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1.0 ABSTRACT

This Topical Report ?- :: is an interim report on the Duct Injection Test Facility being operated
for the Department o _ergy at Beverly, Ohio. Either dry calcium hydroxide or an aqueous slurry
of calcium hydroxide (prepared by slaking quicldime) is injected into a slipstream of flue gas to

- achieve partial removal of SO2 from a coal-burning power station. Water injected with the slurry or
injected separately from the dry sorbent cools the flue gas and increases the water vapor content of
the gas. The addition of water, either in the slurry or in a separate spray, makes the extent of
reaction between the sorbent and the SO2 more complete; the presumption is that water is effective
in the liquid state, when it is able to wet the sorbent particles physically, and not especially effective
in the vapor state. An electrostatic precipitator coUects the combination of suspended solids (fly ash
from the boiler and sorbent from the duct injection process). Ali of the operations are being carried
out on the scale :_fapproximately 50,000 acfm of flue gas.

This report discusses the initial experimental work, which was conducted between April 30, 1990, and
February 4, 1991. During that period of time, the effort was devoted to Task 3.1, Characterization
of System Performance. This initial phase of experimental work was completed d,Jring the period
reported. The principal results from the work are descn'bed in the following paragraphs.

Characte_ti._on of the_l_P,without 1_. The test facility includes an electrostatic
precipitator that removes suspended particulate matter from the gas stream, with or without sorbent
injection. Initially, the ESP was evaluated with only fly ash as the suspended material, at a
temperature near 300°F and a specific collecting area of 329 ft2/1000 acfm. The ESP was found to
be highly efficient in removing fly ash alone. The high efficiency of the ESP thus observed was in
accord with the ash electrical resistivity,at a value of the order of 2 x 109 ohm_cm. This low resistivity
is in turn con._istent with observed concentrations of SO3 in the flue gas around 30 pprn.

Ayoidance 0f wall wet tin_ by the spray noz_es. Wall wetting by the sp_ay nozzles is an operating
problem that may prevent satisfactory overall performance by the duct injection system, but it can be
minimized and made to exist at a tolerable level by the proper selection of operating parameters.
Nozzle operating parameters that were studied in connection with wall wetting were the type of
nor.de (Lechler or Parker-Hannifin), the arrayof nozzles in the duct (number and alignment with
respect to the duct walls), water throughput, and atomizing air pressure. One of the more satisfactory
arrangements of nozzles, which was used in the sorbent testing summarized below, was as follows:

anarrayofsixLechlernozzlesarrangedasthreenozzleson eachoftwo
lancesatdifferentelevationsbetweenthetopandbottomoftheduct;

theupperthreenozzlesdepressed1.25° fromthehorizontalandthelower
nozzleselevated5° toavoidwettingthetopandbottomoftheduct,and
theouterfournozzlescante_linward5°toavoidwettingthesidesofthe
duct;

waterflowrateof 10gal/min(83Ib/min)atan atomizingpressureof90
psig(providing104lh/rainofairflow).Duringthistestseries,emphasis
wasplacedon operability,anditisbelievedtheapparentneedforthehigh
air/waterratio(I.25vsa designvalueof0.5)isdue tochangesinthe
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trajectory of the nozzle jets with increasing air/water ratio and the
operating constraints im_ by the small ductsize rather than changes in
droplet size. Additional work with the objective of minimizing the air/water
ratio will be performed in subsequent portions of the test program.

_izes of droplets from the spray nozzles. The sizes of droplets frownthe spray nozzles were reported
in terms of the Sauter mean diameter. The sizes measured only with plain water being atomized were
found to depend upon the type of nozzle, the _ate of atomization of water, the atomization pregsure,
and the distance down the duct from the point of origin. At the nearest point to the origin where
measurements could be made satisfactorily (about 1.6 m downstream), the Parker-Hannifin nozzles
produced droplets with SMDs rangingfrom about 20 _a at high atomization pressures andlow liquid
flow rates to 45 _an at low pressures and high liquid flows. At this same location, the Lechler nozzles
gave SMDs ranging from about 25 to 40 _m with the same change in operating conditions. With
increasing distance from the point of origin, the SMI_ increased slightly, owing to the faster
evaporation of the smaller droplets. The concentrations of water still present as droplets at
downstream locations indicated that only about one-third of the original volume had not evaporated
after a transit time of 0.5 s.

Removal of SO 2 _th dM sorbent. When dry hydrated lime was injected, the flue gas was humidified
and cooled with a spray of plain water. The nozzles for the water sprays were located either
upstream or downstream from the point of lime addition. When water was injected at the upstream
location, the droplets evaporated before they reached the point of lime addition, and the
humidification mode was called non-scavenging, meaning that no interception and physical wetting
of sorbent particles by water droplets occurred. When water was injected at the downstream location,
on the other hand, some fraction of the sorbent particles and water droplets collided, and the
operating mode was termed scavenging.

The principal factors influencing SO2 removal were the operating mode (scavenging or
non-scavenging), the relative quantity of lime added (indicated by the C.a/S mole ratio), and the
degree of cooling (reported as the difference between the temperature reached and the temperature
of adiabatic saturation, or "approach'). The scavenging mode produced substantially higher results;
the limited quantity of data obtained, however, make it difficult to say quantitatively how the two
humidification modes differed. Among ali the tests performed with dry sorbent, the most sucz_ssful
test removed 42% of the SO2 at the F_.SPinlet and 53% at the F.SP outlet; this was a test with the
scavenging mode producing an approach of approximately 25"F at Ca/S = 2.5.

Removal oLp.g.__Q___.b..g[gl_.Lime injected in slurryform produced significantly greater SO2 removal
than lime injected in dry form with a separate humidification process. This conclusion is illustrated
by the following data:

D_ sorben_

Ca/S ratio 2.5 1.5 "
Approach, "F 26 43
Removal, %

at ESP inlet 42 50
at F.SPoutlet 53 56

I-2



The differences in removals shcn_rnhere are not large, but they show that the slurry process was
superior in that higher SO2 removal was achieved with a lower C.a/Sratio and at a higher approach
temperature.

As with dry injection, increases, in the Ca/S ratio and decreases in the approach were the primary
factors influencing SO2 removal with slun3_injection. The tests performed cx3veredthe range of SO2

* inlet concentrations from 1200 to 2800 ppm but showed no important effect of this variable on the
percent removal. The ESP, on the other hand, made a significant contribution to removal, as
indicated by the data tabulated below.

During the studies with slurry injection, "extensivework was done to determine whether the extent
of SO2 removal found routinely by direct measurements of SO2 was reliable. This work consisted of:

1. Performance of "spike test.s"in which SO2 was injected ahead of the heated filters of the
probes that sampled gases for the gas sampling system, and

2. Single-point collection of solid sorbent samples in a probe designed to quench SO2-
sorbent reactions, followed by determinations of the utilizationof calcium in the collected
samples.

The spike tests indicated satisfactory performance of the gas sampling s)_tem, but the quench probe
samples consistently indicted lower calcium utilizations at the ESP inlet than those obtained from the
gas-phase results. Figure 1-1 shc,_ SO2 removal as a function of Ca/S ratio as a region, with the
lower bounds of the included area determined by the quench probe solids samples. Two possible
reasons for the disagreement between gas and solids results are: 1) wall effects, and 2) under-
representation of reentrained agglomerates of more highly utilized sorbent in the single-point solids
samples. We expect that this ambiguity will be resolved in long-term tests which will be conducted
later in the project. For the present, however, a conservative approach is to estimate removal in a
full scale plant at the ESP inlet from the solids samples in view of the higher surface to volume ratio
in the DITF compared with a full-scale plant.

The SO2 removal in the ESP in the pilot-scale facility should, on the other hand, be duplicated in
an F.SP of the r_amerelative size (in terms of specific collecting area). To reach a conservative
estimate, then, of SO 2 removal in a full-scale installation, it is reasonable to add the ESP removal
based on gas-phase data to the duct removal based on solids analysis. The result for approaches in
the 20-30°F range are as follows:

..... SO2 removal. % . ,.._-_
_ .Tota_._.Jl

C.a/S = 1.0 35 15 5O
Ca/S - 2.0 53 16 69
Ca/S = 2.5 60 17 77

Performance of the F.sp durin_ sorbent injection. The performance of the E.SP was determined
occasionally during the work Withsims, injection. The performance was satisfactory unless there was
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an obvious problem cause._by elecU'c_e deposits. A mau efficiency of the order of 99.9% appeared
to be typical at the Lmualspech_c coJ_ectingarea of 400 ft2/1000 acfi_. There was ao evidence o,f _e
massive reentra/nment of _orbent panicles at low approaches as was o1_tved _nthe tests of E-SOX
in the EPA program,

_t_ m overation and ma_. The most c_cial issue anticipated in advance and c_erience.d
" in actual practice is how sysmm operation is handicapped by .the buildup o,f deposits in the duct,

which seriouslyimpedegasflow.InjectionofdrylimeIt_dstodi_cultyofthi,stype.more rapidly
thaninject/onofslurry._jectionofdiluteslurries- 10% solids,,,foreaample(toac',hievea given

" approachatalowCa/Sratio)- leadstodifficultymorerapidlythaninjectionofconcentratedslurries
- 25% solids.TherehasbeennoaRemptatoperationforseveraldaysorweeksat_ co_ditiom,
butitseemsreasonabletoexpect,thatoperationibrseveraldayswithoutinterruptionwillbepossible
w/tha slurryhaving25% solict_,atanapproachof25°F.

Controllingdepositsatthe,.t_'_facilitycanbedifficultdue totherelativelysmallsizeoftheduct
whichresultsina highwalltogasvolumeratio,ltisexpectedthat,forlargersizedducts,thecontrol
of'depositswillbe easier.

Althoughthisisaninterimreportrepresentingpreliminaryconclusions,thefollowingobservations
can be made:

I. The programgoalof50'%SO2removalcat_beobtainedwithoutdifficultywith slurryinjection
ata 20-30°Fapproachtosaturation.Slurryinj¢ctk,nissuperiortodryhydrateinj_tioninboth

: caseofoperation(controlofdeposits)and indegreeof SO2 ,removal.The SO2 removal
obtainedwithslurryinjection_ttheDITF iscompan_blem thatobtainedbyotherinvestigators.

2. Calcium utilization needs to be increa_'¢_tto improve the economics of the process. R_'ycle and
additives will be investigated later in the project as a me,am of accomplishing this ob iecth_¢.

3. Although the Lechler nozzles performed well with respect to operability, a higher-than
acceptable value of air to water appeared to be necessary to avoid contact of the slurrydroplets
withthewallintherelativelysmallductattheDITF. The useofa singlenozzle and other
operationalchangeswillbe investigatedinaneffortto,reducethe.airrequirements.

I'5



2.0IN'mODUCTION

Duct injectionof c_cium hydromdeis being inv_tigated under the auspicesof the U. S. Department
of Energyas a low.cost, l_trofit technologyfor controllingSO2,'emissionsfromcoal-burning electric
power stafiom. This report de_nq_s the results of one study of this technology that is being

. conductedbyCsi1:ben/Commonwealth_ht.,andSouthernResearchInstitute.Thisstudy is being
performedattheDue..InjectionTestFacility(DITF),whichislocatedatUnit5 oftheMuskingum
RiverpowerstationofOhioPowerCompanyatBeverly,Ohio.

,r

report describes the initial phase of the experimental worL performed under Contract
DE-AC22-88PC88851,whichwasstoned on April 30, 1990,andcompletedon February4, 1.091.The
reportcovers in entirety the research performed under Task3.1, Evaluation of System Performance.

The contents of the reportare as follows:

• _,_descriptionofthetestfacility(,¢_ction3.0).

• A discussionof initialwork prior to the injection of cs|cium hydro_de for
controUingthe emissionof SOz (Section 4.0),

• A description of the workperformed withnozzles fori,jecting either plain
water or a slurryof calciumhydroxidein the duct, whelmprimaryremoval
of SO2 occurs (Section 5.0). Plain water is sprayed into the duct for
increasingthe humiditylevel and lo_ring the temperature,of the flue gas
when drycalciumhydroxideh_added. Slurry.issprayedinto the duct when
humidification,cxx)ling,and g)rbent additionareaccomplish¢_lin one step.
(The data in Section 5.0 were ali obtained with plain water rather than
slurry.)

• A detai_ed presentationof the results on SO2 removal _nthree operating
modes (Section &0):

Injectionofdrycalciumhydroxideaccompaniedbyinjection
of plain waterat an upst_.am .location. This is referre_tto as
the non.scavengingmode,whichmeam that thewaterdroplets
evaporate before they reachthe plane of sorbentin_ectionand
thus do not undergo particle.to-particle coiUsiomwith the
sorbent.

Injection of drycalcium hydride accompanied by injection
of plain water at a downstream location. This is the

" scavenging mode, w_ch means that collisionsoccur between
sorbent particles and water droplets before the droplets
_apo,rate.
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Injectionof a slurryof calciumhydroxide,in which the water
for humidifyingandcoolingare combinedwith the sorbent.

• A reviewof operatingexperiencewith the test facility(Section 7.0).
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3.0 RESEARCH FACILFI'Y

3.1_ption oftheDuctInjectionTestFacility(DrrlD.

The DuctInjectionTesiFacilityoftheDepartmentofEnergy(DOE),locatedinBeverly,Ohio,at
- the Muskingum River power plant of Ohio Power Company, has been converted to test alternative

duct injection technologies. The technologies tested include slurry sorbent injection of slaked pebble
lime with dual fluid nozzles and pneumatic injection of dry hydratedlime with flue gas humidification

- before or after sorbent injection. The. test facility was modi£ied to test a range of flue gas SO2
concentrations and a range of flue gas temperatures in vertical and horizontal duct test sections. This
test program is part of a larger DOE program to fully characterize low cost, retroflttable dry SO2
removal technologies for application to existing power plants.

Two types of duct injection technologies are being tested: (1) slurry sorbent injection of slaked
pebble lime, using dual fluid nozzles; and (2) pneumatic injection of dry hydrated lime, with flue gas
humidification before and after sorbent injection. A wide range of flue gas SO2 concentrations and
temperatures is being utilize.d for testing.

A two-year test program is now being implemented _brthe facility. The purpose of the test program
is to:

• Obtain scale-up engineering design data for both slurry and dry _rbent injection.

• Provide scale-up data for humidification and ESP performance.

• Develop and test process-control systems.

• Validate the first and second generation process models developed under other parts of the
DOE program.

3.1.1 System Description

The DFFF operates as a 12 MWe, 50,000 ACFM "slipstream"system on Ohio Power Company,
Muskingum River Unit No. 5, in Beverly, Ohio. The boiler is a B & W dry-bottom pulverized coal,
front and rear wall,,firedunit, rated at 585 MW (net).

The unit is base-loaded but it can drop to half load during summer months, usually between midnight
and morning. Currently, the plant burns local coal with an as-received sulfur content of about 4.2%.
The nominal flue gas conditions at the exit of the air prehcater (feeding the test facility) are as
follows:

v

N2 75.6%
CO2 11.9%
H20 7.5%
O 2 4.6% (30% excess air)
$O 2 3200 ppm
Ash 3.4 gr/acC
Molecular Weight 29.46

Temperature 325"F
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The slipstream is taken from the existing air preheater discharge, through ductwork with three test
stations to the DITF precipitator, then to an induced draft fan, and back to the existing precipitator
inlet. A provision also exists to bypass the pilot precipitator and allow gas to flow through a
high-efficiency cyclone. Figure 3.1 is a schematic drawingof the DITF.

The DITF precipitator is a weighted.wire design, consistent with the majorityof older units for which
the sorbent duct injection technology is intended. The precipitator has four independent electrical
fields and is designed for an SCA of 360 ft2/1000 acfm at a system inlet flow rate of 40,000 acfm at
190"F. Although this design is somewhat larger than most units that are candidates for duct injection
technology, it will provide additional flex_oilityfor the test program.

The test facility was originally designed to deliver slaked pebble lime slurry to a rotary atomizer in
one of three duct iocations-.one in a vertical duct and two in a horizontal duct. New equipment was
designed and installed to test two different types of duct injection technologies: (1) Slurry sorbent
injection of slaked pebble lime, using dual fluid nor_.zles,and (2) Pneumatic injection of hydrated lime,
with flue gas humidification before or after sorbent injection. The new equipment consists of:

• Flue gas dilution air heater to vary SO2 content and temperature of' the incoming gas.

• Flue gas steam humidifier.

• Sims, sorbent injection pumps and nozzles.

• Hydrated lime silo and blowers.

• Flue gas humidification no'z.zlesand water pump.

• Ash recycle sye_,em.

° Compressed air system.

• Duct hoppers and cleaning systems.

• Waste ash silo.

• State.of-the.art programmable logic controller and data acquisition system.

A great deal of fiex/bility was designed into the facility to provide the capability of testing over a wide
range of p_ conditions. These capabilities include the following:

° Flue gas velocity of 20-60 ft_ which corresponds to a gas flow of 16,700-50,000 acfm at the
inlet conditions.

v

• Inlet gas temperature 275-320°F.

° Inlet gas SO 2 concentration of 1100-3200 ppmv.

° Sorbent addition at a Ca/S ratio of 1.0-2.0 (nominal limits).
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• Duct residence time of 0.5-3.0 s.

• Approach to adiabatic saturation temperature of 20-80°F.

• Recycle of spent sorbent for either slurryor dry sorbent injection.

Figure 3-2 shows a simplified proce_ flow diagram of the facility. Construction was completed in
May 1990 and the first test series, Evaluation of System Performance, has been completed.

3.2 Description of the Process Control. System

The DITF instrument and control system was developed from a mixture of existing equipment
hardware and software and a new Allen-Bradley Programmable Logic C_ntroller (PLC) 5/25 control
system. Ali of the process and equipment control is assigned to the new PLC system while the
existing Data Acquisition System (DAS) was strictlylimited to data acquisition. Figure 3-3 shows a
schematic of the PLC and DAS systems.

Ali new equipment stm and stop functions are performed via a work station in the control room.
The work station consists of a keyboard and CRT and has the capability of displaying the various
process loops in real-time. The control scheme for slurry injection is based on setting the slurryfeed
rate to maintain a desired Ca/S ratio, while slurry concentration is adjusted by dilution water to
maintain exit gas approach temperature. For dry sorbent injection, both lime addition and exit gas
temperature can be controlled independently. In addition, the capability is present to test the use
of SO2 removal efficiency as the control point by automatically adjusting the li_e or slurryfeed rate.
The PLC system is able to respond to fluctuations in the inlet SO2 concentration, gas temperature,
gas flow rate, and allow the process or equipment upset conditions to be detected and corrected
without process shutdown.

Process control relative to flue gas dilution and temperature is designed to produce a flue gas stream
with a specified or test SO2 concentration, inlet gas temperature, and inlet gas volumetric flow rate.
In order to minimize changes to other flue gas parameters, particularly the adiabatic saturation
temperature, when diluting the extracted flue gas from Unit 5, the water concentration of the diluting
gas must match those of the extracted flue gas from Unit 5. The dilution air is controUed by the
desired SO2 concentration, the duct buyer luringby the desired test temperature, and the moisture
addition by an algorithm which calculates the required humidity from the coal analysis and the
measured excess air and ambient humidity. Moisture _ added by a controlled steam flow based on
dilution air flow rate.

Associated with the process control/additions andchanges are the changes to the ash handling system
as presently configured. With the addition of mechanical equipment there is the incorporation of
both monitoring and control instrumentation for equipment and personnel safety.
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3.2.1 Hardware/Equipment "

Allen-Bradley PLC 5/25 System

5 Rack Cortfiguration

" 2- Main Control Panel (CP003 and CP004)
2- Motor Control Center (MCC)
1 - Existing Control Panel (CT-001)

" 1 - Dilution Air Variable Frequency Drive (%rFD)

20 K Word Pr_r RAM Memory (approximately 16 K used)

,, A-B 1770-KF2 Data HighwayPlus Communications Interfaces for (1) Programmingand (2)
PanelMate

COMPAQ SLT 286 with ICOM PLC 5 Programmingand Documentation software (purchased
as part of the PCSV ParticleMeasurement system)

IDT PanelMate II Operator Interface - 16 Screen Capacity

3.2.2 Operation/Controls

With the exception of the Air Compressor system, the two Lime Slurry Pumps, the Lime Slurry
Agitator, the Air Heater Burner Ignition which are controlled from the Main Control Panel, and the
existing motors controlled at the existing MCC, ali of the equipment in the Test Facility is controlled
using the PanelMate which is located on the Main Control Panel. Nearly ali of the equipment is set
up to have a "Hand"and an "Auto"mode of operation. In the "Hand"mode, the selected device will
operate on command, taking into account any safety interlocks. In the "Aura" mode, the device is
"enabled" and will operate when called upon by the logic of the operation.

• PanelMate Control Screens

Ali of the "Hand-Off-Auto" controls for a specific area are located on one or two
screens of "Legend Displays". These PanelMate displays show the status of each
device. In addition, any equipment fault is shown on this display. Selecting one
of these "Legend Displays_from the 15-key panel displays the associated control
function, such as "Start - Auto', "Star - Hand" or "Stop'.

Any alarm condition detected by the PanelMate/PLC system causes the central
alarm system light and horn to be activated. The alarm condition is displayed on

. the PanelMate and logged on the alarm printer. The alarm system may be
"Acknowledged" with the pushbutton on the Main Control Panel or the "Silence
Alarm" key pad on the PanelMate. The "Acknowledge" L_also logged.
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• PanelMat_ System Status Screens

For each process loop there is a graphic screen showing the process flow and
equipment status for the process. There is normally no operator control on this
screen. However, the state of the devices shown on the control screens is
indicated by the color of the device.

,e

Also shown on this screen are process alarm conditions such as high or low
hopper or silo levels.

• v

• PanelMate Process Control Screens

To set the process parameters, there are several Process Control Screens. These
screens contain two types of displays: a controller on which the Process Variable,
Setpoint, and Alarm Limits are shown in a format very similar to the classic
stand-alone controller and a variable display format which simply indicates the
current value of the Process Variable and SetpoinL

For either of these displays, the numbers in the white legend block can be modified by the operator
to alter the setpoint as needed.

3.2.3 COMPAQ System Support Computer

In addition to being used for gas particle size measurements, the INSITEC computer provides the
PLC/DAS System Support. For this purpose, it has been loaded and configured to perform the
support operations listed below.

• PLC 5/25 Programming and Documentation

• Equipment Data Base

• Reports - IDT PanelMate Support

3.3 Description of"the Gas Sampling System (GSS)

3.3.1 System Requirements

In order to measure the effectiveness of duct injection for the removal of SO2 and NO x and to
control the level of SO2 at the inlet to the DITF, it is necessary to know the constituency of the flue
gas at a number of points. Before the DITF was configured to study the duct injection process, it
was operated by General Electric EnvironmentalServices, Inc., (GEESI) for a previous DOE project.
As part of that earlier project GEESI contracted with Pace Environmental to design and install a
"multiple point" flue gas sampling system (GSS) that could measure flue gas concentrations of SO2,
0 2, CO2, and NOx at up to five locations throughout the facility. This existing system has been
modified and updated by SRL In addition to this multiple point GSS, a "single point" GSS has been
installed to provide continuous SO2 and 0 2 information at the system inlet (after dilution). Data
from the single point GSS is used by the Allen-Bradley Programmable Logic Controller (PLC) that
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controls DFFF operation to set the amount of dilution required to maintain a constant SO2 level at
the system inlet.

3.3.2 Evolution of GSS to the Present Form

As installed, the GEESI/Pace GSS took a gas sample from one of five probes inserted into the DITF
• ductwork_transported the gas sample through heated sample hoses to a heated switching network

that, in turn, routed the gas sample to a dilution system (with a dilution ratio of 10.'1)and a gas
permeation dryer, and finallysent the diluted gas sample to a bank of gas analyzers. Motor.driven

" mechanical relays in the GSS control circuitry then activated a bank of motorized ball valves to
sample through the next port in the gas sampling sequence. After ali pens were sampled, each
sample line was purged with high pressure air to clean the sample probes. The sample probes were
made of a flitted stainless steel filter that was inserted midway into the duct, enclosed in a
semi-circular protective shell The advantage of this system was that no sample conditioning was
required to remove water vapor. The major disadvantage of _ system was that bex_use of low
sample flow rates about 3 rain could elapse from the time a sample was withdrawn from a sample
probe to the time that a measurement of flue gas concentration was made. This time was usually
doubled because measurements were made with wet diluted flue gas (by bypassing the permeation
dryer) and with dry diluted flue gas to obtain an estimate of water vapor concentration at a given
sample port. Indeed, a considerable time could elapse from the time a gas sample from the DITF
inlet (port 1) was analyzed to the time a gas sample from the outlet ot the F__P(port S) was analyzed.
Thus, changes in system operation that occurred between the time the inlet and outlet samples were
anal_ could affect the results of a particular test in an unpredictable manner.

Before the DITF was broughton line the GEESI/Pace GSS was inspected and cleaned. It was found
that the permeation dryer was inoperable; most of the stainless s_eel sampling lines, valves, and
solenoids were internally corroded; and many of the flue gas analyzers required maintenance or
repair. It was decided to rebuild the GSS completely. As part of this rebuild, a "double bypass"
design was adopted with an integral refrigerated sample conditioning system for water removal.
Heated sampling probes were also designed and installed at each sample port. The GSS was also
integrated into the PLC control system for the DITF so that control of the GSS is no longer
governed by a set of motor-driven mechanical relays. Currently, sample ports are located at the inlet
to the system, at the inlet to the horizontal test duct (before sorbent injection or humidification), a_
the end of the horizontal duct (1.0 s residence time), at the F.SP inlet (1.5 s residence time), and at
the ESP outlet (ESP residence time is approximately 10 s).

The heated probes were designed and installed because no prov_ion was made in the GEt._l/Pace
system to prevent the reaction of sorbent caught on the surface of the in stack filter with flue _as as

. it passed through the layerof sorbent. Figure 3-4 shows how these probes are designed. The probes
are made of 316 stainless steeL The reaction of flue gas with sorbent caught on the flitted stainless
steel filter in the probe is quenched by heat. The interior of the probe is maintained at 3S0°F or

. above so that the surface of the in stack filter is heated to a point where no reaction cau take piace
with fresh sorbent caught on the surface of the filter. Each probe is also fitted with a stainless steel
line through which span or zero gas can be bled into the probe. This probe design has bee.n tested
by introducing SO2 span gas to the interior of the filter which was coated with a thick layer of
unreacted Ca(OH)_ sorbent. In each test, 98% or more of the span gas was recovered downstream
of the probe.
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Figure 3-4. Probe for extracting solids.free stream for gas analysis.
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As Figure 3-5 shows, flue gas is drawn through each heated probe and is conveyed through a heated
sampling line to a heated oven where the stream passes through a motorized ball valve, filter, and
solenoid valve that either routes ali of the sample flow to the main bypass pump through a sampling
manifold that is shared by ali of the sample lines or diverts the sample flow to two sets of condenser
coils in a refrigerated bath maintained at 33°F. ConderL_l water is removed with a double-headed
peristaltic pump. A second sample pump is located between the two sets of condenser coils,

" providing sample flow to an array of gas analyzers located downstream of the refrigerated cooler.
The gas analyzers are each equipped with an appropriate sample pump. The second sample pump
is sized so that it delivers more sample flow than is required for the gas analyzers. Extra sample flow

" is vented. This sample conditioning system serves a Western Re_ch Model 721-AT SO 2 analyzer,
a Servomex Model 540A oxygen analyzer, an Automated Custom Systems Model 3300 CO2 analyzer,
and a Thermoelectron Model I0 NOx analyzer.

A separate heated line is connected to the gas sample coming from port 1 at a point after the filter
but before the solenoid valve. This line supplies a gas sample from the inlet of the DITF to the
single point GSS. This system is constructed in much the same manner as the multi-point GSS. The
gas sample passes through a refrigerated cooler and passes to a Fuji Model ZRC/760 SO2 analyzer
and a Servomex Model 540A oxygen analyzer. Water is removed from the refrigerated cooler with
a single-headed peristaltic pump. As with the multi-point GSS, the single point GSS is controlled by
the PLC that is used to run the DITE

Recently a Servomex PSA 402 water analyzerwas added to the multi-point GSS. This analyzer takes
a sample from the heated line that passes a gas sample to the refrigerated cooler, passes it through
a heated head pump and filter, and conveys the gas sample to the water analyzer through a heated
sample hose. The measurement cell of the water analyzer is maintained at 150°C. The water
analyzer measures absorption of light energy by water vapor at a wavelength of 6.01 urn. This
wavelength was chosen by the manufacturer because none of the components of the flue gas exhibit
significant absorption at this wavelength. The water analyzer is calibrated with a "mimic"gas,
propylene, that strongly absorbs light energy at 6.01 ban. Initial results with the water analyzer are
promising; however, much more experience needs to be gained with this analyzer before it can be
recommended as a water vapor monitor.

AS indicated above, the multi-point GSS and the single point GSS are controlled by the Allen-
Bradley PLC system that is us_ to control the DYrF. Currently, each gas sampling line is purged
with compressed air immediately after the PLC switches the GSS to the next sample fine. When a
line is selected for sampling by the PLC, approximately 90 s elapses before any measurements are
accepted from the gas analyzers. This is to ensure that the previous gas sample is completely flushed
from the refrigerated cooler and analyzers before any measurement is made. The PLC can select any
number of ports or combination of ports to sample. If only one port is selected for sampling, that
port is not purged until the port is deselected.

• 3.3.3 QA/QC Concerns

To make sure that the GSS functions properly, frequent checks are made of system integrity. Each
gas analyzer is calibrated on a daily basis, and a log is kept of zero and span adjustments as well as
any maintenance that has been performed on components of either GSS. Cal_rations are not based
on meter response but are based on instrument output to the DI'lT data acquisition system (DAS).
Filters in the GSS are changed on a regular basis, and the single point and multi-point GSS systems
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are monitored to assure that both systems agree. On a weekly basis, each heated sample probe is
checked to be sure it is operating properly, and span gas is introduced into each probe in the duct.
Slight losses in sample recovery usuallyare caused by small leaks thatare corrected before proceeding
to the next probe. Although this process is time-consuming, it assures the inP.grity of the GSS.
Results of these checks are kept in the OSS maintenance and cah'brationlog.

" 3.4 Description of the Data Acquisition System (DAS)

3.4.1 System Requirements
i,

The DAS must fulfil several major requirements. First, it must produce a permanent record of test
activity carried out at the DITF to permit subse_ent analysis of process data. Second, the DOE
requires that ali data must be logged in Lotus 123'm format flies on floppy disks that are transmitted
to the DOE on a regular basis. This second requirement generates a back.up of ali data and provides
process data to other individuals interested in results obtained at the DITF. Third, in addition to
producing permanent re.cords of process data, the DAS must provide real-time information for
ongoing experiments at the DITF. Ideally, this real-time _,formation should be available for any
process parameter over the duration of the most recent test.

3.4_. Evolution of the DAS to the Present Form

When the DITF was first brought on line, DAS hardware consisted of a Hewlett Packard (HP)
Model 3497A data logger connecmd to an HP Vectra PC/AT computer, which was also connected
to an AST 286 PC/AT computer. Custom software was written in Microsoft QuickBasicVM to
interface the HP Vectra computer with the HP datalogger, to allow on-line analysis of process data
from the DITF, and store each data scan in an archival file. The AST computer was primarily
intended for data analysis although it could be used to monitor raw data as it was echoed to the HP
Vectra computer.

Before a dec_ion was made to write site specific software to automate data collection and re.tneval,
commercial software packages were investigated. However, with the amount of information to be
stored (in excess of 300 channels of data and calculations per scan) any commercial package that
could handle the .stream of data (approximately one scan every 90 s) was either very expensive,
required a considerable investment in training to configure, or both.

Initially, data scans were stored on the HP Vectra in an ASCII format and these flies were
transformed into a Lotus-compatible file format on the AST computer. This process was time
consuming and inefficient. In addition, while process data were displayed for eachscan, itwas

. difficult to view earlier data acquired during a t_t without stopping data collection to copy a data
file or performing frequent screen dumps to a printer attached tothe HP Vectra. Because it is very
desirable to be able to view recent process data and compare it with current system behavior, it was

. decided to modify the DAS. A major requirement was that this modification could not disrupt the
ongoing program of experimentation during its development, testing, and installation.

As indicated above, the Quickl_asic program that polls the HP datalogger also echoes process data
and calculations to the AST computer This ability to echo data to a second computer is the key to
the new data analysis system. In order to provide on-line analysisof recent as well as current process
data, it was decided to replace the AST 286 PC with the 386-bas_ PC and utilize the
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multi-proceuing capabilities of this type of microp_r to log the data received from the HP
Vectra and provide a display of any p_ parameter or parameters desired within the last 1200 data

(approximately the last 30 hours of data). This display can be up-dated as required.

The expanded data analysis system consists of a 388.baugi PC, a serial data communications buffer,
a multi-tasking operating system called DeskviewTM, custom software written in Borland's Turbo
PascalTM,and an lomega BernouUiTMremovable cartridge drive. The 386 platform and Deskview
are n_ to allow the computer to perform two simultaneous tasks. _l_e serial buffer is i_d to
allow the 386 computer to go off line for up to several hours and not lose proceu data relayed from
the HP Vectra. Hourly and daily prw.e_ data are logged on removable 44MB Bernoulli cartridges.
Data continues _ be logged on the HP Vectra as it was in the past. Data f'desfrom the HP Vectra
are now being exc_ on the Bernoulli cartridges.

The custom software performs several tasks: it accepts data from the HP Vecu'a, checks for
communication errors, writes the proceu data to compact binary files, prints historic_ data to a line
printer or to a file, plots process data to the screen or to an HP plotter file, and converts hourly data
files to Lotus 123 compatible spreadsheets for subsequent data manipulation. The software written
to pr_uce Lotus 123 compat_le spreadsheets from the process data files will convert a day's worth
of proce_ data into worksheets in 10 to 15 rain.

One important addition to the e_panded data analysis system is the ability to view graphical images
of process data in essentially real time while data logging continues. A file containing ali of the data
from the last 1200 scans is maintained on the fixed disk in the 386 computer and is echoed to a 2.8
MB ramdrive. Through a series of menus, pre.definedsets of data or operator selected data can be
viewed to monitor a test in progress or view the results of recent t_ting. Data are stored in a
ramdrive to minimize acceu time.

The ability to write typed flies of binary numbers yields a large saving in disk space: one hour's data
in ASCII' format requires 420 KB of disk space, while the same file in a typed binary file format
requires only 60 KB of disk space. One disadvantage of typed flies is that the data cannot be viewed
directly from DOS.

3.5 Methods to Measure Sorbent Utilization

Central to the evaluation of a SO2 removal technology is measurement of sorbent utilization.
Sorbent reac_ with SO2 in the flue gas and if Ca(OH)2 is the sorbent material CaSO 3 is formed by
the reaction. The sorbent never reecU completely, however, and thus is never fully "utilized'.
Utilization can be determined from gas-phase measurements or from analyses of solids.

3.5.1 Gas Sampling

Sorbent utilization is calculated from gas phase measurements by dividing the percent of SO2 removal
by the Ca/S ratio. Because the Ca/S ratio is a molar ratio, this calculation really determines the ratio
of the number of moles of sutfur to the number of moles of calcium present (as sorbent). Sources
of error that can affect this method of determining sorbent utilization are an inaccurate determination
of the Ca_ ratio--through an incorrect measurement of slurryflow, inlet SO2 concentration, or the
physical parameters of the slurry(% Ca(OH)2, density, or % solids) and an inaccurate measurement
of SO2 concentration downstream of the point where sorbent is introduced into the _ystem. This
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measurement can also be affected by accumulations of moist sorbent in the duct (forexample, as duct
wall deposits) that tend to remove SO2. In thiscase sorbent utilization as determined from gas-phase
measurements will be higher than utilizations determined from solids analyses.

3..5,2Solids Samples

' Sorbentutilizatkmcanalsobe determinedfromchemicalanalysisofash/sorbentsamplesobtained
downstreamfromthepointwheresorbentwasintroducedintothesystem.InthecaseoftheDITF,
thesesamplesaremostimmediatelyavailablefromtheESP boppersbutarealsoavailablefrommass

" train catches. However, samples of solids obtained with particle sampling devices can also become
over utilized (compared to suspended solids in the flue gas) because they remain in contact with flue
gas for the duration of sampling.

3.5.2.1 ESP Hopper Samples

The ESP of the DITF has three hoppers, and the ash conveying system has been modified to permit
samples of ash to be obtained from each ESP hopper. However, most of the ESP hopper samples
analyzed during the period covered by this report were obtained from the inlet hopper only. ,Sorbent
utilization determined from chemical analyses of ESP inlet hopper samples was always somewhat
higher than utilization determined from gas phase measurements.

3.5.2.2 Quench Probe Samples

To obtain samples of solids that are not over.utilized either by extended contact with flue gas on the
collection plates of an ESP or in a particle collection device, a specialized sampling probe was
designed and built. This "quench probe" is designed to capture an isokinetic ,,,ampleof a flue gas
aerosol, immediately dilute the aerosol sample with hot filtered air, and convey the sample to a
heated filter where it is retained for subsequent analysis. Figures 3-6 and 3-7 show the basic elements
of the design of this device. In contrast to the gas sampling probes where the sorbent-SO 2 reaction
is qt_enched by heating, this device quenches the sorbent-SO2 reaction by dilution with heated air.
At the tip of the probe heated air is injected into the sample stream through a section of porous
sample line. Thus, contact between sorbent and a solid surface is prevented until the sample stream
has been heated by mixing with heated dilution air.

This probe was first tested with unreacted sorbent on the filter. The probe was spiked with SO2 span
gas that was diluted by a known amount of fresh air that passed through the porous section at the
end of the probe. Little (<2%) uptake of 502 by the sorbent was observed. Subsequently, in
compariu3ns of sorbent utilization determined from gas phase measurements and from chemical

. analyses of solids samples obtained with the quench probe, utilizations me_,_uredwith the quench
probe have always been le,',','_than utilizations determined from gas phase measurements. This is in
the direction that should be expected if the quench probe operates properly because gas..phase

. utilization determinations can be increased by deposits of active sorbent inside the duct reacting with
SO2 in the flue gas.
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4.0 INTrIAL SYSTEM PERFORMANCE

During the period Apt,. ,_-May 3, 1990, the DITF was continuomly operate_! on flue gas without
the addition of sorbent or water. During this week, preliminary measurements of concen_atiom of
ceMain flue gases, mass concentrations of suspended fly ash, electrical resistivity of fly ash, and

" performance of the ESP were conducted. The results of these measurements are described in the
following paragraphs.

" 4.1 Gas Concentrations

Me_urements of the concentrations of SO2 and SO3 (actually, sulfuric acid vapor) were made with
a Cheney-Homolya controUed condensation apparatus at the inlet to the ESP on May l and 2.
Measurements of HCI were made with another sampling device, which collects HC! in a bubbler
containing NaOH. At at_ average flue gas temperature of 315°1:, the results of eight separate
determinations gave an average SO2 concentration of 3204 + 66 ppm and an average SO3 level of
30 • 3 ppm. Four measurements of the concentration of HCI gave an average result of 36.5 •
1.3 ppm.

4.2 Coal and .Mh Properties

4.2.1 Chemistry of the Coal and Ash

The coal burned at Unit :5 of the Muskingum River power plant is reputedly highly consistent in
composition. No coal samples were initially available for analysis, but samples accumulated over a
period of several months later were analy2ed. The results of those analyses are given in Table 4-1.
They confirm that the variability of the coal composition is within narrow limits.

The result of an analysis of the ash produced by igniting one sample of coal in the laboratory at
750°C is given in Table 4-2. A key feature of this analysis is the low percentage of CaO. This makes
the determination of CaO in an ash-sorbent mixture a fairly good indicator of the iotal amount of
sorbent presenL

4.2.2 Electrical Resistivity of the Fly Ash

The electrical resistivity of the fly ash entering the ESP was measured in situ with a point-plane
resistivity probe. The data were obtained with the so-called spark method, in which current density
is measured at the electrical fieM causing electrical breakdown of the ash layer; the results are given

. in Table 4-3. The values are in the range (2 to 3) x 109 ohm-cm. They are consistent with the
chemical composition of the dust and the measured values of the SO3 concentration. The dust
resistivity is sufficiently low that the electrical conditions of the ESP will not be limited by the

. collected solid matter as long as the dust consists of fly ash alone. The resistivitymay be even lower
when sorbent is also present in an environment of lower temperature and increased water vapor
concentrations.
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Table 4-I. Coal Composition

D¢te of Sample

ll/2P . 93/05/91
% Moisture 7.52 10.52 6.46 6.07 8.87 •

% Ash 12.33 11.67 12.84 12.26 11.73

% Volatile 37.16 36.09 37.42 38.17 36.10 -

% Fixed Carbon 42.99 41.72 43.28 43.50 43.30

Btu/lb 11497 11238 11588 11802 11532

% Carbon 63.60 61.74 64.13 64.53 64.35

% Hydrogen 4.34 4.21 4.27 4.33 4.09

% Nitrogen 1.06 1.01 0.99 1.05 1.01

% Sulfur 4.50 4.07 4.11 4.24 3.97

% Oxygen 6.55 6.78 7.20 7.52 5.98

% Chlorine 0.04 0.04 0.05 0.05 0.02
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Table 4-2. Coal Ash Composition

% Li20 0.05

% Na20 0.60
q

K2o ,.9

% MgO 1.2

% CaO 1.9

% Fe203 18.8

% Al203 23.1

% SiO2 47.7

% TiO 2 1.2

% P205 0.23

% SO3 1.8

Table 4-3. Fly Ash Resistivity

Gas Layer Electric
Temperature, Thickne_, Field, DtLstResistivity,

Date OF cm kV/cm ohm-cm

5/1/90 312 0.141 11.7 2.5 x 109

5/2/90 314 0.102 17.2 2.2 x 109
i.
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4.3 ESP Performance

4.3.1 Performance Data

The results of determinations of the concentrations of suspended fly ash by EPA Method 17 are
shown in Table 4-4. Two determinations were made at the ESP inlet, and one determination was
made at the ESP outlet. The average inlet mass loading value of 3.96 gr/scf is consistent with the
coal ash content typical of this fuel (12-13%). The flue gas volume flow rate was close to the
intended value of 50,000 actin. Inlet and outlet dry standard gas volumes were within I% of each
other and indicated that very low air inleakage occurred in the ESP.

The value of outlet mass loading (0.0005 gr/atf) and ESP collection efficiency (99.998%) should be
used with caution. The total filter and nozzle weight gain from the 72-min runwas only 0.18 mg. This
sample catch is one to two orders of magnitude lower than desired for accurate determinations. The
loss of filter fibers on the filter holder O-ring could easily produce errors larger than the total catch.
However, even if the measured value were low by one order of magnitude, the performance of the
ESP would still be excellent.

4.3.2 ESP Electrical Data

Voltage-current curves measured at the ESP with cah'bratedvoltage dMders are shown in Figures 4-1,
4-2, and 4-3. Figure 4-1 shows data collected under air-load conditions (with clean electrodes) before
start-up. The air-load V-I curves indicate good electrical and mechanical conditions in the ESP.

Figures 4-2 and 4-3 show the V-I curves measured after periods of several days and one week on-line,
respectively. Ali of the curves were terminated upon reaching the current-limit or voltage-limit of
the T-R set and not because of sparking. The curves are consistent with the low measured values
of dust resistivity, with 40-80 nA/cre2 in ali fields. They show no evidence of back corona. Very little
change can be observed in the V-I characteristics due to the additional time on-fine, indicating the
ESP may be close to electrical equilibrium, providing that deposits on the discharge electrode do not
become a problem.

4.3.3 ESP Modeling

Revision 3 of the EPA/SRI Mathematical Model of ESP performance was used to simulate the ESP
under the measured conditions. A particlesize distn'butiontypical for PC boilers burning bituminous
coal (mind = 16.3/an, % = 3.4) was assumed. The results of the model run are shown in Table 4-5.
Since the dust layers in tile outlet field are not l/kely to have reached equilibrium in the short period
this ESP had been on-line, the particle emissions caused by plate rapping re.entrainment are probably
lower than expected. Therefore, the results of the model calculations both including and excluding
the rapping adjustment are shown in the table. The actual performance is probably somewhere
between these two extremes.

4s

Two sets of non-ideal conditions were used in modeling of the ESP. The results for each set of
non-ideal conditions are shown in the table. The non-ideal parameters describe the fraction of gas
sneakage per section and the normalized standard deviation of the gas velocity distribution (%) in
the ESP. The conditions of s -- 0 and o.. = 0 describe ideal behavior, while the values of s = "0.05

• s i •

and og = 0.15 generally correspond to operation observed m modern ESPs in good condmon. Values
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Table 4-4. ESP Performance Data

ESP _ I_.AS_

. Mass Loading Gas Flow SCA Temp Water Isokin
Date gr/acf gr/scf actin dscfin ft2/kachn *F % %

. 5/1t90 2.07 3.34 52292 32291 313 7.2 100.1

5/2/90 2.84 4.57 52696 32784 313 7.3 98.0

Average ± 2.46 3.96 52494 32538 313 703 99.1

1 SD 0.38 0.62 202 2,_7 0 0.0 1.0
q

C.O.V. 0.16 0.16 0.00 0.01 0.00 0.01 0.01

ESP OUTLET MEASUREMENTS

5NJc)0 0.0005 0.0008 50493 32337 329 310 6.6 96.7

Table4-5. ESP Model Results

Non-Ideal Parameters Without Rapping With Rapping

s og Efficiency, % Penetration, % Efficiency, % Penetration, %

0.05 0.05 99.991 0.009 99.980 0.020

0.05 0.15 99.958 0.043 99.929 0.072

0.10 0.25 99.829 0.172 99.758 0.242
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DITF ESP VOLTAGE-CURRENTDENSITYCURVES
CLEAN-PLATE,AIR LOAD, WITH VD, 4/24/90
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DITF ESP VOLTAGE-CUFiBENTDENSITY CURVES
FLUE GAS OPERATION,4/27/90
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Figure 4-2. ESP V-I curves after severaldays of operation on flue gas.
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DITF ESP VOLTAGE-CURRENTDENSITY CURVES

FLUE GASOPERATION, 5/2_/90
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Figure 4-3. ESP V-I curves after 1 week of operation on flue gas.
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of s ffi0.10 and o s = 0.2.5have been related to performance of older ESPs in questionable condition.
The measure_ pei'formance previously indicated by Table 4-4 (which includes the effect of rapping)
is better than the performance under any o,fth_ modeledconditions.



5.0 NOZZLE

5.1NozzleTestingtoMinimizeWallWetting

A series of noz_Je tests were performed to characterize the behavior of the Lechler and Parker-
- Hannifin nozzles for a variety of nozzle configurations, air flow rates, water flow rates, and flue gas

velocities. The nozzle tests were carried out with spray injection in the horizontal test section of the
DITF, always with just plain water rather than sorbent slurry. The pr/mary purpose of the nozzle
tests were to determine which operating conditions affected wall wetting by the water spray.

A total of 48 separate nozzle tests were conducted in the first test series. Figure 5-1 shows the
location of the duct wall thermocouples that were used to monitor wall wetting as well as the location
of the thermocouple used to measure the approximate adiabatic saturation temperature within the
duct. Figure 5-2 shows how the nozzles and nozzle holders (lance_) could be arranged within the
duct.

Data from the nozzle tests are pre_ented in Tables 5-1 through 5-4. Tables 5-1 through 5-3 show the
results of tests conducted with the Lechler nozzles; Table 5-4 gives the results of tests conducted with
the Parker-Hannifin nozzles_ The tests summarized in Table 5-3 were performed after a large port
in the horizontal duct (previous used by GE to install an atomizer) was plugged with an insert, lt
had been speculated that some of the wall wetting along the top of the duct was caused by turbulence
induced by the port cavity.

The data in the four tables are arranged according to the placement and orientation of the nozzles.
Within each table, the test results are listed in order of increasing approach to adiabatic saturation
(that is, in order of diminishing approach temperature). Temperatures that are near the adiabatic
saturation temperature (134°F or lower) are shaded for emphasis. Unfortunately, data from ali 48
tests could not be reported because the data acquisition system (DAS) malfunctioned during _mc
of these tests or because the instruments used to measure water flow rate or flue gas flow rate were
temporarily inoperable or incorrectly calibrated.

The data in Tables 5-1 through 5-4 should be interprete_ with care. In particular, the approach to
adiabatic saturation temperature is subject to unccrtain_, it was estimated by taking the difference
between the temperature at the inlet to the ESP and the adiabatic saturation temperature as
measm_-_dby a thermocouple located in the middle of the duct, 10 ft downstream from the nozzle
array, which was inevitably wet from the impaction of spray drople_ (The temperature at the inlet
to the ESP is measured by averaging the temperature reported by three thermocouples located across
the duct immediately upstream of the inlet to the E_cP;the temperature indicating the saturation
temperature is, as indicated, shown by a single thermocouple). A further basis for caution is the
poss_ility that temperatures reported in Tables 5-1 through 5-4 may be somewhat in error, because

, these data were taken when software compensation rather than hardware compensation was used in
the conversion of thermocouple output to temperature. Hardware compensation was installed
subsequently. Specifically, Test 3 should be disregarded. The adiabatic approach temperature is not
consistent with a water flow rate of 10 gal/min.

Lcchlcr:no_. Six nozzle_ were used for ali of these tests, with three nozzles per lance, located
at positions 2, 3, and 4 on each lance (for nozzle location, refer to Figure 5-2). Table 5-1 shows the
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results of Tats 1-10A, Table 5-2 shows the results of Tests 22-30, and Table 5-3 shows the results
of Tests 42.48. For Tests 1-8, the upper nozzle lance was pointed downward by 2.5° while the lower
nozzle lance was pointed upward by 5°. For Tests 9-10A, both the upper and lower lances were
leveL For Tests 22-24, the lower lance was elevated by 10°, the upper lance was kept horizontal, and
the outer nozzles on each lance were pointed inward by 5°. The 10° elevation of the lower nozzle
lance was not intended. Because of operator error, the lances were elevated instead of being kept
horizontal. For Tests 25-30, the upper nozzle lance was depressed by 50; otherwise, the nor,des were
located as in Tests 22-24. For Tests 42-48, the nozzles were oriented as for Tests 25-30, but the
lower lance kept horizontal, as was originally intended for Tests 22-30.

. ./

It is apparent from these tests that, if wall wetting is identified with temperatures of 1340F or less,
then wetting did not occur at water flow rates below 6.4 gai/min (at an approach of approximately
90°F). (A temperature of 134"F or less was initially chosen to indicate an indication of wetting or
near wetting since it is significantly below the planned average temperature for the gas.) On the
other hand, at water flow rates of 8 gal/min or greater, some wall wetting was always present. When
wall wetting occurred, it occurred first at the top of the duct, usually no closer to the nozzles than
12 ft (Thermocouple 8 is 12 ft downstream of the nozzles, at the top of the duct). The data also
suggest that Lechler nozzles should not be operated at 50 psig or less (60 psig is recommended by
the manufacturer). Angling the nozzles away from the top and bottom of the duct may reduce wall
wetting. Test 9, with the nozzles pointed straight ahead, appeared to produce wall wetting closer to
the nozzles than did Test 2, where the nozzles were angled away from the top and bottom of the
ducL

At 8 gai/min of water flow, pointing the nozzles inward by 5" and elevating the lower lance by 10°
(Test 22) did not appear to reduce wall wetting, compared to Test 9. Angling the upper lance down
by 5° (Test 30) appeared to cause more wall wetting. Tests 43 and 47 suggested that keeping the
lower lance horizontal while the upper lance was lowered (with the outer nozzles pointed inward by
5") reduced wall wetting. Surprisingly, increasing the air pressure to 100 psig further reduced wall
wetting in Test 47.

At 10 gal/min of water flow, ali of the useful test results were obtained with the outer nozzles pointed
inward by 5". With 80 psig of air pressure (Tests 23 and 25), lowering the upper lance caused more
wall wetting.

Increasing the air pressure to 100 psig reduced wall wetting (Tests 27 and 48). At 100 psig of air
pressure, depressing the lower lance to the horizontal slightly reduced wall wetting.

At 11 gal/min and 100 psig of air pressure Crest 28), a 32°F approach to adiabatic saturation was
obtained with wall wetting mainly in the top of the duct by pointing the outer nozzles inward,
depressing the upper nozzle lance by 5°, and by raising the lower nozzle lance by 100. At 12 gal/min
and 80 psig of air pressure (Te_t 24)_ much less wall wetting was also observed (compared to Tests
4 and 45) when the outside nozzles were pointed inward and when the lower lance was pointed k

upward by I(P.

A four-nozzle array of Lechler nozzles was investigated in still other tests not listed in Tables 5-1
through 5-3, but the data from these tests were lost due to a malfunction in the DAS. A discussion
of these tests is nevertheless appropriate even though the data were lost. Velocity traverses were
made in three test ports located approximately 5 ft downstream of the nozzle arraywhile the nozzles
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were operated at 20 or 80 psig of air pressure to look for flow disturbances that may have been
caused by a large exiting atomizer port, located in the top of the duct, just ahead of the test ports.
There was concern that such a flow disturbance might have been respons_le for the wall wetting in
the top of the duct. Another concern was that the flue gas passing by the nozzle lances was stratified
because of the lances being located immediately downstream of a 90° bend in the ductwork.

" Table 5-5 shows the results of the velocity traverses. Inspection of this table reveals that the atomizer
test port is not respons_le for any stratification in the velocity distn'butionin the horizontal duct,
because the results of velocity traverses made with and without an inert that fills the atomizer test
port are essentially the same (with air flow through the nozzles at a nominal air pressure of 20 psig
to keep the air lines supplying the nozzles cooled). What may be responsible for wetting of the top
of the duct by the water spray is seen in the results of the velocity traverse made with the nozzles
operated at an air flow of 80 psig. Here the velocity of the flue gas in the middle of the duct as
measured at the middle and top test ports was found to be approximately 150 ft/s (far higher than
the nominal average of 60 ft/s). This high velocity appears to be due to the position of the upper
nozzle lance, relative to the top of the duct. The upper nozzle lance is located only 8 in. from the
top of the duct, while the lower nozzle lance is located 15 in. from the bottom of the duct. The
upper nozzle lance was subsequently modified to lower it to a position approximately 15 in. from the
top of the duct.

parker-Ha,nnifin nozzles. Table 5-4 contains the results of tests conducted with the Parker°Hannifin
nozzles. These tests were conducted with six nozzles mounted on the lances in the same locations
as those used for the Lechler nozzles. No tests were conducted with the lower nozzle lance elevated
beyond the horizontal or with the outer nozzles pointed toward the center of the duct. However,
tests were performed with the upper nozzle lance held horizontal (Tests 11-13, 14-16) or depressed
5" (Tests 19-21).

Because the Parker-Hannifin nozzles were found to have a spray pattern that was much broader than
the spray pattern for the Lechler nozzles, it was assumed initially that they would not perform as well
as the Lechler nozzles. This was not the case. Like the Lechler nozzles, these nozzles were observed
to wet the duct walls, starting 12 ft down the duct at the top. However, at high water flow rates,
these nozzles did not appear to wet the walls as far down the duct as the Lechler nozzles did. Also,
the Parker-Hannifin nozzles appeared to perform more satisfactorily at an atomizing air pressure of
100 psig than at a lower pressure.

A second series of nozzle tests were conducted du_ng which two modifications were made. First, the
upper lance was lowered from a position 8.5 in. from the top of the duct to a position 15 in. from
the top of the duct (so that the upper and lower lances were both 15 _ from the upper and lower
duct walls, respectively). The upper nozzle lance was lowered because the results of earlier nozzle
tests indicated that when areas on the top of the duct tended to be wet the bottom of the duct
remained dry. Second, a perforated plate was installed at the inlet to the horizontal duct. The

• perforated plate was investigated to determine whether it would improve the uniformity of gas flow.
The velocity distribution immediately downstream of the nozzle lances was not severely skewed,
however, and was not improved by insertion of the perforated plate. The perforated plate reduced
the maximum flue gas flow rate to below .50,000acfm and made it impossible to inject dry C.a(OH)2
or slurryupstream of the plate. Therefore, since it gave no offsetting advantage, the perforated plate
was removed.
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Table 5-5. Velocity and Temperature Measurements
made in the Horizontal Duct at the D1TF

Flow is as if it is going INTO the paper, all measurements made 5 ft
downstreamofthenozzlelances.Velocitie_sarcinft/sandtemperatures
arcin °F.

I. 4 Lcchlcrnozzlesina cluster,20psigairpressure,nowarn',insertNOT installedin
atomizer port. Kut_ array indicates 50 f'ffsaverage velocity.

Portl V 67.5 69,7 71.1 58.1 Avg. V 66.6
T 314 314 312 314 T 314

Port2 V 61.8 73.7 70.0 58.1 Avg. V 65.9
T 313 306 307 313 T 310

Port3 V 61.1 48.9 49.9 54.3 Avg. V 53.5
T 313 313 311 312 T 312

2. Same as 1, but nozzles at 80 psig, but insert INSTAl J_RD in the atomizer test port.

Port1 V 50.6 153. 144.6 32.6 Avg. V 95.2
T 313 298 297 309 T 304

Port2 V 41.3 151.0 154.1 36.3 Avg. V 95.7
T 313 297 294 310 T 304

Port3 V 43.4 31.3 52.2 43.8 Avg. V 42.7
T 314 312 310 310 T 312

3. Same as 2, but nozzles at 20 psig.

Port l V 69.2 68.6 68.7 63.4 Avg. V 67.5
T 314 314 310 314 T 313

Port2 V 67.6 67.0 66.9 62.6 Avg. V 66.0
T 307 307 304 312 T 308

Port3 V 65.7 49.3 58.7 56.9 Avg. V 57.7
T 314 313 310 312 T 312 .
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As descn'bed earlier, thermocouples attached to the inside walls of the horizontal duct were used to
detect wall wetting. Previously, a duct wall temperature of 134°F was presumed to be close enough
to the adiabatic saturation temperature (approximately 126-1280F) to justify the belief that at or
below 134°F the duct wall was indeed wet. However, at a nozzle review meeting at PETC in May,
various investigators indicated that a more likely temperature forwall wetting was about 130° F rather
than 134°F. Therefore, in the analysis that follows, only duct wall temperatures of 1300F or less

" were presumed to indicate wall wetting. In Tables 5-6 through 5-9 which record the results of these
tests, temperatures at or below 130°F are printed in bold face type and are enclosed in a box.
Temperatures from 13IOF to 134°F are printed in boldface type, to signify sufficient proximityto the

" adiabatic saturation temperature to cause concern.

Two other comments need to be made about the data presented in Tables 5-6 - 5-9. First, it was
determined that water flow to the nozzles was not being measured properly because air entrained in
the water line would migrate to the pressure transducer and produce false readings. This problem
was corrected only after these tests were completed. Thus, for these tests, the water flow rate was
estimated by calculating the amount of water necessary to lower the temperature of the incoming flue
gas to the temperature measured at the inlet of the ESP. In Tables 5-6 - 5-9, this value is listed as
"CALCULATED Humidification Water Flow." Second, the approach to saturation was estimated
in two ways. In Tables 5-6 - 5-9, the "Estimated Approach to Saturation" was determined by
Su_ acting a presumed adiabaticsaturation temperature of 1280F from the temperature at the ESP
in_... The approach to saturationwas also determined by subtracting a calculated adiabatic saturation
temperature from the temperature at the ESP inlet and a presumed 7% (volume) water content in
the flue gas. The adiabatic saturation temperature was calculated from the following relation:

I

T,--s3.03+ o.ossoyrs + 240.0Xw

where Ts is the adiabatic saturation temperature in degrees Fahrenheit, Tg is the temperature of the
flue gas at the system inlet in degrees Fahrenheit (before humidification), and Xw is the volume
fraction of water content in the flue gas. This relationship was determined by making a curve fit to
a rigorous calculation of Ts as the simultaneous solution of the equation that expresses the adjusted
temperature of the flue gas due to the evaporation of water and another equation that expresses the
maximum vapor concentration of water vapor as a function of temperature. Ts is not actually a linear
function of either T. or Xw, although linearity of both is assumed in the above equation. However,
in the range of 0.05_ < Xw < 0.09, the equation provides a close estimate of Ts. At values of Xw
between 0.07 and 0.08, the curve fit was configured to give almost exact agreement In generating
this relationship, a value of 7.492 cai/(mole-°C) was used for the heat capacity of the flue gas.

Nozzle configurations. Two basic nozzle configurations were tested with both Lechler and Parker-
,, Hannifin nozzles. The fast configuration was a six-nozzle cluster with three nozzles per lance, with

nozzles located at positions 2, 3, and 4, as illustrated in Figure 5-2, except that the outer nozzles were
canted inward by 5°. The second configuration was a four-norzle cluster, with two nozzles per lance.

• In this configuration, the nozzles were located 16 in. from the vertical duct walls and were canted
inwardby 5°. The horizontal location of the upper andlower lances was not changed from that used
when three nozzles were attached to each lance. For each of the two basic configurations for each
type of nozzle (six nozzles and four nozzles), tests were conducted with the lances set so
that the nozzles were either horizontal or arranged with the upper lance depressed by 2.5° and the
lower lance elevated by 2.5° .
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Tables 5.6 and 5-8 give results for nozzle tests conducted with three Lechler nozzles per lance and
three Parker-Hennifin nozzles per lance, respectively. Tables 5-7 and 5-9 give results for nozzle tests
conducted with two Lechler nozzles per lance and two Parker.Hannifin nozzles per lance,
respectively....

Besults for Lechler nozzles. Although the intent was to operate at humidification water flow rates
from 10 to 12 gal/min, the actual water flow rates ranged from 8.8 to 11.7 gal/min, corresponding to •
calculated approach temperatures at the ESP inlet from 61 to 26° F. The atomizing air pressure was
a_ _ried for these tests, and values from 60 to 100 psig were used. The purpose of investigating
the effect of changing the atomizing air pressure was that the Lechler nozzles should reach choked
(sonic) flow at 60 psig of air pressure. Thus, operation at higher air preuures should be unnecessary
if choked flow occurs at an air pressure of 60 i_ig.

E,epreuting the nozzles in the upper lance andelevating the nozzles in the lower lance did not appear
to reduce wall wetting for three nozzles per lance (compare Tests 59 and 61 or Tests 58 and 60), but
may help with two nozzles per lance (compare Tests 63 and 63A with Tests 62 and 62A). However,
less wall wetting was observed with three nozzles per lance than with two nozzles per lance regardless
of how the lances were seL With respect to air pre_ure, it appears that higher air pressures may
help with high water flow rates (compare Tests 51 and 52).

Lowering the upper lance by 6.5 in. to a distance of 15 irl from the top of the duct does not appear
to reduce well wetting in the third, fourth, or fifth thermocouple array (see Figure 5-1) as compared
to earlier data from the tests during May (Test 52 compared to Test 28). However, in Test 28, wall
wetting was observed past the s_th array. Overall, for tl_e Lechler nozzles, a slight improvement in
nozzle performance was realized by lowering the upper lance. The four-nozzle cluster did not
perform well (compare Tests 62 with Test 61).

for Parker-Hannif'_. Results appear to be lets clear.cut for these nozzles than for
the Lechler nozTJes. What can be utid is that at lower approach temperatures, three nozzles per
lance appear to wet the duct walls |eLs than two nozzles per lance. Tests 54-100, 54-110, and 54-115
were consecutive tests run with increasing air pressure to determine if air pressures above 100 psig
redtr.ed wall wetting. While the results recorded for Test 54-115 appear to suggest that operation
at 115 l_ig leads to wall wetting, compared to operation at 100 psig0the difference is only that of
time. Data for the test at 115 psig were taken approximately one-half hour after that for Test 54-100.
lt is unclear from these data that air pressures above 80 psig reduce wall wetting.

It is not clear that lowering the upper Lancereduces wall wetting because earlier tests with the
Parker-Hannitin noz_Jes were conducted with the outer norzles pointing straight ahead and these
tests were conducted with the outer nozzles pointed inward by 5°.

it'

5.2 Droplet Size Measurements

5_1 _ption of Measurement Methodo|ogy

In-situ measurements of droplet size dist_butions of water sprays (no slurries) were made at the DOE
Beverly, Ohio, Duct Injection Te_t Facility (DITF) during May and July 1990. All measurements
were made in the horizontal duct downstream of Station 2. Measurements were made of sprays
produced by both Parker-Hannifin and Le_:hlernozzles. Tests were performed with each nozzle type
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operatingover a rangeof airpressuresand waterflow rates. The testswere alimadewith normal
flue gu flows in the duct. Two measurementdeviceswere used in takingthe data:the SRI Video
Droplet Analyzer(VDA) and an Insitec in-situoptical particlesizingdevice,desex'bedbyInsitec as
a ParticleConcentrationSize and VelocityProbe (PCSV-Por PCSV). AppendixA containstables
that providea summaryof each nozzle test as well as graphs that show the _Lmulativemass and
differentialmar_size distn'butiondeterminedfrom each test. A total of twenty.fivetestswere run.

.t

_]_ VDA. The SRI VDA is an imagingsystemthatprovideson-line dropletdiametermeasurement
based on real.time measurement of the height (diameter) of droplet images obtained by a
synchronizedhighspeedstrobe illuminator/videocameracombination. The cameraand illuminator
are mounted in a probe whichcan be insertedthrougha 4-inch or largerdiameterport, makingit
pouible to makein-situ measurementsin a flowinggas stream. A combinationof shroudsand purge
airare used to keep the opticalwindowscleananddry. The purgeairalso provideslimitedcooling
of the camera, lenses, and illuminatorelectronics but the system is not capable of prolonged
operation in hot gasstreams. However,at the DITF, the spraysbeing measuredprovidedsufficient
externalcooling of the probe thatcontinuousoperationwas possible.

The VDA was configuredto providedataover the size rangeof 3 to 450 _ for'the DITF nozzle
tests. However, becauseof the highgasvelocities in the duct,blurfrom particlemotionwas about
10 _m which resulted in a ios_ of data at the small end of the VDA's nominalsizing range.
Consequentlyreliabledata were obtained with the VDA over the more restrictedrange of 25 to
450 _aaratherthan the full range for whichit wasconfigured.

_-P. The Insitec PCSV-P is a dual rangein-situoptical single particlecounting device that
providesdata on particlesizes, concentration,andvelocityin either or each of its two ranges. The
smallparticlec_onfigurationis set up to providedata over a nominalsizespan of 0.5 to 2.5 _anwhile
the large particleconfigurationis setup to providedata over a nominalrangeof 3 to 40 _. Data
can be taken in only one of the two modes at anyone time, but mode switchingis automatedand
fast so datacan be takensequentiallyin the twomodes in a fairlyshortperiodof time. As withthe
VI)A, a combinationof purge airand shroudsis used to keep the optical windowsclean and dry.
Coolingprovidedbyanexternalwaterjacketedsheathpermits useof the instrumentat temperatures
far greater than that of normal flue gases. The instrumentresponse is sensitive to the refractive
index and shape of the particles being measured;consequently, the indicated sizes can differ
somewhat from the true sizes. Provisionis made in data analysisto account for the difference
between absorbingand transparentparticlesin instrument response. This takescare of the major
effect of refractiveindex.

In orderfor the PCSV-Pto workproperlyonlyone particlecan be in the sensingzone at any one
time. For most aerosols the number concentrationsfall off as size increases. Thus, if the
concentrationsin a size range are high this requirementcan be met only by increasingthe lower
detection thresholdfor that range. Thus, data can be taken at high concentrations,but only by
restrictingthe rangeof measurement,losing the ability to obtain data for the smallersizes in the
design range for the affected configuration. The concentrationsproduced by the nozzles in these
te_ts were high enough to restrict the range of the large particle mode to about 13 to 40 t_m.
Insitec'sdata analysisalgorithmuses an interpolationscheme to fill in for missingdata between the
upper sizing limitof the small particlemode and the lower limit of the large particlemode. The
accuracyof the interpolationin matchingthe truedistributionis open to question.
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5..2.2 Sampling Strategy and Data Analysis Methods

Two major series of tests were conducted with each of the two types of nozzles. In the first, single
point measurements were made at a fixed location downstream of the plane of the nozzles.
Sequential data sets were obtained with the VDA and PCSV at each of a number of combinatiom
of operating air pressures and water flow rates for each nozzle type during these tests. Before
performing this test series some preliminary travenes were made to provide comparative data from
the single point sampling location and that obtained by a full traverse of the duct. The results of
these measurements are given in Table 5-10. These comparisons show that the single point data
could be expected to be representative in-so-far as droplet size distn_oution measurement was
concerned.

in order to minimize changes in the measured distribution from that actually produced by the nozzles
we wished to make the measurements as close to the nozzles as possible. Attempts were made to
obtain data at a location about 0.55 m downstream of the plane of the nozzles but the concentrations
at that distance were too high for either the VDA or the PCSV systen_ to cope with. Satisfactory
conditions appeared to be found at the next samplingplane downstream of the nozzles (about 1_6m)
and the variable pressure andwater flow tests were made at that plane. The sampling point used was
horizontally centered at very nearly the height of the nozzle mounted at the center of the upper
lance. Data from the PCSV and VDA were combined to construct overall size distribution_for each
test condition.

The PCSV data were used up to about 23 _ and the VDA data for sizes greater than 23 Wn. The
results from the two techniques compared quite well in the overlap range from about 20 to 40/_m.
Below 20 tan the VDA data tended to be systematically low as compared to the PCSV as would be
expected because of the effect of blur from the high particle velocities. The PCSV data analysis
algorithms produce value_ for sizes much greater than 40 jan but any such values are not valid
because the instrument sensitivity with respect to size becomes quite limited above about 40 _n.

The sexond series of tests conducted with each type of nozzle was intended to provide more
quantitative data regarding liquid water concentrations venus distance downstream of the plane of
the nozzles. For these tests traverses of the duct were made at downstream distances of 1.6, 2.6, and
8 m using only the VDA. Limits to the movement of the PCSV probe were set by the length of the
cooling water supply line and the probe umbilical which, coupled with time constraints, made it
impractical to perform similar traverses with the PCSV. The size range covered by the VDA
appeared to cover the range in which the bulk of the spray was to be found.

Ali tests were run in a gas stream composed of 100% fiuc gas. This resulted in a high fly ash
background which had the effect of red_ing the fight transmission for the instruments and
contributing a background paniculate concentration. The tests were to have been conducted with
the dilution air burnerin operation to alleviate this problem but the burner failed just before the start
of the measurement period and remained out of se_ throughout the tests.

The fly ash background was measured with both the PCSV and the VDA, although the VDA data
were limited because the probe could not withstand prolonged exposure to high temperatures. The
fly ash backgrounds were subtracted from the data as reported here. However, the sprays collect fly
ash to some unknown extent; consequently, these data may be somewhat overcorrected. In a few
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Table 5-I0. Results of Single Point and Traverse Measurements.
" Parker- ifin Nozzle,s in Port 2, VDA Only.*

Port #2 DITF System SautcrMean CalctdatcdWater
Traverse Elg..W.dlf._ Diameter. l.tm Flow. m3_rn

Top 42000 36.8 2.9
Middle 42000 35.5 3.3
Bottom 42000 37.5 3.4

Average 36.8 3.2

Top, Center 25000 41.6 7.0
Top, Center 42000 36.0 5.0
Top, Center 56000 34.7 3.9

* Ali measurements in Port 2, 5 ft downstreamof nozzles,
8 gpm water flow, and 80 psig air pressure
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instances this was almost certainly the case as the background values were greater than the values
measured with the spray on. This re_ulted in negative values in the corrected results.

5.2.3 Test Results

5.2.3.1 Droplet Size Distn'butions

Parker-Hannifin Nozzle_. Results of the combined size distn'bution measurements for the Parker-
Hannifin nozzles are given in Table 5-11. Results from the VDA measurements only are given in
Table 5-1Z The test matrix included measurements at water flow rates of 6, 8, 10, and 11 gpm and
air pressures of 80, 100, and 110 psig. Measured Sauter Mean Diameters (SM'D) based on the
combined VDA and PCSV data ranged from about 20/an when the nozzles were operated at high
(I10 psig) air pressure and low (6 gpm) water flow to about 45/,an at low (80 psig) air pressure and
high (11 gpm) water flow.

Non-uniform duct coverage was indicated by transport rates that, if projected from the single point
measurements to the whole duct, were often greater than the actual water flow rate. The estimated
transport rates decreased with increasing air pressure at any given water flow. This might reflect
higher evaporation rates because of smaller droplet sizes and/or an increase in spray cone angle. In
general, SMD increased with increasing water flow and decreased with increasing air pressure as
would be expected. Log-normal fits to the mass size distn'butions showed Mass Median Diameters
(MMD's) ranging from about 25 to 50 nnn with geometric standard deviations of about 1.7 to 2.0.

_chler Nozzles. Results of the combined size dis_n'butionmeasurements for the Lechler nozzles are
given in Table 5-13. Results from the VDA data only are given in Table 5-14. The test matrix
included measurements at water flow rates of 6, 8, 10, and 11 gpm and air pressures of 60 and 80
psig. Measured SMD, based on the combined VDA and PCSV data, ranged from about 25/nn when
the nozzles were operated at high (80 l_ig) air pressure and low (6 gpm) water flow to about 40 Wn
at low (60 psig) air pressure and high (11 gpm) water flow.

As was the case with the Parker-Hannifin nozzles, non-uniform duct coverage was indicated by
transport rates that, if projected from the single point measurements to the whole duct, were
generally greater than the actual feed rate. The discrepancies were greater with the Lechler nozzles
than with the Parker-Iiannifin nozzles, probablybecause of the narrower cone angles produced by
the Lechler nozzles. The estimated transport rates decreased markedly with increasing air pressure
at any given water flow. This might reflect higher evaporation rates because of smaller droplet sizes
and/or an increase in spray cone angle with the latter probablybeing the more important. In general,
SMD increased with increasing water flow and decreased with increasing air pressure as would be
expected. In two cases no useful data were obtained from the PCSV, once because of negative
valuesafterbackgroundcorrectionandthesecondbex_useoffoulingoftheopticalwindowofthe
probe.Log-normalfitstothemasssizedistn'butionsshowedMMD's rangingfromabout30 to50
j_nwithgeometricstandarddeviationsofaboutIo8to2.0.

5.2.3.2Concentrationvenus DownstreamDistance

P__arker-Hannit3nNozzles.The resultsofthe(VDA only)traverse,measurementsfortestsconducted
withParker-HannifinnozzlesareshowninTable5-15.Testswereconductedattwowaterflowrates

(6and 10gpm) and a singleairpressure(100psig)oThe dataindicatethattheSMD tendedto

5-20



Table 5-1I. Resultsof Size DistributionMeasurementsfor Pmker-Hannifin
Nozzles, CombinedVDA andPCSV Data Taken at theCenterof
the Top Port, 5 ft downstream.

" Air Pres+ure.psig _ Diameter.t_

80 31.1 38.8 40.8 44.5
100 23.5 28.9 33.4 38.1
110 19.1 27.0 28.1 28.1

.CalculatedWaler Flow*. __m

80 6.0 7+9 11.0 13.8
I00 4.7 6.9 9.4 I0.I
110 4.1 5.7 5.7 7.2

* From single point size distributionandvelocity measurements.

Table5-12. ResultsofSizeDistributionMeasurementsforParker-Hannifin
Nozzles,VDA OnlyDataTakenattheCenteroftheTopPort,
5 ft Downsteam.

_ater Ro_ 6 lt J_ 1/.

AirPressure. psig

80 36.9 39.9 43.9 47.5
100 32.9 35.7 39.2 40.5
110 31.5 32.0 32.9 35.2

t_culated WaterRow*. _rn

• 80 5.5 8.0 10.8 13.5
100 3.4 5.8 8.4 9.6
110 2.5 3.8 4.1 5.0

, * Fromsingle point size distribution and velocity measurements.
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Table 5-13. Resultsof Size DistributionMeasurementsforI.echlerNozzles,
C¢_nbinedVDA _d PCSVDataTakenatthe Centerof theTop
Port.5 ft Downstream,

6 . 8 111 Lt .

Air prcssxtre._ig SauterMeanDiameter.tun

60 -- 37.5 35.0 --
80 26.3 28.1 27.2 29.2

CalculatedWaterFlow*. mm_._

60 -- 13.2 15.7 --
80 6.9 8.2 9.1 9.1

* Fromsingle point_ distributionandvelocity measurements.

Table5-14. Results of Size DistributionMeasurementsfor LechlerNozzles, VDA
Only DataTakenattheCenterof the TopPort. 5 ft Downstream.

2/gtr.J_Jz_.gz_ li lt IQ 11

Ai_ SauterMeanDiameterdlm

60 39.2 40.5 42.4 43.3
80 34.8 34.7 36.4 35.8

CalculatedWaterFlow*. t_an-_

60 9.1 11.7 14.4 15.0
80 5.6 6.8 8.3 8.1

* From single point size distributionandvelodty measurements.
tc
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Table5-15. RosulL_of Size DistributionMeasurementsfor Parker-Hannifin
Nozzles, VDA TraverseData Taken at Port Sets 2, 3, and4.*

WamrFlow_m_m li /_

" ------- .... Downstream ......
PortSet Digznce Time of night SauterMeanDiameter, tun

• = •

2 5 0.11 35.2 39°2
3 8 0.17 34.6 40.3
4 24 0.54 38.5 46.7

_alculated WaterFlow*. gpm

2 5 0.11 3.8 6.2
3 8 0.17 3.0 4.8
4 24 0.54 2.0 3..5

• Datatakenin top andbottomports,2 points perport.

Table5-16. Results of Size DistributionMeasurementsforLechler Nozzles,
VDA TraverseDataTaken atPortSets 2, 3, and4.*

WaterFlow__om fi 10---

.... Downstream.... SauterMeanDiameter,p.m
_ fAir Pre_

---- BackgroundCorrection**-- --- BackgroundCorrection**--

2 5 31 32 34 36 37 38
3 8 37 40 44 35 38 41
4 24 33 36 42 44 48 56

_A_lated WaterFlow*.

2 5 2.6 2.4 1.9 4.7 4.7 4.0
3 8 2.9 32 2.6 3.4 3.9 3.3

" 4 24 2.1 2.1 1.5 3.2 3.6 3.0

* Datataken in top and bottomports,2 points perport.
** See _xt forexplanationof backgroundcorrectionp_ure.
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increasewith downstreamdistancewhile the liquidwaterconcentrationdecreased. Thisbehavioris
consistentwith evaporativelosses which would be more rapidfor small dropletsthan for larger
droplets,resultingin a shift towardlargermean dropletsizes-at least in the initial phases of the
evaporativeprocess.

Under the conditionsof the tests the samplingplanesrepresentedevaporationtimes of 0.10, 0.17,
and 0.54 s. These results indicate that about one-thirdof the water sprayedwas still liquidafter
about 0.5 s of evaporationtime. _ftteindicatedmean diametersat the planesclosest to the nozzles
maybe too largeand the watertransportrates too lowbecauseof the lack of datafor smalldroplet
sizes. This lackof data for smallsizes shouldnot be asserious at the farthestsamplingplanesince,
in anycase, the smallersize droplets must havebeen highlydepleted at that location.

LechlerNozzles. The resultsof the (VDA only)traversemeasurementsfor the Lechlernozzles are
given in Table 5-16. Tests were conductedat twowatersprayrates(6 and 10 gpm)and a single air
pressure(80 psig). These data indicatethat the SMD tended to increasewithdownstreamdistance
at the higherwater flow ratebut firstincreasedand then fell at the lowerflow rate. Regardlessof
water flow rate, the concentrationof liquid water was observed to decrease with distance.
behavioris consistentwithevaporativelosseswhichwouldbe morerapidfor smalldropletsthan tor
largerdroplets, resultingin a shift towardlargermeandropletsizes-at least in the initialphases of
the evaporativeprocess. The finalindicationof adecreasingmeansizeat largedownstreamdistances
at the lowerspraytestconditionmightbe the resultof the inevitabledropletshrinkagethatmusttake
piace in warmflue gas.

Underthe conditionsof these tests the samplingplanesrepresentedevaporationtimesof 0.1, 0.17,
and0.54 SoThe backgroundparticlesize distributiondatawere not altogetherconsistentfor this test
so the results were reported in three ways: first in raw(uncorrected)form,second using a mean
value from ali backgroundmeasurements, and third using the set which showed the highest
backgroundconcentrations.Similartrendswerefoundin ali three treatmentsbut the detailschanged
somewhat.

These data indicatethataboutone-fourth toone-thirdof thewatersprayedwasstillliquidafterabout
0.5 s of evaporation time. IndicatedSMD at the planesclosest to the no2:zlesmaybe too largeand
the water transportrates may be too low becauseof the lack of data for smalldroplet sizes. As in
the case of the Parker-Hannifinresults,this lackof data for smallSMD shouldnot be regarded as
a seriousioy,s at the farthestsamplingplanebecausethese dataindicate that the smallersize droplets
musthave been highlydepleted at that location.

The results presented in the preceding paragraphsare useful for relative no_de performance
evaluations. However, no information is presentlyavailableconcerning the performance of the
nozzleswithslurriesof varyingconcentrationandcomposition.If timeandbudgetconstraintspermit,
the VDA and Insitecinstrumentswillbe used to measureslurrydroplet size distributionsat a later
point in the program.

The performanceof the nozzleswas generallywithinthe specificationsof 30 SMD, but it shouldbe
noted that the manufacturersand B&Wuse a Malvernsystem to measuredropletsize distributions.
Significantdifferenceinresultsdue to differencesinmeasurementtechniquesmayoccurwithrespect
to the InsitecNDA datavs the Malvern. Comparisonsbetween these methodsare planned later in
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the project. The principal utility of these in situ measurements, however, is to assist in the
development of process models.
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6.0SULFUR DIOXIDE REMOVAL EXPERIMEN'I_

6.1 Introduction

Pilot plant experimental studies of SO2 removal with sorbent injection were conducted in three
' segments during the time periodcovered by this report (see the test plan schedule given in

AppendixB):

" 1. Injection of dry hydrated lime during Test Weeks 9 through 16.
2. Slurryinjection duringthe two-week period immediately prew_ing a scheduled three-month

outage of Unit 5 (Test Weeks 16 & 17).
3. Slurry injection during Test Weeks 18 through 28 (Nov. 19, 1990 through Feb. 4, 1991).

The period available prior to the Unit 5 outage for tests to determine the effectiveness of sorbent
injection for removing SO2 from the flue gas was approximately from July 1 to August 22. Testing
was resumed on November 19 when the unit was brought back into service after the outage.

6.2 Dry Sorbent Injection

Dry sorbent refers to the powdered hydrate of lime-that is, calcium hydroxide, Ca(OH)2. This
material was injected in three types of tests, as summarized in the following paragraphs. Key
properties of the hydrated lime used during this test period are summarized in Table 6-1.

In one type of test, dry hydrate was injected without any simultaneous attempt to humidify the flue
gas. The purpose was to determine the degree of SO2 removal that was possible in the absence of
humidification. The powder was injected pneumatically into the horizontal duct with a background
water vapor concentration of 5.6% by volume and an SO2 concentration in the range 1300-1400 ppm
by volume. The rate of sorbent injection achieved a Ca/S mole ratio of approximately 2.3. In this
initial test of this type, the degrees of removal of SO2 at various locations downstream from the point
of sorbent injection were determined from photometric determinations of the SO2concentration, with
correction for changes due to inleakage of air. The total removal of $O2, based on system inlet and
ESP outlet SO2 concentrations, was 17.8%; of this amount, the removal in the ESP alone was 4.9%.
In a repetition of the test, the total removal was close to the original value. The removal in the
repetition was 17.0%, ofwhich 5.3% occurred in the ESP. The removal up to the ESP inlet, 11.7%,
corresponds to a sorbent utilization of 5.1% (% utilization = % SO2 removal/[Ca/S]).

To validate the results from the second test described above, samples of entrained solids were
removed from the gas stream at the ESP inlet and analyzed in the laboratory. To remove the solids
in the same chemical state as that existing in the suspended state, the sample stream was both heated
and diluted with air using the previously described quench probe. Thus, the reaction between

. suspended solids and SO2 in the ges duct was quenched during the sampling step. The ratio of sulfite
to calcium found in the laboratory analyses indicated that the utilization of the sorbent was 5.0%
versus the 5.1% indicated by the gas analysis system.

This result is considered to be in excellent agreement with the utilization calculated from the change
in SO2 gasophase concentration and lends confidence, in SO2 concentration data asa reliable indicator
of the degree of SO2 removaL The dry hydrate test without humidification is considered to be an
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Table 6-1. Properties of Hydrated Lime

BET surface area 21.9- 23.1 mZ/g1

Loss on ignition (750"C) 24.5% 2

Chemical composition 3

Li20 <0.01

Na20 0o16

K20 0.04

MgO 0.75

CaO 95.4

Fe20 3 0.14

AI203 0.43

SiO2 0.69

TiO2 <0.1

P205 0.07

SO3 <0.1

1. Range for eight samples.
2. Calculated for Ca(OH)2, 23.5%.
3. Determined for ignited residue.
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appropriate mea_ of comparing gas analysis systen_ results with solids analyses becatuse reactive
deposits in the duct are not a factor in the comparison.

In the second type of test of dry hydrate injection, the sorbent was injected downstream from the
water spray nozzles. This type of procen is best referred m as the non-w,avenging mode, in
distinction bom the sc_enging mode descn'bed below. That is, the water droplet8 are evaporated

. before they can reach the location of the dry sorbent injection nozzles and thus no interception of
sorbent particles by water droplets can occur. For this type of test, the flue gas was humidified with
a water spray at the top of the vertical duct (using four Parker-Hannifm nozzlm), and dry hydrate

- was injected in the horizontal duct. The inlet SO2 level was maintained at 1900-2000 ppm and the
inlet flue gas temperature was maintained at 30W F. Table 6-2 _ummafizes the results of three tests.
Under the most favorable conditions - a Cat/Sratio of 3o15 and an F.SP inlet temperature of 170° F
(equivalent to an approach temperature of 44Y'F)- the apparent total removal of SO2, based on
me.asurements of SO2 at the ESP outlet, was 37%.

In the third type of test, dry hydrate was injected upstream from the water spray nozzles in the
horizontal duct (scavenging mode). As the sorbent particles andwater droplets moved together down
the duct, collisions occurred until ultimately the water w_ totally evaporated. The scavenging mode
was expected to be more efficient for removing SO2, since the physically wet sorbent particles were
expected to react more completely than the dry particles. Table 6-3 summarizes the results of three
series of tests of the scavenging mode, which involved both the Parker-Hannifin and Lechler nozzles.
The highest SO2 removal achieved, with an inlet SO2 concentration of 1900 ppm, was 53% during
a 4-hour trot with a Ca/S ratio of 2.5, a water rate of 11 gal/min from L_hler nozzles, and
approximately a 26"F approach to adiabatic _aturation at the ESP inlet.

From the results with the different types of m3zzles, it is apparent that, under the same conditions,
higher SO2 removal efficiencies could be achieved with the Parker-Hannifin nozzles than with the
Lechler nozzles. Data obtained with the two types of nozzles are shown in Figure 6-1 for two system
inlet temperatures, 285°F and 330° F. The approximate approach temperature_ for these data sets
at the 10 GPM water rate arc 30°1:' for an initial temperature of 285"F and 50*F for an initial
temperature of 330"F.

Some cautionaryno_esareappropriatewithregardtothedatainFigure 6.1.Quenchprobesamples
are not available for these tes_, so the effect of nozzle type on suspended pha,_ solids utilizations
is not known. The gas analysis system records the total SO2 removal, a portion of which may be
ca_ by reactive deposits of mokstcalcium hydroxidein the duct. The Parker-Hannifin nozzles have
a broader spray pattern than the Lechler nozzles, so it is conceivable that the additional SO2 removal
observed with the Parker-Hannifm's may be due to both more sorbent-water interception and more
deposit formation. Additional tinting is required to resolve this question.

w

T_ting of the scavenging mode was alto performed for extended periods on two occasions (that is,
for I to 2 day_, ratherthan for just a few hour). All trotswere conducted with three Lechler nozzles
on each of the two lances i_',alled in the horizontal test duct. The _pper lance was depressed 1.25°
and the lower lance was elevated by 5". The outer nozzJes on each lance were canted inward by 5° F.
For these tests, the inlet SO 2 concentration was controlled to 1300 ppm arid the Ca/S ratio was
intended to be 2.0, with approximately a 40° F approach (ESP irdet temperature of 170"F). The first
of these extended tests had to be terminated after 57 hours because a large deposit of ash and
_rbent formed on the top of the ductwork abo_,ea hopper hl the horizontal duct (12 ft downstream
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Table 6-2

Non_%avenging Mode Test Results

Water
Inlet ESP Inlet Flow .CAUIB_2RemoY_. _-

1.0 1900 181 8 3 7 14

2.1 1900 176 9 0 5 14

2.6 1900 178 9 4 8 22

3.0 2000 177 9 14 25 36

3.2 1900 170 10 18 27 37

1o The approximate temperature for adiabatic saturation was 125°F. Thus, the approaches
to saturation ranged from about 45 to 56°F. (The inlet temperature was typically 300°F.)

2. Locations: A _ outlet of horizontal duct.
B _ inlet of ESP
C _ outlet of system
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Table 6-3. Scavenging Mode Test Results

Nozzle Inlet SO2, ESP inlet Water flow, C'umul_tive SO2 reraoval.%3

P-H 1.1 3000 190 8 . 12 14 17

" 1.2 2800 170 10 20 21 26

1.4 3400 195 8 16 19 21

1.5 3400 167 10 22 28 33

1.5 3100 156 10 29 35 40

L 1.5 2800 194 6 16 19 23

1.5 3000 173 8 20 19 22

1.5 2900 160 10 21 22 25

L 1.0 1900 164' 8 12 11 17

1.0 1900 145 10 , 22 22 27

1.0 1900 149 10 21 20 25

2.0 1900 152 10 27 28 37

2.5 1900 155 10 31 34 42

2.5 1900 154 11 41 42 53

1. P-H = Parker-Hannifin; L = Lechler

2. In the tint series of te_ts, the inlet temperature was 320°F and the saturation temperature
about 128°F, making the approache_ 28 to 67°F. In the latter two series, the inlet
temperature was 285°F and the saturation temperature around 124°F, making the

" approaches 30 to 70°E

3. locations: A = outlet o,fhorizontal duct
" B = inlet of F.SP

C = outlet of system
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from the spray nozzles). The deposit extended to the bottom of the duct, bridged the hopper, and
blocked approximately 80% of the duct.

When the test was repeated, the upper spray lance was positioned down 1.25" from the horizontal.
This eliminated the formation of a solid deposit at the top of the duct. This test was terminated after
19 hours when the supply of dry hydrate was exhausted. Inspection of the duct at the end of testing

- showed no deposit on the top of the duct. A small deposit had formed, however, on the trailing lip
of the hopper mentioned above. It is not known how this deposit would have grown with time.

- During the 57-hour run, quench probe samples of solids entrained at the E.SP inlet were obtained
to compare sorbent utilization as determined directly on the solids with the values calculated from
the gas-phase analyses. While the quench probe samples were being collected, measurements from
the gas analysis system indicated that 30.3% SO2 removal occurred across the entire system while
24.4% SO2 removal occurred up to the ESP inlet. The Ca/S ratio was determined to be 1.83 during
that period. The calculated sorbent utilization at the F.SPinlet was thus 13.3%; this was higher than
the utilization of 10.4% based on solids analyses. During the second extended run that lasted 19
hours, the dry sorbent feed rate was not stable for long periods; however, during one stable period
of several hours, the gas analysis system measured an overall system SO2 removal of about 28%, with
about 22% SO2 removal at the ESP inlet.

6.3 Slurry Injection

6.3.1 Experiments with SlurryInjection Before Outage

Two tests were conducted with slurry injection. Because there was a strong possibility the Unit 5
outage would occur earlier than scheduled (which did happen), ali dry hydrate testing was suspended
to make sure that the slurry system functioned properly before the outage began. As with the dry
hydrate tests, the slurry tests were conducted with spray injection in the horizontal duct with the
Lechler nozzles arranged as described above in connection with the dry sorbent tests. Slurry was
prepared on site using a Portec M15 Slaker with pebble lime (with a typical composition as given in
Table 6-4 as feed. Preparation of a slurry of the desired composition on a continuous basis requires
water addition in two stages because it is necessary m maintain a temperature range of 160.180° F
in the slaker vessel.

The inlet SO2 concentration for these initial slurry injection tests was 1300 ppm; the slurry solids
content was intended to be 20% by weight. The first of these tests was terminated after 29 hours
after a stirrer shaft in the slurry tank sheared midway through the test. This test was beneficial,
however, because at the conclusion of this test the duct was inspected and virtually no deposits were
found.

After the stirrer shaft was repaired and a new supply of pebble lime was obtained, the last test before
. the Unit 5 outage was started. The plan was to continue this test until Unit 5 was brought off line,

2 days later. Unfortunately, the test was cut short when the unit was brought down on the f'ast
evening because of a tube leak. This test was intended to be run at a Ca/S ratio of 2.0 (solids
content of 20%) and a 40°F approach to adiabatic saturation at the E.SPinlet. Figure 6-2 shows that
high values of SO2 removal were measured by the gas analysis system during this last test. At the
time when quench probe samples were being collected, an SO2 removal of 48.4% was measured at
the F.SP inlet (after 1.5 s of residence, time) and an SO2 removal of 56.6% was measured at the
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Table 6-4. Properties of Pebble Lime

Ia3u on ignition (750° C) 2.8% .

Chemical composition 1

Oxide

Li20 0.01

Na20 0.17

K2o 0.o6

MgO _.S
CaO 94.2

Fe203 0.6

A1203 0.7

sio2 0.7

TiO 2 0.2

P205 0.02

SO3 <0.I

I. Determined for ignited residue.
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system outlet. Sorbent utilizations based on the gas phase data were made uncertain because two
slurry samples taken during the test had different solids concentrations (13.5% and 15.6%), which
corresponded to Ca/S ratios of 1.42 and 1.72, respectively); the sorbent utilization value thus
apparently fell between 28 and 34%. The average sorbent utilization based on the analyses of quench
probe samples was 22.3%.

Although there wassignificant discrepancy between sorbent utilization values based on data from the
two slurry tests described above, there is no doubt that slurry injection produc_ superior sorbent
utilization and SO2 removal compared with dry hydrate injection in the scavenging mode at similar
approach temperatures. This conclusion is illustrated by the data presented in Table 6-5. There are
not data available for tests of the two sorbent modes that are matched in ali of the relevant
parameters. The parameters in the two data sets given in Table 6-5, however, that are most
important - Cat/Sratio, ESP inlet temperature, and water addition rate - favor the dry mode over
the slurrymode. Hence, the better SO2 removal with the slurrymode is even more significant than
the direct comparison with SO2 removal with dry sorbent suggests.

At the conclusion of the latter slurry test, the horizontal duct was inspected. No deposits of slurry
solids were found. Hopper 1 was empty, and Hopper 2 was less than one.third full of ash. The first
hopper of the ESP was quite full. Ali of the ash was soft and dry, and no hopper evacuation
problems were encountered. The results of this test in terms of system operability are quite
encouraging; the results in terms of SO2 removal are also encouraging. A decision was therefore
made to concentrate the experimental efforts on slurry injection following the conclusion of the
Unit 5 outage.

6.3.2 Experiments with Slun3_Injection After Outage

6.3.2.1 Summary of Data

Slurry injection experiments were resumed following the outage on November 19 and were continued
under Task 3.1 until February 4, 1991, at which time the Task 3.1 Test Series (Evaluation of System
Performance) was concluded. Testing has continued under Task 3.2 (Scale-up Tests) and 3.3
(Advanced Concepts). This latter work will be covered in a subsequent topical report.

Table 6-6 contains most of the essential data from post-outage slurry testing; it includes information
on the following parameters:

. Approach to saturation. The values listed for this parameter were calculated by
subtracting the estimated temperature of adiabatic saturation from the observed
temperature at the inlet to the ESP. The estimated saturation temperature was
usually 124 or 125°F; it was based upon the customary temperature at the system
inlet (very close to 300°F in ali experiments) and the measured water vapor
concentration at the system inlet (usually about 6% by volume).

° Inlet SO2 concentration. This parameter was adjusted by controlling the
proportions of flue gas from Unit 3 and dilution gas from the dilution burner.
Although a superficial inspection of the table indicates that the concentration of
SO2 varied indiscriminately,the concentrations actually were clustered about three
averages with only moderately large standarddeviations: 1191 ± 51, 1793 ± 56, and
2763 ± 23.
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Table 6-5

Compar_n of SO2 Removals by - I
Dry Sorbent and Slurry Injection Materials

, (Summary of data prior m outage)

Dry Sorbent .

Ca/S ratio 2.3 3.2 2.5 1.5

Inlet SO2, ppm 1350 1900 1900 1300

ESP inlet temp., ° F - - 154 171

Water flow, gpm _ - 11 10

Cumulative SO2 removal

End of horizontal duct - 18 41 50

ESP inlet 12 27 42 50

System outlet 17 37 53 56

1. Lechler nozzles used either for the water to humidify the dry hydrate or for the slurry.
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• Ca/S mole ratio. This ratio was calculated from the feed rate of slurry, the
Ca(OH)2 concentration in the slurry, the SO2 inlet concentration, and the inlet
gas flow rate.

• Percent removal at the ESP inlet and outlet, and apparent utilization of the
sorbent. Percent removal was calculated from measured SO2 concentrations with
correction to constant 0 2 concentration. Apparent utilization was the percent
SO2 removal divided by the C.a/Sratio.

• Percent sorbent utilization based on solids collected at two locations: a quench
probe inserted into the horizontal near the ESP inlet, and the first or inlet hopper
of the ESP. Both types of solids were analyzed for water-soluble Ca+2 and SO3"2.
Control experiments have shown that essentially all of the calcium from the
sorbent is extracted in a large excess of water under the conditions used, and a
negligible amount of calcium is extracted from the fly ash in the ash-sorbent
mixture. These experiments similarly have indicated that essentially all of the
sorbent in the formof CaSO3, due to the reaction of sorbent with SO2, is also
recovered by the water extraction. Util_atlon is calculated as the mole ratio
S03"2/Ca+2.

6.3.2.2 Influence of Ca/S Ratio and Approach to Saturation on SO2 Removal

One set of figures summarizes the data on SO2 removal at the ESP inlet as a function of the two
parameters having the greatest influence on removal - Ca/S ratio and approach to saturation:

Figure 6-3 shows SO2 removal venus Ca/S ratio for ali tests, without regard to approach.

Figures 6-4, -5, -6, and -7 show SO2 removal versus Ca/S ratio for approaches in selected
ranges of temperature.

The second set of figures summarizes the data on SO2 removal at the ESP outlet rather than the
inlet:

Figure 6-8 for all conditions.

Figures 6-9, -I0, -! I, and -12 for selected approach intervals.

The data in these figures have been interpolated and summarized with the results shown by Ta_le
6-7. The optimum conditions for SO2 removal that are shown in this table are an approach of
20-30° F and a _ ratio of 2.5. These conditions appear to afford a removal of 70% of the SO 2 at

the ESP inlet and 85% at the ESP outlet. As will be explained momentarily, the SO2 removals in
this table represent the upper limits of results to be expected, on the basis of the available data, for
the conditions listed.

6.3.2.3 Influence of Inlet SO 2 Concentration on SO2 Removal

As stated above, the inlet concentrations of SO2 fell within narrow ranges around three average
concentrations: appro_,imately1200, 1800, and 28_ ppm. Other investigations of sorbent injection
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Table 6-7. Summary of P_t-Outage Data on SO2
Removal with Slurry

A_vvro_ch. °F _L__£_ _

20-30 1.0 45 50

2.0 6O 75

2.5 70 85

50-55 1.0 30 40

2.0 50 60

2.5 60 70
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processes for SO2 control-one example is HYPAS-have found that the inlet concentraZion has an
effect on the egtent of SO2 removaL In this study, however, this seems not to have been the case.
Data in plots of SO2 removal as a function of Ca/S ratio at selected approach intervals were prepared
with different symbols indicating the three representative inlet concentrations. The locations of the
data points appeared to be random insofar as the inlet SO2 concentration was concerned.

6.322.4 Indications of Sorbent Utilization from Gas-Phase and Solids Analyses .

Figures 6.13, -14, -15, and -16 present data on sorbent utilization at locations near the ESP inlet.
In each figure one set of data points shows apparent utilizations calculated from the SO 2 removals°
Another set is based on analyses of quench probe solids, and a third is ba,_t on analyses of ESP inlet
hopper samples. On occasions when utilizations were calculated from all three data sources, the
utilizations inevitably ranked in the following order:,highest, based on gas analyses; second highest,
based on ESP samples, and lowest, based on quench probe samples. Conceptually, the utilization
based on a quench probe sample should be the most accurate indicator of the ex_nt of reaction
between SO2 and sorbent at the point of collection; whether this is correct cannot, unfortunately, be
stated definitively. The reason for this ambiguity is that the quench probe sample is obtained at a
single point which may not be completely representative of the sorbent across the entire duct at the
plane of the sampling point.

A higher utilization of sorbent in the F._P is a reasonable result, inasmuch as solids collected in the
ESP remain in contact with the gas phase a longer time before they undergo separation. An even
higher apparent utilization based on gas-phase data is also plaus_le if SO2 reacts with sorbent
deposited on the duct walls as well as in the suspended state. Indeed, concern about the reaction
with wall deposits and the need to set a more dependable, conservative value on the extent of
reaction than the SO2 data affords is the reason for collecting and analyzing the solids. A realistic
scale-up of pilot data must ignore the contribution of wall effects, since the relative contn_butionof
wall effects at full scale will be substantiallyless than the contribution at the high surface-to-volume
ratio at pilot scale.

It should be emphasized that the difference between the single-point quench probe samples and the
gas sampling system results was not associated with the pre_ence of large moist deposits of sorbent
in the duct at the higher Ca/S ratios. Relatively long-term experiments were conducted without the
need to shut down and remove deposits. The term "walldeposits" in the context of th_ di_ussion
means, in effect, any sorbent particles which contacted duct surfaces or turningvanes, remained there
for some time period greater than the mean gas residence time, and then reentrained in the gas
stream. Such reentrained material is unlikety to be uniformlydistn%uted, and therefore may be
missed by the quench probe. We _t that the discrepancy between solkls analyses and gas system
results will be more definitively resolved by long-term experiments which will be conducted later in
the project.

Some of the data points in Figures 6-13, -14, -15, and -16 indicate the difference between utilizations
based on gas and solids analyses is greater at low _ ratios. Later work was put forth to examine
this lX_sibility and to find a possible explanation. Even now, the available data do not resolve the
L_ue definitively. If the difference,does in fact exist' however, it may be explained by the occurrence
of sorbent at lower slurry concentrations in tests at lower Ca_ ratios. If a given approach to
saturation is to be maintained while the Ca/S ratio is lowered, the sorbent concentration in the slurry
obviously must be lowered. Such a change increases the likelihood of forming wall deposits of wet
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temperatures from 40 to 50°F.
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Figure 6-16. Percent of sorbent utilized at the ESP inlet as determined by the gas
sampling system and chemical analyses of quench probe samples and
ESP inlet hopper samples. Summary of test data for approach
temperatures from 50 to 55°F.
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and,thu_morereactivesorbent,whichcan_ mis_eadinrghighindication_oftheextentofreaction
inthesuspend,edstate.

On one occasion,a broadersetofsolidssampleswu co,actedand analyze_forcalculationsof
sorbentutilization.The dataforth_setofu_,mplesaregiveninTable6.8.There aresorbent
ut/lizatio,nvaluesforu_mp_esfromthesecondand thirdhoppersoftheESP asweilesthequench

" probetam.p|eandtinthoppersample.Thereisalsoa ut,ilizationvaluefora samplecollec_edina
mat_ trr_inat the _yste:m out|at. Because of the high ESP efficiency for collecting so:lids, the
quant/tiesof so,_& in thete,condand thirdhoppersislimited,and theoutletconcentrationof

" _u_pe.ndedsolkhisverylow,The data_.h_vthattheutilizationbaledon eitherSO2concentration
ofso.Hdscompositionincre_ asthelocationofthesamplewas moved downward throughthe
system,.This, ofcouru:,was expectedbecauseof increased rea_,_ontimeand,forthesolids,
decreasedconcentrationintI_es_pendedstateandthusincrease_utilizationforagivenamountof
SO2 removal.The higherutilizationoftheso,lidsisaIsoexpectedtobe due inparttothefiner
particlesizetowardtheot_tletofthesystemanda higherexposureofthesorbenttothegesphase.

The upperlim/tsofSO2 removalthatcanbereportedfromtheavailabledatahavebeenpreviously
summarizedinTabte6.7.The lowerlimitswouldbe basedon theanalysesofthequenchprobe
solids,The comparisonoftheseupperandlowerlimitsofSO2removalaredepictedinFigure6-17.
Thisfigure h_dicatesthattherei_approximatelya 10% differenceinSO2capturebaseclon analyses
of g_ and solids.If thisconstantdifferencedoea exist,then,from purelymathematical
considerations,utilizatior_sbasedon thetwoanalysesmustconvergeasCa/Sincrea,,_,asshownin
Figures6-13,.14,-15,and-16.

6.3.2.5Contn'btttionofESP toSO2Removal

Figures6-18,-19,-20,and-21compareapparentsorbentutilizatiom,basedon gas-phasedata,atthe
ESP iatlet and the F,SP outtet. These graphs indicated that the differences in utilizations may be as
high as I0'%at Ca/S = 1 and as high as 7-8% at C,e/S = 2.5. The corresponding differences in SO 2

removalswouldbearou.ndI0to15%,aspreviouslyindicatedinTable6.7.

To make aconservatNeestimateoftheextentofSO2removalina full.scalesystem,itisappropriate
totaketheutilizationba._duponsolidsaria.lysisas_e trueindicatorofreactioninthesuspended
stateprecedingtheESP andaddtheincrementinutilizationbasedon solidsattheESP in.Letandgas
attheESP outlet.The rationaleforw,aie-upofthedttctreactionon thisbestshasalreadybeenset

forth.The rationateforscate-u_oftheESP effectasindicatedisasfollows:foranESP witha given
specificcollectingarea(400ft/1000acfmatBeverlywiththegastemperaturelowered)theSO2
removalprocesswillbeaffectedtothesamedegreebyreactionofelectrodedepositsatthefullrc,ale

, asatthepilotscale.Followingthet_.leofadditionsetforthinthefirstsentenceofthisparagraph
givesthefollowingestimatesofSO2,removalatfuUscale,assuminganapproachof20-30°Fandwith
anE.SPofthes/zeatBeverly:
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Table 6..8, Utilization Measured Across _e ESP For Test 29L-SL,-011

LOCATION % UTILIT_.ATIONAS DETERMINED BY:

GAS SAMPLING SOLIDS ANALYSES

ESP INLET 25.9 20.6

ESP HOPPER # 1 22.5

HOPPER # 2 52.3

HOPPER # 3 46.5

ESP OLnl.,Er 31_7

SYSTEM OU'II,ET 2 47.4

, , ,, , J J, ,,mmNm,,

1. Conditions: Ca/SRatio= 1.91

Approach = _?W802 at IaIet 183,6ppm
2. No sampling ports exist at the F.SPexit. The outlet test station is loca_.cl

approximately I00 ft dowr_tre.am of the F.SP, past the system fan.
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Figure 6-17. Upper and lower limits of SO2 removal at the ESP inlet base.xion
gas-phase and solids analyses.
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20-30°F, GAS SAMPLING DATA
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Figure 6-I8. Percent of sorbent utilized at the F.SP inlet and outlet as determined
by the gas sampling system. Summary of test data for approach
temperatures from 20 to 30° F.
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30- 40°F, GAS SAMPLING DATA
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Figure 6-19. Percent of sorbent utilized at the ESP inlet and outlet as determined
by the gas sampling system. Summary of test data for approach
temperatures from 30 to 40*F.
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40- 50OF,GAS SAMPLING DATA
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Figure 6-20. Percent of sorbent utilized at the ESP inlet and outlet as determined
: by the gas sampling system. Summary of test data for approach

temperatures from 40 to 50°F.
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50- 55°F, GAS SAMPLING DATA
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Figure 6-21. Percent of sorbent uti"'lizedat the ESP inlet and outlet as determinext
by the gas sampling system. Summary of test data for approach
temperatures from 50 to 55"F.
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Rem_l __S_02_L_

1.0 35 15 50
2.0 53 16 69
2.5 60 17 77

u

6.3.2.6 CalculationsofHeat Balance

Heat balance calculations were made for 22 periods of testing that spanned a time period from
January 27, 1991, to February 4, 1991. The results of these calculations are shown in Tables 6-9A
through 6.9D. For the purposes of these calculations heat balance was based on a comparison of the
enthalpy (referenced to 25°C) of each component of the system at the system inlet (Enthalpy In) and
at the ESP inlet (Enthalpy Out). Heat closure is defined by:

% Closure - [100 ° (Enthalpy Out/Enthalpy In] -100.

Thus, if every source of heat loss and heat gain is accounted for, the % Closure will be zero. Positive
values of heat balance closure indicate that more energy was accounted for at the s_st_m outlet than
at the system inlet (a net energy gain). Likewise, negative values of heat balance closure indicate that
more energy was accounted for at the system inlet that at the system outlet (a net energy loss).

For the purposes of our calculations of enthalpy at the system inlet, sources of heat energy were
considered to be the incoming flue gas, the incoming ash, air thatwas injected with the slurrythrough
the nozzles, the solids in the slurry, and heat front the reaction of SO2 with Ca(OH)2. At the ESP
inlet, heat energy had been expended to vaporize and heat water (both slurry and humidification
water), slurrysolids, and the compressed air that entered through the nozzles. Likewise, the heating
and vaporization of water cooled the flue gas that entered the system to the ESP inlet temperature.

For these calculations, molar heat capacities were determined by integrating polynomial curve fits for
the heat capacity of each component in flue gas (0 2, N2, CO2, H20), and by assuming the specific
heat capacity of Ca(OH)2 was the same as that of fly ash. Molar heat capacities were determined
at the system inlet and at the ESP inlet. The molar heat capacity was also determined for air at the
temperature of injection into the lances. If the incoming air was less than 25°C (77°F) then a
negative enthalpy could be calculated. This did occur frequently because ambient temperatures at
the DITF in January averaged much k_werthan 77°F.

lt is unrealistic to interpret heat closure calculations in terms of a percentage (even though such
results are given in Table 6-9) since neither the enthalpy entering the system nor the enthalpy leaving
the system can be assigned an absolute value. Enthalpy must always be thought of as a difference
from the value in some reference state. In Table 6-9, the reference state was taken to be 2.5 °C.
If, however, the reference state had been assumed to be 0 K, the enthalpy values would have been
larger and the differences as o% closure"would have been smaller°

Thus, in addition to values of % closure, values of "equivalent A'I_ were calculated as weil. This
parameter does not imply that the observed change in temperature was incorrect. Instead, it
represents the cooling observed that was in excess of that expected from the recorded amount of
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Table 6-9A, Results of.Heat B_ Calc_ Part I

TEST: 28-SL- 28-SL- 28-SL- 28-SL- 28-SL- 28-SL-
02 02 63 03 04 04

DATE: 1/27/91 1/27/91 1/28/91 1/28/91 1/29/91 1/29/91
Un_

C=/S Patio - 1.51 1.53 1.50 1,50 1,58 1.47
, Approe;ch (=F) 45.3 46,6 36.2 35.6 25.6 25.7

SO=Removalst ESP (=y) 45.1 45.6 48.8 51.8 55.6 53,9

GAS IN
Rue Gas F_,# (achn) 50321 50370 49871 49844 49857 49952
FlueGas Te_ni:) (=F) 314.4 314.4 309.6 309.5 309.4 309.4
SOt (ppm) 1804 1788 1873 1870 1805 1909
O= (%) 11.63 11.71 11.39 11.42 11.53 11.32
co= (%) 9.0 9.0 9.0 9.0 9.0 9.0
H_ (%) 4.9 4,9 5.0 5.0 6.1 6,1

SLURRY/AIR IN
SlurryRow (gpm) 7.8? 7.88 7.95 7.94 7.78 7.67
Solids (%) 24.::7 24,07 24.58 24.58 25.18 25.18
Ca(OH)= (%) 22._ 22.9 23.1 23.1 23.55 23.55
Density (gin/ct) 1.1,1._4 1.1444 1.1484 1.1484 1.1527 1.1527
Air inFlow (scfm) 1181 1180 1172 1167 1174 1,66
Air/SlurryTemp (OF) 71.3 71.3 75.4 77.3 70_3 73.7

HUMID, WATER
Measured Row (gpm) 2.52 2,55 3.60 4.04 4.60 4.70
ExpectedFlowwithNo Hest Loss (gpm) 4.12 3.98 4.43 4.50 5.32 5.44

ESP INLET
SOt (ppm) 968 957 941 871 789 873
(3= (%) 11.84 11.86 11.56 11.73 11.68 11,4
co. (%) 8.5 8.5 8.5 8.5 8.5 8.5
HtO (%) 9.4 9.4 8,94 8.9 10.44 10.44
Rue Ga8 Temp ("F) t86.6 167.9 157.3 156.7 149.2 149.3
Adiabmic Saturation ("F) 121.3 121.3 121.1 121.1 123.6 123.6

ENTHALPYIN
Rue Gasln (KCai/min) 38730.2 38768.7 37831.6 37799.8 37865.7 37935.8
Ash In (KCal/min) 193.9 192.4 195.5 195.0 188.2 199.4
Air In (KCal/min) -25.4 -25.2 -7.0 1.3 -29.5 -14.4
SlurrySolids In (KCal/min) -7.3 -7.3 -2.1 0.4 -9.0 .,4.4
Reaction (KCagmin) 1175.4 1178,8 1318.1 1396.4 1445.3 1484.9

ENTHN_Y OUT
" Heated Air (KCai/min) 476.3 482.8 423.8 418,8 381.5 379, _,_

Htd. Slurry Solids (KCai/min) 187.7 190.8 174.4 172.9 155.2 157.b
Vep. & Htg. of Water (KCeJ/min) 21288.9 21488.6 23922.9 24925.0 25649.9 25707.4

, Rue Gas (KCal/min) 14442.9 14668.6 12899.6 12797.4 11610.4 11648.2

TOTAL IN (KC,_min) 40067 40107 39336 39393 39461 39601
TOTALOUT (KCal/min) 36396 36831 37421 38314 37797 37893
Difference (KCaJ/min) 3671 3277 1915 1079 1664 1709

HEAT BALANCE
% Closure {%) -9.2 -8.2 -4.9 -2.7 -4.2 -4.3
Ecluive,lentZ_T 'F 20.7 18.4 10.8 6.1 9.3 9.5
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Table 6-9B. ResuEs of Heat Balance Cak__ Pan 2

TEST: 28,SL- 28-SL- 28-SL- 28-SL- 28-SL- 28-,SL-
04 04 05 05 05 06

DATE: 1/29/91 1/29/91 1/'31/91 1/31/91 1/31/91 2/1/91
Units

Cs/S Ratio - 1,64 1.64 1.08 1.07 1.08 1.02
_roach (*F) 25.3 24.4 44.5 43.4 43.1 36.0

Removalat ESP (%) 56,4 58.3 37.4 36.8 35.9 40.6 "

GAS IN
Rue Gas Row (ac'fm) 49822 49849 49792 49856 49863 49905
Rue _ Temp (*F_ 309.4 309.4 309.64 309.56 309.41 309.5
SOt (pl:Cn) 1780 1773 1790 1803 1780 1876
Oy (%) 11.78 11.73 12.04 12.00 12,12 11.54
CO, (%) 9.0 9.0 9.0 9.0 9.0 9.0
I-hO (%) 6.1 6.1 6.5 6.5 6.5 6.5

SLURRY/AIR IN
SlurryFlow (gpm) 7.96 7.96 5.42 5.4 5.39 5.39
Solids (%) 25o18 25.18 24.41 24.41 24,41 24.04
C_OH)= (%) 23.55 23.55 22.99 22.99 22.99 22,8
Density (gm/=c) 1.1527 1.1527 1.1473 1.1473 1.1473 1.1461
AIr In Flow (scfm) 1151 1147 1199 1199 1194 1.182
Air/SlurryTemp Ck") 81.0 81.0 46.0 37,7 43.9 65.8

HUMID. WATER
MeasuredFlow (gpm) 4.79 5.00 5.42 3.76 3.81 5.19
ExpectedFlowwithNo Heat Loss (gpm) 5.15 5.24 5.64 5,79 5,76 6.35

ESP INLET
801 (ppm) 758 728 1075 1089 1112 1077
Oa (%) 12 11.87 12.4 12.4 12.34 11.86
co, ('x,) 6.5 6.5 8.5 8.5 8.5 6.5
H=O (%) 10.57 10.82 9,39 9.27 9.55 9.96
FlueGu Temp ("F) 148.9 148 169 167.9 167.6 160.5
Adiabatic Saturation ('t=) 123.6 123.6 124.5 124o5 124.5 124.5

ENTHALPYIN
Flue Gasln (KCsl/min) 37841.6 37861.6 37850.2 37912,5 3"1901.5 37938.2
Ash In (KCsg/min) 185.4 184.8 186.4 188.1 185,6 195.8
Air in (KCaVmin) 17.3 17.2 -139.1 -176.2 -147.9 -49.6
SlurrySolids In (KCai/min) 5.5 5.5 .27.9 .35.3 .29.7 -9.9
Reaction {KCal/min) 1444.5 1489.1 963.2 954.7 921.4 1097.2

ENTHN.PYOUT
Heated Air (KC,al/min) 372.8 366.8 495.7 489.5 486.0 444.1
Hid. SlurrySolids (KCel/min) 156.0 153.8 156.7 155.1 153.5 143.9
Vep. & Htg. of Wster (KC_min) 26575.0 27043.8 22854.7 18976.4 19128.1 22465,7
FlueGa= (KCel/min) 11554.3 11414.9 14809.4 14647.4 14604.0 13459.7 ,

TOTAL IN (KCel/min) 39494 39558 38833 38844 38831 39172
TOTALOUT (KCai/min) 38658 38979 38316 34268 34,372 36514
Difference (KCegmin) 836 579 516 4575 4459 2658

HEAT BALANCE
% Closure (%) -2.1 -1.5 -1.3 -11.8 -11.5 -6.8
Equhndent,_T 'F 4.7 3.2 2.9 26.0 25.3 15.0
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Table 6-9(3. Resultsof Heat BalanceCaJc_ Part 3

TEST: 28-SL- 28-SL- 28-SL- 28-SL- 28-SL- 29-SL-
. 06 06 07 07 07 01

DATE: 2/1191 2/1/91 2/2/91 2/2/91 2/2/91 2/3/91
Unh

Ca/SPatio - 1.06 1.11 1,03 1.06 1,00 1.95
, Approach (oF) 35.8 36.0 28.0 26.0 29,4 47.7

SO=RemovalatESP (%) 41.1 41.5 44.9 45.6 45.0 49.5

GASiN
RueGasRow (acfm) 49798 49895 49862 49901 49897 49934
RueGasTemp (°F) 309.6 309.5 309,5 309.5 309.5 309,3
SO= (ppm) 1799 1702 1781 1790 1855 1836
Oz (%) 11.91 12,14 11.51 11.50 11.52 11.56
CO, (%) 9.0 9.0 9.0 ,_.0 9.0 9.0
H43 (%) 6.5 6.5 6.0 6,0 6,0 6.0

SLURRY/AIRIN
Slum/Ftow (own) 5.39 5.32 5,33 5.49 5.38 10.5
Solids (%) 24.04 24.04 23.66 23.68 23.68 23.44
Ca(OH)= (%) 22.8 22.8 22.27 22.27 22.27 22.14
Density (gm/¢c) 1.1461 1.1461 1,1486 1.1486 t .1486 1,1473
AirInRow (edta) 1180 1177 1185 1175 1167 1159.3
Air/SlurryTemp _ 73.1 78.0 "I4.8 79,0 83,3 73.1

HUMID.WATER
MeasuredFlow {gpm) 5.18 5.40 6.29 6.26 6.45 0.00
ExpectedFlowwithNoHeatLoss (gpm) 6.31 6.33 7.06 7,08 6.91 1.03

ESPINLET
SO= (ppm) 1013 962 945 931 976 900
O= (%) 12,31 12,44 11.85 11.88 11.93 11.84
CO= (%) 8.5 8.5 8.5 8.5 6.5 8,7
H=O (%) 9.99 10.11 10.04 10.13 10.15 g.44
RueGa_Temp ("F) 160.3 160,5 151.4 149.4 152.8 171
Adiabstk=Saturation (q=) 124.5 12A.5 123.4 123.4 123.4 123.3

ENTHALPY
FlueGasln (KC,al/min) 37872.2 37936.5 37874.9 37904.4 37901.6 37906,7
AshIn (KCeJ/mtn) 187=5 177o6 185,8 186.9 193,6 191.6
AirIn (KCsVmtn) -17.3 4.4 -9.8 8,8 27,6 -16.9
SlurrySolidein (KOal/min) -3.4 0,9 -1.9 1.8 5.5 -6.5

Reaction (KCsVmin) 1062.9 1017.7 1152.7 1182.0 1203ol 1310.4

ENTHN_YOUT
" HudedAir (KCaJ/min) 442.5 442.6 397.0 383.1 398.5 490.6

Htd,Slum/Solids (KCeVmin) 140.6 136.4 123.5 122.3 129.0 235,1
Vap.&HIg. ofWater (KCaVmin) 22525.'_ 22947,2 24941.9 25226.2 25531.0 21136.2

. RueGas (KCaL/min) 13397,,7 13458.6 11964.1 11649.6 12199.2 15166.6

TOTALiN (KCaVmin) 39102 39137 39202 39284 39331 39385
TOTALOUT (KCagmin) 36506 36985 37426 37381 38258 37028
Difference (KC_'min) 2596 2152 1775 1903 1074 2357

HEATBALANCE
% Ck:_re (%) -6.6 -5.5 -4.5 -4.8 -2.7 -6.0
Equivslem&T aF 14.7 12.1 10.0 10.7 6.0 13.3
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Table 6-9D. Results of Heat Balance CaJculaUorw,,Part 4

TEST: 29-SL-01 29-SL- 29-SL- 29-SL-
02 02 02

DATE: 2/3/91 2/4/91 2/4/91 :PJ4/91 "
Units

C,a/SRstio - 1.8g 2.02 2.07 2.11
Approsch (oF) 49.5 36_1 37.4 37.7 o
SO=Removalat ESP (%) 47.2 52.7 55.8 54.8

GAS IN
FlueGas Flow (ecfm) 49936 49885 49822 49918
Rue GasTemp (°F) 308.4 309.5 309.5 309.3
80= (ppm) 1876 1766 1773 1752
O= (%) 11.2 11.64 11.72 11.51
CO= (%) 9.0 9.0 9.0 9.0
HzO (%) 6.0 6.0 6.0 6.0

SLURRY/AIR IN
SlurryFlow (gpm) 10.43 10.79 11.1 11.18
Solids (%) 23.44 22.96 22.96 22.96
Ca(OH)z (%) 22.14 21A8 21.48 21.48
Density (gm/cc) 1.1473 1.1422 1.1422 1.1422
Air In Row (scfm) 1140.9 1168.1 1156.5 1140.7
Air/SlurryTemp (oF) 86.9 70.1 74.2 87.0

HUMID. WATER
MeasuredFlow (gpm) 0.00 0.00 0.00 0.00
ExpectedFk;wwithNo Heat Loss (gpm) 0.85 1,52 1.32 1.19

ESP INLET
SO= (ppm) 952 812 762 768
C_ (%) 11.59 11.89 11.98 11.79
CO= (%) 8.7 8.7 8.7 8.7
H_) (%) 9.23 9.5 9.62 9.66
Rue GasTemp ("F) 172.8 161.5 160.8 161.0
Adiabatic Saturation (OF) t 23.3 123.4 123.4 123.3

ENTHALPY IN
Flue Gasln (KCsl/min) 37799.4 37893.7 37846.6 37894.1
Ash In (KCal/min) 195.3 184.3 184.8 182.8
Air In (KCaVmin) 42.4 -30.2 -12.1 42.8
SlurrySolids In (KCai/mi.) 16.5 =11.6 -4.8 17.4
Reaction (KCal/min) 1281.4 1342.6 1423.4 1385.6

ENTHALPYOUT
Heated Air (KCal/min) 492.5 444.3 436.3 431.8
Htd. SlurrySolids (KC,el/min) 240.3 208.9 211.4 212.3
Vap.&Htg. of Water (KCaVmtn) 21158.0 21640.8 22302.8 22612.1
Rue C-tea (KCal/min) 15476.9 13606.3 13476.0 13537,4 .

TOTAL IN (KCal/min) 39335 39379 39438 39523
TOTALOUT (KCeYmin) 37368 35900 36426 36793
Difference (KC,_min) 1967 3478 3011 2729

PLEATBALANCE
% Closure (%) -5.0 -8.8 -7.6 -6.9

: Equiwlent Z_T q:: 11.1 19.6 16.9 15,3
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water added, Part of the cxcc_,_(we bcl]eye not much) was due to heat. ,lotus to the surroundings,
Most of the excemtcooling, on the other hand, seerm attn'butab|e to inlccuratc dam on the rates of
water suppiied for evaporation_ Spe_iHcally, we believ_ that the actual rate of water addition
_ed that recorded. The parameter "Expected F_ow"is the rate of water gidi'tion that would
have.balanced in_et nnd outlet enthalpy rates in the absence of heat _ to the surroundings.

" Each value of equivalent AT wa_determined by autuming that the difference between the enthalpy
calculated at the system inlet and the enthalpy 4utt¢.ulatedal the ESP inlet could be set equal to the

• produ_ of the tammat the ESP in[e,. (air, water, flu:try, _.h, awd _lue gin), _ average specific heat
capavity at the ESP il_et, and the equivalent AT. The average sp_ific heat c_pacity was determined
by taking the molar heat capacity of eaeh _mpoaent of _e tammat the _:SP inlet, determining a
specific heat capacity for that a)mpo,nent, and weighting that spe_ifie heat capacity by the percentage
of total mass of tha' componenL A weighted sum was then made to obtain this m_:ragespecific heat

J

capacity.

In general, the heat .balanom _hown by % el._._re and equivalent AT in Tabl,e 6.9 are small There
are, however, a number of cases where % ¢_osure _ 9% or equivak,nt AT exceeds '_ "F.
These results n,re h_gh_r than they a,ho.u|d be, considering the effor_ expended to make the
measurements that were ust._ in mni:_ng,theealeulatio,m. A_ ..suggestedabove, however, the aecurac5,
of measurements of water' addition ratt_ wa_. gamewhat doubtful, and conversations with DITF
personnel made us convinced that erron in these measurements - specifieally, observed rates that
were lower than the aetu_l ra_ - were t_hem,ost likely cause of heat imbalartces. The DH'I:
personnel confirmed: that _,keorifice plate that i_ used to monitor water flow (ha the huraidiflcation
line, not the slurry line) w_ sized for flow rates higher (about 20 gel/rain) than those employed.
They aho u,id that at low rates the water flow _ made urmtable by two factors: imufficient fine
adjustment in the flow controller, and back pressure, from 1heslurry lir_cinto which the humidification
water is fed. Our plans are to recal_rate the humidification water flow controller and meter in the
future.

6.3.2.7 Comparison with Data from Other Sources

A comparison of the present results on slurry inj_tio,n for the _emoval of SO,_and the earlier results
from previous investigation_ ia given in Figure 6.22. 'r'ae data in thi_ figure are for an approach of
30-40"F and a range of C.a/S ratios up to 2.0. Ali three studies i.nclud_l the effects of au F,SP.
There is very good agreement between the results at C._ ratios that are eommon to ali three studie.s.
The principal difference evident in the fi_xre is that the removal indicated by the present
investigation rises _eu sharply as the Ca/S ratio h_e_ above a val_e o,f 1.6. The difference at Ca/S
ratios above this value, however, ts more implied than real, since ao data in this range were reeorded

,, in the prey/vus studie_. Further remarks on the background of the data compared in Figure 6.22 are
given in the following paragraph.

- The data points representing results I_romthe present investigatto,n are bated on the data in _gure
6.10. The armign,edrallies of removal p,lo,ttedi:nFigure 6-22 are at follow_: C.a/S= 1.0, 50%; C,a/S ffi
12, ._8%; and CaIS = 2.0, 64%.
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20 --- 1, BECHTEL (35 OFAPPROACH)
2. GF_NERALELECTRIC (40 OF APPROACH)
3. PRESF.NTINVESTIGATOR8

(30 - 40 °F APPROACH)

10---

I ! l
0 0,4 0_ 1.2 1,6 2,0

Ca/S
i1715-1t

Figure 6-22- Data from Bec,htel, GE, and the present investigators.
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The other investigations represented in Figure 6-22 were conducted by Bechtel 1 _d.Oeneral
Electric2 under DOE auspice_ Bechtel investigated the Confined-Zone Dispenion (CZD) process,
in which the slurryis meant to be cfispened by a spray nozzle within a duct but isolated from the duct
walls with a sheath of hot gas; Bechters investigations were conducted at Consumer Power's
Campbell Station at the 7-MW scale and at Pennsylvania Electric Company's Seward Station at the
70-MW scale. General Bectric's proceu was termed the In-Duct Scrubbing (I]_S) proccu; the heart

" of the IDS process was a rotary atomizer for dispening the Ca(OH) 2 slurry. The IDS process was
investigated in the 12-MW pilot facility subs_uenfly modified and now in use for the present
investigation at Ohio Edison's Muskingum River Station.

't o

Bechtel correlated SO2 removal, exp_ as a fraction of the inlet concentration, with key variables
in equations of the form below:.

Fractional SO2 removal - K(NWIR)0.65(Wt%)0.45(Avg SO2)-0.4(AST)-0.4

where K = coe_cient for the selected sorbent type (calcitic or dolomitic time)

NWIR = "normalized water injection rate', expressed as the ratio of water addition in
gallons per minute to gas flow in thousands of standard cubic feet per minute

Wt% = sorbent concentration in the slurry

Avg SO2 = average of inlet and outlet SO 2 concentratiom in parts per million on the wet basis

AST = approach to adiabatic saturation in degrees Fahrenheit.

The Bechtel equation fxmdamentaUydeals with the effects of two key' parameters: the degree of
humidification and the Ca/S ratio. The equation does not, however, contain either parameter as au
explicit term. The effects of humidification appear in two terms, N3VIR and AST; the effects of
these two tenm obviously cannot be independent, however, because the rate of water addition _ a
major factor in determining approach to _turation. The effects of the Ce/S ratio appear through
three term_ -- NWIR and Wt%, which introduce the quantityof sorbent in the numerator, and Avg

SO2, which indirectty places the inlet concentration in the denominator but not in a simple form.

General Electric derived a theoretical equation relating the fractional removal of SO2 within the
evaporation zone to the degree of humidification and the Cz/S ratio, with the following form:

-tnO-E)= a s lO't"T..)/O'f-%0]

where E = fractional SO2 remow,d

• a -- cortstant

........ J Jill l ---- ::--

tBechtel National, Inc., "D_ulfurization of Flue Gas by the Confined Zone Dispersion
Method," Fina! Report to Department of Energy, Contract DE-A(Y_-g5PC81009, April 1988 (draft).

aE. A. Samuel, K. l_ Murphy, and A. Demian, "A 12-MW Pilot Study of In-Duct Scrubbing
(IDS) Using a Rotary Atomizer," F'mal Report to Department of Energy, Contract
DE-AC22-1_SPC81010, January 1989 (draft).



s = cats ratio

Ti = initial gas temperature

Ts -_ final gas temperature

Tm = adiabaticsaturation temperature(the
difference "If- Ta,, then, is the
approach to saturation).

Practicalexperienceshowed that the theoretieaflequation could lmusefullymodifiedby the empirical
addition of an exponent:

-in(1- E) = a Xb

where b-- constant
:t

x = s 3ntcr_- T_/(Tr-Ta,)]

With the empiricalmodification,the equation wasused satisfactorilyfor correlatingSO2 removalwith
Ca/S and approach to saturation bothwithin the evaporationzone and the total system,includingan
ESP.

The Bechtel report states that data were recordedas approaches to saturation ranging from 25 to
55°F; howc-_r, the report clearlyshows that the majorityof the data points were taken at AST =
35"F and SO2 concentrations near 1500ppm. The CmneralElectric study, at SO2 concentratiom
around 2000 ppm, was based on approaches to saturation not less than 40°F. Accordingly,the
Bechtel and GE data shown in Figure6-22 are designated as being for approachesof 35 and 40"F,
respectively.

6.4 ElectrostaticPrecipitatorPerformancewith SorbentInjection

A reliable m,aluation of electrostaticprecipitatorperformancewith sorbent injection re.quiresseveral
days of relativelystable process conditions. This time period is necessaryto allow an equilibrium
thickness of a dust layer with properties representative of the proctm condition under study to
accumulateon the electrodes.

During this initial phase of experimental measurements,emphasis has been placed on parametric
testing with relathtely short-duration test periods. Although thes¢ conditions are not ideal for
precipitator performance tests, some u_ful informationhas be, n obtained. Specifically,voltage-
currentrelationshipswere obtainedwith drysorbent injection,and electricaloperatingconditions and
masscollection efficiencies were obtained with slurryinjection.

Dry sorbent injectioncaused a significantdegradationin the electricaloperatingconditionswith both
downstream (scavenging) and upstream (non-scavenging)humidification. The inlet field exhibited
severe corona current suppression"to the point that corona onset and sparkove.rvoltages were
separated by only 2 kW. Mass collection efficiencies across the ESP were not determined during
these, initial tests.
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Withslurryinjection,voltage.currentrelationshipswereusuallynormal,aswouldbeexpectedwith
a lowresistivitydust.Figure6-23containsa typicalsetofV-IcurvesforthefourfieldsoftheESP
duringslurryinjectionata Ca_ of2 witha 25°Fapproachtosaturation.Table6-10containsESP
performancedataobtainedduringa series ofparametrictestfromJanuary25throughFebruary4,
1991.Averagedelectricaloperatingpointsobtainedduringthissametestperiodarepresentedin
Table6-II.Ingeneral,operatingpointsnearthemaximum pointsrecordedforeachTR setwere

" achieved during the test period. Occ_ion_l problems were experienced with shorting due to build-
ups of low resistivity dust which caused sparkover at low voltages. These problems were resolved

• during the parametric test program by power-off rapping or, in one case, by manual cleaning of dust
build ups in the ESP prior to this test series.

The mass emission data in Table 6-10 were calculated on a Ib/106 Btu basis using the following
procedure: 1) the inlet loading of fly ash to the ESP wa_ increased by an amount equal to the
dilution of fly ash concentration resulting from the dilution burner operation, 2) the efficiency of the
ESP was uaeA with the adjusted inlet loading to calculate an outlet mass concentration for each
condition shown in Table 6-10, and 3) the resulting outlet mass concentrations were convened to
lh/106 Btu as if they were measured on a boiler with a flue gas oxygen content of 5.6%. This
procedure is necessary because of the excess oxygen introduced by the D1TF dilution burner. A
precipitation rate parameter (omega-k) is shown in Table 6-10 to indicate relative performance. As
points of reference, omega kvalues of full-scale ESPs collecting ash downstream of spray dryers have
been reported to range from 27 to 62 cm/s. With the exception of one data point taken while a
problem with build up in the horizontal duct was occurring, the ESP performance was acceptable.
The data at 25°F approach show no indication of severe reentrainment problems as has been
reported with the E-SOX process.3

A recent DOE survey has indicated that most ESP installations for plants that may consider duct
injection techn_,logy have SCA values less than 325 ft2/1000 acfm. Therefore, future testing of ESP
performance with sorbent injection will be conducted with one or two of the TR sets de,energized.

3Marchant, G. H., Jr., J. P. Gooch, M. G. Faulkner, "Effects of E-SOx Technology on ESP
Performance', presented at the Eighth Symposium on the Transfer and Utilization of Particulate
Control Technology, San Diego, CA, March, 1990.
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DITF ESP VOLTAGE-CURRENT CURVES
25 DEGREE APPROACH TEMPERATURE

NOMINAL CALCIUM TO SULFUR RATIO OF TWO
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Figure6-23. Currentdensityas a functionoi appliedESPvoltage.
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. 7.0 MAJOR OPERATIONS AND MAINTENANCE EXPERIENCE

The DITF is staffed to operate continuously, five days per week in three shifts. When required,
seven day a week operations is accommodated by the use of overtime. Much of this test series,
System CharacterLzation,entailed short term (i.e., 2- to 4-hour) parametric tests. A two shift mode

- of operation is used for this type of testing with the facility shut down from 12 to 6 A.M. This
allowed access to the duct for inspection and cleaning, ii' necessary.

" 7.1 Major Milestones of Operations

April 25, 1990-Hot flue gas sent through the duct and baseline ESP testing begun.

May 3, 1990-Nozzle testing with water begun.

June 1, 1990--Construction complete with the flue gas dilution system turned over to the
operations stuff.

June 20, 1990--Dry hydratedlime testing begun.

August 21, 1990--Lime slurrytesting begun.

August 22, 1990-Ohio Power Company outage started.

November 19, 1990--Ohio Power Company outage ended.

February 1, 1991-Task 3.1 Evaluation of System Performance ended.

Total Test Hours (Through April 17, 1991)

Nozzle Testing 71 hours

Dry Hydrate Lime Testing 255 hours

Ltme Slurry Testing 677 hours

7.2 Hydrated Lime and Slurry Preparatory Systems

. During initial operation of the hydrated lime system, hydrated lime leaks were observed inside the
hydrated lime building. The leaks were fixed by welding a plate beneath the belt feeder and repiping
the vent system from the ends of the rotary airlock to the chute above the airlock. The belt feeder

. redundant slide gates were also removed since they were a source of leakage. A maximum of 1800
lbs/hr of hydrated lime, and 2000 lbs/hx of recycle have been run with no problems. Occasionally, the
belt enclosure must be opened and cleaned.

The slurry is prepared by mixing Mid Ohio pebble lime with water at a ratio of 1:4 in a detention
slaker. The system has run well since initiating the slurry injection testing in August 1990. There
is some difficulty in preparing a slurrywith a specified solids content since the pebble lime feeder
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cannot be recah'bratedin piace. However, the slaker seems to maintain a solids concentration fairly
welL Recent analyses showed a % solid variation from 19.5 to 21.0% within a 4-hour period. This
variation would not have a major impact on the DITF overall SO2 removal efficiency.

7=3 Dry and Slurry Sorbent Injection System

Humidification water for dry injection or slurrysorbent is injected through two spray lances mounted
in the flue gas duct. Each lance is connected to three dual-fluid spray nozzles. The two spray lances
are attached to flange connections which are slotted to allow rotation of the lance. The initial nozzle
testing showed that the ability to rotate the lance and to aim the nozzles greatly reduced low
thermocouple readings, an indication of wall wetting, on the duct walls.

The nozzle and lances were constructed from Hastelloy to protect against flue gas and corrosion.
There has been no indication of c6rrosion on the lances and nozzles to date.

7.3.1 Dry Injection System

The dry duct injection nozzle is a single nozzle which directs the air and solids mixture into the duct.
A 4-inch beveled pipe injects the dry sorbent into the center of the duct approximately 2 feet
upstream of the spray humidification nozzles.

The system has run easily since eliminating the hydratedlime leakage problem. However, because
of concerns about good time mixing,the injection nozzle was cx_nded so that the injection point is
now in the same plane as the humidification nozzles. Co-planar injection will be demonstrated when
the dry injection testing resumes.

7.3.2 Slurry Injection System

The Lechler nozzles have been used for slurry injection since slurry testing began in August 1990.
The nozzles have required minimum maintenance. The key to maintaining nozzle performance has
been keeping the nozzles clean by adequate flushing when shutting down, plus periodic inspection.

On one occasion, nozzle air passages became panoply plugged as the evident result of significant duct
deposits. The nozzles were cleaned in a diluteHCl solution, reinstalled in the duct, and appeared
to function properly.

The internal-mix I_echler nozzles are designed with erosion-resistant silicon-carbide inserts. There
has been no detectable wear to date on these inserts. During recycle testing, the nozzles will be
monitored closely to detect any signs of erosion.

A majorproblem with slurry injection at the DITF occun when dilute slurries are used (Le., with less
than 20% solids). When dilute slurries are run, significant deposits occur even at moderate approach .¢

temperatures. The duct deposit is minimized only when using concentrated slurries (20% solids or
more). Extended tests of up to 120 hours and approaches as close as 25°F have been run with
concentrated slurries without significant de[x_its.

In general, for similar test conditions, duct deposits appeared to be less significant with slurry
injection than with dry injection. Co-planar dry injection could improve this performance.
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7.4 Duct Cleaning System

The ductcleaningsystemconsistsofasonichorn,threesootblowers,andducthoppersI0to18feet
downstream of the slurry injection points. Since dry deposits are seldom found on the roof or sides
of the duct, the performance of the sonic horn is not very clear.

The soot blowers appeared to function efficiently only when the duct deposits are dry. Since duct
deposits initiate on the far end lip of the duct hopper, one of the soot blowers, wlfich were located
upstream of the duct hopper, was relocated downstream of the duct hopper blowing against the gas

" flow. This appeared to hinder the dust deposits on the hopper lip. Additional soot blowers will be
installed between the duct hoppers to attempt to minimize duct deposits occurring in this area.

Deposits can be controlled by these systems at conditions that minimize deposition. However, at
conditions which promote depositions, these systems do not control solids buildup in the duct. On
these occasions, the DITF eventually must be shut down and cleaned out.

7.5 F,SP Performance

In general, the ESP performed very well for approach to saturation temperatures ranging from 50
to 25°F. On one occasion, the collection efficiency degraded at the end of an euCended test. An
inspection of the ESP revealed that the seals had become detached, resulting in a heavy coating of
ash in the penthouse. Further inspection also revealed that large pieces of deposits had bridged
between some of the corona support frames and the collection plates. When the penthouse was
cleaned, seals repaired, and deposits removed, the ESP collection efficiency returned to normal.

7°6 Ash Collection System

This system consists of [bur drag chain conveyors and rotary air locks. On several occasions, the
collecting conveyor plugged during unloadingof the duct hoppers because of wet fly ash/sorbent. The
major problem with the ash collection system is unloading the duct hoppers continuously. The fly
ash/sorbent collected in the hoppers is lumpy and the rotary airlocks are not capable of breaking it
up. A delumper might be able to break the deposits if they are not too damp.

7.7 Recycle/Slurry Mixing

The recycle/slurry testing has been postponed because of recycle/slurry mixing problems. The mix
appears to agglomerate, and cause the strainers (located upstream the Moyno pump) to clog in less
than a minute. It was also found that the recycle contains some particles larger than the 1/8"

, strainers. A short test was done with the strainers located downstream of the pump. The preliminary
results indicated that the Moyno pump was capable of deagglomerating the mix, but the strainers still
clogged every 20 minutes, because of the presence of large particles in the recycle, lt is not practical

. to run long tests under these conditions. To eliminate this problem a pipeline delumper is being
investigated. Slurry and recycle samples were sent to the manufacturer to test this concept.

7.8 Control System

The DITF instrument and control system was developed from a mixture of existing equipment
hardware and software and a new Allen-Bradley Programmable Logic Controller (PLC) 5/25 control
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system. Ali of the process and equipment control is a_igned to the new PLC system while the
existing Data Acquisition System (DAS) was strictly limited to data acquisition.

Ali new equipment start and stop functions are performed via a work station in the control room.
The work station consists of a keyboard and CRT and has the capability of displaying the various
process loops in real-time.

The PLC system is able to respond to fluctuations in the inlet SO 2 concentration, gas temperature,
gas flow rate, and allow the process or equipment upset conditions to be detected and corrected
without process, shutdown.

For each process loop, there is a graphic screen on the Panelmate showing the process flow and
equipment status. To set process parameters, there are several Process Control Screens containing
two types of displays: a controller and a variable display format that indicates the current value of
the Process Variable and Setpoint.

The automatic controls andoperation of the Panelmate Operator station were easily understood and
quickly learned by the operating staff. Several minor program changes have been made to help the
operators better see and understand operational data. Reliability of the control system has been
100% barring human error (approximately 15 months of operation).

The portion of the PLC programwhich controls the sampling of the gas ports in the gas analyze_"has
been extensively revised. Also, an air flow computer was added to the atomizing air flow control loop
so that mole accurate air flow data could be recorded.

The algorithm used to calculate the steam humidification flow of the dilution air appears to have a
problem resulting in too high a set point. This is being revised. The humidification spray water
control is hard to maintain due to an oversized pump. The pressure to the flow control valve is not
well regulated causing the PID loop to hunt for the set point. The PID loops that are cascaded to
control ESP approach temperature, by humiditywater flow, need further tuning. This is difficult to
control because of the long period of time for the change in temperature to occur and the very small
increments of flow needed to adjust the ESP approach temperature.
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Tables A-1 and A-2 containdata summariesfor each test performedwiththe
Lechlersupersonicand Parker-Hannifinnozzles, respectively. Besides listing
the test number,air pressure,and water flow rate for each test, the tablesalso
includethe Sauter mean diameter,total mass concentration,mass mean
diameter,Gg (geometricstandarddeviation),percentageof massgreater than
106 micrometers, and percentageof massgreater than 138 micrometersfor
each test. These data were determinedby combiningsize distributiondata
measuredwith the PCSV andVDA for each test condition. ForTests 23 and 24
of the Lechlersupersonicnozzles,the windowsof the PCSV were fouled and
no PCSV data were obtained. Otherwise,PCSV and VDA data were obtained
for each testcondition. Tables A-3 and A-4 containthese results(withthe
exceptionof mass mean diameterand og) for the measurementsmade withthe
VDA.

Followingthese tables are graphicalrepresentationsof the cumulativemass
size distributionand the differentialmass size distributionmeasuredfor each
test. In thesegraphsthe cumulativemass size distributionwas obtainedby
integratingthe differentialmass size distributionsmeasuredby the PCSV and
VDA withintheir measurementrange. The differentialmass size distributions
measuredwith each instrument,over their rangeof accuratemeasurement,are
shownin each graph. The agreementis betterthan mightbe expected given
the fact that each set of experimentalconditionshad to be set up twice: oncefor
each instrument.
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Table A-3. LechlerNozzleTests,VDA Data Only

Test # Air Water Sauter MassCon- %>106 I_m %>138 _m
, Pressure FlowRate Mean Dia, centration

psig gpm IJ,m g/m3

- 15 80 6 34.8 17,9 3,8 0.8
1 6 8 34,7 2t ,7 1.9 0.0
17 1 0 36.4 26.3 4 1.3
1 8 1 1 35.9 25.8 2.3 0.4
1 9 8 35.5 24.1 1.2 0.0
20 60 6 39.3 28.6 2.3 0.0
21 8 40,7 37.3 4.6 1.6
22 1 0 42,4 45.7 4.7 0.5
23 1 1 43.3 47.6 5.9 2,0
24 80 8 35.9 22,4 1.5 0.0

Table A-4, Parker-HannifinNozzle Tests, VDA Data Only

Test # Air Water Sauter MassCon- % > 106 I_m %>138 IJ,m
Pressure Row Rate MeanDia. centration

psig gpm _m g/m3

18 100 10 39.4 28.7 0.4 0,0
1 9 6 32.9 10.8 0,0 0.0
20 8 35.7 18.6 1,3 0,0
21 10 39.2 26,8 2.8 0.4
2 2 1 1 40,5 30.4 2.8 0.4
23 80 6 36.9 17.5 0.9 0.0
24 8 39.9 25,1 0.8 0.0
2 5 1 1 43.9 34.3 3.7 0,8
26 1 0 47.5 43,0 8.0 2.5

- 2 7 1 00 1 0 39.5 26.5 2.0 0_4
28 110 6 31.5 8.0 3.6 0.0
29 6 32.0 12.4 0.0 0,0

" 30 10 32.9 13.2 2,8 0.0
31 1 1 35,2 16.0 2.8 0.0
32 100 1 0 36.3 17.6 1.9 0,0
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nozzle test #18.
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FigureA-8. DifferentialmassconcentrationversusparticlesizeforLechler
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FigureA-9. Cumulativemass concentrationversus particlesize for Lechler
nozzle test#t 9.
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Figure A-11. Cumulativemass concentrationversus parliclesize tor Lechler
nozzle test #20.
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FigureA-13.CumulativemassconcentrationversusparticlesizetorLechler
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FigureA-14. Dtlferentialmassoorcentrationversusparticlesizefor I.echler
test#21. PCSVdataareshownwithd_shedlinesandopensymbols,and
VDAdataareshownw_1ha solidlineandclosedsymbols.
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Figure A-15. Cumulativemass concentrationversuspaniclesize for Lechler
nozzle test #22.
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FigureA-16. Differentialmassconcentrationversusparticlesize lot Lechler
test#22. PCSVdataareshownwithdashedlinesandopensymbols,and
VDAdataareshownwitha solidlineand closedsymbols.
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Figure A-17. Cumulative mass concentrationversusparticle size for Lechler
nozzle test #23. VDA data only.
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FigureA-18. DifferentialmassconcentrationversusparticlesizeforLechler
test#23. VDAdataareshownwitha solidlineandclosedsymbols.PCSV
datawereunusableforthistestduetofouledwindows.
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FigureA-19.CumulativemassconcentrationversusparticlesizeforLechler
nozzletest#24. VDAdataonly.
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Figure A.20. Differentialmass concentrationversus particlesize tor Lechler
test#24. VDA data are shownwitha solidlineand closed symbols. PCSV
data were unusable forthis test due to touled windows.
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Figure A-21. Cumulativemass concentrationversusparticle size tor Parker-
Hannifinnozzle test#18.
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Figure A-22. Differential mass concentration versus panicle size tor
Parker-Hannifin nozzle test #18. PCSV data are shown with a dashed line

and open symbols, ar_ discrete VDA data are shown with a solid line and
closed symbols.
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Figure A-25. Cumulativemass concentrationversusparticlesize for Parker-
Hannifin rmzzle test#20.
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Figure A-27. Cumulative massconcentrationversus particlesize for Parker-
Ha,nn_finnozzle test ,_1.
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Figure A-28. Differentialmass concentrationversusparticlesize for
Parker.Hannifin nozzle test#21. PCSV data are sl_ownwith a dashed line
and open symbols,and discreteVDA data are shown with a solidline and
¢tosed symbols.
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Figure A-29. Cumulative massconcentrationversusparticlesize for Parker-
Hanntfinnozzle test#22.
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FigureA-30. Differentialmassconcentrationversusparticlesizefor
Parker-Hannifinnozzletest#22. PCSVdataareshownwitha dashedline
andopensymbols,anddiscreteVDAdataareshownwith a solidlineand
closedsymbols.



Figure A-31. Cumulativemass concentrationversusparticle size for Parker-
' Hannifin nozzletest#23.
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Figure A-32. Differentialmass concentrationversusparticlesize for
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Figure A-34. Differential mass concentrationversusparticlesize for
Parker-Hannifin nozzle test #24. PCSV data are shownwith a dashed line
and opensymbols,and discreteVDA data are shownwith a solidline and
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Figure A-35. Cumulative mass concentrationversusparticlesize for Parker-
Hannifin nozzle test#25.
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Figure A-36. Differentialmass concentrationversusparticlesize for
Parker-Hannifin nozzle test#25. PCSV data are shownwith a dashed line
and open symbols,and discreteVDA data are shownwitha solid lineand
closed symbols.
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Figure A-37. Cumulativemass concentrationversusparticle size for Parker-
Hannifinnozzle test #2.6.
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Figure A-38. Differentialmass concentrationversusparticle size for
Parker-Hannilin nozzle test#26. PCSV data are shownwith a dashed line
and opensymbols,anddiscreteVDA data are shown witha solidline and
closedsymbols.
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Figure A-39. Cumulativemass concentrationversusparticlesize for Parker.
Hannifin nozzle test#27.
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: Figure A-40. Differentialu'r_ _oncentratlonversusparticlesize for
Parker-Hann_n nozzletest #27. PCSV c_t,aare shownwith a dashed line
and opensymbols,_r_ldiscrete VDA data are shownwith a solidline and
closedsymbo)s.
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FigureA-41. Cumulative masscorcentr_ion versus particle size lor Parker-
Hannilin nozzle test #28.
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Figure A-42. Differentialmass concentrationversusparticle size for
Parker.Hannifin nozzle test #'_8. PCSV data are shownwith a dashed line
and open symbols,and discreteVDA data are shown with a solid lineand
closed symbols.
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FigureA-43oCumulativemassconcentrationversusparticlesizefor Parker-
HannHinnozzletest#29.

=

A-4B



FigureA.44, Differentialmassconcentrationversusparticlesizefor
Parker-Hannifinnozzletest#29. PCSVdataareshownwitha dashedline
andopensymbols,anddiscreteVDAdataareshownwitha solidlinearid
closedsymbols.
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Figure A-45. Cumulativemass concentrationversusparticlesize for Parker-
Hannifinnozzle test#30.
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Figure A-46. Differentialmass concentrationversus paniclesize for
Parker.Hannifin nozzle test#30. PCSV data are shownwith a dashed line
and open symbols,and discreteVDA data are shownwith a solid lineand
closedsymbols.



Figure A-47. Cumulativemass concentrationversusparticlesizefor Parker-
Hannifin nozzle test #31.
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FigureA-48. Differentialmassconcentrationversusparticlesizefor
Parker-Hannifinnozzletest1t31. PCSVdataam shownwitha dashedline
andopensymbols,anddiscreteVDAdataareshownwitha solidlineand
closedsymbols.
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Figure A-49. Cumulativemass concentrationversusparticle size for Parker-
Hannifin nozzle test#32.
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FigureA-50. Differentialmass concentrationversusparticlesize for
Parker-Hannifin nozzletest #32. PCSV data are shownwith a dashed line
and open symbols, anddiscreteVDA data are shownwitha solid fineand
closedsymbols.
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