5. 
6. 
7. 
8. 
9. 
10. 

11. 

12. 
13. 

14. 

15. 

16. 

DMC turndown is 3:l. 
Natural gas turndown is 10: 1. 
Design carbon conversion is 99%. 
Minimum allowable carbon conversion is 98%. 
The excess air is to be 25%. 
The baghouse will have a minimum collection efficiency of 99.5%. 
The pressure drop through the burner is less than 8" H20. 
The combustion air preheater is to increase the combustion air temperature to 400°F. 
All electric motors are to be of a TEFC design. 
Electric motors larger than 1 HP are to be 480V/3PW60HZ. 
Electric equipment in an explosion proof area is to meet Class 2 Division 1. 
If explosion proof is required, th is supersedes the TEFC requirement. 
Allowable velocities: 
Service Velocitv. ft/m 
Air heater (air side) 1,000-5,000 
Compressed air 1,500-2,000 
Forced draft ducts 1,500-3,600 
Air heater (flue gas side) 1,000-5,000 

Stack 2,000-5,000 
Induced draft flues and breaching 

The minimum allowable flue gas temperature is 300°F while firing DMC. 
Allowable compressed air velocities in braided nonlined flexible is 120 ft/s. If this is 
to be exceeded, consult the factory. All installation arrangements are to be factory 
specifications. 
AI1 liquid piping outside of the boiler house is to be heat traced and insdated to 
prevent freezing. 
Boiler purge air exchange requirements is five times the total volume from FD fan to 
ID fan. 
The baghouse is designed to have an air-to-cloth ratio of approximately 3.5 to 1. The 
baghouse will be equipped with Nomex type bags. The baghouse is to be insulated 

2,000-3,500 
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and have a heated hopper. 
17. The ash storage silo is to be designed to store five days worth of ash. 

Information on the Coal Fuel System 
1. 
2. 

3 .  
4. 
5 .  
6 .  

7. 
8. 
9. 
10. 

11. 

12. 
13. 
14. 
5.5  

Fuel storage capacity requirements is to be 75% boiler load on DMC for 120 hours. 
Fuel analysis is 14% moisture, 4.3% ash, 31.2% volatile matter, 50.5% fixed 
carbon, less than 1.1 lb S02/million Btu, and a higher heating value of 11,898 
BtuAb. 
The raw coal delivered size is 2" x 0. 
The crusher is to reduce the coal from 2"xO to 3/4"xO. 
The bulk density of the coal is 45-48 lb/ft3. This includes void factor. 
The boiler is to be capable of firing 100% natural gas or 100% DMC and any 
combination within the turndown ranges. 
The nominal DMC loaded primary air velocity is in the range of 3,000 to 5,000 Wm. 
The primary air flow is 10% of the total combustion air. 
All DMC piping is to be schedule 80 carbon steel (3/8" wall thickness). 
The stainless steel hoppers are to have an included angle of 60" and be equipped with 
an air blast system. The lining will have a 2B finish. 
The coal storage silo will have a stainless steel lining with a 2B frnish on the bottom 
64th an included angle of 40". The will also have a bin vent filter and two manways, 
one on the top and one on the side. 
The truck unloading circuit is to be designed for 20 tonsh. 
The combustion air steam coil is to operate with 100 psig saturated steam. 
The combustion air steam coil is to increase the combustion air from 0 to 200°F. 

MCWM System 
The MCWM retrofit design includes a MCWM preparation, delivery and handling systems, 

low-NO, burner, baghouse, FD fan, combustion air preheaters, ID fan, ash silo, stack, and 
control system, each of which is described in the following subsections. MCWM preparation will 
be off-site (see Section 5.5.1). See Figure 5-4 for the process flow diagram of the retrofit at 
Crane. This diagram demonstrates the functional relationship between the components of the 
system. Figure 5-5 presents an isometric view of the DMC retrofit facility with the various 
ancillary systems as designed for the Crane demonstration unit. 

5.5.1 Fuel Preparation 
Two conceptual MCWM preparation circuits were designed as pa~T of AMAX Coal 

Company's Minnehaha Mine cod preparation plant that is currently operating near the Crane 
facility. Since the MCWM will be produced off-site, it was not included as part of the retrofit 
design package contained in Volume 2. 

preparation circuits attached. The coal preparation plant cleans approximately 750 tons/h of coal; 
consequently, the MCWM preparation circuits use slipstreams of coal from the cleaning circuit. 
The design shown in Figure 5-6 assumes that no further coal cleaning is required prior to MCWM 
preparation. In this scenario, a slipstream of 28x100 mesh coal coming off of the coal spirals is 
sent to the MCWM preparation circuit. The design in Figure 5-7 assumes that further coal cleaning 
is required prior to MCWM preparation. In this scenario, a slipstream of 3/16"xO coal from the 

Figures 5-6 and 5-7 are layouts of the Minnehaha Mine coal preparation plant with MCWM 
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classifying cyclones is screened, the 28 mesh x 0 coal is then cleaned by flotation and then sent to 
the MCWM preparation circuit. 

5.5.2 Fuel Unloading System 
The MCWM will be produced off-site and will arrive at the facility in stainless steel 

tankers. The MCWM will have a solids loading of 60%, a heating value of approximately 8,300 
B d b ,  less than 1.2 lb SOZ/million Btu, and an ash content of 3 wt.%, as received. The parent 
coal of the MCWM is from the Indiana VII seam. 

The MCWM unloading system will consist of an air operated diaphragm pump to unload 
the tanker. This system will have a redundant pump as back-up. The air operated pumps will be 
protected from foreign material by a set of simplex strainers. The system will be sized to unload a 
4,000 gallon tank in one hour. The unloading circuit will be designed to automatically flush all of 
the slurry transport lines. The unloading system will also be capable of unloading the MCWM 
storage tank into tankers, if required. 

The steel MCWM storage tank (16' D x 18' J3) will have a capacity of 28,000 gallons. 
This capacity was a requirement of the host site to provide on-site fuel storage supply of five days. 
The tank will be dish bottomed and equipped with a roof mounted paddle mixer, baffles to promote 
better mixing, and level sensors. The MCWM storage tank will also be insulated and equipped 
with a heater capable of maintaining the slurry at 40°F. An air blast system will be located at the 
outlet of the tank to provide a means of breaking up the slurry should settling occu in the 
discharge. 

5.5.3 Fuel Delivery System 
The MCWM delivery system will consist of two progressive cavity pumps with variable 

speed drive motors, basket strainers, flow sensor, steam heater, and piping to the burner front. 
' The MCWM will flow from the bottom of the MCWM storage tank through strainers for pump 
protection, and into the progressive cavity pumps. The pumps will have variable speed drive to 
control slurry flow to match boiler load following requirements. Both of the slurry injection 
pumps will be in operation at all times, therefore, in the event that one pump should fail the other 
pump will boost its output to match the boiler demand. Each of the MCWM pumps are designed to 
provide 6 g a m  of MCWM to the boiler. These pumps are protected from over-pressure by a high 
pressure switch located at the pump discharge. After the progressive cavity pumps, the MCWM 
flows through an indirect steam heater to increase the temperature to 250°F. The MCWM then 
enters strainers to prevent atomizer pluggage, followed by a mass flow meter. This meter will also 
measure the slurry temperature and density. The MCWM then flows to the twin fluid atomizer for 
injection into the boiler. The atomizer is of the internal mix design and manufactured from a wear- 
resistant material. In addition to the system described above, there will be a slurry recirculation 
loop and flush equipment to prevent settling of the MCWM. 

' 

' I  

I 

I 
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5 .5 .4  Burner 
Similar to the DMC design, the burner will be a FlamemastEERm burner that will fire 

natural gas to bring the boiler up to operating temperature then switch to MCWM. A sectional 
view of the burner is shown in Figure 5-8. The MCWM atomizer will be located in the center of 
the burner and the natural gas injection will be adjacent to the MCWM. The HamemasEERm 
burner is designed for long life and uses an innovative air flow control mechanism that eliminates 
complex linkages and gears. 

The key functional features of the HamemastEER* burner design includes: 

The burner is designed to provide good flame stability and acceptable flame characteristics 
for a wide range of operating conditions and fuel characteristics. The burner establishes local 
recirculation zones and promotes local mixing between the cod and the secondary air. This leads 
to rapid devolatilization of the coal and liberation of fuel nitrogen in a low excess air environment 
resulting in reduced NOx formation. 

Mechanically, the burner has been designed to minimize the number of moving parts. 
Those parts which do move slide axially, eliminating complex linkages and gears. The secondary 
and tertiary swirl control vanes, called turbolators, move back and forth within conical passages of 
the burner. As the turbolators are moved toward the narrow end of the cone, more air passes 
through the vanes increasing the amount of swirl. As the turbolator is moved in the opposite 
direction, the air follows the path of least resistance and by-passes the vanes, resulting in less 
swirl. The moving parts are located away from the high heat flux environment in order to reduce 
warpage and binding. The parts of the burner which are subjected to a Qgh heat flux are fabricated 
from a high strength heat resistant alloy. 

Combustion air supply through separate secondary air (SA) and tertiary air (TA) 
passages; 
Variable SAEA flow distribution; and 
Variable SA and TA swirl. 

5.5.5 Combustion Air Preheaters 
The retrofit will include two combustion air preheaters. The frrst is a steam coil air 

preheater designed to heat 0°F ambient air to 200"F, to prevent corrosion in the flue gas system. 
The heater will have a rating of 1.4 MM Btu/h, and will be located in the combustion air duct work 
just after the discharge of the FD fan. The second combustion air heat exchanger is a heat pipe flue 
gas heat exchanger that will be located on the roof of the building. The flue gas will leave the 
boiler at 500°F and will exit the heat exchanger at 350°F. Simultaneously, the combustion air will 
be heated to 400°F. The heater has a rating of 7 MM Btu/h. The flue gas heat exchanger will be 
equipped with a sootblower to clean the flue gas side of the exchanger. 

5.5.6 Ash Handling System 
The ash handling system will consist of a baghouse to collect the particulate matter in the 

flue gas stream, pneumatic conveying system, ash storage silo, and an ash unloading screw 
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conveyor. The baghouse was sized for a 3.5: 1 air-to-cloth ratio and specified with Nomex bags 
and a fire detectiodsuppression system. The bags will be cleaned via compressed air pulses. The 
pneumatic conveying system will transfer the ash from the baghouse into the ash storage silo. The 
ash storage silo (8' dia. x 33' H) has a capacity of 12 tons and is constructed of carbon steel. The 
silo is sized to handle five days storage. The silo has a bin vent filter to capture fugitive dust from 
the pneumatic conveying system and a level sensor to prevent o v e f i g .  The ash silo is also 
equipped with a fire detection system. The ash screw conveyor will unload the silo into trucks. 
The screw conveyor has a capacity of 1,200 f t 3 h  and is equipped with a 5 HP variable frequency 
drive. Water injection nozzles are installed in the screw conveyor to condition the ash to prevent 
fugitive dust emissions. The screw conveyor is heat traced and insulated to prevent acidic 
corrosion and freezing. Heat tracing was selected over a steam jacket since steam is not always 
available at the site. 

5.5.7 Design Specifications 
This section will present the design basis used in the preliminary design of the boiler 

retrofits to the Crane NSWC boiler. These criteria are based upon accepted engineering practices, 
vendor recommended parameters for their equipment, experience from operating the Perm State 
demonstration boiler system, and EERs experience. Also presented in this section is the boiler 
nameplate data and design operating parameters. 
Design Specifications - MCWM Retrofit 

Boiler Manufacture Cleaver-Brooks 

Steam Capacity 20,000 lbh  
Pressure Vessel Design 260 psig 
Operating Pressure 125 psig 
Heat Input 25.22 MM Btu/h 
Pilot Gas 
Main Gas 

Boiler Model No. D-42-LH 
Unit No. W-3482 

350 SCFH @ 7" H20 to 1 psig 
25,220 SCFH $0 1,000 Btu/ft3 

General Information for the Retrofit System 
1. MCWM turndown is 3:l. 
2. Natural gas turndown is 1O:l. 
3. Design carbon conversion is 99%. 

Minimum allowable carbon conversion is 98%. 
4. The excess air is to be 25%. 
5. The baghouse will have a minimum collection efficiency of 99.5%. 
6. The pressure drop through the burner is less than 8" H20. 
7. The combustion air preheater is to increase the combustion air temperature to 400°F. 
8. All electric motors are to be of a TEFC design. 
9. Electric motors larger than 1 HP are to be 480V/3PW60HZ. 
10. Electric equipment in an explosion proof area is to meet Class 2 Division 1. 

If explosion proof is required, this supersedes the TEFC requirement. 

I 

. I  



11. 

12. 
13. 

14. 

15. 

16. 

17. 

Allowable velocities: 
Service Velocitv. ftlm 
Air heater (air side) 1,000-5,000 
Compressed air 1,500-2,000 
Forced draft ducts 1,500-3,600 
Air heater (flue gas side) 1,000-5,000 

Stack 2,000-5,000 
Induced draft flues and breaching 

The minimum allowable flue gas temperature is 300°F while firing MCWM. 
Allowable compressed air velocities in braided nonlined flexible is 120 ft/s. If this is 
to be exceeded, consult the factory. AU installation arrangements are to be factory 
specifications. 
All liquid piping outside of the boiler house is to be heat traced and insulated to 
prevent freezing. 
Boiler purge air exchange requirements is five times the total volume from FD fan to 
ID fan. 
The baghouse is designed to have an air-to-cloth ratio of approximately 3.5 to 1. The 
baghouse will be equipped with Nomex type bags. The baghouse is to be insulated 
and have a heated hopper. 
The ash storage silo is to be designed to store five days worth of ash. 

2,000-3,500 

Information for the Coal Fuel System 
1. 
2. 

3. 
4. 
5. 

6. 
7. 
8. 
9. 
10. 
11. 
12. 

13. 
14. 

15. 
16. 
17. 
18. 

Fuel storage capacity requirements is to be 75% boiler load on DMC for 120 hours. 
Fuel analysis is 40% moisture, 3% ash, 21.8% volatile matter, 35.2% fixed carbon, 
less than 1.2 lb S02/million Btu, and a higher heating value of 8,302 Btu/lb. 
MCWM density is 1.2 kg/l or 10 lb/gal. 
Viscosity of the MCWM is 1,000 cp at lOO/s. 
The boiler is to be capable of firing 100% natural gas or 100% MCWM and any 
combination within the turndown ranges. 
The required MCWM pressure at the burner is 115 psig. 
The required atomizing pressure is 115 psig. 
The required atomizing air-to-fuel ratio is 0.5 lb air/lb MCWM. 
Allowable MCWM velocity range is 1-3 Ws. 
All slurry piping is to be schedule 80 carbon steel. 
The tanker unloading circuit is to be designed for 75 gaVm. 
The transfer pump is to have wetted parts capable of withstanding abrasion from the 
slurry. The seats, balls, and diaphragms will be made from neoprene. 
The MCWM storage tank is to have a dished bottom. 
The MCWM storage tank is to be heated, insulated, and equipped with a mixer. It 
will also have two manways, one on the top and the one on the side. 
The slurry preheater is to operate with 100 psig steam. 
The slurry preheater is to increase the slurry temperature from 40 to 250°F. 
The combustion air steam coil is to operate with 100 psig saturated steam. 
The combustion air steam coil is to increase the combustion air from 0 to 200OF. 

6.0 ENGINEERING AND ECONOMIC ANALYSIS 

'modifications at the Naval Surface Warfare Center at Crane, Indiana. The methodology used in 
identifying the appropriate cost estimating techniques used in the analysis is presented in Section 
6.1. Then two reviews of facility economics are provided. The first, in Section 6.2, provides an 
extensive process analysis of the attractiveness of the alternative coal utilization technologies. 
Section 6.3 is a cost-engineering analysis of the comparative economics of MCWM and DMC at 

Section 6.0 presents the results of an engineering and economic analysis of the technology 
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the Crane facility. Section 6.4 is a report on the costs of transporting coal to Crane as either a 
MCWM or dry coal for on-site micronizing. Section 6.5 contains an examination of the 
environmental regulations applicable in the Crane area and their effects on coal conversion. 
Section 6.6 discusses the impacts of coal conversion on the economy in the region surrounding 
Crane. 

The engineering and economic analysis was conducted concurrently with the engineering 
design of the retrofits at Crane. Consequently, the facility economics used in determining the 
process analysis and comparative economics analysis, Sections 6.2 and 6.3, respectively, were 
conducted using prefinal cost estimates for capital equipment. Cost estimates from the SCCWS 
program[123] and preliminary cost data from EER during the design stage[124] were used to set up 
the spreadsheet analyses and identify the factors which influence the analyses. Although the capital 
cost estimates used in the analyses were preliminary (final cost estimates are contained in the 
design package in Volume 2), the final conclusions remain unchanged. 

6 . 1  Identify Appropriate Cost Estimating Methodologies 
A major consideration in the adoption of new energy technologies is economic viability. 

While many factors are relevant, both on-site and off-site, a fundamental question is the cost of 
delivering a given unit of output, such as steam equivalent. This must, of course, be juxtaposed to 
the revenue (or broader benefits) stream before any final decision is made on the project. 

A review of cost estimation alternatives and an assessment of their relative strengths and 
weaknesses as they relate to the estimation of new coal utilization technologies was previously 
discussed in detail[67]. This section discusses the assessment of the various estimation methods 
and the identification of the methods that were used in the cost analyses. 
Assessment 

/ 

An assessment of the various estimation methods is presented in Table 6-1. Each major 
cost estimation category is ranked on a three-part scale: Low Q, Moderate (M), or High (H), or 
some combination. Some criteria may be irrelevant to some of the methods. When this is the case, 
"none" is entered into the table. Note the convention used for scaling Cost and Data Needs, in 
columns 2 and 3, respectively. The rankings relate to how high the method ranks under the 
criterion. However, for some criteria such as cost, a low ranking is more desirable. For example, 
for the Conference Method, "Low" in the cost column means inexpensive; in actuality, this 
estimation method would rank "high" in terms of the desirability of this attribute. The reader is 
encouraged to note this carefully in examining the table. 

three stages of the development process: Pilot, Demonstration, and Commercial Deployment. 
Finally, the table pertains to the application of the techniques to both capital and operating cost 
estimation, acknowledging the differences arising in the two contexts. 

Noted in the last column of the table is the applicability of the estimation method in terms of 

As expected, a strong correlation prevailed between Cost and Data Needs, and almost as 



Table 6-1. Assessment of Cost Estimation Methods 

Estimation 
Method 

Criteria 
Technology 

Accuracy costa Data Need$ Flexibility Optimization Stochastic Application 

Conference 

Factor 

Analy tical 

Compartmentalized 

Historical 

Definitive 

Process 

Stochastic 

Low 

Low 

M-H 

Moderate 

M-H 

M-H 

High 

High 

Moderate 

Moderate 

M-H 

M-H 

Low 

M-H 

High 

M-H 

None 

None 

Moderate 

None 

Low 

None 

High 

M-H 

Low 

None 

Low 

None 

None 

None 

None 

High 

Pilot 

Pilo t-Demo 

Deployment 

Demo-Deplo y 

Deployment 

Deployment 

All 

All 

aparentheses indicate that scores, from the standpoint of desirability, should be interpreted as inverse of those listed, e.g., a "Lowt' cost is "High" in 
desirability. 

w 



strong a correlation between Accuracy and Flexibility. At the same time, an inverse correlation 
exists between the frrst two criteria and the last two. Also, special stochastic and optimization 
properties are limited to estimation methods intended to focus on them. 

are appropriate under some circumstances. Some of these methods are much better suited than 
others. The choice is based on a combination of the nature of the problem being studied and the 
available expertise. On the problem side, new technologies are being dealt with in which limited 
experience is available. On the expertise, the project involves cooperation between engineers who 
are leaders in developing knowledge about the technologies and economists familiar with the 
relevant principles of investment analysis and the tools available to implement such analyses. 

A definitive method by defintion is always preferable if feasible. The needs for a 
"definitive" estimate cannot be met for new technologies such as the subject of this project. Thus, 
the feasibility criterion cannot be met for the definitive approach. Moreover, the review should 
have made apparent that no estimate is truly definitive. Outcomes depend on forces such as future 
prices, technical developments, and public policy beyond the control of or predictability by an 
analyst. Thus, formal techniques of process model optimization and stochastic analyses are 
essential to show the implications of these uncertainties. 

method), and extensive reviews of experience (the analytic method) is inappropriate because again 
the needed material does not exist. 

Under these circumstances, emphasis will be on process and stochastic analyses as defined 

Since the survey was limited to widely-employed costing techniques, all those considered 

Similarly, reliance on broader surveys (the conference method), analogies (the historical 

here. At times, factor methods at both the gross and compartmentalized level will be employed. 
As the review showed, perils are associated with relying on these rules. The key problem is lack 
of clear guidance about the appropriateness of alternative rules for a particular situation. Thus, all 
uses will be made cautiously. 

four key elements. The fxst is compilation of as much critical technical and economic data as 
possible on the venture being appraised. As previously mentioned, work done by Perm State and 
EER was used[123* 124]. The second is determining the uncertainties attached to critical cost and 
performance estimates. Here the EFRCEERs expertise on technical issues can be combined with 
the Department of Mineral Economics' understanding of the market and public policy uncertainties. 
The third is using the well established technique of present value analysis W71 to combine the data 
into estimates of the range of possible outcomes. The fourth is use of analytic techniques such as 
linear programming and other optimization methods, as well as Monte Carlo simulations to provide 
further insights. Such techniques were used in Sections 6.2 and 6.3. A Monte Carlo Simulation 
approach was developed and employed. 

The goal is to provide the most complete possible economic analysis. Such an analysis has 

. I  
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6 . 2  
This section describes basic economics of retrofitting the single 25.2 MM Btu/hr boiler 

Estimate Basic Costs of New Technologies 

located at Crane, Indiana, to fire either MCWM or DMC. The analysis of the MCWM technology 
is extended to consider varying the MCWM preparation facility, which is separate from the boiler 
site, to produce fuel up to the equivalent of fifty Crane boilers. The analysis represents a 'first- 
pass' at evaluating the viability of conducting further retrofits of commercial-scale and industrial- 
scale boilers. 
MCWM AND DMC Conversion Technology Overview 

The MCWM and DMC technologies utilize the particular form of the feed coal to minimize 
solids handling problems and minimize boiler derating. Both technologies under development by 
the EFRC require premium quality coal fuels, one difference between the two being the physical 
form of the fuel as delivered to the boiler. DMC is delivered to the boiler site as crushed coal 
(nominal 2"xO) and reduced to the necessary micron size at the boiler site. MCWM, on the other 
hand, is transported, stored, handled, and fued in the boiler in slurry form. 
Crane Boiler Characteristics 

The Crane boiler being evaluated for the retrofit was described in Section 5.2. This case 
study considers only six month operation of the retrofitted boiler corresponding to the heating 
season. The basic boiler retrofit assumptions are: 

Boiler rated capacity 25.2 MM Btu/hr 
Annual hours of operation 4,383 

Coal requirement (operating) 0.90 tons per hour (d.b.) 
Annual coal requirement 3,945 tons (d.b.) 

Boiler load during operation 100% 

I 

The annual operating hours assumes that the retrofitted boiler is used during a typical six- 
month heating season at rated capacity. Additional steam requirements for DOD users are met by 
adding boilers to the system. This arrangement of smaller, modular, boilers follows a normal 
DOD facilities planning philosophy that emphasizes maximization of system reliability under 
adverse conditions and standardized designs. Industrial- and commercial-scale boiler tend to be 
larger in order to minimize per unit cost of steam. 
MCWM Supply 

and estimation of capital costs for the MCWM retrofit at Crane. Crane-specific operation and 
maintenance (O&M) costs have not yet been developed. Additional discussion of capital and O&M 
costs can be found in Section 6.3. This section also presents preliminary estimates for the cost of 
MCWM delivered to the Crane boiler. 

The MCWM fuel form, as a slurry, has some potential advantages over DMC. First, since 

This subsection presents and reviews work performed by EER on the preliminary design 

the fuel is handled as a slurry it can be easily pumped into the system, stored, and sent to the 
burner for atomization into the boiler. Also, the slurried fines pose little problem with the 

I 
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generation of airborne dust (as long as splashing and spillage are avoided). Supply of the slurry 
may, potentially, come from a variety of relatively low cost sources as compared to other cod- 
forms. Since the slurry is delivered to the boiler at the proper size, the relatively capital and O&M 
cost intensive grinding mi l l s  for each boiler that is converted to fire the coal fuel are not necessary. 
Finally, cost advantages could be derived from the installation of a single slurry preparation system 
to supply several converted boilers. 

inorganic material in the coal and the limited residence time of the boiler. Storage of the s l q  can 
also be problematic due to a tendency of the solids in the slurry to settle and form a 'hard' or 'soft' 
pack. This settlement problem requires the development of specialized slurry preparation 
techniques and chemical additive packages. 
MCWM Conversion Estimated Capital Costs 

completion of the retrofit design (Section 5.0) was not available (see Volume 2 for the final cost 
estimate). Rather, preliminary cost data (do/-20 9%) which was provided by EER[124] was used. 
A summary of these results is presented in Table 6-2. 

The five most expensive cost items for materials in the estimate are, in decreasing order: 1) 
Instrumentation ($200,000); 2) Electrical ($105,000); 3) Air Heater ($85,000); 4) Baghouse 
($5 1,000); and 5) Burner Assembly ($50,000). The remaining items include the storage tank,'duct 
work, miscellaneous new structures, pumps, and piping. 

technologies is that the form of the fuel delivered to the boiler is not readily available from an 
existing market source. Coal is not generally produced for delivery to customers in slurry form. 
In fact, state-of-the-art production of a MCWM with the requisite handleability, storage, and 
atomizing qualities is limited in terms of total quantity produced annually and in the number of 
potential suppliers. In addition, there can be substantial variation in the quality of slurry produced 
by the different suppliers. For that reason, the MCWM retrofit option must consider the costs of 
production and delivery of slurry to the Crane boiler. 
MCWM Factored Cost Estimate 

One disadvantage of MCWM is that boiler may require derating due to the presence of 

At the time this analysis was conducted, the final cost estimate generated by EER upon 

A basic difference governing the economics of fuel supply between MCWM and DMC 

A factored cost estimate for the production and transportation of MCWM to the Crane 
boiler was developed to aide in comparing this fuel to DMC. At the present time, no specific coal 
source has been identified. The production and transportation analysis presented here is loosely 
based on using AMAX Coal Company's Minnehaha operation (located about 40 miles from the 
Crane boiler) to site the MCWM preparation plant. 

preparation plant operation, namely the disposition of coal fines. Coal fines are difficult to clean 
and dry to a level of acceptable moisture content. Even when recovered and dried to acceptable 

Creation of a market for MCWM potentially addresses a problem faced by nearly every coal 
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Table 6-2. MCWM Capital Cost Estimate Summary (Including Contingency, 1993$) 

Sub % Category % 
Amount Sub 

Civil/Structrual 59,746 6.3 
Instrumentation 28,344 3 .O 
Mechanical 864,28 1 90.8 

100.0 

MATERIALS 

Subtotal Materials 

LABOR 
Civil/Structural 238,135 40.2 
Mechanical 354,215 59.8 

100.0 

Subtotal Labor 

SUBCONTRACTS 
Electrical 137,914 32.2 
Instrumentation 289,93 1 67.8 

100.0 

Subtotal Subcontracts 

MANAGEMENTENGINEERING/OTHER 

ProjectJConst. Mgmnt. 894,052 52.8 
Engineering 498,693 29.4 
Other 301,844 17.8 

100.0 

Sub total Mgmnt/Engineering/Other 

Amount 

952,37 1 

592,350 

427 , 845 

1,694,589 

TOTAL $3,667,155 

Category 

26.0 

16.2 

11.7 

46.2 

100.0 

$/MMBtu 

38,095 

23,694 

17,114 

67,784 

146,686 
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levels, conventional handling methods tend to cause fmes to become easily airborne, representing 
both a loss of product and the creation of a potential health hazard. Both of the above problems 
can be addressed by producing and transporting the fines in a slurried fuel. Bearing this in mind, 
the feed to a MCWM production process can come from a variety of sources including: 1) existing 
coal impoundments; 2) existing operating coal preparation plants; and 3) conventionally mined 
coal. 

Considerable uncertainty surrounds the recovery of coal from existing coal impoundments 
due to the difficulties of locating appropriate impoundments, the adequate characterization of the 
distribution of coal (and potential contaminants), and the higher expected costs associated with 
reclamatioddredging of the coal. An impoundment must be able to provide an inexpensive product 
possessing the rather stringent quality specifications. Mixtures of the desired coal with other coals 
and contaminants in the impoundment complicates the beneficiation and slurry production 
processes. 

(2"xO) that already possesses the desired quality specifications. The size reduction and slurrying 
required can then be carried out in a straight-forward manner. The disadvantages of this method 
are the expected higher cost of coal, as compared to the alternatives, and the extra equipment and 
effort required to reduce the +2"xO coal the size required for MCWM. 

A third option exists for producing MCWMs from slurry refuse streams in an existing coal 
preparation plant. Here, the characteristics of individual refuse streams in the conventional 
preparation plant can be utilized with little variation expected in the stream compositions over time 
(when cleaning the same coal). Since coal is recovered from process streams that would normally 
be discarded, the marginal cost of feed coal and refuse disposal for the slurry production plant 
would be zero. In fact, an economic benefit can be derived by reducing the quantity of solids 
requiring disposal. 

I 

The surest method of providing the MCWM fuel is from coal obtained from the market 

A specific preparation plant was not identified for a detailed engineering/economic analysis. 
The MCWM production plant speculated here, however, makes use of this last scenario by 
providing what may be considered typical slurry preparation plant equipment. A MCWM 
production plant for the Crane boiler may be sized as follows: 

MCWM plant production rate 2 tons per hour (d.b.) 
Annual operating hours 1,972 
Annual production 3,,945 tons of coal (d.b.) 
Annual maximum rated capacity 14,026 tons MCWM 

As can be seen, the slurry plant is oversized relative to the boiler requirement. The MCWM 
sizing reflects: 1) difficulties associated with the problems in differentiating between processes 
with capacities in the range of one to three tons per hour; 2) a built-in margin for the large 
uncertainty in the capital equipment requirement; and 3) a production rate sufficient to provide for 
preparation plant down time while the boiler operates 24 hours per day, seven days a week. The 
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maximum annual capacity of the MCWM production plant assumes a plant availability of 80 
percent and the existence of a market for all of the production. 

A simple factored capital cost estimate is provided in Table 6-3. The equipment list 
provides allowances for a single mill, conventional flotation cells, spirals (or the equivalent in other 
cleaning equipment), pumps, and a 25,000 gallon slurry storage tank, with an additional 10 
percent allowance for miscellaneous equipment item. The electrical load of the equipment was 
estimated at 94 horsepower. The estimated equipment costs and electrical loads were generated 
after reviewing several s o u r ~ e s [ ~ ~ ~ - ~ * * ]  and applying standard cost estimating methodologies to 
account for inflation, at 4 percent, and scale[129]. The slurry plant described here purposely avoids 
the use of advanced fine coal cleaning methods reflecting an emphasis upon locating refuse streams 
that require minimum effort to recover coal fines of the required quality. 

The total capital requirement is estimated to be $993,000. As can be seen from the 
equipment list, by far the largest capital outlay is by the mill. This item also represents the greatest 
proportion of the estimated horsepower due to the demanding grinding regime. The equipment 
list, and associated costs, are considered speculative due to the incomplete knowledge of the feed 
stream characteristics. 

The plant cost factor used for determining the installed plant cost was generated using the 
Chilton method. The selection of this method was due to ease of use and consideration of the fact 
that the MCWM plant is an addition to an existing coal preparation facility. That advantage, along 
with the simple to implement approach, is somewhat offset by the relatively small size of the plant 
and the speculative nature of the estimate. The factor derived and presented above of 3.39 is less 
than the simpler Lang factor of 3.63 for solid-fluid plants. 

Annualized capital and operation & maintenance (O&M) costs are presented in the Table 6- 
4. The MCWM cost, f.0.b. the slurry preparation plant, is estimated to be $90.6/ton coal (d.b.) or 
3.23 $/MM Btu. This cost includes all capital, operation and maintenance charges. 

O&M labor is assumed to be marginal to the existing coal preparation plant operation. An 
allowance of one person at $20/hr is provided. Maintenance materials and supplies are estimated at 
four percent of total plant cost. Both feed and refuse disposal costs are considered as marginal to 
the existing preparation plant operation and therefore equal to zero (no benefit assumed to be 
derived from avoided disposal to an impoundment pond). Consumption of grinding media is 
estimated to be 0.68 lb media per ton coal (d.b.) at $0.50/lb. An allowance is made for flotation 
reagents at $0.16/ton flocculant and 2 lb fuel oil per ton of coal at $0.20/lb. Electrical power 
consumption for the state of Indiana is taken at 4 ~ents /kWh[~~~I.  Capital charges are calculated at 
a 15 percent cost of capital with a payback period of 7 years. At this level of the analysis, the use 
of government funds to build the MCWM plant (and a 4 percent discount rate) is not assumed in 
order to provide an additional margin, and to allow for sizing the plant for multiples of Crane (as 
discussed below). 
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Table 6-3. MCWM Factored Capital Costs (1993$) 

Mill 
Flotation Cells 

spirals 
Pumps 

Tankage 
Miscellaneous Items ((3 10%) 

Equipment Cost (Delivered) 

Total Plant Cost Factor (Chilton Method) 

Total Installed Plant Cost 

176,000 
30,000 
14,000 
13,000 
33,000 
27.000 

$293,000 

3.39 

$993,000 
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Table 6-4. MCWM Annualized Capital and O&M Costs (1993$) 

Annual Cost 
$ 

FJXED O&M COSTS: 
O&M Labor $39,447 

Maintenance Materials & Supplies 39,708 

Feed Coal 0 

Grinding Media 1,34 1 
Flotation Reagents Allowance 2,209 

Additive Package 30,453 
Electrical Power 5,509 
Capital Charges: 238,606 

$357,273 

VARZABLE O&M COSTS: 

Refuse Disposal 0 

rOTAL O&M AND CAPITAL CHARGES 

$/ton 
Clean Coal 

(d.b.) 

10.00 
10.07 

0.34 
0.56 
7.72 
1.40 

60.49 

90.57 

$/MMBtu 

0.36 
0.36 

0.01 
0.02 
0.28 
0.05 

2.16 

3.23 
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The additive package costs primarily consist of a dispersant to avoid the formation of 
agglomerates that pose problems for storage and atomization of the slurry by the burner. The 
additive package considered here is the same as that proposed by McHale et. al.[1271. The 
dispersant is estimated as 0.6 wt.% to coal at a cost of $0.55/lb (active ingredient). A base is also 
used in conjunction with the dispersant in order to adjust slurry pH. The costs for using the base 
are estimated as 0.4 wt.% to coal at a cost of $0.14/lb. It is recognized that several additive 
packages exist which may provide acceptable results. Physical slurry preparation techniques may 
also substantially reduce the amount of dispersant required. 

A sensitivity analysis of MCWM costs, f.0.b. the slurry preparation plant, was conducted 
using a methodology similar to that accomplished for the Crane base case. The results of this 
analysis are presented in Figure 6-1. The figure shows that the $/MM Btu cost of coal decreases 
substantially with an increasing number of oil-designed boilers converted over to fire MCWM. At 
a coal requirement equivalent to 10 boilers the size of Crane, the MCWM cost is $1.03/Mh4 Btu 
and drops to $0.67/MM Btu at 50 Crane boiler equivalents. The analysis presented here does not 
imply that this many boiler conversions will be undertaken. Indeed, only a few industrial or 
commercial-sized boilers would need to be converted to create an equivalent level of demand. 

It should be noted that throughout the analysis of MCWM costs the capital charges are not 
amortized over a significant fraction of maximum rated slurry plant capacity. Since the demand is 
assumed to be only for a six month heating season, the slurry plant with all its capital equipment, 
sits idle for half of the year, regardless of the type of fuel supply. 

Another consideration of using MCWM as a boiler fuel is the relatively high costs of 
transport that ranges from $0.87 to $1.45/MM Btu as shown in Section 6.4. A si,Snificant factor in 
the slurry transportation costs is the weight and bulk penalty of transporting up to 40 wt.% of 
water with the coal. Any slurry fuel system that reduces the weight being transported from the 
source to the point of use would reduce slurry transportation charges. Consideration might be 
given to transporting MCWM with the highest solids loading possible and then adding the 
necessary quantity of water at the boiler site. This fuel form also tends to produce higher costs due 
the necessity of using tanker versus dry bulk trucks. Extending the previous concept, the MCWM 
might be transported in covered trucks as filter cake and then slurried at the boiler site. 
DMC Fuel Supply 

preliminary design and estimation of capital costs for the DMC retrofit at Crane. Crane-specific 
operation and maintenance (O&M) costs have not yet been developed. Additional discussions of 
capital and O&M costs can be found in Volume 2 and Section 6.4. 
DMC Conversion Estimated Capital Costs 

was a preliminary estimate. A summary of the estimate is presented in Table 6-5. 

This subsection presents and reviews some results of the work performed by EER on the 

Similar to the MCWM capital cost estimate, the DMC cost estimate used in this analysis 
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Table 6-5. DMC Capital Cost Estimate Summary (Including Contingency, 1993$) 

Sub 96 Category % 
Amount Category $/MMBW Amount Sub 

MATE- 
CivUStructrual 63,793 4.4 
Instrumentation 243,128 16.7 
Mechanical 1,146,33 1 78.9 

100.0 

Subtotal Materials 

LABOR 
CivUStructural 402,127 37.9 
Electrical 176,586 16.7 
Mechanical 48 1,493 45.4 

100.0 

Subtotal Labor 

SUBCONTRACTS 
Instrumentation 290,458 100.0 

100.0 

Subtotal Subcontracts 

ProjectKonst. Mgmnt. 1,274,880 52.9 
Engineering 709,154 29.4 
Other 426,88 1 17.7 

100.0 

Sub to tal Mgmnt/EngheeIing/Other 

1,453,252 27.9 

1,060,206 20.3 

290,458 

2,410,915 

5.6 

46.2 

TOTAL, $5,214,83 1 100.0 

58,130 

42,408 

11,618 

96,437 

208,593 
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The five most expensive cost items for materials in the estimate are, in decreasing order: 1) 
Instrumentation ($200,000); 2) Electrical ($160,000); 3) TCS Mill ($125,000); 4) Air Heater 
($85,000); and 5) Coal Silo ($77,800). In addition, the Dust Control System, Coal Hoppers, and 
the Baghouse are all more expensive than the Burner Assembly (at $50,000). The remaining items 
include a crusher, duct work, miscellaneous new structures, pumps, and piping. 
DMC Fuel Supply Considerations 

the MCWM supply system. These advantages include: 1) ready availability of the coal of the 
proper specifications from nearby suppliers; and 2) readily available, and lower cost, transport 
methods. Due to the expected market availability of DMC fuel, and the small market share of even 
50 equivalent Crane conversion, it is assumed in the supply analysis that costs per ton of coal 
would not change with a larger number of retrofits. 

Assuming a premium price charged for this coal at $35/ton, the f.0.b. preparation plant 
price is $1.25/MM Btu coal (d.b.). With coal transportation charges of 13.8 to 17.1 cents/MM 
.Btu, as discussed in Section 6.4, the delivered cost of coal to a Crane boiler converted to fire DMC 
is $1.39 to $1.42/MM Btu. By comparison, M C m ,  with a minimum transportation charge of 
86.9 cents/MM Btu, does not match DMC's delivered cost of coal even when considering a 
MCWM supplying 50 Crane equivalents at $0.67/MM Btu for a minimum delivered cost of 1.54 
$/MM Btu. This comparison between the two fuel forms points out the critical consideration of 
transportation costs, and in the cases where such a disparity in rates exists, to consider the 
possibility of alternate transportation scenarios. 
Implications of DMC Versus MCWM Costs on Boiler Conversion Capital Costs 

The delivered cost of coal fuel to a converted boiler is not the only consideration in 
assessing the trade-offs between MCWM and DMC fuels. The capital costs required to convert a 
boiler to fire DMC are higher than those required to convert a boiler to fire MCWM. This 
differential in the capital costs of conversion is due to the additional equipment required to handle 
and store DMC safely, and in an environmentally acceptable manner, and to reduce the coal to the 
micron size level necessary for firing in the boiler. 

An analysis of the differential fuel costs was carried out at varying discount factors and 
MCWM market levels. The analysis considers the present value of the differential fuel costs over a 
7 year operating period, with the delivered costs of MCWM at 1,10, and 50 Crane coal market 
levels. The results of the analysis are shown in Figure 6-2. At the worst case for MCWM , one 
Crane coal market and zero percent discount factor, the DMC technology has a cost advantage of 
$2.1 million (1993$). It can be seen that MCWM market levels cause the largest variation in the 
present value of differential fuel costs. At a 4% discount rate the advantage of firing DMC over 
MCWM falls to $3 14,000 at a 10 Crane coal market level, and $92,000 at a 50 Crane coal market 
level. 

A DMC fuel supply system, as contemplated for Crane, enjoys a number advantages over 
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The differential in fuel costs can be treated as the maximum allowable premiums in capital 
and O&M costs for the conversion of a boiler to DMC over the MCWM conversion technology. 
Included in the DMC capital and O&M costs of conversion are the crusher, mill and dust 
suppression system. 
Conclusion 

The speculative costs of providing MCWM and DMC fuels that are developed here are 
intended to provide a preliminary evaluation of the merits of the two conversion technologies for 
the Crane boiler. It was shown that the DMC fuel holds a cost advantage over MCWM fuel as 
delivered to the boiler. This cost advantage for DMC held for MCWM market levels equivalent to 
50 times the Crane boiler requirement, with the major reason being the difference in the 
transportation rates between the two fuels. It was then shown that the differential fuel cost could 
be translated into a capital and O&M cost premium for DMC boiler technology over the MCWM 
boiler technology. A complete benefit-cost analysis comparison requires an estimate of both boiler 
conversion capital and O&M costs and consideration of the future anticipated number of boiler 
conversions to be performed. 

6 . 3  
Section 6.3 provides a process analysis of the attractiveness of the alternative coal 

utilization technologies. A general case study and a Crane site evaluation were conducted. The 
general case study was conducted based on cost information from Perm State's demonstration 
boiler[123] and work done by Combustion Engineering, Inc.[l3']. The general case study was 
done to develop the spreadsheet model for the Crane site evaluation, and to identify the critical 
influences such as fuel prices, boiler derating, utilization rates, boiler life, and cost of capital on the 
sensitivity of profitability. A discussion of the general case study is not presented here; a detailed 
discussion of is found elsewhere[67]. 
Process Analysis -- Crane Case Study for the MCWM Retrofit 

The spreadsheet model, which was a convex cost curve model (this model reflects the 
condition of diminishing returns), was applied to the Crane boiler. The following analysis looks at 
how net present value (NPV) varies with different total capital requirements (TCRs), boiler derated 
capacities (BDCs), discount rates, boiler uses, and differential fuel costs (DFCs). This is to 
identify situations in which retrofitting is attractive. The EER preliminary TCR cost estimate of 
$3,667,192 for the Crane retrofit[124] was used and a 20 year boiler life was assumed. 

Process Analysis of MCWM and DMC 

Spreadsheet Model Application -- Sensitivity Analyses 
Figure 6-3 shows NPV variation with TCR at different discount rates, when a $1 .OO DFC, 

80% BDC, and 100% boiler use (i.e., full year) are assumed. Only the 4% discount rate presents 
a feasible scenario for TCRs up to $1,300,000. NPV is seen to decrease with increasing discount 
rates. 

Figure 6-4 shows the same variation with a new DFC of $1.50/MM Btu. Crane cannot be 
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retrofitted commercially since negative NPVs are obtainedfor the 15% discount rate. At this new 
DFC, and 4% financing, the maximum TCR is $2,100,000. In addition NPV is seen to increase 
with increase in DFC. 

Figure 6-5 shows NPV variation with TCR at different discount rates for a 50,000 lb 
steam/hr boiler, when a $1.50 DFC, 80% BDC, and 100% boiler use (Le., full year) are assumed. 
This shows a break even TCR of almost $3,000,000 for a commercial retrofit. Currently, the 
MCWM retrofit technology is not feasible commercially. 

4 with the exception of a boiler use decrease from 100% to 75%. The maximum TCR at 4% 
financing reduces from $2.1 million to $1.7 million dollars. Again commercial discount rates 
would render the retrofit unfeasible. This suggests that the 50% boiler use (six months in the year) 
makes the Crane retrofit seem rather unfeasible (The Crane boilerhouse operates the equivalent of 
one boiler for -7 months per year.). NPV decreases with decreasing boiler use. 

Figures 6-7 and 6-8 show NPV variation with TCR at 80% and 90% BDCs, when 100% 
boiler use and 4% financing are assumed, for a $l.OO/MM Btu DFC and a $1.50/MM Btu DFC 
respectively. The break even TCR increase with in BDC and DFC. This shows that NPV 
increases with increasing BDC. 

Figures 6-9 and 6-10 show NPVs quite similar to Figures 6-7 and 6-8. The difference is 
that whereas boiler use and discount rate were kept constant previously, DFC and discount rate are 
here kept constant at $1.50/MM Btu and 4%, respectively. The NPV-TCR curves are studied at 
80% and 90% BDCs, and boiler use at 50,75, and 100%. The break even TCR increases with 
increase in BDC and DFC. This shows that NPV increases with increasing BDC and decreases 
with boiler use. 

Figure 6-6 shows the effect of boiler use on NPV. The scenario is the same as in Figure 6- 

Stochastic Analysis 
Stochastic analyses of the Crane boiler were performed using a program called Crystal 

Ball. The focus was again on the variables which affected NPV the most. Initially, TCR, discount 
rate and boiler use were set at $3,667,000,4% and 50%, respectively. BDC, boiler plant life and 
DFC were allowed to vary. BDC was assumed to have a modified normal distribution with mean 
of 80% and range 78-100%. Boiler plant life was assumed to have a uniform distribution from 18- 
25 years, and DFC a modified normal distribution with mean 1.2 and range $l.00-1.50/MM Btu 
per annum. Both payback period and NPV were set as forecasts. The outcome was a mean 
payback period of 48 years, which is much longer than the assumed boiler life, and of course a 
negative mean NPV, Le., a loss of about $5,000,000. 

TCR was given a uni fob  distribution over the range $1,360,000-3,668,000. The output 
improved somewhat but still indicated a mean payback period of 30 years, again longer than the 
assumed life of the boiler. Mean NPV was a loss of almost $2,000,000. 

In a second set of runs, all the previous assumptions were maintained and additionally, the 
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Retrofit NPV vs. Total Capital Requirement 
(DFC= $1.50, BDC= SO%, and 100% Boiler use) 
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Retrofit N F V  vs. Total Capital Requirement 
(DFC = $1.50, BDC = SO%, and 75% Boiler use) 
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Retrofit N F V  vs. Total Capital Requirement 
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Conclusions 
It must be noted that certain strong assumptions are implicit in the models. These are that 

the variables and inputs stay constant over the life of the plant. A crucial consideration is the 
MCWM assumed for the analysis. The MCWM considered here did not require flue gas 
desulfurization. In addition, the modeling of TCR as a function of BDC may not be fixed. The 
experience of the Perm State facility showed improved performance in terms of increased BDC 
with time. Such improvements can be characterized as movements closer to or towards the 
constant cost curve. This suggests that a more realistic modeling of TCR as a function of derating 
should incorporate a learning curve to account for such improvements. 

M&VM are the differential fuel cost (DFC), the expected life of the boiler plant, its size (or 
capacity), total capital requirement (TCR), boiler derated capacity (BDC), and the discount rate. 
Feasibility (in terms of NPV) increases with increasing DFC, and also with increasing expected 
boiler life. There are economies of scale in retrofitting. Feasibility decreases with increasing 
discount rate. TCR is independent of BDC'in the spreadsheet model and therefore seems to 
indicate that feasibility increases with increasing BDC. 

This really translates to mean that the DFC has the most influence since fuel oil price was kept 
constant. A DFC of at least $1.50/MM Btu is preferred. The current oil prices suggest that the 
delivered MCWM price must be at most $1.50/MM Btu. This can probably be achieved if coal 
cleaning, MCWM preparation, and DOD sites are close to each other and MCWM is prepared on a 
large scale. 

will not. The differences in net benefits with size suggest that DOD can consider gains from a 
retrofitting distribution scheme in which the gains from retrofitting large (and more economic) 
boilers are given to boiler plants that will realize some operational gains by retrofitting but cannot 
afford the capital costs. 

periods decrease with increasing boiler size. Depending on the sizes of DOD boiler plants, it may 
well be the case that DOD will have to set a desirable payback period close to the useful plant life. 
Given the uncertainties in a study of this kind, the desirable payback period should be considerably 
or significantly less than the useful plant life. 
Economics and Discussions 

The key economic variables in this work are the differential fuel cost, discount rate, 
expected boiler plant life, boiler derated capacity, the boiler plant size, and the total capital 
requirement. Before plunging into an economic analysis of retrofitting it is important to note that 
there are several uncertainties in an analysis of this kind. The major uncertainty has to deal with 

The variables that most strongly influence the economic feasibili6 of retrofitting to fire 

A sensitivity analysis showed that the MCWM price had the most influence on the analysis. 

The models show that some boilers will realize a net benefit from retrofitting while others 

The payback period can be reduced with increases in the differential fuel cost. Payback 

I 

. I  



353 

fuel price projections (both fuel oil and MCWM delivered). It is common knowledge that oil price 
fluctuations thwart the effort of analysts in making projections. Also, the absence of an existing 
MCWM commercial production facility means that delivered MCWM price can only be estimated. 
In this work, the price of oil is held constant at $3.00/MM Btu, and the delivered MCWM price 
varied between $1.50-2.00/MM Btu. 

it is referred to in this section. The true BDC and other performance data can only be obtained in 
The next major uncertainty is with the boiler load factor or boiler derated capacity (BDC) as 

actual plant practice, however the model developed permits a sensitivity analysis varying BDC. It 
is important to note that the models are limited in the sense that any scenario depicted applies only 
to the type of MCWM fuel (andor the source coal) considered in this analysis. The MCWM 
considered is the same as that used in the Penn State demonstration tests. 

A survey of oil-fired boilers on DOD installations has shown that there are about 5-6 
thousand such boilers on over 300 installations. This is encouraging, showing that there is a 
market for MCWM or other coal-based fuels. However, there are other factors to consider, such 
as proximity to suppliers, avaiIability of supplies, environmental regulations in the respective 
regions, etc.. Even if the boiler conversion costs can be kept low, these factors could escalate the 
costs of operating the boiler on MCWM. For MCWM to have a clear advantage over the other 
coal-based fuels, the benefits from retrofitting significantly and substantially outweigh the costs 
[ 132,133) 

The current state-of-the-art of MCWM is such that no major technical problems are 
apparent. Tests and demonstrations have proved that existing formulations of MCWM can be 
burned in existing boilers supplying reliable steam to industrial processes. MCWM has been 
demonstrated as a potential replacement for No. 6 fuel oil as a boiler fuel and can be fired 
economically. The question of a widespread retrofitting to fire MCWM is still one of economics. 
The main concern is the impact of oil prices on DFC and consequently on the economics of 
retrofitting. This is due to the fact that the cost savings in retrofitting is almost entirely made up of 
fuel cost savings. Congressional directives (and other forms of government interventions) will not 
drive the development of a market for slurries. A much better driving force is the differential fuel 
cost coupled with a low enough total capital requirement of retrofitting specific boiler units. 

Oil price increases would increase the cost differential assuming MCWM prices remain the 
same, and would make MCWM attractive as an alternative fuel. MCWM has been predicted to 
economically replace oil if the price of No. 6 oil reaches $20/barrel. Others have predicted the 
growth of a MCWM market if the price of No. 6 fuel oil reaches $3l/barrel. These predictions 
remain to be seen given the current trend in oil prices. 

MCWM delivered cost price could be reduced with reduction in transportation and 
production costs. These are in part dependent on the transportation industry and technological 
improvements which lead to reduced cost of coal cleaning and slurry preparation, as well as ease in 



transport. Reduction of boiler capacity losses with improvement in the retrofit technology would 
also lead to increased net benefits of retrofitting[132* 1331. 

evolve. This demand would encourage mass MCWM production which would lead to a MCWM 
cost reduction. However, such demand resulting in the creation of a market could bring about 
competition in the energy market and a probable decline in oil prices. There is the uncertainty of 
the success of a MCWM market to consider. The MCWM industry is likely to be very vulnerable 
to other energy sources, especially oil and gas. This can only be offset by reductions in coal price 
and technological improvements in MCWM manufacture and delivery. The perception of risk, in 
this case uncertainty or unknowns about fuel dependability, quality control, transportation, 
handling and storage, future.environmental regulations, etc., could have retarding effects on the 
development of a market and its gowth. 

To a potential consumer of MCWMs (a DOD installation or other), there would be 
sufficient incentive to retrofit from firing oil to firing MCWM if the price differential between the 
two would yield sigrufkant savings. This translates, for DOD installations, to mean that there is 
less likelihood to prolong compliance with or oppose Congress' directives. MCWM would gain a 
foot-hold in the energy market if oil prices increase or technology improvements permit MCWM 
price decreases with falling oil prices such that the price differential sustains the MCWM market. 
DMC Retrofit Evaluation 

An evaluation was conducted investigating the profitability of retrofitting the Crane boiler to 
fire DMC. The methodology was similar to that for the MCWM option. Particular attention was 
given to the sensitivity of profitability to critical influences as fuel prices, boiler derating, utilization 
rates, boiler life, and the cost of capital. 

preparation facility on site, whereas for the MCWM retrofit, the MCWM was delivered to the site. 
This means retrofitting to fire DMC has a higher total capital requirement than the case of MCWM. 
The critical pieces of equipment include coal handling pulverizing equipment. DMC preparation on 
site is necessary because of the difficulties in transporting fine coal. 

The TCR for DMC retrofitting is higher than for MCWM retrofitting. Reasons for this are: 
1. Increased equipment for the DMC application - coal handling, storage, and micronizing; 
2. The MCWM supply system is simpler because the MCWM is pumpable; and 
3.  The cost of boiler modifications for MCWM can be less than for DMC especially when 

The variables that influence the economic feasibility of retrofitting to fire DMC are the 

If industrial, utility, and export demand for MCWM is created, then a market would 

The total capital required to retrofit the boiler to fire DMC includes provisions for a fuel 

a cleaned coal is used. 

DFC, the expected boiler plant life, TCR, BDC, boiler use, and the discount rate. The coal used 
had the same characteristics as that for the MCWM. In this evaluation, a 20% derating is assumed 
as a base case. That is, the boiler will operate at a BDC of 80%. EERs preliminary TCR estimate 
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of $5.215 million was used as the base. A base 4% discount rate, and a 50% boiler use are 
assumed. A base case expected life of 20 years is used. In addition, a sensitivity analysis varying 
all the variables was performed. 

The results show that: 

NPV increases with BDC; 

The main conclusion is that retrofitting the Crane boiler to fire DMC is not viable. Only at 

NPV increases with increasing DFC; 

NPV increases with increasing expected boiler life; 
NPV decreases with increasing discount rate; 
NPV decreases with increasing TCR; and 
NPV increases with increasing boiler use. 

low TCRs does the retrofit show viability. Therefore, MCWM retrofitting seems to be more 
economical and is recommended for the Crane boiler. 

AnalyzeAdentify Transportation Cost of Commercial Sources of 
MCWM and Cleaned Coal for DMC Production 

6 . 4  

This section provides an overview of transportation costs for the Crane case. In general, 
transportation costs are dependent upon the distance traveled, shipment size, frequency of travel, 
length of contract, availability of carriers, and some other side factors such as environment and 
safety. Transportation costs can be set for a given area by developing quotations for the specific 
set of transportation circumstances that exist at that point in time. 
Selection of Transportation Mode 

There are four types of MCWM transportation modes: truck, rail, pipeline, and barge. Rail 
transport is used for handling large volumes on a regular schedule. Barge transport is a cost- 
effective method for bulk fuel movements providing that the shipping and receiving locations have 
appropriate water access. Pipelines are used for high volume, continuous point-to point shipment 
of fluids, including slurries of various types. Only two such pipelines have been built for 
transporting coal in the U.S. and only one of these is operating in 1994. Truck transportation is 
considered most economic for low volume, short distance, and high frequency commodity 
movements. Extensive industry experience in shipping MCWM has been limited to rail, barge, 
and truck. 

For this study, the Minnehaha mine was used. Given that Minnehaha and other mines are 
very close to Crane (within 40 miles) and that the slurry requirement is a small amount, estimated 
to be less 7,000 tons in total (using 25.2 MM Btu/h @ 6 monthdyear requires 1,275,456 gallons 
or 6,630 tons of MCWM), the only feasible choice is trucking. Standard MC-3 12 semitrailers 
could be used, with a nominal tank capacity of 3,500 to 5,500 gallon range. This capacity is 
normally reduced to meet the bridge Formula Compliance Code. These tanks are usually 
constructed with interior heavy duty shells. 



Alternatives for the Crane Case 
Theoretically, the transportation route would be from the coal source to a deep or 

conventional cleaning plant to a MCWM preparation plant and then to the boiler at Crane; however, 
in practice, the MCWM plant has to be located close to a cleaning plant and a coal mine. Actually 
there is a cleaning plant at the Minnehaha mine in Sullivan county; the capacity of that plant is 800 
tons/h. There are 15 cleaning preparation plants in the state of Indiana according to the 1993 
preparation plant census, some of them are located between the Minnehaha mine and Crane. 

There are three alternatives: 1) build the MCWM preparation plant close to Minnehaha (in 
the case study, this mine is chosen); 2) build the plant somewhere between the mine and Crane 
(there are other mines with cleaning preparation plants in the surrounding area); and 3) use DMC 
technology at Crane. If the first and second alternatives are chosen, no coal transportation 
problems arise, since only MCWM will be transported. If the third alternative is picked, no 
MCWM transportation problems occur, since only 2"xO coal will be transported. The total coal 
required at Crane will be around 5,038 tons (using 25.2 million Bhdh @ 6 monthdyear, 10,925 
Btu/lb considering 19% moisture level, and 4,368 hours for the 6 months). 
Transportation Rates 

Trucking firms are regulated for service areas. To be a qualified carrier, the trucking 
company must have intrastate authority in Indiana and tank-truck carriers services. 

The slurry and coal transportation rates from the Minnehaha mine to the military base at 
Crane were provided by AMAX Coal Company. The MCWM requirement used for Crane base 
was approximately 8,000 gallon per day, based upon the slurry heating value of 8,300 Btu/lb. 
Given the assumption of constant fuel input and the 4,000 gallon per tank limit, MCWM delivery 
requirement would be approximately two tanks per day. Based on the information provided by 
AMAX Coal Company, the following are MCWM transportation rates from Minnehaha to Crane 
(assuming slurry is prepared in Minnehaha and considering 40 miles of distance): 

Cents/Gallon Cents/MM Btu $/Tank Load 
Lower range 7.5 86.9 300 
Higher range 12.5 144.8 500 

The cost of shipping coal from Minnehaha to Crane using 24-ton trucks is one dollar for 
the first mile and seven cents for each additional mile. Assuming 40 miles of distance from 
Minnehaha to Crane the cost is $3.73/ton. This translates into 13.84 cents/MM Btu for the lower 
range case and 17.07 cents/MM Btu for the higher range case. 

Several reasons can be cited to account for the difference between MCWM and coal 
transportation rates. First, the additional cost of cleaning the MCWM tanks after being used is 
included in the transportation rate. Another reason is the amount of water in the slurry 
(approximately 35% of total weight); this extra weight increases the cost in cents/MM Btu. 

. I  
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According to AMAX Coal Company, the coal and slurry handling costs are not included in the 
transportation rates cited above. In general, coal handling costs are higher than slurry handling 
costs. Thus, including handling costs in addition to transportation costs will further reduce the 
difference between coal and slurry costs. 

Estimating the MCWM economic rate directly is impossible at this stage due to limited 
information. Studies in this field also are very limited. An attempt to obtain data directly from 
trucking firms through telephone and questionnaire surveys was not very successful. The only 
comprehensive study found is the one conducted by EPRI[134]. Comparing the rates mentioned 
above with the rates estimated by EPRI can provide some insights about the reliability of MCWM 
transportation rates. However, a caveat is needed at the outset since the factors considered for rate 
estimations are different. For example, the EPRI study includes only the unloading facilities in the 
estimation of capital cost based on the assumption that utilities are operators of transportation 
systems with transportation facilities leased. 

The results of the EPRI study (first three rows) and the simulation of Minnehaha-Crane 
transportation rates (last three rows) are summarized in Table 6-6. From this table, it is clear that 
the transportation rate depends upon the total distance delivered. Five cases are analyzed in the 
EPRI study. The Virginia Electric Power case, with a delivery distance of 43 miles, is very similar 
to the current project (last column in Table 6-6). Delivery costs given in $/ton-mile were first 
converted to $/MM Btu/mile for each case using the slurry heating value of 8,300 BtuAb (fourth 
row of Table 6-6). Then, this fourth row was multiplied by 40 to obtain the MCWM 
transportation cost for each case to simulate the Minnehaha-Crane situation. Finally, these delivery 
rates were adjusted for inflation (see last row of Table 6-6). 

Electric Power case (which covers a similar distance as Minnehaha-Crane) would be around 
$0.85/MM Btu, which in fact is quite similar to the rate provided by AMAX Coal Company from 
Minnehaha to Crane ($0.87/MM Btu). 

To confirm the MCWM rates, milk transportation costs were also investigated. The 
rationale for this is that milk tanks can easily be used for the slurry transportation, and the market 
for bulk-milk transportation is very competitive. For this reason, it would be reasonable to assume 
that the bulk-milk transportation rate is the minimum rate that can be found for the MCWM if the 
comparison is based on similar bases. According to the information provided by OMNI North 
America, the hauling cost from Altoona, Pennsylvania to State College, Pennsylvania (a distance 
of approximately 40 miles) is $295 per load. This rate is also similar to the lower range MCWM 
transportation rate provided by AMAX Coal Company, which is $300/load. 
Conclusions 

between 0.14 and $0.17/MM Btu. Transportation costs for MCWM are much higher, ranging 

Thus, based on the EPRI study, the slurry transportation rate estimated for the Virginia 

The coal transportation costs between Minnehaha, Indiana and Crane, Indiana range 
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Destinations Boston Deharva Florida 
Edison Power P&L 

One Way Mileage 564 234 134 
Delivery cost in $/T.on/Mile (1985 dollars) 0.121 0.187 0.153 
Delivery cost converted used Crane Slurry 
data ($/MMBtu/Mile) 
Delivery Cost as it were from Minnehaha to 
Crane ($/MMBtu/Mile) 0.2915 0.4506 0.3687 

Delivery cost as it were from Minnehaha to 
Crane in $-tu, assuming 40 miles, and 
adjusted by inflation (1994 dollars) 0.425 0.658 0.538 

0.007289 0.01 1265 0.009216 

Table 6-6. MCWM Transportation Costs for Different Cases According to the 
Distance (Based on the EPRI Study) 

Houston 
L&P 
349 
0.165 

0.009940 

0.3976 

0.580 

Virginia 
E&P 
43 
0.242 

0.014578 

0.583 1 

0.851 
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between 0.87 and $1.45/MM Btu. Surprisingly, the low limit of MCWM rates turned out to be 
consistent not only with the EPRI study, but also with the survey result conducted on bulk-& 
transportation. Although there might be room for further MCWM transportation rate reduction, the 
potential would not be very high for the Crane case. 

Trucking seem to be the most appropriate transportation mode for the Crane case. 
However, this mode is considered practical for only low annual quantities and short distances (less 
than 250,000 tons per year)[134]. The operation of a truck transportation system for a large 
quantity of MCWM or crushed coal will create environmental problems such as the impact of noise 
and safety upon the public of routing large number of trucks. This constraint in trucking 
transportation capacity will be considered in Phases II and DI work, in which the transportation 
model will be generalized. 

The costs that were found for transporting MCWM appear to be high and would constitute 
a significant percentage of the delivered cost of coal to a retrofitted boiler. For that reason, 
consideration should be given to alternative truck types. For instance, a local hauler of liquid mine 
wastes, which are designated as hazardous by the Department of Transportation, was contacted. 
The likely transportation rates using the type of trucks that they employ would be 2.8 to 4.2 
centdgallon or 32.4 to 48.6 cents/MM Btu. This results in a significant cost savings for MCWM 
supply and it is highly recommended that this trucking method be investigated. 

Other cost savings may be realized in the transportation of MCWM. A large percentage of 
the costs with MCWM transportation involve the slurry loading and unloading times. If the trailer 
could also be utilized as a storage tank at the boiler site then the trucking fm could then deliver a 
full trailer and take away the empty trailer without tying up the driver and truck. The cost for this 
type of service, using the lower cost trailers a e  estimated to be 12.5 cents/MM Btu/mile or about 
1.6 cents/MM Btu for the Crane case. 'The benefit obtained from this method of MCWM delivery 
would be offset to an unknown degree by other costs and would therefore require a more detailed 
benefit-cost analysis. 

6 .5  Determine Community Spillovers 
Associated with the extraction, processing, and combustion of any fossil fuel are 

externalities (spillover effects) and emissions now recognized as hazardous, detrimental to the 
environment, or unpleasant to live by. Among the predominant fossil fuels - oil, coal, and natural 
gas - coal is recognized as the most harmful to the environment, and its adoption as a fuel source in 
lieu of oil or natural gas will incur added environmental and compliance costs and regulatory 
burden. This activity will review the environmental damage associated with coal mining, 
processing, transportation, and combustion and the federal and state regulations governing each 
stage. Outside field studies provide some estimates of the environmental and compliance costs. 

costs. Any facility currently using oil or natural gas is already incurring some regulatory costs, 
The extraction and use of any fossil fuel is accompanied by environmental and regulatory 
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and it should be remembered that the production and use of oil and gas has its own set of 
environmental hazards and effects. Consequently, the appropriate costs to consider for a facility 
contemplating a switch from oil or gas to coal are the marginal costs associated with coal over and 
above the costs already associated with oil or natural gas. 

A detailed review was conducted which concentrated on the environmental aspects of coal 
production and use[67]. In it, the environmental damage associated with coal and the Federal and 
Indiana state regulations governing its use were reviewed. A summary of the review which 
includes coal mining and processing, transportation, and combustion is presented. 
Coal Mining and Processing 

Mines cannot be uniformly designed and consistently located in unobjectionable and 
"environmentally safe" areas. 

Types of damage include destruction of the landscape (including subsidence and erosion), 
degradation of the visual environment, disturbance of water courses and sedimentation, acid mine 
drainage, damage to or destruction of agricultural, forest, or recreational lands, noise pollution, 
fugitive dust and coal fines, truck traffk, vibration from blasting and air blasts, tailings disposal, 
mining accidents and health hazards, and burning refuse banks and abandoned-mines fues. 

Regulation of mining is a patchwork and uneven affair. Both federal and state regulations 
exist, involving many different agencies and sigruficant overlap. 

Federal agencies whose jurisdictions can involve mining include The Bureau of Land 
Management, The Forest Service, The Office of Surface Mining, The National Parks Service, The 
Bureau of Indian Affairs, The Bureau of Reclamation, The Fish and Wildlife Service, and The 
Environmental Protection Agency. 

Substances Control Act, The National Environmental Policy Act, The Comprehensive 
Environmental Liability Act and The Superfund Amendments and Reauthorization Act, The Clean 
Water Act, The Resources Conservation and Recovery Act, and The Surface Mine Control and 
Reclamation Act. 

Compliance and effectiveness depends on not only on the nature and existence of 

The largest fraction of environmental costs expended during a mining project are for 

Mineral deposits are fNed and mining can only occur where a deposit already exists. 

Applicable regulations include The Safe Drinking Water Act, The Clean Air Act, The Toxic 

environmental regulations but also on their enforcement. 

reclamation. 
Coal Transportation 

environmental impacts. The effects are felt by 'natural' systems such as agriculture, forests, and 
waterways, by humans, and by structures and installations. 

All stages of coal transport - loading, en route, and unloading - involve some 

Environmental damage assessments for coal transport in general are incomplete and not 
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well known. All estimates are subject to substantial inaccuracies. 
Coal Combustion 

The most notable environmental impacts associated with coal combustion are the emission 
of air pollutants and the creation of ash which requires disposal. The quantity and nature of the 
effluents emitted is determined by both the composition of the fuel and the method of combustion. 

carbon monoxide, carbon dioxide, particulates, volatile organic compounds, polycyclic aromatic 
hydrocarbons, trace metals and radionuclides. 

Associated with these emissions are acid rain, urban smog, ozone, global climate change, 
and a variety of pulmonary and respiratory diseases. 

Most recent Federal legislation concerning emissions is the Clean Air Act amendments of 
1990. It includes marketable permits and performance standards and regulates particulates, ozone, 
VOCs, NO,, air toxics, NO, and sulfur dioxides. 

sludge. All are disposed on land. Some are classified as hazardous materials. Data from one 
study found no major environmental effects from the disposal of coal combustion wastes. 
Summary 

associated with coal use are not included in the market price of the fuel, although more are 
internalized now than prior to the environmental legislation of the 1970s, 1980s, and 1990s. Most 
single industrial boilers will be able to meet federal and state regulations with standard pollution 
control devices. 

Air emissions associated with coal combustion include sulfur oxides, nitrogen oxides, 

Solid wastes associated with coal combustion are fly ash, bottom ash, slag, and scrubber 

Most detrimental impacts occur during combustion. Many of the environmental costs 

6 . 6  
A comprehensive regional economic impact analysis was conducted. A detailed discussion 

Regional Market Considerations and Impacts 

of a methodology for determining the total regional economic impacts of new coal technologies 
was presented elsewhere[67]. In this section, this methodology was applied to the analysis of the 
regional economic impacts of MCWM and DMC boiler retrofits at the Crane site. The three 
separate cases analyzed are summarized below: 

- Scale 
One Unit 
Five Units 
Fifty Units 

MCWM 
7,000 tons/year 

35,000 tons/year 
350,000 tonslyear 

DMC 
5,000 tondyear 

25,000 tons/year 
250,000 tons/year 

A number of regional economic indicators are worthy of study, but attention will be 
confined to output (sales) and employment. Not only were the direct impacts at the site estimated, 
but so was ascertaining the multiplier effects on other sectors in the Crane Region economy. Note 



that because detailed data on boiler operations were not available at the time of this writing, the 
impacts of construction costs were only simulated. An analysis of operating costs will be included 
later. 

Also note that the construction costs associated with even the largest scenario is relatively 
small compared to the Crane Regional economy as a whole. However, the analysis is able to 
identify strengths and weaknesses of the methodology for application to other cases, including 
those where impacts are likely to be more prominent. 
Sectoral Disaggregation of Combustion Technology Data 

technologies compatible to data in the regional economic model. This involves three steps: 
In order to perform an impact analysis, it is necessary to make basic engineering data on the 

Obtain disaggregated construction (retrofit) cost data; 
Map the engineering categories into Bureau of Economics Analysis Industrial 
Classifications used in the Crane Region input-output table; and 
Distinguish between total direct engineering requirements and those that can be supplied 
by producers within the region (and will thus be able to further stimulate the regional 
economy). 

Capital Costs and Regional Purchases 
EER provided construction estimates of DMC and MCWM technologies for the DOD coal 

retrofit[124]. In order to ehuate  the impacts that these costs would have on the region, it was 
necessary to first organize the data in such a way that it could easily be inputted into the U.S. 
Government's Impact Analysis for Planning (IMPLAN) modeling system for impact analysis; 
consequently Tables 6-7 and 6-8 were created using the information provided. The initial step in 
creating these tables was to assign Standard Industrial Classification (SIC) codes to each 
component of the DMC and MCWM technologies. Afterwards, SIC codes were translated into 
Bureau of Economic Analysis @EA) Industry codes and components were grouped at the 2-digit 
BEA classification level. Finally, IMPLAN codes (which are basically a renumbering of BEA 
codes) were assigned, allowing for data input into the IMPLAN computer system. 

were not ready to be input into lMPLAN due to data adjustments specified in the "Summary of 
Project Costs" part of the reports. Adjustments reflect changes from: (1) a 20% upward revision in 
the value of labor (initial labor estimate considered low); (2) an estimating accuracy allowance 
(equipmenthaterial) of 20%; (3) a labor contingency of 20%; and (4) a material contingency of 
15%. The column labeled "Modified Costs" reflects all adjustments made to the "Listed Cost" of 
each component. 

there are a number of other costs. These include freight, engineering, home office, field 
supervision, construction overhead and fee, project management, construction management, start 

Costs were distributed to components as specified by EER however, these "Listed Costs" 

In addition to costs directly associated with the material and labor costs of the components, 
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144 
144 

Table 6-7. MCWM Capital Cost Estimate 

Specified Labor 11.0300 50 $726,611 0.198 
Heat-Light-Fire Surp 3569 11.0300 50 $12,080 0.003 

Construction overhead and fee 8741 11.0300 50 $332,344 0.09 1 
Construction management 8741 11.0300 50 $265,970 0.073 

Heat Light-Fire Surp 3569 11.0300 50 $6,041 0.002 

Labor Subtotal 

115 
119 
140 

115 
123 
124 
126 
127 
133 
134 
140 
128 
132 
146 

129 
127 , 

108 
113 
140 
147 
122 

128 
132 
146 

118 

138 
119 
143 
148 
110 
111 
112 

$1,343,045 0.366 

Stack 
Air Compressor Equip 
Slurry Storage Tank 

Stack 
Concrete Building 
Retaining Wall 
Concrete Slab 
Concrete Roof 
Run-off Drain 
Concrete Pipeway 
Slurry Storage Tank 
Air and FG Ductwork 
2" Slurry Trans. Pipe 
A.H. Sootblower Piping 

A.H. Support Steel 
Concrete Roof 

Air Preheater Steam 
Air Heater 
Slurry Storage Tank 
Burner 
Metal Prefab. Bldg. 

Air and FG Ductwork 
2" Slurry Trans. Pipe 
A.H. Sootblower Piping 

Ash Screw Conveyor 

Slurry (Moyno) Pump 
Air Compressor Equip 
Air Compressor 
Slurry Uiiloading Pump 
ID Fan 
FD Fan 
Bag House 

Paint 
Paint 
Paint 

Equipment 
Civil Sitework 
Civil Sitework 
Civil Sitework 
Civil Sitework 
Civil Sitework 
Civil Sitework 
Insulation 
Insulation 
Insulation 
Insulation 

Equipment 
Steelwork 

Equipment 
Equipment 
Equipment 
Equipment 
Civil Sitework 

Piping 
Piping 
Piping 

Equipment 

Equipment 
Equipment 
Equipment 
Equipment 
Equipment 
Equipment 
Equipment 

- 
2850 
2850 
2850 

325 1 
327 1 
327 1 
3273 
3273 
3273 
3273 
3296 
3296 
3296 
3296 

33 12 
33 12 

3443 
3443 
3443 
3443 
3448 

3498 
3498 
3498 

3535 

3561 
3563 
3563 
3561 
3564 
3564 
3564 

30.0000 
30.0000 
30.0000 

36.0200 
36.1000 
36.1000 
36.1200 
36.1200 
36.1200 
36.1200 
36.2000 
36.2000 
36.2000 
36.2000 

37.0101 
37.0101 

40.0600 
40.0600 
40.0600 
40.0600 
40.0901 

41.0800 
42.0800 
42.0800 

46.0200 

49.0100 
49.0 100 
49.0100 
49.0100 
49.0300 
49.03 00 
49.0300 

200 
200 
200 

233 
242 
242 
244 
244 
244 
244 
25 1 
25 1 
25 1 
25 1 

254 
254 

284 
284 
284 
284 
287 

303 
303 
303 

3 15 

332 
332 
332 
332 
334 
334 
334 

$190 
$46 
$1,689 

$13,192 
$13,753 
$5,970 
$9,307 
$6,009 
$541 
$889 
$9,855 
$9,855 
$3,863 
$1,379 

$6,523 
$7,248 

$14,497 
$123,221 
$6 1,900 
$72,483 
$16,030 

$42,605 
$26,808 
$826 

$12,322 

$18,845 
$24,064 
$24,644 
$2,174 
$26,978 
$17,106 
$73,932 

0.000 
0.000 
0.000 

0.044 
0.004 
0.002 
0.003 
0.002 
0.000 
0.000 
0.003 
0.003 
0.001 
0.000 

Q.002 
0.002 

0.004 
0.034 
0.017 
0.020 
0.004 

0.012 
0.007 
0.000 

0.003 

0.005 
0.007 
0.007 
0.001 
0.007 
0.005 
0.020 
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Table 6-7. MCWM Capital Cost Estimate (cont.) 

REF # Component Cost Item SIC BEA W L A N  Modified Percent 

114 
116 
121 
145 
142 
141 
136 
144 
139 

13 1 
144 

130 
132 
146 

Sootblower Modification 
Floor Air Blast System 
Pitot Grid-Comb Air 
A.H. Sootblowers 
Slurry Heater 
Slurry Tank Mixer 
Slurry Strainer 
Heat-Light Fire Surf 
Flow Element Slurry 

Electrical Work 
Heat-Light-Fire Surp 

Instrumentation 
2” Slum Trans. Pine 

Equipment 
Equipment 
Equipment 
Equipment 
Equipment 
Equipment 
Equipment 
Equipment 
Equipment 

Equipment 
Equipment 

Equipment 
Instrumentation 
Instrumentation 

Code 
3564 
3564 
3564 
3564 
3567 
3569 
3569 
3569 
3569 

3621 
3621 

3823 
3 823 
3823 

- Code 
49.0300 
49.0300 
49.0300 
49.0300 
49.0600 
49.0700 
49.0700 
49.0700 
49.0700 

53.0400 
53.0400 

62.0100 
62.0100 
62.0100 

Code 
334 
334 
334 
334 
337 
338 
338 
338 
338 

357 
357 

403 
403 
403 A.H. Siotblower Aping 

daterial Subtotal 
Other 

Freight 4731 65.0701 4-40 

Engineering 8711 
Home Office 8711 
Field supervision 8741 
Project management 8741 
start up 8741 
Field 8741 

AREA Piping System Testing 8741 
Taxes, Permits 9311 
Other Subtotal 
MCWSF Project Total 

73.0302 506 
73.0302 506 
73.0105 508 
73.0105 508 
73.0105 508 
73.0105 508 
73.0105 508 

cost 
$7,248 
$14,497 
$4,349 
$14,497 
$4,639 
$23,194 
$4,349 
$12,080 
$10,148 

$152,214 
$6,041 

$289,93 1 
$28,268 
$75 
$1,224,180 

of Total 
0.002 
0.004 
0.001, 
0.004 
0.001 
0.006 
0.001 
0.003 
0.003 

0.042 
0.002 

0.079 
0.008 
0.000 
0.334 

$498,693 
$57,449 
$72,058 
$166,23 1 
$132,985 
$132,985 
$3,654 
$59,990 10.016 7 
$3,667,154 1.000 

0.136 
0.016 
0.020 
0.045 
0.036 
0.036 
0.001 
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Specified Labor 11.0300 

135 Lights, Heat & Fire 3569 11.0300 
Construction overhead and fee 8741 11.0300 
Construction management 8741 11.0300 

135 Lights, Heat, and Fire 3569 11.0300 

Tabel 6-8. DMC Capital Cost Estimate 

50 $1,053,856 0.202 
50 $12,102 0.002 

$6,052 0.001 50 
50 $473,072 0.091 
50 $378,216 0.073 

REF Component Cost Item SIC BEA WLAN Modified Percent 
# Code Code Code cost of Total 

Labor Subtotal 
- 
100 
115 
119 

115 
123 
124 
126 
127 
133 
134 
128 
132 
137 

127 
129 

100 
108 
113 
120 
138 
104 
122 

128 
132 
137 

102 
105 
106 

101 
103 
118 - 

$1,923,298 0.369 

- -  
Stack 
Air Compressor Eqpt 

Stack 
Concrete Bldg 
Retaining Wall 
Concrete Slab 
Concrete Roof 
Run-Off Drain 
Concrete Pipeway 
Air & FG Ductwork 
6" Coal Transport Pipe 
So0 t Blower Piping 

Concrete Roof 
AH Support Steel 

Coal Hoppers 
Air Preheater Steam 
Air Heater 
Air Rcvr Tanks 
Burner 
Coal Silo 
Metal Prefab Bldg 

Air & FG Ductwork 
6" Coal Transport Pipt 
Soot Blower Piping 

Coal Crusher 
Weight Belt 
Tass Mill 

Screw Conveyor 
Bucket Conveyor 
Ash Screw Conveyor 

Paint 
Paint 
Paint 

Equipment 
CiviVSitework 
CivUSitework 
Civil/Sitework 
CiviVSitework 
CiviVSitework 
Civil/Sitework 
Insulation 
Insulation 
Insulation 

Steelwork 
Equipment 

Equipment 
Equipment 
Equipment 
Equipment 
Equipment 
Equipment 
CiviYSitework 

Piping 
Piping 
piping 

Equipment 
Equipment 
Equipment 

Equipment 
Equipment 
Equipment 

2850 
2850 
2850 

325 1 
3271 
3271 
3273 
3273 
3273 
3273 
3296 
3296 
3296 

33 12 
33 12 

3443 
3443 
3443 
3443 
3443 
3448 
3448 

3498 
3498 
3498 

3532 
3532 
3532 

3535 
3535 
3535 

30.0000 
30.0000 
30.0000 

3 6.0200 
36.1000 
36.1000 
36.1200 
36.1200 
36.1200 
36.1200 
36.2000 
36.2000 
36.2000 

37.0 10 1 
37.0101 

40.0600 
40.0600 
40.0600 
40.0600 
40.0600 
40.0901 
40.090 1 

42.0800 
42.0800 
42.0800 

45.0200 
45.0200 
45.0200 

46.0200 
46.0200 
46.0200 

200 
200 
200 

233 
242 
242 
244 
244 
244 
244 
25 1 
25 1 
25 1 

254 
254 

284 
284 
284 
284 
284 
287 
287 

303 
303 
303 

3 12 
3 12 
3 12 

3 15 
315 
3 15 

$610 
$190 
$46 

$13,216 
$21.601 
$5,98 1 
$10,576 
$6,73 1 
$542 
$890 
$13,787 
$1,683 
$1,522 

$7,261 
$6,535 

$92,947 
$14,523 
$123,445 
$2,033 
$72,614 
$1 12,988 
$10,211 

$42,683 
$7,295 
$855 

$58,527 
$2 1,784 
$181,531 

$13,361 
$18,008 
$12.344 

0.000 
0.000 
0.000 

0.003 
0.004 
0.001 
0.002 
0.001 
0.000 
0.000 
0.003 
0.000 
0.000 

0.001 
0.001 

0.0 18 
0.003 
0.024 
0.000 
0.014 
0.022 
0.002 

0.008 
0.001 
0.000 

0.01 1 
0.004 
0.035 

0.003 
0.003 
0.002 
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Table 6-8. DMC Capital Cost Estimate (Cont.) 

REF # Component Cost Item SIC BEA IMPLAN Modiiied Percent 

117 
119 
107 
109 
110 
111 
112 
114 
116 
121 
136 
135 

135 
131 

130 
132 
137 

Air Compressor 
Air Compressor Eqpt 
Silo Bin Vent Filter 
Dust Control System 
ID Fan 
FD Fan 
Baghouse 
Soot Blower Modification 
Floor Air Blast System 
Pitot Grid-Comb Air 
AH Soot Blowers 
Lights, Heat & Fire 

Lights, Heat & Fire 
Electrical Work 

Instrumentation 
6" Coal TransDort Piue 

Equipment 
EauiDment 

Equipment 
Equipment 

Equipment 
Instrumentation 
Instrumentation 

Code 
3563 
3563 
3564 
3564 
3564 
3564 
3564 
3564 
3564 
3564 
3564 
3569 

3621 
3621 

3823 
3823 
3823 

Code 
49.0100 
49.0100 
49.0300 
49.0300 
49.0300 
49.0300 
49.0300 
49.0300 
49.0300 
49.0300 
49.0300 
49.0700 

53.0400 
53.0400 

62.0100 
62.0100 
62.0100 

Code 
332 
332 
334 
334 
334 
334 
334 
334 
334 
334 
334 
338 

357 
357 

403 
403 
403 Soot Blower &ping 

Materials Subtotal 
Other 

- 

4REA 
4REL4 

I Freight 

Engineering 
Home office 
Field supervision 
Project Management 

Field 
Hydrotesting 
Electrical Circuit Testing 
Taxes, permits 
Other Subtotal 

start u p  

473 1 

871 1 
871 1 
8741 
8741 
8741 
8741 
8741 
8741 
931 1 

73.0302 
73.0302 
73.0 105 
73.0105 
73.0105' 
73.0105 
73.0105 
73.0105 

506 
506 
508 
508 
508 
508 
508 
508 

cost 
$ 14,523 
$13,942 
$5,809 
$1 10,374 
$27,027 
$17,137 
$74,067 
$7,261 
$14,523 
$4,357 
$14,523 
$12,102 

$6,052 
$232,366 

$290,45 8 
$3,911 
$799 
$1,725,556 

$72,036 

$709,154 
$8 1,695 
$1055 12 
$236,385 
$189,108 
$81,695 
$5,569 
$78 1 
$84,042 

of Total 
0.003 
0.003 
0.001 
0.02 1 
0.005 
0.003 
0.014 
0.001 
0.003 
0.001 
0.003 
0.002 

0.001 
0.045 

0.056 
0,001 
0.00 
0.331 

0.014 

0.136 
0.016 
0.020 
0.045 
0.036 
0.016 
0.001 
0.000 
0.016 

$1,493,941 0.270 
DMC Project Total $5,2 14,83 1 1 .OOO 



up, field, taxes, and permits. These costs are located at the end of each table. 
Operating Costs and Regional Purchases 
These data were not available. 

The construction of each type of coal retrofit, either for MCWM or DMC, will have various 
Single Boiler Impacts 

impacts upon the nine-county Crane Region economy. These impacts include direct, indirect, and 
induced effects. Direct effects stem from the actual construction of the retrofit. Indirect effects 
represent business activity from the many rounds of "upstream" supplies of construction materials. 
Induced effects represent not only spending activity resulting from the income and profits created 
initially through direct and indirect effects but also from additional rounds of business activity they 
generate. The overall total impacts of a coal retrofit include all three trpes of effects. 

Direct Impacts 
Of the $3.6 million in direct construction expenditures only the $1.1 million spent within 

the Region will have any impacts on its economy. This difference of $2.5 million attributable to 
import leakages is estimated by- Ih4FLA.N with the use of regional purchase coefficients, measures 
of the ability of businesses within the region to satisfy regional demand of products. In 
constructing the coal combustion retrofit, the region is able to satisfy a portion of each of several 
inputs, and there are items such as Pumps and Compressors that the region cannot provide at all. 

Table 6-9 illustrates the distribution of direct expenditures associated with the construction 
of the MCWM coal retrofit and the calculated regional expenditures (remaining inputs are satisfied 
by sources outside the region). The sectors that satisfy the largest regional demand are: Business 
and Professional Services, Scientific and Controlling Equipment, and Electrical Industrial 
Equipment. Together they account for 5 1.0% of direct local expenditures. Nearly 11 jobs out of a 
total of 20 are estimated to be generated in these sectors. 

retrofit. The largest sectors are: Business and Professional Services, Electrical Industrial 
Equipment, and Scientific and Controlling Equipment. Together these account for 48.0% of 
expenditures. The direct expenditures associated with these sectors are estimated to generate 15 of 
the total of 29 new jobs. 

Total Impacts 
The $1.1 million in direct regional construction expenditures associated with the MCWM 

' 

Table 6-9 also illustrates the distribution of expenditures associated with the DMC coal 

Technology will circulate throughout the economy stimulating additional economic activity. 
Indirect expenditures of $176,500 will be generated, creating 3 new jobs. Furthermore, $398,900 
in induced expenditures will create 9 additional jobs. Total regional impacts associated with the 
MCWM coal retrofit are expected to be $1,678,600 in total output, an overall regional increase of 
0.015%. The output multiplier is 1.53 ($1,678,600/$1,100,000), which means that indirect and 
induced benefits are expected to be 53% of direct expenditures. The corresponding increase in 
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Table 6-9. Direct Construction Expenditures 

MCWM Technology 

368 

Total Direct Regional Direct 
Sector Expenditures Expenditures 
Business and Professional Services $988,519 $402,414 
Scientific Controlling Equipment 
Electrical Industrial Equipment 
Transportation Services 
Materials Handling Machinergy 
Other Fabricated Metal Production 
Fabricated Plate Work 
Stone and Clay Products 
Primary Iron and Steel Manufacturing 
Paints and Allied Products 
Prefabricated Metal Buildings 
General and Industrial Machinergy 
Pumps and Compressors 

$3 18,274 
$158,524 
$51,420 
$12,322 
$70,240 

$272,100 
$78,518 
$13,772 
$1,925 

$16,030 
$2 13 ,O 17 
$69,728 

$911981 
$67,389 
$17,210 
$8,195 
$4,889 
$2,639 

$58 
$28 
$6 
$0 
$0 
$0 

Construction Laboor and Management $1,074,436 $505,500 a 
Taxes $328,599 $0 
Totals $3,667,154 $1,100,309 

DMC Technology 

Sector Total Direct Regional Direct 
Expenditures Ezpenditures 

Business and Professional Services $1,409,899 $572,9 1 1 
Electrical Industrial Equipment 
Scientific and Controlling Equipment 
Mining Machinery 
Materials Handling Machinery 
Transportation Services 
Other Fabricated Metal Production 
Fabricated Plate Work 
Stone and Clay Products 
Blast Furnaces and Steel Mills 
Paints and Allied Products 
General Industrial Machinery 
Prefabricated Metal Buildings 
Pumps and Compressors 

$23 8,418 
$295,168 
$261,847 
$43,713 
$72,036 
$50,833 

$305,562 
$76,529 
$13,796 

$846 
$287,180 
$123,199 
$28,465 

$101,352 
$85,304 
$29,144 
$29,074 
$24,110 
$3,538 
$2,964 

$69 
$28 
$3 
$0 
$0 
$0 

Construction Labor and Management $1,538,638 $724.000 a - 
Taxes and Permits $468,702 $0 
Totals $5,214,831 $1,572,497 

a Expenditures here are distributed over all sectors in the region in impact analysis 

. I  
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employment is 33 new jobs, an increase of 0.018%. The employment multiplier is 1.65 (33/20). 

display the greatest total impacts on the region are: Business and Professional Services, Real 
Estate and Rental, Wholesale and Retail Trade, and Health, Education, and Social Services. 
Together they account for $1,083,700 of the total change in output (or 64%). Furthermore, 22 of 
the total of 33 new jobs are created by these sectors. 

Technology will stimulate additional economic activity throughout the region. Indirect 
expenditures of $255,700 will be generated creating 5 new jobs. In addition induced expenditures 
of $569,600 will be generated creating 13 jobs. Total impacts associated with the DMC retrofit is 
expected to be $2,400,400 in total output, an overall regional increase of 0.002%. The output 
multiplier is calculated to be 1.60 ($2,400,400/$1,500,000). Once again this means that indirect 
and induced benefits are expected to be about 60% of direct expenditures. The total number of new 
jobs created is 47, so the employment multiplier is 1.62 (47/29). 

Table 6-10 also shows the total impacts associated with the DMC coal retrofit. The largest 
impacts are to be felt in the following sectors: Business and Professional Services, Real Estate and 
Rental, Wholesale and Retail Trade, and Health, Education, and Social Services. Together they 
account for $1,548,200 of the total change in output (or 64%),as well as 31 out of the 47 new jobs 
associated with these sectors. 
Scaling The Results 

The basic economic impacts from a single boiler retrofit can be used to evaluate impacts on 
a broader scale. Considering the Crane retrofit as a base case, impacts from a scenario considering 
five Crane equivalents &d another considering fm Crane equivalents can be estimated. Table 6- 
11 lists total change in output and employment for both technologies at each scale considered. 
Note that at 50-equivalent scale-up, the employment impacts would be very si,onificant, amounting 
to a 0.9% increase in the region in the MCWMs case and a 1.4% increase in the DMC case. 

It should be noted that since the base case scenario is based on the nine-county Crane 
Region, larger scale-ups will continue to reflect economic conditions affecting the nine-county 
Crane Region, where the overall average regional purchase coefficient is 0.3. Thus, regions that 
have higher RPCs would experience greater impacts. There is, of course, the possibility that a 
large construction effort would attract proportionally more direct and indirect suppliers into the 
region, thereby raising the RPCs and the overall impacts. Such "agglomeration" effects are not 
uncommon. Lastly, it should once again be noted that these impacts only consider capital costs 
and not the operating costs of the retrofit, which would obviously add to the impacts. 
Conclusion 

Warfare Center, the surrounding nine-county Crane Region economy will be stimulated and will 

Table 6-10 shows the total impacts associated with the MCWM coal retrofit. Sectors which 

The $1.5 million in direct regional construction expenditures associated with the DMC 

By developing either of the MCWM or DMC technologies at the Crane Naval Surface 
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Table 6-10. Total Impacts 

MCWM Technology 
~~ 

Total Total 
Change in Change in 

Sector output Employment 
Business and Professional Services $483,100 10.98 
Real Estate and Rental $212,800 0.50 
Wholesale and Retail Trade $21 1,600 6.70 
Health, Educ., SOC. Services $176,200 3.69 
Scientific Controlling Equipment $95,300 1.30 
Finance and Insurance $72,400 1.26 

Transportation Services $38,200 0.96 
Hotels, Personal Services $3 5,40 0 1.35 

$26,600 0.57 
$18,500 1.24 

Repair and Maintenance 
Eating and Drinking 
Subtotal of top sectors $1,439,300 29.55 

Electrical Industrial Equipment $69,200 1 .oo 

Totals $1,678,600 33.04 

DMC Technology 

Real Estate and Rental 
Wholesale and Retail Trade 
Health, Educ., SOC. Services 
Electrical Industrial Equipment 
Finance and Insurance 
Scientific and Controlling Equipment 
Transportation Services 
Hotels, Personal Services 
Repair and maintenance 
Eating and Drinking 

'10tal 'I'Otal 
Change in Change in 

$304,600 
$303,300 
$252,100 
$104,500 
$103,500 
$89,900 
$54,700 
$5 0 , 5 0 0 
$38,600 
$26,400 

$2,0 16,300 

Sector output Employment 
Business and Professional Services $688,200 15.69 

Subtotals of top sectors 

0.7 1 
9.58 
5.25 
1.51 
1.81 
1.22 
1.35 
1.98 
0.82 
1.77 

41.69 

Totals 2,400,400 47.21 
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Table 6-1 1. Total Impacts at Various Scales 

MCWM DMC 
Total Change Total Change Total Change Total change 

Scale in output in Employment in Output in Employment 

Base Case Crane 

5 Crane Equivalents 

50 Crane Equivalents 

~~ 

$1,678,600 33 $2,400,400 47 

$8,393,000 

$83,930,000 

165 

1650 

$12,002,000 

$120,020,000 

235 

2350 
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show changes in total output and employment. This creation of jobs and increased output is 
obviously of concern to both those directly and indirectly associated with the developing 
technology within the regions where it may be implemented. 

By obtaining construction estimates and with the use of IMPLAN, regional impacts have 
been estimated. Of course, these impacts only represent part of the whole picture because of the 
lack of operating costs at the time of this writing. Nevertheless, the expenditures show an increase 
of 47 new jobs for the DMC technology and 33 for the MCWM technology. Corresponding 
increases in output are $2,400,400 and $1,678,600 respectively. More important are the potential 
impacts that these technologies may have if implemented on a much broader scale. In the case 
where 50 Crane Case equivalents are considered, 2,350 new jobs associated with the DMC 
technology are estimated and 1,650 new jobs for the MCWM technology. Corresponding 
increases in output are $120,020,000 and $83,930,000 respectively. All in all, the potential for 
economic growth as a result of the implementation of either technology is significant. 
Finally, some caveats are noted with regard to the model used in this section. The nine-county 
Crane Region 1-0 table is based on 1990 technology and industrial structure. It also allows for 
only limited substitution of inputs and assumes perfectly elastic supply curves for all primary 
factors and intermediate goods. Still, these assumptions are not likely to pose any serious 
limitations with respect to estimating the impacts of a single boiler retrofit or a five-unit scale up. 
The capital inputs required would not lead to supply bottlenecks that would cause prices to rise and 
spur substitution among various inputs. Technologies, other than the boilers in question, are not 
likely to change much between 1990 and 1994, nor are they likely to change in any relevant way in 
any of the scenarios. The fifty-unit scale up might be somewhat more problematic, and the results 
here should be taken as a linear approximation of the possible impacts. Still, even this deviation is 
mufed by the likelihood that all fifty units would not be constructed in one year, but phased over a 
number of years, thereby limiting bottlenecks in this case as well. In general, the 1-0 methodology 
is adequate to the task of generating reasonably accurate assessments of the impact of a modest 
number of boiler retrofits, such as when the number of sites is limited to military installations. 

6.7  Integrated Analysis 
The integration of economic research for Phase I began at the design stage. In essence, a 

case study of a single site was performed. Data was utilized on technology design and cost from 
other members of the Project Team for the DMC and MCWM installations at the Crane Center. 
The individual activities for engineering design and costleconomic analysis utilized a common set 
of parameters and assumptions relating to this site. 

Members of the Mineral Economics Team visited the site to collect data and gain 
perspective on this focal point. In addition to the primary data collected and site-specific data 
gleaned from other members of the Project Team and from the literature, state and national data 
was adapted to the Crane site. 
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Below are summaries of the activities, including some generalization of the results: 
Identify Appropriate Cost-Estimating Methodologies 

Standard economic concepts of investment appraisal must be used. 
Use of standard techniques (e.g., regression, linear programming, and Monte Carlo 
Simulations) of data analysis is desirable. 
Rules of thumb for generating rough estimates of input costs of standard economic 
concepts of investment and analysis are available but tricky to use. 
A more formal linear programming, Monte Carlo Simulation approach is preferable (one 
was developed and employed). 

Estimate Basic Costs of New Technologies 
0 

0 

0 

0 

0 

0 

The capital cost (preliminary) to retrofit the Crane boiler to fire MCWM is $3.67 million 
or $147,OOO/MM Btu. The final capital cost was $2.89 million or $116,00O/MM Btu. 
The capital cost (preliminary) to retrofit the Crane boiler to fxe DMC is $5.21 million or 
$209,OOO/MM Btu. The final capital cost was $3.23 million or 130,00O/MM Btu. 
The differential fuel cost of DMC and MCWM can be large and varies greatly depending 
upon demand levels (see below). The result is that at a 4% discount factor over a seven- 
year payback period, the DMC retrofit technology enjoys almost a $2 million (1993$) net 
present value advantage in fuel costs relative to MCWM. This provides DMC with a total 
$0.5 million cost advantage over the MCWM. 
The MCWM retrofit technology is the least cost alternative, when considering cost of 
fuels alone, when discount rates are increased, or demand levels are increased. At a 
demand level equivalent to ten Crane boilers and at 4% discount rate, the net present 
value advantage to firing DMC for any individual boiler falls to $3 14,000. MCWM then 
has a $1.2 million total cost advantage over DMC for the Crane Site. A fifty Crane boiler 
demand level and four percent discount rate increases MCWM’s cost advantage over 
DMC to $1.4 million. 
Coal for preparing DMC is readily available from existing market sources for delivery by 
coal truck to a boiler site. Its price and availability would be set and would fluctuate 
closely with conditions in the general coal market. 
Fuel for MCWM is not currently available from market sources at a large scale. Its 
supply would not be as closely linked to the general coal market and is likely to be set 
according to a ‘cost plus fee’ contract. . 
Fuel cost, as delivered to a DMC retrofitted boiler, is estimated to be $1.25/MM Btu 
which includes transportation charges of $0.138 to $0.171/MM Btu. 
Costs for preparation of MCWM were estimated at $3.23/MM Btu (f.0.b. preparation 
plant) for just the one Crane boiler. However, economies of scale exist for MCWM 
production that would significantly lower its per unit cost. MCWM preparation costs 
drop to $0.67/MM Btu (f.0.b. preparation plant) at an annual demand equivalent to fifty 
Crane boilers, or only a few (larger) industrialkommercial boilers. 
Current estimates for transportation costs of MCWM vary from $0.87 to $1.45/MM Btu. 
The difference in transportation costs is due to the use of ‘special’ tank trucks instead of 
conventional coal trucks. 

Process Analysis of MCWM and DMC 
The variables that most strongly influence the economic feasibility of retrofitting to fue 
MCWM or DMC are the differential fuel cost (DFC), the expected life of the boiler plant, 
its size (or capacity), total capital requirement (TCR), boiler derated capacity (BDC), 
boiler use, and the discount rate. 
With respect to direct capital and operating cost considerations, new DMC and MCWM 
technology for industrial boilers are economically not viable. Viability improves with 
increases in DFC, expected boiler life, boiler use, and BDC. Viability also improves 
with decreases in the discount rate and TCR. 
With respect to direct capital and operating cost considerations, retrofit MCWM and DMC 
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technology boilers are not economically viable. MCWM retrofits become viable with 
economies of scale in fuel preparation (e.g., at 10 Crane size equivalents). The viability 
of retrofit DMC technology is uncertain due to the high TCR involved. Viability 
improves with increases in DFC, expected boiler life, boiler use, and BDC. Viability 
also improves with decreases in the discount rate and TCR. In the case of MCWM, 
viability can go both ways with variation in BDC. 
A sensitivity analysis showed that the DFC has the most influence on the analyses. A 
DFC of at least $1.50 is preferred for MCWM. 
It is important to note that there are several uncertainties in an analysis of this kind. The 
major uncertainty has to deal with fuel price projections. The next major uncertainty is 
with the boiler load factor or boiler derated capacity. The true BDC and other 
performance data can only be obtained in actual plant practice, however the model 
developed in this permits a sensitivity analysis varying BDC. 
For economic viability in retrofitting, the benefits must si@icantly and substantially 
outweigh the costs. The question of a widespread retrofitting is still one of economics. 
The main concern is the impact of oil prices on DFC and consequently on the economics 
of retrofitting. This is due to the fact that the cost savings in retrofitting is almost entirely 
made up of fuel cost savings. 

Analyzeadentify Transportation Cost of Commercial Sources of MCWM and 
Cleaned Coal for Dry, Micronized Coal Production 

Transportation cost is the major inhibiting factor to the economic viability of MCWM 
technology. DMC delivered fuel costs are insensitive to fuel demand level. 
Transportation costs can also be improved by developing a lower cost system of 
transportation dedicated solely to coal. 

Determine Community Spillovers 
Nature of the Task 

Findings 
Coal Minina and Processina 

Associated with extraction and use of coal are externalities and emissions now recognized 
as hazardous, detrimental to the environment, or unpleasant to live by. 
Among the predominant fossil fuels - oil, coal, and natural gas - coal is recognized as the 
most harmful to the environment. 
This activity reviews the environmental damage associated with coal and the Federal and 
Indiana state regulations governing its use. 

e 

0 

e 

0 

0 

Minerdudeposits are fiGd and mining can only occur where a deposit already exists. 
Mines cannot be uniformly designed and consistently located in unobjectionable and 
"environmentally safe" areas. 
Types of damage include destruction of the landscape (including subsidence and 
erosion), degradation of the visual environment, disturbance of water courses and 
sedimentation, acid mine drainage, damage to or destruction of agricultural, forest, or 
recreational lands, noise pollution, fugitive dust and coal fines, truck traffk, vibration 
from blasting and air blasts, tailings disposal, mining accidents and health hazards, and 
burning refuse banks and abandoned-mines fires. 
Regulation of mining is a patchwork and uneven affair. Both federal and state 
regulations exist, involving many different agencies and si,pificant overlap. 
Federal agencies whose jurisdictions can involve mining include The Bureau of Land 
Management, The Forest Service, The Office of Surface Mining, The National Parks 
Service, The Bureau of Indian Affairs, The Bureau of Reclamation, The Fish and 
Wildlife Service, and The Environmental Protection Agency. 
Applicable regulations include The Safe Drinking Water Act, The Clean Air Act, The 
Toxic Substances Control Act, The National Environmental Policy Act, The 
Comprehensive Environmental Liability Act and The Superfund Amendments and 



Reauthorization Act, The Clean Water Act, The Resources Conservation and Recovery 
Act, and The Surface Mine Control and Reclamation Act. 
Compliance and effectiveness depends on not only on the nature and existence of 
environmental regulations but also on their enforcement. 
The largest fraction of environmental costs expended during a mining project are for 
reclamation. 

Coal Transpofiation 
All stages of coal transport - loading, en route, and unloading - involve some 
environmental impacts. The effects are felt by 'natural' systems such as agriculture, 
forests, and waterways, by humans, and by structures and installations. 
Environmental damage assessments for coal transport in general are incomplete and not 
well known. All estimates are subject to substantial inaccuracies. 

The most notable environmental impacts associated with coal combustion are the 
emission of air pollutants and the creation of ash waste which requires disposal. 
Air emissions associated with coal combustion include sulfur oxides, nitrogen oxides, 
carbon monoxide, carbon dioxide, particulates, volatile organic compounds, polycyclic 
aromatic hydrocarbons, trace metals and radionuclides. 
Associated with these emissions are acid rain, urban smog, ozone, global climate change, 
and a variety of pulmonary and respiratory diseases. 
Most recent Federal legislation concerning emissions is the Clean Air Act amendments of 
1990. It includes marketable permits and performance standards and regulates 
particulates, ozone, VOCs, NO,, air toxics, NO, and sulfur dioxides. 
Solid wastes associated with coal combustion are fly ash, bottom ash, slag, and scrubber 
sludge. All are disposed on land. Some are classified as hazardous materials. 
Data from one study found no major environmental effects from the disposal of coal 
combus tion wastes. 

Most detrimental impacts occur during combustion. 
Many of the environmental costs associated with coal use are not included in the market 
price of the fuel, although more are internalized now than prior to the environmental 
legislation of the 1970s, 1980s, and 1990s. 
Most single industrial boilers will be able to meet federal and state regulations with 
standard pollution control devices. 

Regional Market Considerations and Impacts 
A number of excellent methodologies exist for determining the total regional economic 
impacts of new coal combustion technologies. An input-output (I-0) model is adequate 
to the task of estimating the impacts of a small number of retrofits. A computable general 
equilibrium (CGE) model is best-suited for analysis of the impacts of widespread 
technology adoption and to simulate the impacts of major policies affecting coal. 
An independent verification of the U.S. Government's Impact Analysis for Planning 
(WLAN) Modeling System indicated the database and input-output model construction 
methodology were sufficiently accurate to be reliable for small region impact analyses. 
A Pennsylvania Computable General Equilibrium Model, incorporating several advances 
relating to energy use, regional accounts, and factor mobility was developed. 
A case study was undertaken of the total regional economic impacts of boiler retrofits at 
the Crane (Indiana) Naval Surface Warfare Center and surrounding areas. The major 
findings are: 

Only about 30% of the total capital expenditures for both MCWM and DMC 
technologies are used to purchase inputs within the nine-county Crane Region. 
The three major sectors most directly affected by these purchases are Business 
and Professional Services, Scientific Controlling Equipment, and Electrical 
Industrial Equipment. These three sectors comprise about 50% of direct local 
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expenditures for each technology. 
The total output multiplier impact for the MCWM technology was 1.53 of the 
direct regional expenditures, and for the DMC technology was 1.60 of the direct 
regional expenditures. These multiplier ratios would not vary with scale. 
The sectors most greatly impacted indirectly are Real Estate and Rental, 
Wholesale and Retail Trade, and Health/Education/Social Services. 
Employment impacts of individual boiler retrofits are trivial. However, for the 
case of 50 retrofits, there is the potential for the MCWM technology to generate 
1,650 jobs and for the DMC technology to generate 2,350 jobs. These would 
represent 0.9% and 1.496, respectively, of the Crane Region's employment base. 
This would mean a decrease in unemployment of 15% and 2096, respectively. 
The military can enhance the local impacts by making greater efforts to purchase 
local inputs. 

, 
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8 . 0  SELECTED NOMENCLATURE 
E = dimensionless erosion rate of the orifice surface 
n = strain hardening exponent 
C = constant characterizing the temperature dependence of the flow stress, K-I 
V = impact velocity, m s-1 
F(t) = material constant 



385 I 

Cp= specific heat, J kg-1 K-1 

e = coefficient of restitution 
Greek Letters 
a = impact angle 
p = friction coeffcient of particle/surface system 
p, = critical friction coefficient 
h = particle shape factor; 0 I h 5 3 
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