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SECTION II. TASK 2. SUBMODEL DEVELOPMENT AND EVALUATION

Objectives

The objectives of this task are to develop or adapt advanced physics and
chemistry submodels for the reactions of coal in an entrained-bed and a fixed-bed

reactor and to validate the submodels by comparison with labaratory scale
experiments.

Task Outline

The development of advanced submodels for the entrained-bed and fixed-bed
reactor models will be organized into the following categories: a) Coal
Chemistry (including coal pyrolysis chemistry, char formation, vcarticle mass
transfer, particle thermal properties, and partﬁc]e physical behavior); b) Char
Reaction Chemistry at high pressure; c) Secondary Reactions of Pyrolysis Products
(including gas-phase cracking, soot formation, iignition, char burnout, sulfur
capture, and tar/gas reactions); d) Ash Physics and Chemistry (including mineral
characterization, evolution of volatile, molten and dry particle components, and
ash fusion behavior); e) Large Coal Particle Effects (includinc temperature,
composition, and pressure gradients and secondary reactions within the particle,
and the physical effects of melting, agglomeration, bubble formation and bubble
transport; f) Large Char Particle Effects (including oxidation); g) SO,-NO,
Submodel Development (including the evolution and oxidation of sulfur and
nitrogen species); and h) SO, and NO, Model Evaluation.
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II.A. SUBTASK 2.a. - COAL TO CHAR CHEMISTRY SUBMODEL DEVELOPMENT AND EVALUATION

Senior Investigators - David &. Hamblen and Michael A. Serio
Advanced Fuel Research, Inc.
87 Church Street, East Hartford, CT 06108
(203) 528-9806

Objective

The objective of this subtask is to develop and evaluate, by comparison
with laboratory experiments, an integrated and compatible submodel to describe
the organic chemistry and physical changes occurring during the transformation
from coal to char in coal conversion processes.

Accomplishments

Work continued on examining a percolation theory approach instead of Honte
Carlo for doing the network decomposition calculations in order to increase
computational speed. Using percolation theory, we can get comparable predictions
of the tar and gas rates. For the same set of bridge breaking parameters, there
are some slight differences in the shape of the tar peak and in the fluidity
predictions. The fluidity predictions appear te be the most sensitive to the
choice of percolation theory over the Monte Carlo approach, as the definition
of the fluid fraction is model dependent.

Work also continued on the incorporation of rank dependent pyrolysis
kinetic rates. We have completed a first round of fits to the TG-FTIR data
obtained from all eight Argonne coals at four different heating rates and the
fluidity data obtained for six of the coals at one heating rate. This procedure
provides a set of rank dependent kinetic parameters for gas evolution (CH,, CO,)
and the breaking of weak bridges (required for tar evolution). For the lower
rank coals, we still need to get better resolution of the paraffin/olefin peak
from the main tar peak in order to determine the rank dependent parameters. The
next step is to try this set of kinetic parameters in the percolation theory
version of the model in order to arrive at a consistent set and to complete the
work on the other major gas species (CO, H0, H,)).
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Work continued on the particle swelling model. Additional sets of
equations were examined to describe the driving force for swelling and one was
chosen which we feel is the most consistent with the physics. Work was also
done to solve some numerical problems which make the predictions sensitive to
the choice of the time step. It is planned to obtain additional swelling data,

to find more relevant data on the gas diffusivity and to make some measurements
of pore wall thickness.

Percolation Theory Version of FG-DVC

Work continued on examining a percolation theory approach instead of Monte
Carlo for doing the network decomposition calculations. Using percolation
theory, we can get comparable predictions of the tar and gas rates. For the
same set of bridge breaking parameters, there are some differences in the shape
of the tar peak and in the fluidity predictions. This may result from starting
with a different lattice configuration. This can be fixed by making slight
adjustments in the crosslinking efficiency and in either the vaporization law
or the bridge-breaking rate. For the time being, we have chosen tc adjust the
Tatter by a factor of twe. The fluidity predictions appear to be the most
sensitive to the choice of percolaticn theory over the Monte Carlo approach, as
the definition of the fluid fraction is model dependent.

Work also continued on the incorporation of rank dependent pyrolysis
kinetic rates, as discussed below. ODur approach is to obtain a complete set of
kinetic parameters which agree with the volatile evolution and fluidity data
using the Monte Carlo method for the eight Argonne coals. Then we will switch
to the percolation theory, using the kinetic parameters obtained from the Monte
Carlo method as a first approximation in order to arrive at a consistent set and
to complete the work on the other major gas species (CO, H,0, H,). Finally, the

polymethylenes will be added to the percolation theory version as a final
adjustment to the predictions.

Rank Dependent Kinetic Parameters

We have completed a first round of fits to the TG-FTIR data obtained from
all eight Argonne coals at four different heating rates and the fluidity data
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obtained for six of the coals at one heating rate. This procedure provides a
set of rank dependent kinetic parameters for gas evolution (CH,, CO,) and the
breaking of weak bridges (required for tar evolution). The details are discussed
below.

Experimental

Pyrolysis experiments were done with the Argonne premium coals at heating
rates of 3, 30, 50, and 100"C/min up to 900°C in a TGA with FT-IR analysis of
evolved products (TG-FTIR). The TG-FTIR apparatus consists of a sample suspended
from a balance in a gas stream within a furnace. As the sample is heated, the
evolving tars and gases are carried out of the furnace directly into a 5 cm
diameter gas cell (heated to 150°C) for analysis by FT-IR. With this geometry
under low heating rate conditions, the temperature of the sample is assumed to
be the same as that of a thermocouple which is next to the sample. The TG-FTIR
system used in the current work is the TE/Plus from Bomem, Inc. The TG/Plus
couples a Dupont 951 TGA with a Bomem Michelson 100 FT-IR spectrometer (Carangelo
et al., 1987; Whelan et al., 1988).

High heating (- 20,000 K/s) pyrolysis rate measurements were previously
made in a heated tube reactor (HTR) with an I77inois No. 6 coal, as described
by Solomon et al. (1986). These experiments included in-situ FT-IR diagnostics
for measurement of the coal particle temperature. A heat transfer model was
developed which provided a good fit to the measured temperature profile (Solomon
et al., 1986; Serio et ai., 1987). The predictions of the heat transfer model
were subsequently input into the FG-DVYC pyrolysis model.

Results

The TG-FTIR results for the Pittsburgh Seam coal at three heating rates
are given in Fig. II.A-1. The dashed Tines are the prediction of the FG-DVC
model (Serio et al., 1987; Solomon et al., 1988a; Solomon et al., 1990) while
the experimental data are plotted as asterisks connected by solid lines. The
left hand set of curves is for the cumulative weight loss from the balance.
Superimposed on each of these plots is the time-temperature profile. Except for
very low heating rates, the coal is heated Tirst to 150°C for drying before
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heating at the designated rate to 900°C.

The agreement between the experimental and predicted weight predictions
is quite good at each of the three heating rates. The predicted weight loss is
the sum of the tar evolution and the major gases (€O, CO,, H,, HO, CH,
paraffins, olefins) which are included in the FG-DVC model.

The middle set of curves in Fig. II.A-1 is for the tar evolution while the
right hand set is Tor CH, evolution. The prediction of tar evolution is based
on the breaking of weak 1inkages between an assumed polymeric structure for coal
followed by transport of the molecule out of the coal if it meets the volatility
criteria (Solomon et al., 1988a). The position and shape of the main tar peak
is predicted very well for the Pittsburgh Seam coal and for several other coals
that have been tested. The early part of the tar evolution is not as well
predicted. This part of the tar evolution arises primarily from "guest"
molecules which are physically bound in the coal. We are working on a new
version of the FG-DVC model which includes the quest molecules (Solomon et al.,
1990).

The evolution of CH,, shown on the far right hand side of Fig. II.A-1, is
also well predicted. The CH, evolution is modeled using two sources which evolve
in a manner such that the peaks are usually merged into a single peak (Serio et
al., 1987; Solomon et al., 1988a).

Both the tar and CH, evolution profiles show a systematic shift with
increasing heating rate. The change in the temperature for the maximum evolution
rate (T, ) with temperature can be used in preliminary analysis to derive
kinetic parameters (Juntgen and van Heek, 1968; Braun and Burnham, 1987). We
have used this approach to obtain a preliminary estimate of the mean values of
the distributed activation energy parameters. The parameters are further refined
by using the FG-DVC model to best fit the complete evolution profiles at each
of four heating rates. The current set of rank dependent kinetic parameters is
given in Table II.A-1.

Similar comparisons are made in Figs. II.A-2 to II.A-5 for other coals in
the Argonne series. In this case, the data are shown for a single heating rate
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TABLE IL.LA-1 - RANK DEPENDENT KINETIC PARAMETERS FOR ARGONNE PREMIUM COALS

COAL
KINETIC PARAMETERS ZapP WYO ILL UTAH LS PIT UPF POC
e A
Bridgo A | 5x10" 4x 10" 1.6 x 10" 5x 10'? 7 x 10" 13 x 10" 1.5 x 10" 3.0 % 10"
Breaking E/A | 30,000 30,000 25,000 25,000 25,000 24,000 25,000 31,000
o/A | 1,500 1,500 1,250 1,250 1,250 1,250 1,250 1,000
|
l
CH, A | 7x10" 1.1 x 10" 15x 10" 15 x fo" 12x 10" 15 x 10" 95 x 10" 4.0 x 10"
Loose E/R 30,000 30,000 30,000 30,000 30,000 30,000 30,000 30,000
o/R 3,000 2,500 2,000 2,000 1,500 1,500 1,000 1,000
CH, A 2.1 x 10" 85 x 10" 19x 10" 19 x 10 2.0 x 10 1.9 x 10" 1.7 x 10'2 1.2 x 10"
Tight E/R 30,000 30,000 30,000 30,000 30,000 30,000 30,000 30,000
a/R 3,000 2,000 2,000 2,000 2,000 2,000 2,000 1,500
I
Cco, A |  62x10" 20x 10" 2.0 x 107 20x 10" 8.1 x 10" 20x 10" 2.0 x 10" 10 x 1o
X-Loose E/R 22,500 22,500 22,500 22,500 22,500 22,500 22,500 22,500
/R 3,000 3,000 3,000 2,500 1,500 3,600 1,500 3,000
CcO, A 1.6 x 107 1.3 x 10" 8.0 x 10" 1.6 x 10" 6.5 x 10'° 1.6x 10'7 1.6 x 10" 6.5 x 10'®
Looso E/R 33,850 33,850 33,850 33,850 33,850 33,350 33,850 33,850
o/R 3,000 3,000 2,000 2,500 1,500 3,000 3,000 3,000
co A 2.1 x 10'° 8.7 x 10'® 1,25 x 10" 1.0x 10'° 1.0x 10" 5x 10" 2.7 x 10" 1.0x 10"
Tight E/R 38,315 38,315 38,315 38,315 38,315 38,315 38,315 38,315
o/R 3,000 3,000 5,000 2,000 2,000 5,000 2,000 1,200
=======================§=ﬂ=8==‘============================================================
Notes:

Als In units of &'
E/R is in units of K
o/R is In units of K
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(30°C/min) but one additional species (C0,). Again, good agreement is obtained
for the actual weight loss and the predicted values from all four coals (Figs.
II.A-2a to II.A-Ba). In the case of the Utah Blind Canyon coal and the Zap
lignite, the predicted curves have been herizontally displaced to match the
weight loss after moisture evolution since the model predictions are all done
on a dry basis.

The predictions of the tar evolution profiles in Figs. II.A-2¢c to II.A-5c
are also good except for the very early tar as discussed above for the Pittsburgh
Seam coal. The methane evolution profiles are very well predicted in each case.
The CO, evolution profiles (Figs. II.A-2d to II.A-5d) are not as well predicted
as the evolution of hydrocarbon species. The CO, evolution is predicted based
on three assumed sources (extra loose, loose, and tight) (Serio et al., 1987;
Solomon et al., 1988a). At 30°C/min, the peaks are centered at approximately
16, 22, and 28 minutes, respectively. However, because the mineral sources are
not dincluded in the model, the quality of the fits is not the same as for
hydrocarbon species where there are no mineral contributions.

Discussion

The use of the TG-FTIR method over a range of heating rates has allowed
the development of a set of rank dependent kinetic parameters for tar, CH,, and
€0, (and indirectly the weight Toss). The parameters for the tar evolution were
cbtained by édjusting the value of the pre-exponential and activation energy for
the bridge breaking rate in the FG-DVC mecdel in order to match the evolution
profiles at the four heating rates. In general, these rates dncrease
monotonically with decreasing rank (increasing oxygen content). For very low
rank coals, the contribution of polymethylenes is sufficiently large that it
partly obscures the tar evolution from bridge breaking. In this case, the TG-
FTIR results from demineralized coals are being used to obtain a more reliable
estimate of the bridge breaking rate. The lower amount of crosslinking in the
deriineralized coals reduces the relative contribution of the polymethylene tar.
This work is still in progress.

In the case of the CH, and the C0,, good results were obtained by adjusting
oniy the pre-exponential factors. The values of the activation energies used

[a¥al
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were the same as those reported previously (Serio et al., 1987; Solomon et al.,
1988a).

A good test of the validity of using the TG-FTIR method over a range of
Tow heating rates to obtain kinetic parameters is the ability to use the kinetic
parameters to extrapolate to high heating rate conditions. An example of this
is shown in Fig. II.A-6, where the parameters obtained for the I1linois No. 6
coal using the TG-FTIR method were used to simulate previously obtained high
heating rate (- 20,000 K/s) data for tar evolution (Serio et al., 1987). Again,
the agreement between the theory and data is quite good.

Finally, a comparison can be made of results obtained for T, for tar
evolution at 3°C/min for the eight Argonne premium coals using the TG-FTIR method
with results obtained by Burnham et al. (198S) using a Rock-Eval experiment at
4°C/min. This comparison is shown in Fig. II.A-7. The agreement between the
two experiments is generally very good.

Coal Fluidity

The importance of the rank dependence of the pyrolysis kinetics for tar
and CH, evolution was evident in the modeling of coal fluidity behavior. ¥hen
modeling fluidity, it was found that relatively sm2i1 differences in the methane
evolution rate (which is related in our model to the moderate temperature
crosslinking which shuts down the fluidity) and the tar evolution rate (which
is based on the bridge breaking rate as discussed above) have a large effect on
the fluidity predictions. In Fig. II.A-8 are shown comparisons of the measured
fluidity with the predicted fluidity (based on the rank dependent rates) for
five of the eight coals. With the possible exception of the Pocahontas coal,
the agreement between the measured and predicted fluidity is quite good.

Plans

The rank dependent parameters will be tested in the percolation theory
version of the model and the parameters for the remaining gas species (CO, HO0,
H;) will be developed. In addition, the work on the swelling model will also be

continued. Work will be initiated on studying the evolution of sulfur and
nitrogen species.
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II.B. SUBTASK 2.B. - FUNDAMENTAL HIGH-PRESSURE REACTION RATE DATA

Senjor Investigators - Geoffrey J. Germane and Angus Y. Blackham
Brigham Young University
Provo, Utah 84602
(801) 378-2355 and 6536

Student Rec-arch Assistants - Charles R. Monson, Gary Pehrson,
favid Wheeler, &nd James Rigdy

Qbiective

The overall cbjective of this subtask is to measure and correlate
reaction réte coefficients for pulverized-coal char particles as a func¢zien of
cher burncut in oxygen at high temperature é&nd pressure.

Accomplishments

Three components of this subtask have been identified to accomplish the
obiectives outlined above: 1) develop the laminar-flow, high-pressure,
controlled-profile (HPCP) reactor, 2) prepare char at high temperature and
pressure, and 3) determine the kinetics ¢f char-oxygen reactions at hign
pressure. The HPCP reactor, capable of functioning at 400 psi (27
atmospheres), has beern constructed to perform the fundamental reaction rate
measurements required for the study. Data from an independent char oxidation
study at atmospheric pressure being conducted at BYU will also be used.

Work continued during the last quarter on development o¢f the high-
pressure, controlled-profile (HPCP) reactor, the preparation and
cheracterization of char. and the kinetics of char ¢xidation at high pressure.
Mcst of the effort focused on reactor temperature profile characterization,
chér size characterization., and axidation of lignite char. Additional coa?
devolatilization tests of z coal identified for this study were conducted in
connection with an independenrt research program, which hes participated
finzncially in the development of advanced instrumentation for the HPCP.



High Pr R r Topmen n h rij

During the initial reactor characterization and char tests, a fTew
moditications were found necessary to improve reactor operation and accuracy
o7 the reactor characterization, which is described belcw.

Gas Temperature Profile Characterization - In order to obtain accurate
gas temperature measurements, a water-cooled, radiation-shielded suction
pyrometer was constructed. The probe has a 13-mm outer diameter and 1-meter
Tength. A platinum thermocouple measures gas temperature at the top of the
pyrometer. This thermocouple is shielded from radiative heat transfer by two
concentric zlumina tubes with & mullite honeycomb plug at their upper opening.
The gas flow through the pyrometer is measured with a rotameter and regulated
with a manual valve. A vacuum pump is used to provide flow at atmospheric
pressure. Tre gas flow is adiusted to obtain an isokinetic condition at the
pyrometer entrance to minimize disturbance of the flow field within the
rezctor.

The suction pyrcmeter has been used to obtain gas temperature profiles
Tor a number of reactor conditions. Figure II.B-1 shows both gas and reaction
tube wall temperatures as functions of axial position under extreme
devolatilization conditions. The injection probe was positioned to give a
reaction length of 50 cm. The gas temperature is about 150 K lower, but
tracks the wall tamperature through the length of the reaction zone. The gas
temperature rose steeply &s the gas entered the reaction zone and fell
approximately 400 K in the collection probe. For this test., the gas
temperature increased 150 K through the length of the reaction zone. The wall
hegters can be adjusted to produce a more nearly isothermal profile.

Figure II.B-2 presents similar data for a char oxidation test with a
reaction length of 15 cm. In this case the gas temperature steeply approached
the wall temperature at the reaction zone entrance. Gas and wall temperatures
were within 20 K of each other through the remainder of the reaction zone,
atter which the gas temperature fe1l approximately 400 K in the collection
orobe. This 400 K temperature drop in the collection probe appears to be
sufficient to quench char reactions. The gas temperature iracked the wall
temperature much more closely for this configuration because there was
sufficient reaction tube length before the reaction zone to heat the secondary
gas to the wall temperature.

-26-
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Ghar Injection Probe - A water-cooled injection probe, similar to the
original probe but smaller in diameter, was constructed. This new probe has
an outer diameter of 9.5 mm compared to an outer diameter of 13 mm for the
original probe. The smaller size &1iows the injection probe to be bettier
insulated, thereby reducing :the lozd on the wall heaters and decreasing the
heat loss from the secondary gas &s it Tlows through the reaction tube. The
feeder vibrator was relocated from its original position on the feeder carrier
assembly to the top of the feeder canister. Vibration of the feeder canister
is now isoleted from the remainder of the feeder and the reactor by the small,
inngr feed tubes. which has improved the consistency of particle injection for
stickier coal perticles.

icg]l Instrumen ion - The particle imaging system dis being
assembled. Supports For mounting the optical components have been designed
enc will be constructed and installed during the next reporting period.

‘Tar/Char/Gas Collection Svstem - Through independent funding, the
collection system of the HPCP reactor was modified to enhance collection
efficiency. NMR anelyses of previously-collected tar samples revealed
giitarences in the chemical composition of the tars collected through the two
celiection legs, which sugaested that secondary reactions were still occurring
agfter the combustion products had passed through the collection probe. Since
gualitative analysis 1is dependent on accurate definition of reaction
param2ters, it is critical that 211 secondary reactions are promptly quenched
in the collection probe.

The collection probe wes modiTied to improve the initial quench and an
incrzased quench Tlow was employed during devolatilization and cxidation runs.
[nitial NMR analyses of the tars collected in the devolatilization of North
Dekota ligrite indicate that the tars collected from the two collection legs
gre consistent 1in their chemicel composition, thus demonstrating that the
modifications to the collection probe were efvective in reducing secondary
rezctions.

[3¢)

The virtuzl impzctor was redesigned to increase collection efficiency by
reducing rzcirculetion zones and decreasing the interngl surface area. The
new design will result n 2 smeller and lighter virtual impactor. and will
provide room Tor the addition of & flow control valve in the char leg between
the impector and cyclone, thus facilitating the collection and removal of char



‘while the reactor is in operation. In addition. the fitting between the
impactor anc the collection probe is being redesigned to allow for the
attachment of either the virtual impactcr or the suction pyrometer.

har Pr ration High Temperature and High Pr r

Three samples of chars were prepared from a narrowly sized fraction (64-
75 pum) oF North Dakota Tignite at 1720 K and a residence time of 350 ms for
the oxidaticn tests conducted during this reporting period. These eare
designated ND-P-6, ND-P-7 and ND-P-F and the char properties are summarized in
Table II.B-1. A separate char preparation run (ND-P-9) was alsoc made to
provide a tar-char set fcr NMR analysis for the independently-funded project
mentioned previously.

Size analyses of previously-prepared char which had been classified by
sieving alone have indicated the presence of small particles of coal below the
range of sizes desired. Therefore, sampies of North Dakota coal have been
both sieved and aerodynaemically fractionated to obtain a narrowly sized
freaction of the North Dazkota coal without the small particles outside the
range of sizes intended. Chars were then prepared and znalyzed to determine
how well the sample would retein the narrow range of particle sizes through
the devolatilization process. The range of sizes was determined with both SEM
micrographs and Coulter counter particle distributions. One of these char
samples (ND-P-8) was then oxidized at three different pressures. Mass
reactivities were determined on the basis of both ash content and ticanium
content.

Figure [1.B-3 snows that cher prepared from the narrowly sized fraction
of ¢oal is reasonadly free from particles smalle~ than 64 um. Samples ND-P-6
and ND-P-8 are shown at the top and two different particles from ND-P-8 are
shown 2t the bottom. Some of the particles may have increased in size
slightly during the devolatilization processes: not much additional porosity
is evident. The ND-P-8 sample of char was used for a series of oxidation
runs. The char was prepared &t 17Z0 K and 350 ms residence time. These
conditions are severe as indicated by the drop in percent hydrogen from 4.8 to
1.0, showing considerable devolatilization.

1 Partic] izing - Significent improvements in the quality of size-
fractioning of the raw coal have recuced the required time from approximately
one w2ek to one day. Using & combination of aerodynamic classifying and
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PR-T-1
PR-T-2
P-T-3
Pg-1-4
PE-T-5
P8-T-6
PR-T-7
P8-1-8
DE-T-9
PR-T-10
P-T-11
PE-T-12
PR-T-13
PR-T-14
PR-T-15
PE-T-16
Pg-P-1
Pg.p.2
PR-P-4
P8-P-5
P8-P-6
PR-P-10
P8-p-11
PB-P.12
PR-P-13
PR-P-14
P-P-15
PS-P-16
PR.-P-17
PE-P-18
P8-P-19
P8-P-20
Pg-P.21
PR-P-22
PR-P.23
PR-P-24

Sigel
(yum)

64-75
64.75
64-75
64-75
64-75
64-75
64-75
64-75
6475
64-75
384
64-75
64-15
64-15
64-75
64-75
64-75
64-75
64-75
64.75
6:4-75
64-75
64-75
64.75
64-75
64.75
64-75
64-75
64-75
64-75
64.75
64-75
64-75
64-75
64-75
64-75

Teny.
(K)

1370
1370
1370
1340
1340
1340
1340
1340
1340
1370
1300
1275
1530
1530
1530
1530
1380
1380

993
1188
1398

850
1390

993

9293

743

839

953

9298
1096
1223
1388
1063
1193
1480

993

Press,
(xm)
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P
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W

1.8
4.9
5.2
5.2
i1
5.4
Sa
0.1
10.1

2.1

TARLEIL B-1.

CUAR PREPARATION SUMMARY

Res, Time  Heating

(ms) Rute
(Kfs)

44

87

44

972

92

31

31

ky;

92

26

25

17

70

37

80

45
257 104
91 104
860 102
786 102
685 102
859 102
688 102
3,107 102
2,308 102
3,958 102
4,368 102
4,329 102
4,438 102
4,604 102
4,830 102
3,512 102
8,822 102
8,497 102
45 104
786 102

&L

67.8
66.1
68.1
69.8
70.2
68.7
68.7
73.3
71.0
69.2
1.6
74.8
74.4
70.0
72.2
70.5
65.6
69.9
71.4
70.8
70.8
72.1
71.4
72.2
72.4
71.9
72,0
72.9
73.6
73.9
75.1
77.4
77.0
76.5
74.2
73.3

4l
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29
2.2
2.5
32
3.2
3.t
2.4
2.4
2.6
1.5
1.3
0.8
3.5
3.1

%N

DX DAL

OV W

NN N
PN - SN

2.5
2.4
2.4
2.7
2.9
2.4
2.6
2.6
2.8
2.5
2.7
2.5
2.5
2.5
2.6
2.5

Crit,
Temp,S
{(K)

827

850

817
827

SEM

(no.)
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Sample

Pg-r.25
P8-P-26
1'8-p-27
P8.r-28
P8-I-29-A
P8-P-29-B
ND-P-1
ND.P-2
ND-1-3
ND-P4
ND-P-5
ND-I-6
ND-P-7
ND-P-8
ND-P-9

N DN —

Sizel
{jtin)

64-75
64-75
64-75
64-75
64-75
64-75
64-75
64-75
64-715
64-75
64.75
64-75
64-75
64.75
64-75

TABLE 11. B-1. {cominued)
Temp.2 Press.  Res. Time  Heating

(K) (ntm) (ms) Rate
(K/s)

993 5 1030 102
993 5 1030 102
993 1 860 102
993 5 860 102
1573 1 720 o4
1573 1 720 104
1570 1 720 10
1235 1 50 101
1237 1 50 101
1141 1 228 104
1145 5 224 107
1450 I 350 104
1450 i 350 104
1450 1 350 101
1087 1 87 101

PB=P.H8 coal; T=hot tube reactor; P=high pressurc control profile reactor
Coal size fraction, mass mean diameler
Chlculated particle temperature
Mecasured with TGA

P8-1-29.A char f{raction <700 jun

P-P-29-B char fraction >700 pm

Lin

72.7
7121
72.4
71.1
76.0
72.9
731.0
62.3
62.2
61.9
63.8
75.6
76.4
78.3
67.5

Z

4.5
4.6
4.0
33
0.95
319
1.1
3.8
3.7
3.6
34
1.0
1.1
1.0
34

2.5
2.3
2.2
2.5
2.5
2.4

........_....._...._._
- T R T R T T NP

Crit,
Temp2
(K)

(no.)




Figure
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I.B-3. SEM's of devolatilized North Dakota lignite (ND-P-6 --

rag,

upper left; ND-P-8 -- others).




sieving, North Dakota coal was sized to a tight fraction with an average
diameter of 75 um. Figure I11.B-%4 shows a particle size histogram and a
scanning electron micrograph (SEM) of the sized coai. rFigure II.B-5 presents
the same informaticn after devolatilization of the coal. The average particle
diameter decreased to 66 um and the distribution widened somewhat. This is
most 1ikely due to softening and rounding of the coal particles as well as
some fTragmentaticn during devolatilization.

An aerodynamic particle classifier (Vortec) was impiemented to pre-size
North Dakota lignite coal pearticlas before sieving them to obtain 64-75 um
particles for char preparation. With the Yormer time-consuming method., the
coal was first ground and then sieved with screens. The approach was
generalized to size gny type of coal to obtein a precise size classification
in & reiztively short period of time. and is summarized below.

o

1. Initigl Sieving of Pulverized coal.

Purpose: Eliminate particles larger than 500 um to prevent clogging of
the Vortec classifier.

Equipment: 500 um sieve.

2. Aerodvnanmi 1 ifi ign.

Purpgse: Separation of coal particles into large and smell particle
classifications at sizes above and below approximately 50 um.

Equipment: 1) Vortec classifier at 85 psi end throttle setting of 20.
2} Electrical resistance particle sizer (Coulter counter) with 400 um

aperture to determine the presence of particles c¢rezter than 50 um in the
sample of small particles.

Approach/Results: The classifier does not create a sharp size division,
but rather particle size rolls off at a certain cut point. For this reason,
it was desired that no particles larger than 50 um be present in the sample of
small particles so thet particles between 64-75 um in diameter would not be
diverted from the sample of larger particles. The Coulter counter was used to
help adjust the size of the particles in the smaller particle size
classification through repeated tests at various valve settings until it was

veritied that no particles larger than 50 um diameter were present in the
sample.

-33-~
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3. ieving of larg i ) ifi ign.
Purpose: Narrow size range of large particles

Fquipment: Rotary sieve shaker using 250, 150, 125, 106, 75, and 63 um
sieves in descending ordar.

Approach/Results: Majority of particles collected in the 63 pm sieve
were between €4-75 um.

4. Grinding of large particles.
Purpose: Increase yield of 64-75 um particles from total char sample.

Equipment: Ball mill grinder

Apnroach/Results: A1l particles larger than 75 um from step 4 and all
particles from step 1 were ground for 1 hour to reduce their size. It was
found that grinding for 1 hour was the optimal time to reduce the particle
size without producing a large amount of unusable particles smaller than 50
Bt

Table II.B-2 shows the improvement in size classification achieved with
the aerodynamic separator, resulting in significant time savings and
evtectiveness. The percentages were cobtained with the Coulter counter with a
400 pm diameter aperture. Examination of the scanning electror micrograph of
the sample prepzred with the "new” method in Figure IIB-4 shows that there are
perticles in the sample of irregular shape which have volumes greater than 64-
75 mm diameter spherical particles. The micrograph also shows that the
particles in the sample are fairly close in size and that the oblong particles

may not be much larger in actual volume than the more spherical particles in
the sample.

Even with these improvements, the desired size range of exclusively 64-
75 mm diameter particles cannot be perfectly achieved, since coal particles
are generally oblong and irregularly shaped. For this reason, particles whose
volume may be greater than that of a spherical 64-75 um diameter particle were
present in the particles which accumulated in the 63 pm mesh sieve. These
targer particles slipped through the larger mesh and collected in the 63 um
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Table II.B-2.

COMPARISON OF SIZE DISTRIBUTION OF FOR "OLD" AND "NEW" PARTICLE SIZING
METHODS FOR DESIRED RANGE OF 64-75 um DIAMETER PARTICLES.

Size Range OIid Method New Method
{um diameter) {Sieving and (with Vortec,
grinding only, % of total)

% of total)

16 - 20.2 2.3 2.9
20.3 - 254 1.6 0.9
25.4 - 32.0 2.8 0.3
32.0 - 40.3 2.4 0.4
40.3 - 50.8 19.8 0.9
50.8 - 64.0 37.5 5.9
64.0 - 80.6 17.5 73.4
80.6 - 101.6 10.6 14.6
101.6 - 128 3.5 0.4
128 - 161 -- -

Approx. time required 1 week 1 day



mash because their smallest dimension may have been between 64-75 um digmeter.
Tnis variation is shown in the Coulter counter results for both methods.
However, the mzjority of particles coilected on the sieve aiier classification
with the Vortec were within the 64-75 pm diameter size range. Particles
smzller then 50 um were &l1s0 present, althoush their totzl count is less than
10 percent of the sample population; on & mass basis their effect is minimal.

Since the Coulter counter determines particle size based upon cross-
sectional area in channels of various size ranges, the volume oF individual
oblong particiss compared with the volume of 64-75 pum pérticles is probably
not as large &s it mey appear. For the channel which includes 80.6-101.6 um
diameter perticles, & particle with & volume equivalent to the voiume of a
80.6-um-diameter sphere is classified in the same channel as a particle with &
volume equivazlent to & 10i.6-um-diameter sphere. However, it is thought that
the majority of particles in the test sample fall closer to the 64-73 um
diameter range.

Kinetics of Char-QOxvaen Reactions at Hiagh Pressure

During tne reporting period, char oxidation experiments were continued
with size-Trzctioned North Dakoteé lignite coal. Table 11.8-3 is & summary of
all char oxicstion experiments conducted under this study to date. Tests HD-P-
& through ND-P-8 were performed during the reporting period. The newly
instelled suction pyrometer engbled gas temperatures to be accurately
measured. Past regCtor operating conditions were duplicated and calculations
of perticle temperaturss were mace.

Resuits from the oxidation test ND-P-6-2 &are shown in Figure II.B-6.
Tne gverzge pariicle diemeter decreesed to 45 um and & substantial percentage
o7 the particies are smgller than 20 pm. From the electron microscope, it was
determined that the smell particles are meinly composed of silicon. It
appeers that tnhe minerzls in the char melted and separated from the char
particlas, subsequently solidifying as spheres. From the SEMs, it was
inferred thzt & number of particles burned with decreasing density without
chenging diegmeter significantly while most particles became smaller in
digmetar anc decressed in density. This indicates that combustion occurred in
Zone 11, where pore diffusion is significant.

The char Trom the oxidetion run 2t 1450 K, 95 ms and 1 atm is shown in
Figure 11.8-7 &nd is designated ND-P-8-1. Burnout is evident from the chznge



TABLRIL B-3,
CIIAR OXIDATION SUMMARY

Sample Sigel DPresswre  Padigle % Oxidirer  Rey, Time2 %€ %l W %l %Ash % lumouwt % Durnoyt Mass React, Masy React,
()  (atm) Temp, (ms.) by T by_Ash Ly % T by % Ash
| (K) (kp/kg-s)  (kgp/kg-s)
| 16-Q-1 64-75 1 0 6149 1.4 1.87 0.116 1.8
| 16-0-1.1  64.75 1 173 21 75 $5.94 088 1.79 0.171 41.4 19.1 4.2 2.540
16.0-1.2  64.78 1 1173 21 150 4891 0.50 1.36 0.173 49.23 12.0 2.2 2.130
16G-1-3  64.75 1 1023 21 75 64.40 1.04  1.99 0.116 326 - -
16-G-1-4  64.75 1 1023 21 150 64.04 1.07  1.86 0.120 31,0 - - .-
| P8.7-15 64.75 1 1530 0 80 72.2 3.2 2.6 22.0 -
| PB-T-15-1  64-75 I 1173 21 6" 72.5 28 2.4  0.0760 22.1 1.30 0.220
| PBT-152  64-75 I 1173 21 14 72.0 3.1 2.8 0.0650 22.1 0.5 0.040
| PR.T-15-3  64.75 i 1277 21 57 71.8 3.1 2.7 0.,0668 22.4 1.8 0.310
P8.T.15-4 6475 ) 1277 21 106 7.7 2.7 2.6 0.0625 23.0 4.3 0.410
P8.T-15-5  64.15 | 1370 21 54 71.2 2.1 2.5 0.0631 23.6 6.7 1.360
PB-T-156 64.75 I 1461 21 k9 72.5 22 22  0.0655 23.1 4.8 0.540
P8-P-29-A <700 1 1420 0 720 76.0 0.95 2.5  0.0560 14.7
PE.P-29-1 <700 1 1307 21 50 75.0 1.2 2.4  0.0560 15.1 0.0 2.6 0.0 0.530
P8.p.29.2 <700 1 1699 21 100 74.5 0.8 2.6 0.0570 20.4 1.8 28 175 2.790
P8-P-29-3 <700 ] 1636 21 150 74.9 0.7 2.6  0.0550 20.6 - 29 1.910
PB.-29-4 <700 1 1667 21 200 116 07 2.5 0.0700 26.0 200 43 1.0 2.170
PB.P-29-5 <700 1 1710 21 200 68.2 0.5 2.7 0.0890 26.4 371 44 1.85 2.220
1 P8.P-29-6 <700 ! 1404 21 200 76.0 0.9 2.3  0.0590 17.9 5.1 18 .254 0.893
3 PB-P-29-7 <700 ! 1502 21 200 76.0 08 23  0.0830 20.0 32.5 21 1.63 1.330
) P8-P-29-8 <700 1 1510 21 200 75.8 0.6 2.3  0.0900 18.2 37.8 19 1.89 0.962
P8.P-29-9 <700 | 1623 21 100 76.0 0.9 2.7 0.0800 19.4 30.0 24 1.0 2.420
P8.P.29-10 <700 1 1553 21 360 723 062 2.5  0.1190 26.7 52.9 45 1.47 1.250
P8-P-29-11 <700 1 1766 21 200 68.2 04 23  0.7280 21.3 56.3 46 2.81 2.310
P8.P-29-12 <700 1 1667 21 100 5.1 0.6 2.4  0.0860 17.6 34,9 16 3.49 1.650
Pa.p-29-13 <700 [ 1580 21 200 72.0 0.6 24 00790 20.6 29.1 29 1.46 1.430
P8-P-29-14 <700 5 1533 24 100 74.6 09 23  0.0790 17.7 29.1 17 2.91 1.690
P8-P-29-15 <700 s 1497 21 190 73.7 0.7 22 0.0810 20,2 30.9 27 1.62 1.430
ND-P-| <100 1 ] 720 73.0 i1 1.7 0.0356 15.4
ND-P-1-1 <100 1 1301 2t 100 631.6 0.5 1.6 0.07176 21.0 54.1 43.0 5.412 4.330
ND-P-1-2 <100 1 140 21 100 34.6 0.1 1.4 0.164] 60.6 78.3 74.6 7.831 7.480
ND-P-1-3 <100 1 1373 21 75 68.1 0.5 1.5 0.0571 . 245 37.7 37.1 5.020 5.010
ND-P-1-4 <100 1 1152 21 50 72.1 1.0 LS 0.0303 16.5 - 6.1 . 1.450
ND-P-1-5 <100 ! 1070 21 50 72.3 1.0 1.5 0.0531 16.0 33.0 3.8 6.591 0.875
ND-P-1-6 <100 1 1085 21 100 72.9 08 1.5  0.0391 16.5 9.0 6.7 0.8951 0.727
ND-P-1-7 <100 1 23 200 100% Bumout
ND-P-6 64.75% 1 1430 0 350 - . -
ND-P-6-1 64-7% 1 1470 21 100 - . . . - -~ -
ND-P62 6475 | 1500 21 100 . - - - - - - -
ND-P-8 64.75 ] 1450 0 350 78.3 1.0 1.5 0.0777 12.5 .
ND-P-8-1 64.75 1 1453 21 95 62.0 0.1 1.4 02674 35.3 70.9 64.6 7.47 6.80
ND-P8-2  64.75 1 1252 21 93 7.8 0.7 1.5 0.087 15.8 10.7 20.9 1.1 2.25
ND-P-8-3  64.75 1 1386 21 95 64.3 03 1.4 0.1777 29.9 56.3 58.2 5.92 6.13
ND-P-8.4  64.75 s 1427 21 92 61.0 0.5 1.5  0.1411 28.2 44.9 55.7 4.8 6.05
ND.-P-B.S  64.75 s 1314 21 94 70.4 0.7 1.5  0.1176 19.3 33.9 35.2 1.61 3.75
ND-P.8.6  64.75 5 1254 21 93 73.6 09 L5  0.105) 16.6 26.1 24.7 2.80 2.66
ND-P.RT  64.75 8 1355 21 139 53.4 0.6 1.4 0.2280 34.5 65.9 63.8 4.75 4.59

YChar size {raction
2Calculated
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in carion content from 78.3 to 62.0% and from the increased porosity of the
particles. Not all particles show a high degree of porosity. Some have a
lacy structure, yet others appear not to have reacted significantly at all.
Figure 11.B-8 shows the sample ND-P-8-2 (upper micrographs) which is oxidized
at a lower temperature (1252 K) at the same residence time and pressure.
There is less burnout indicated. The carbon content has not decreased as much
(78.3% to 73.8%). The majority of the particles appear not to have reacted
significantly, and only a Tew show the lacy structure. The biggest difference
in these twd sampies is in their fragmentation. The ND-P-8-1 sample with the
¢reater burnout has more small particles (<10 um) than the ND-P-8-2 sample.
It appears that fragmentation increases as burnout increases.

The Tower micrograpns in Figure 1I1.B-3 show sample ND-P-8-4 which was
oxidized av a higher temperature (1427 K) and at 5 atmospheres pressure. The
éppearance 1s more like the sample ND-P-8-1. More burnout is observed with
more fragmentation resulting in small particles (<10 um).

Figure I1.B-9 shows sample ND-P-8-7 oxidized at 1355 K, 139 ms residence
time and 8 gtmospheres pressure. While the temperature is about one hundred
degrees lnwer, the dincrease in residence time and pressure result in
micrographs of about the same appearance as ND-P-8-1. The bercent carbon
(53.4%) indicates the most extensive burnout of these samples. The nature of
the porosity is different. At the higher pressure, a rough lacy surface is
observed for some particles and pthers seem to have softened to a greater
extent under the pressure.

Under each set of conditions, some particles appear to be unreactive,
while others that have partly reacted and sfill others that appear to have
reacted completsly. This may suggest that some particles start to oxidize,
experience a local rise in temperature and then oxidize almost completely
before other particles have even started to react. This is consistent with
the non-uniform surface appearance of the devolatilized coal particles shown
in Figure II.B-5. Some particles appear more porous than others, and some
show cracking and evidence of escaped gas., suggesting a veriation in char
surface characteristics prior to oxidation, which may contribute to the
apparent wide variation in characteristics of oxidized particlies.

The mass reactivities for all of the chars tested in this study as a

function of particle temperature determined by ash as 2 tracer are shown in
Figure II.B-10. The best fit through the Pittshurgh #8 char reactivity data
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Diquro 11.3-8. SIEM's of oxidized Narth Dakola lignite chars (ND-P-8-2 -- upper; ND-P-8-4 - lower).
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Figure 11.B-9. SEM's of oxidized North Dakota lignite char, sample ND-P-8-7.
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s lower by an order of megnitude than the bzst it through the other
reactivitias. 7Tnis could be 2 result of the larger particle size or differen
0

rent
porosity of the Pitisburgh #8 char. The best fit through the North Dzkcte
char cdetz nas & slightly grezzer slope, indicating 2 higher activaticn energy.

Regctivities o7 both Pittsburgh #8 znc North Dakota chars oxidized at
prassure ¢0 not appear to be significantly different from their respect
aimospheric nressure reactivities. For reference, the activtion energy o
wWells (1884) char was determined to be 31 kcal/mol.
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égry to improve the enalysis.
Qther Activities

Tne principel investigators participated in itwo large review msetings

ning to this study during the reporiing pariod. A technical reviesw

(9]
(1]
8 )
ot
[t}
-

mseting with AFR wis heil at BYU during March 1690 in which & presentztion of
results o7 The projsct was mede to representetives from METLC and AFR/BYU. A
cresentetion of the relszed, but indspendent, project concerning metchea
Tar/char/ges s=ts wes mzde a2t the ACIRC znnual review meeting. also nhsld in
Mzrcn 16%0.  ACZRC zechnical associates and &f¥filistas were in ettendance &t
th2 sgssicn, Trom which nelpful suggestions pertaining to this project were
raceived

Plans

rdwire Yor the perticle imaging system components will be

fabr ! ystem will be gssezmbled and aligned during the nex:
rezorting period. Use of this instrument will greztly improve the sccuracy OF
particle temperziure historizs. Computer control of the reactor wall hzaters




will also be implemented. This will reduce temperature cdeviation and improve

repeatability of reactor conditions in addition to improving ease of reactor
gperation.

During the upcoming quarter the design of the new collection probe
and virtua?

impactor will be completed, built and tested in preparation for

coal devoiatilization and char oxidation tests. Work will continue to

carefully size coal particles prior to char preparation and oxidation. An
experimental plan will be finalized for the remaining coals using a predictive
reaction code to suggest test conditions.
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II.C. SUBTASK 2.c. - SECONDARY REACTION OF PYROLYSIS PRODUCTS AND CHAR BURNOUT
SUBMODEL DEVELOPMENT AND EVALUATION

Senior Investigator - James R. Markham and Michael A. Serio
Advanced Fuel Research, Inc.
87 Church Street, East Hartford, CT 06108
(203) 528-9806

Objective

The objective of this subtask is to develop and evaluate by comparison
with laboratory experiments, an integrated and compatible submodel to describe
the secondary reactions of volatile pyrolysis products and char burnout during
coal conversion processes. Experiments on tar cracking, scot formation, tar/gas
reactions, char burnout, and ignition will continue during Phase II to allow
validation of submodels in Phase II.

Accomplishments

Additional work was done on the coal flame experiments in the TWR using
the FT-IR Emission/Transmission Tomography technique. It has been found that
the preheated air velocity has a significant effect on the shape of the f1ame.
At low velocities, the igaiticn point of the flame has a donut-shaped ring of
ignition with a cooler center. At high velocities, there appears to be a solid
ball of ignited particles. Two cases are being done for the Montana Rosebud
coal (Tow velocity and high velscity) and a Tow velocity case for the Pittsburgh
Seam coal 1is also being done. The three flames showed both coal and flow
dependent phenomena. The slow flow cases showed veduced mixing (more soot and
more variations in flame properties #ith radius) compared to the fast flow case.
The Pittsburgh Seam coal showed higher soot, higher swelling, lower particle

temperatures, lower char reactivity, and higher vslatility compared to the
Rosebud coal.

A paper based on this work was accepted for presentation at the 23rd
International Sympasium of the Combustion Institute.




S87/B METC 14th Quarterly 5/90 - 10

fT-1IR Emigsion/Transmission Tomoqraphy of Coal Flames

Introduction

Fourier Transform Infrared (FT-IR) Emission/Transmission (E/T) spectroscopy
has recently been shown to be a versatile technique for coal combusticn
diagnostics by allowing for measurements of particle concentrations and
temperatures, and gas compositions, concentrations, and temperatures (Solomon
et al., 1988b). These measurements are for the ensemble of particles and gases
along a iine-of-sight in the flame.

To correct this shortcoming of the line-of-sight measurements, tomography
techniques have been appliied to both the FT-IR emission and transmission spectra
to obtain spatially resolved spectra from which local flame properties can be
obtained. This method has been applied to a stable, well defined co-annular
laminar ethylene diffusion flame (_hien et al., 1988; Best et al., 1989). From
the spatially resolved spectra, paint values for species temperature and relative
concentrations were determined for 0,, H,0, alkanes, alkenes, alkynes, and soot.

Temperatures (for CO, and H,0), and soot concentrations were found to be in good
agreement with measurements performed on the same flame by coherent-anti-stokes

Raman spectroscopy (CARS) {Boedeker et al., 1986) and laser scattering (Santorc
et al., 1983), respectively.

The technique was recently applied to a coal flame produced in a
transparent wall reactor (TWR) using a Rosebud subbituminous coal (Markhem et
al., 1990). From these spectra, spatially resolved point values have been
obtained for particle and CO, temperatures, relative particle, soot and CO,

concentrations, the fraction of ignited particles, and the relative radiance
intensity.

To study the effect of these conditions on coal type, two more flames have
now been cnaracterized. These are a second Rosebud subbituminous coal flame

produced using a slower flow of preheated gas and a flame using Pittsburgh Seam
¢oal produced under the same (slow flow) conditions.
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Experimental

The TWR facility has been described previously (Solomon et al., 1988b;
Markham et al., 1990). The coal is injected upwards into the center of a 10 cm
diameter upward flowing preheated air stream in the center of a 20 cm diameter
x 70 cm tall glass enclosure. A flow of room temperature air along the perimeter
of the reactor keeps the enclosure cool. Radial thermocouple measurements show
that the preheated air stream provides a stable hot environment for the coal up
to a height of about 30 cm. Our coal feeding system uses a carrier gas which
exits the feeder through a tube as it is slowly lowered through a bed of coal
particles. Mechanical vibration helps to displace and entrain particles into
the tube. A steady feed results in a flame that is stable in shape and position
except for the ignition point, where rapid verticle fluctuations of + 5 mm are
observed. The gas flows used for the high flow case were 2.9 1/sec in the
preheated gas and 4.2 x 10° 1/sec in the carrier gas. The gas flows used for
the Tow flow case were 1.7 1/sec in the preheated gas and 3.6 x 10 1/sec in the
carrier gas. The coal feed rate was ©.91 g/min for both cases.

The enclosure has movable KBr windows to allow access to the flame by the
FT-IR spectrometer (a modified Nicolet 20SX). As discussed in Best et al.
(1986), emission measurements are made by directing the radiation emitted by the
hot sample stream through an interferometer to an "emission" detector.
Transmission measurements are made by replacing this detector with a high
intensity giobar source which, after passing through the interferometer, is
directed through the sample area to a "transmission" detector. The emission and
transmission measurements are made along the same 1 mm wide by 4 mm high optical
path defined with apertures. With this optical geometry, twenty-one paralilel
Tine-of-sight emission and transmission spectra were collected across the coal
stream at 1 mm increments along the radius for each slice. Several slices were
obtained for each flame. The spatially reselved "point" values-correspond to
an average within 1 mm x 1 mm x 4 mm high volumes. In this work the data were
smoothed by co-adding data from eight adjacent wavenumber bands. This results
in degraded resolution from the 8 cm” used, although still sufficient to
quantitatively measure the gas species.
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The samples used in this experiment were sieved fractions (200 x 325 mesh)
of dry Montana Rosebud subbituminous coal and dry Pittsburgh Seawm coal. The
characteristics of these coals have been published previously (Solomon et al.,
1988b; Serio et al., 1987).

Analysis

The analysis for the line-of-sight FT-IR t/T measurement pertaining to
multi-phase reacting streams has been presented previously (Solomon et al.,
1988b; Markham et al., 1990; Best et al., 1986; Solomon et al., 1987a,b,c). The
relative concentrations and temperatures for individual components (gas, soot,
and particles) are obtained from the transmission and normalized radiance
spectra, respectively, as discussed in Solomon et al. (1988b), Markham et al.,
(199G), Best et al. (1986), and Solomon et al. (1987a,b,c).

The reconstruction of spatially resolved FT-IR spectra from multiple line-
of-sight spectra was first introduced elsewhere (Chien et al., 1988; Best et
al., 1989; Markham et ai., 1990). We have employed the standard Fourier image
reconstruction technique (Shepp and Logan, 1974) which is capable of handling
data from systems of arbitrary shape. Our flame, however, was cylindrically
symmetric. The computer program published by Shepp and Logan was used for this
work (Shepp and Logan, 1974) by applying the reconstruction one wavelength at
a time to determine spatially resolved spectra.

A straight-forward application of the reconstruction technique to radiance
spectra is not possible, because of self-absorption in the sample. In the case
of small absorbance encountered in this work (percent transmission > 80%), an
emission measurement can be directly corrected by an absorption measurement made
along the same path. A self-absorption correction corresponding to that used
by Freeman and Katz (1960) was employed for the thin sample studied. The Fourier
reconstruction program can be applied directly to the emission thus corrected,
to obtain local radiances. These are then converted to normalized radiance and
the analysis proceeds as for the Tine-of-sight spectra.
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Results

Flame Characteristics - The three flames are presented in Fig. II.C-1.
A1l three flames are characterized by a bright ignition zone followed by a region
of Jower intensity where burnout is occurring. Photographs show the high
intensity zone to contain burning volatile clouds which are 3 to 5 times the
diameter of the particles. The Pittsburgh Seam coal shows a region of distinct
dimness after ignition which may occur after the initial oxygen is consumed by
the volatiles.

Measurements were made of the particle velocities by measuring the length
of tracks recorded with a video camera using a 1/250 shutter speed. The results
are presented in Fig. I1.C-2. The particles accelerate as they leave the nozzie
due to the heating of the carrier gas, the influence of the faster hot gas
surrounding the carrier gas stream, and buoyancy effects. At ignition, the
acceleration is increased as the center stream is rapidly heated. The data show
the velocities increasing to above the hot gas velocity. The heating of the
central stream appears to dominate the particle velocity as the two cases where
the hot gas velocity is laowest (Fig. II.C-2b and II.C-2c) produce a higher
particle velocity than in Fig. II.C-2a where the hot gas velocity is higher.
Based on these velocities, the particle residence times (given in Fig. II.C-1)
were computed.

The temography data for these three flames are presented in Figs. II.C-3
to I1.C-5. The seven parameters which were measured are: a) relative particle
and scot concentrations, b) the multiplier M which is the emissivity times the
fraction of particles at the measured temperature, c) the spectral radiance at
4500 cm”, d) the particle and CO, temperatures, and e) the CO, concentration.

The tomography data for the Rosebud fast flow case are presented in Fig.
I1.C-3. These data were presented previously (Markham et al., 1990) but are
reproduced here for comparison. Figure II.C-3a presents the height of the
continuum blockage determined from the transmittance spectra as percent blockage
of the incident IR beam. The blockage is divided into particles and soot. Soot
is observed to appear at ignition, as inferred by the change in shape of the
continuum as described below. Below the ignition point (6 cm above the 4 mm
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diameter nozzle) there are particies only {(no soot) confined to a radius of
about & mm. This is in agreement with the boundaries as determined by
scattering of a He-Ne laser beam. The multiplier, M (the product of emissivity
times the fraction of ignited particles in Fig. II.C-3b shows a few particles
(up to 10%) have ignited at the edge of the coal stream. Such ignited particles.
can also be seen in Figs. II.C-1b and II.C-1c.

Just above ignition (10.5 cm above the nozzle), the particles appear to
be forced inward into a more dense central stream at the same time that some
particles are spread outward. The spreading of the stream is confirmed visually.
This spreading is consistent with the location of the ignition zone centered at
about 2 mm radius, indicated by the 0.35 M value in Fig. II.C-3b (i.e.,
approximately one-third of the particles ignite). Considerably less material
is ignited at the center and outer region of the ignition zone. The increase
in gas volume in this zone acts to compress the stream inward and expand the
stream outward. The total particle blockage (number in parentheses in Fig. II.C-
3a) determined by integrating the blockage times area indicates that the blockage
is increased from 1.0 (by definition) at 6 cm to 1.7 at 10.5 ¢cm to 1.5 at 12 cm.
This suggests that the devolatilization, which appears complete at this point,
may swell or fragment the particles to increase the blockage. Swelling is
observed in SEM photographs of collected particles. Above 12 cm, the particle
blockage is reduced as the material burns out (Fig. II.C-3a).

The multiplier, M (Fig. 11.C-3b), indicates that the ignition zone quickly
collapses to the center axis (compare 10.5, 12, and 14 cm). From 14 cm through
16 cm, M again drops near the center region, but this may be caused by a build-
up of ash in the center region, as evidenced by a corresponding drop in the
relative amount of soot compared to particles at these positions. At 20 cm, an
increase in blockage at radiuses above 4 mm is observed (ash dispersion) with
a corresponding decrease in M above 4 mm and an increase in M at the center.

Figure II.C-3c presents the local radiance determined at 4500 cm™. At 6
cm, high frequency radiance is detected from the previously mentioned few
particles that are observed to ignite at the edge of the coal stream. Just
above the ignition point (10.5 cm), the high values of radiance along the center
result from the high density of particles blockage, even though M may be low.

J
(8]
m
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The radiance from 10.5 cm to 12 cm is observed to increase along the center, as
was observed for M.

Figure II.C-3d presents the temperature of CO, (dashed line) and total
continuum, bath particles and soot (solid 1ine). Also presented are measurements
with a Pt + Pt/Rh thermocouple obtained in the flame at the 12, 16, and 20 cm
positions. The particles have a relatively constant temperature between 1800
and 1900 K at 19.5 and 12 cm. The cooler center region at 10.5 ¢cm (in agreement
with M énd radiance) is observed. Particle temperature increases from 1900 K

to 2000 K at 14 cm, and to 2200 K to 2400 K through 16 to 20 cm. Above 20 cm,
the temperature falls.

The maxiuum CO, temperatures (2200 to 2600 K) occur in the regions of high
particle radiance where the maximum combustisn is occurring, although the center
temperatures at 12 and 16 cm are puzzling. In the beginning region of the flame,
CO, is 400 to 700 K hotter than the particles in the same region suggesting that
CO is burning to CO, away from the particles. (O, temperatures are generally
closer to the particle temperatures above 14 cm. At the edge of the stream the
CO, temperature is always lower due to rapid heat transfer to the surrounding

air. At 20 cm, the CO, and particle temperatures are within 100 K except along
the axis where the CO, is hotter.

The CO, concentrations are presented in Fig. II.C-3e. Below ignition, tre
€O, concentration is very small. Above ignition, the CO, level jumps drastically
and spreads with increasing height. These data present a picture of the coal

burning in a shrinking region which collapses to the center at the tip of the
flame.

The results for the two other flames are presented in Figs. II.C-4 and
IT.C-5. The trends are qualitatively similar. There are, however, differences

in the soot formation, swelling, ignition, particle temperatures, burnout, and
CO, concentrations, and these will be discussed below.

Soot Formation - As described previously (Solomon et al., 1988b) the
shape of the continuum spectra can be employed to separate the contributions
from particles and soot. Two spectra for the Pittsburgh Seam coal are presented
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in Fig. II.C-6. Figure II.C-6a presents 1-7, where 7 is the transmittance,
pricr to ignition where no soot is present. The upward slope toward low
wavenumbers (long wavelengths) is due to diffraction. Figure 1I.C-6b presents
a spectrum above ignition in the region of high soot. The spectrum now slopes
in the opposite direction due to soot. To resolve the spectrum into particle
and soot contributions, the frequency dependent extincticn efficiency, Pv, for
the particles (which is propertional to (1-7)) is assumed to hzve the same shape
as prior to ignition, and the particle transmittance is assumed to be equal to
the measured transmittance extrapolated to 0 ;m* (where the attenuation from
soot goes to zero). A straight Tine extrapclation is made beicw 3500 cm’
excluding the region of the spectrum containing CO, and H,0 bands. The soot
contribution is the difference between the particle attenuaticn and the total,
as shown in Fig. II.C-6c.

The relative amounts of soot can be seen in Figs. II.C-3a, II.C-sa, and
[I.C-5a. The soot concentration is highest just above ignition. The nighest
soot concentrations are observed for the Pittsburgh Seam ccal followed by the
Rosebud slow case and then the Roszbud fast case. For Pittsburgh Seam, the
highest attenuation from soot is about three times that from the particles. For
Rosebud (slow flow) the highest value is only 2.3 times and for Rosebud (fast
flow) only a little over 1 times. The variation in soot concentration comes
from two factors: 1) tar, which is the soct precursor (Sclomon et al., 1988b)
is higher for Pittsburgh Seam coal than for Rosebud, and 2) the better mixing

in the fast flow increases the oxygen to the central core which reduces the
soot.

Swelling and Fragmentation - The swelling or fragmentation of the
particies is indicated by the integrated particle biockage values as a function
of position. The € cm case of the Rosebud and the 4 cm czse for the Pittsburgh
provide the baseline before ignition. Both cases shew a flat distribution over
the center 2 mm which goes to zero between 4 and 5 mm. The integrated blockage
is given in parenthesis on each of the figures.

If there was no swelling or fragmentation, the blockage would decrease due
to the gas heating. For the Pittsburgh Seam coal, the integrated blockage more
than triples. Photomicrographs of samples collected in the flame show both
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swelling of coal and the appearance of small ash particles. Both changes would
increase the blockage. For the Rosebud coal, the increases are more modest.
While swelling was observed for the fast flow case, the slow flow case does not
indicate an obvious swelling or rounding.

Ignition - Ignition for all three cases occurs with the outside of the
particle stream (which is in best contact with the hot gases) igniting first.
This can be seen in the multiplier M, which is the fraction of ignited particies,
in Figs. II.C-3b, II.C-4b, and II.C-5b. At ignition, M is highest at the edge
of the particie stream. A photograph in Fig. II.C-7 looking at the ignition zone
of the Rosebud slow case clearly shows the ring of ignition. The Pittsburgh,
which is also a slow flow case, exhibits a similar ring while the faster flow
case, which appears to have better mixing, shows the same effect but to a Tesser
degree. Ignition at the edges is consistent with the particle temperatures below
ignition (Fig. II.C-5d) which indicate that the particles at the edge of the
stream have reached 800 K while those in the center are as low as 600 K.

Yemperatures - The following observations can be made about particle
temperatures. 1) Particle temperatures are highest at the edge of the flame
where the concentration of oxygen is highest. 2) The lowest temperatures are
observed for the Pittsburgh Seam coal, while the highest temperatures are
observed for the fast flow Rosebud case. Particle temperatures are generally
in the range 1400 to 2200 K.

€0, temperatures are always higher than the particle temperatures in the
combustion region suggesting that most CO, is produced away from the particle
surface (e.g., by CO oxidation). The highest CO, temperatures were observed in
the fast flow case and approached 2600 K.

Burnout - The percent weight loss as a function of distance above the
nozzle for the three flames is indicated in Fig. II.C-1, and plotted in Fig.
II.C-8. Both siow fiow cases display a transient plateau in their burnout
profiles which begin within 5 cm past their respective ignition points. Rapid
oxygen consumption and inadequate mixing of the surrounding air is believed to
cause this effect, which is not displayed for the fast flow (better mixing)
case. Both Rosebud flames exhibit essentially 100% DAF burnout by 50 cm above
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Figure ILC-7. Photograph of Rosebud
Subbituminous Coal - Slow Flow
Flame Taken from Above the

Ignition Region.
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the nozzle. The Pittshurgh flame, however, seems to contain - 10% char which
displays a very low reactivity.

€O, Concentration - The concentration of CO, for all cases generally
decreasad with distance away from the centeriine for each slice. The slow flow
Rosebud case showed an overall larger amount of CO, in the combustion region than
the fast fiow Rosebud case, but this may be attributed to less mixing (and hence,
Tess diTution) for the slow fiow condition.

Conclusicas

Tomographic reconstruction techniques have been applied to FT-IR E/T
measurements to derive local values for species temperatures and concentrations
within three laboratory scaie coal flames. Values for particle temperature,
relative particle density, relative soot concentration, the radiance intensity,
the relative CO, concentration and the CO, temperature have been obtained as
functions of distance from the flame axis and height above the coal injector
nozzle. The spectroscopic data are in good agreement with visual observations
and thermocouple measurements. These data present a picture of the coal burning
in a shrinking region which collapses to the center at the tip of the flame.
€0, temperatures are highest in the rapid burning zone (2200 to 2600 K). The
highest particle temperatures in this zone are 1900 to 2000 X, with temperatures
up to 2400 K outside the zone. The three flames showed both ccal and flow
dependent phenomena. The slow flow cases showed reduced mixing (more soot and
more variations in flame properties with radius) compared to the fast flow case.
The Pittsburgh Seam coal showed higher soot, higher swelling, lower particle
temperatures, and lower char reactivity compared to the Rosebud coal.

Plans
Complete tomography measurements for the two different coals (Montana

Rosebud subbituminous, Pittsburgh Seam bituminous). Do color maps for

presentation of tomography data. Continue characterization of TWR geometry and
interact with BYU on PCGC-2 simulations of this system.
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IT.D. SUBTASK 2.d. - ASH PHYSICS AND CHEMiSTRY SUBMGDEL

Senior Investigators - James Markham and Michael Serio
Advanced.Fuel Research, Inc.
87 Church Street, East Hartford, CT 06108
(203) 528-9806

Objective

The objective of this task is to develop and validate, by comparison with
laboratory experiments, an integrated and compatible submodel to describe the
ash physics and chemistry during coal conversion processes. AFR will provide
the submodel to BYU together with assistance for its implementaticn into the BYU
PCGC-2 comprzhensive code.

To accomplish the overall objective, the following specific objectives
are: 1) to develop =n understanding of the mineral matter phase transformations
during ashing and sTagging in coal conversion; 2) To investigate the catalytic
effect of mineral matter on coal conversion processes. Data acquisition will
be focused on: 1) design and implementation of an ash sample collection system;
2) developing methods for mineral characterization in ash particles; 3)
developing methods for studying the catalytic effects of minerals on coal
gasification.

Accomplishments

Work began on characterizing the reactivity of chars collected from the
coal flame axperiments. These chars have been analyzed by the standard TG-FTIR
analysis which directly provides information on the reactivity index {Touen) and
the active site concentration (based on the amount of oxygen chemisorbed}. A
corra2iation was found between these two measurements, which was expected since
the theory on which T, i5 based relates it to the inverse of the product of
the active site concentration and the zccessible surface area. In order to
apply this technique to the high ash chars from the coal flame, a method was
developed to correct the T_,, for the char ash content. This is described in
Appendix A. Our next step is to deo Temperature Programmed Desorption {TPD)
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measurements cn these chars, which will provide additional information on the
reactivity and the distribution of active sites.

Plans

Continue study of mineral effects on the reactivity of low and high rank

coals. Resume analysis of material and element balances from ash collections
in the entrained flow reactor.
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$87/8 METC 14th Quarterly 5/90 - 21

12.E. SUBTASK 2.e. - LARGE PARTICLE SUBMODELS

Senjor Investigator - Michael A. Serio
Advanced Fuel Research, Inc.
87 Church Street
East Hartford, CT 06108
(203) 528-9806

Objective

The objectives of this task are to develop or adapt advanced physics and
chemistry submodels for the reactions of "lTarge® coal particles (i.e., particles
with significant heat and/or mass transport limitatiors) and to validate the
submodels by comparison with laboratory scale experiments. The result will be
coal chemistry and physics submodels which can be integrated into the fixed-bed
(or moving-bed) gasifier code to be developed by BYU 1in Subtask 3.b.
Consequently, this task will be closely coordinated with Subtask 3.b.

Accomplishments

The experimental work on the AFR fixed-bed reactor (FBR) system continued
with the Pittsburgh Seam bituminous and Zap Tignite coals. For both coals, we
have not observed 2 strong effect of bed depth on tar yield over the range of
conditions studied. For the Pittsburgh coal, there was some effect on tar
composition, with the deeper beds giving tars which were more aliphatic (less
aromatic). A second series of pyrolysis experiments was done with the FBR using
Pitisburgh Seam bituminous ¢331. The reactor was modified so that the coal could
be held in two separate layers on top of each other with a gap in between. The
experiments were done at two different flow rates. The higher flow rate resuited
in an incrzase in tar and a decrease in CH, and char yields ir both the single
and duai bed experiments. The two layer configuration, with about a 150°C
temperature difference between them, resulted in a large increase in methane
yields at jow flow rates and a small decrease in the tar yield at high flow
rates.
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Discussions were held with BYU about the single particle FG-DVC model.
Work was completed on a percolation theory version which is based on a system
of ordinary differential equations which describes the creaticn and ioss of n-
oligomers. This version will be the basis for the single particle FG-DVC model
which will be input into the fixed bed code being developed at BYU. Our current
tests indicate that this version is somewhat slower than the original version.
Work is currently being done to make it more efficient.

Fixed-Bed Reactor Experiments

The work on the AFR fixed-bed reactor (FBR) system continued. Several
experiments were done with Pittsburgh Seam bituminous coal which covered & range
cf bea deptns. There did not appear to be a strong effect of bed depth on tar
yield over the range of conditions studied. There was some effect on the tar

compositicn, with the deeper beds giving tars which were more aliphatic (less
aromatic).

There dic appear tc be some very interesting effects on the temperature
of the maximum tar evolution rate as bed depth increased. Initially, this value
remained fairly constant, ther went up dramatically. This increase coincided
with the evolution of the tar by a "bursting” phenomenon in the bed rather than
from individual particles. Oue problem with the tar "burst" is that it
interferes with the QUantitation of the gases during that period. Consequently,

we are planning to redesign the system so that we can separate most of the tar
prior to the gas cell.

Additional experiments were done with Zap lignite coal. In the case of
the Zap, there were no problems in gas quantitation due to a "tar burst" which
happened from the Pittsburgh Seam coal due to the significantly larger tar
production. The tar amounts from the fixed bed experiments with the Zap lignite
coal for smail amounts of coal agree fairly well with the TG-FTIR results. As

the bed depth increased, the tar yield was the same within the reproducibility
of the measurements.
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A second series of pyrolysis experiments was done with the fixed-bed
reactor using Pittsburgh Seam bituminous coal. The reactor was modified so that
the coal could be held in two separate layers on top of each other with a gap
in between. The temperatures of the sweep gas and of the top coal layer were
continuously monitored during the experiment. The temperature of the Tower
layer was approximately 100-200°C less than the upper layer depending on the
flow rate and the gas temperature. The objective of these experiments was to
measure the occurrence of tar recondensation on the Tower layer. A glass wool
tar fiiter was used to make quantitative measurements of tar yields. When the
tar filter was in place, lower yields of gases were obtained and the T, values
came at higher temperatures. This could be attributed to either gas adscrption
en the tar filter or on the tar particles.

Since the maximum temperature that could be reached in the top layer (I)
was - 600°C, the second Tayer (II) could not reach high enough temperatures for
ail of the tar to be volatilized. Therefore, a second run was done with the
char from layer II placed in layer I. A key to the various reactor
configurations is given in Table I1.E-1. Three different configurations of the
reactor system were used. Setup A was used to obtain the baseline tar yield
from the first Tayer. Setup B was the experiment to measure the effect of having
a lower temperature coal layer in series. Setup C was used to obtain the
baseline tar yield from the second layer.

The experiments were done at two different flow rates. The detailed
results are given in Table II.E-2. The FBR system provides good reproducibility
for the single bed geometry. Duplicate experiments for the dual bed
configuration are planned for the next quarter. The preliminary conclusiors from
these data are as follows:

1) The higher flow rate resulted in an increase in tar and a
decrease in CH, and char yields in beth the single and dual bed
experiments.

2) The twoe Tayer configuration, with about a 150°C temperature
difference between them, resulted in a large increase in
methane yields at low flow rates and a small decrease in the
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TABLE H.E-1 - CONFIGURATION OF FIXED-BED REACTOR

FIRST RUN SECOND RUN
Seiup Layer | Layer Il Layer | Layer il
A | ccal empty | —_— —_—
l l
] coal coal ! Il char empty
l I
C | char coal | Il char empty




-ZL'-

TABLE ILE-2 - SUMMARY OF EXPERIMENTAL RESULTS FROM EXPERIMENTS WITH TWO BEDS OF
PITTSBURGH SEAM COAL IN THE FIXED-BED REACTOR

FIRST RUN SECOND RUN TOTAL
Yield Welght % Yield Welght %
He Voax °C 1+ Char Toax “C i Cher T Yield
Flowrate Tar —
Setup mi/min Fliter Tar CH, Tar CH, ] i Tar CH, Tar CH, ] Tar CH, Char
Al 400 Yes 530 630 191 26 6710
No 457 486 67.8 19.1 26 674
B (1+1) 400 Yes
No 474 497 188 38 700 807 527 611 16 46 862 199 5.7 683
C () 400 Yes
No 16.1 1.0 81.8 638 570 7.7 25 844 213 3.0 69.1
nn:nzzuznu:nun-n:nn—:Fuunn=n-nnnnm==n==uuuu--:.---nn---u-------—---------nx--n--unnu:nnnu-u
Al 1240 Yas 487 501 263 08 686
No 26.3 08 686
B(+N) 1240 Yes §60 506 166 0.1 664  85.1
No 471 620 123 20 794 230 1.0 0668
C (it 1240 Yes 475 0.1 845
No 492 535 98 19 810 160 16 684

PR R - Ry Y Y T E R N R RN NN RN R R R R R el R R R R R R Rl il R

* May be exp. error
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tar yield at high flow rates.

3) In a separate set of experiments, the pyroiysis was stopped
at different temperatures io measure the weight of the first
(I) and seccnd (II) layer chars. The results show that a
weight gain occurred for the II layer at - 300°C (assuming -
150°C average temperature difference between the two layers)
coincident with the temperature of the maximum tar evelution
rate from the first Tayer.

4) It appears that most of the tar which is condensed onto the
cooler layer can be revolatilized under the conditions that
have been studied to date. However, the percentage of tar
which does revolatilize and the temperature at which this
occurs appear to be sensitive to oxidation.

Single Particle Model

Discussions were held with BYU about the single particle FG-DVC model.
Additional details were sent to BYU on the theory of the DVC portion of the
model to help them with the integration of the FG-DVC model into the Advanced
Fixed Bed Modei. Work was completed on a percolation theory version which is
based on a system of ordinary differential equations which describes the creation
and loss of n-oligomers. The LSODE package is being used for integration. This
version will be the basis for the singie particie FG-DVC model which will be
input into the fixed bed code being developed at B8YU. Our current tests indicate
that this version is somewhat slower than the original version. Work is
currently being done to make it more efficient.

Plans

Complete initial set of experiments on secondary reaction effects in thick
beds. Complete redesign of fixed-bed reactor system. Continue development of
singlz particle model with BYU. Begin work on tar repolymerization model.



II.F. SUBTASK 2.F. - LARGE PARTICLE OXIDATION AT HIGH PRESSURES

Senior Investigators: Angus U. Blackham and Geoffrey J. Germane
Brigham Young University
Provo, Utah 84602
(801) 378-235% and 6536

Student Research Assistants: Gary Pehrson and Michael Scheetz
Qbjectives

The objective of this subtask is to provide data for reaction rates of
large rchar particles of interest to fixed-bed coal gasification systems
oparating at pressure.

Accomplishments

Work continuad on the design of & targe-particie insert to be used in
the HPCF reactor being used in Subtask 2.b. The apparatus consists of (a) &
reactor tube, (b) 2 balance unit, and (c) a cennectiing pine. A Varian gas
chromatograph has been obtained Tor use in monitoring product gas composition
(particularly cearbon monoxide and carben dioxide). A new column has been
ordered &nd will be evaluated next quarter. A preliminary set of large-
perticle oxidation tests were conducted with Utah bituminous coal char in
platinum crucibles. Mass rzactivities have been calculated and the results
appear to be satisfactory. Additional preliminary experiments will be
conducted during the construction of the large-particie insert. These tests
will help quide the experimental design.

Hizch-Pressura, large-Particie Reactor Design

Experimental Approach - Analvtical - One of the methods under
consideration for monitoring the rates of oxidation of largs particies is the
gss chromatocgraphic analysis of the gaseous products, particularly C0 and
C0p . In addition to fellowing the rate of mass loss. this procedure will

21so0 give insight into the mechanism of the reaction by observing the ratio of
CO to C0z. & Varian gas chromatograph will be used for this analysis. :n
orger to mezsure both CO and COz, other experimenters have used two columns
with switching valves t¢ include or exciude one of the columns in the carrier
gas flow path. Sometimes special cooling facilities have been required



(Tiquid CO0; sprayed into the temperature control chamber for the columns).

A new approach is available in which one column is used with dual packings to
provide more rapid anaiysis of a sample. This column is being ordered and
will be evaluated auring this next quarter.

In Subtask 2.b and other on-goinZ prajects, the rates of oxidation are
beirg monitored by analyzing the chars Yor ash content and titanium content.
This procedure will alse be evaluated for u.2 with large-particle oxidation.

Experimental Reactign Rate Datja

Preliminagry Llarge Particle Oxidation Measyrements - Preliminary
experiments were conducted with char preparec from Uteh bituminous cozl in
platinum crucibles. Six particles with dimensions of approximateiv 0.5-1.0 cm
gn g side were preparec from a single lump of coal and individually
gevolatilized and oxidized Each crucible was place¢ on a clay wire trigngle
cn its sice so gir could flow into the crucible and around the coal particle.
Each crucidle was heated with a Mekker burner so that the flame passed across
tne mouth of the crucible. As thz particle increased in temperature the

devoletilizetion started and the evoived gases were burneg in the flame at the
mouth ¢f the crucible. This continued for itwo ton three minutes until no
Turther burning of gases was observed. The crucibles were cooled and weighed,
then heated again while the char oxidized for five minutes. The samples were
cocled and weighed, then heated again for five minutes. The process was
repeatec a few more times until only ash remained, the period of heating
incressing as the burnout increased. The sum of the heating pericds was
approximately sixty minutes. These data are presented in Table II.fF-1 and
Figure I1.F-1. The masses of the samples ranged from 0.310 to 0.702 grams:
the percent volatiles from 42.2 to 49.6%; the ash from 2.85 to 3.87%. The
temperature measured by placing & <thermocouple into the cruciblas was
approximately 1150 K. The mass reactivities caiculated successively through
gach run are listed in Table II.F-1. The average value through the entire set

with the exclusion of the low values from the jast heating period give a mass
reactivity of C.D478 min-1 .

A significant observation was that the ash particle remaining at the end
of the heating period was about the same shape and size as the starting coal

particle. The porosity had increased without significant swelling or
snrinking.



TABLE 11, F -1
PRELIMINARY FARGE PARTICLE OXIDAVION MUASURYMENTS
Coal: Ulah Bituminous

Temperature: approximately 1150K
Conditions: Oxidation in Air with Platinum Cruciblies and Mekker Burners

~J
()}

Crucible i {2 13 1 5 {16

Mass of

Sample 0.386 0.609 0.66? 0.702 0.445 0.310

(grams)

Wolaliles 49,2 49.6 4% .4 47.2 4?7 .2 " 42,6

¥ Ash 2.85 3.28 3.47 3.13 2.92 3.87

Mass Reaclivity (Minutes-))

Time

(minutes)
7.5 065 L0406 033 046 061 .061
12.5 071 042 043 , 0418 040 045
17.5 084 036 .036 027 046 068
275 032 042 040 042 061 069
42.5 041 .039 .045 L0455 042 029
7.5 010 031 026 026 013

Average .0588 0410 L0405 0415 L0500 L0524

(excopt last
value)

Overall average

0.0475
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Figure IT.F-1.

Mekker burrners).

Oxidation of a set of large particles of a Utzh Bituminous
coal at atmospheric pressure,

1150 K in air. (Platinum crucibles with



Plans

During the next quarter, the design of the large-particle insert will be
rompleted and fabrication will be initiated. Analytical wmethods for
monitoring the oxidation of large particles will be evaluated. Preliminary
experiments with large particles will be continued.
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I1.G. SUBTASK 2.G. — S0x/NOy SUBMODEL DEVELOPMENT

Senior Investigators: L. Dougias Smoot and 8. Scott Brewster
Brigham Young University
Provo, Utah 84602
(801) 378-4326 and (801) 378-6240

Researcn Assistant: Richard D. Boardman
0L .

The objectives of this subtask are 1) to extend an existing pollutant
submodel in PCGC-2 for predicting NO, formation z2nd destruction to include
thermal NC. 2) to extend the submodel to include SO, reactions and SO,-sorbent
rezctions (effects of SC3 non-equilibrium in the gas phase will be
consicdered), and 3) to consider the effects of fuel-rich conditions and high-
pressure on suifuir and nitrogen chemistry in pulverized-fuel systems.

Accomplishments

The first objective of this subtask has been cocmpletec. The ability of
the Zel'dovich mechanism to matcn local data was discussed in the 13th
Quarterly Repert (Solomon et al., 1989d). Figure II1.G-1 is repeated here for
convenient reference. An evaluation of the thernal ND mechanism sensitivity
tc regcior znd operating conditions has been made to further characterize the
thermal NO machanism. These results are presented in this quarterly report.

Evaluation of the expanded fuel NO mechanism and alternative fuel NO
mechanisms has 2also been completed. The results of this work will be
prasented in the next quarterly report. Firz:l code integration is currently
in progress YTor the revised/improved NO model.

Worx is continuing on the last two objectives. Prediction of gzseous
sulfur species nas been completed for twc entrained-flow gasification cases -
one case for Nortn Dakota lignite (low-renk co2l) and one case for pressurizzd
gasivication o7 Utah piTuminous coal. The results of these predictions are
discusssd in this renort. Plans nave been made to complete th2
S0.-species/sorbent-reaction submodel during the upcoming quarter.
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Both rate ecuaticns are coupled to the fuel oxidation process through
cormpetition for the oxygen radicals. In fuel-lean, secondary combustion
zonas, where CC is oxidized to CJ;, oxygen atoms are oftien assumed to be in
equilibrium with 0.

0 +M & 20+ M (11.6-3)

In the flame region where hydrocarbons are consumed. oxygen
concentrations often exceed the level which is5 predicted by Eg. (11.G-3).
Schott (1960) nypothesized that 0 and OH radical concentrations may be
aporoximated by #3suming the bimolecular reactions,

H+0; e 0H+C (11.5-4)
0+H < O0H+H (11.G-5)
OH + H; « H,0 + H (11.G-6)

gquilibrste pricr to removel of radicals by relatively slower three-body
recombination reactions that lead to fuil equilibrium. In addition to the
fast-snuffie oxy-hydrogen reactions, Kaskan (1956) postulated that partial
equilibrium is also approeched in fuel-rich regions of gaseous hydrocarbon
Tlames where £0 is further oxidized to C0y:

O+ 0K & CCp+H (11.6-7)

combining ecuilibrium expressions for the reactions in Eags. II1.G-3 and 6
yields 2 "cuasi equilibrium™ expressicn, explicit only in predicteble major
species, t0 estimate radical oxygen concentrations.

' [co) (11.6-8)

Several investigatcrs wused Eg. [1.G-2 to predict NO formation (e.g.
Sarofim &na Ponl, 1973; anc¢ Drake et al., 1987). A comparison of both rate
gXx0oressions was made in order to rationalize using Eq. 11.G-2, 'hich is
computationally more steble. For the benchmark case presentec in Figure [I.G-
1, & differerce of less than one pom NO was predicted (29.6 ppm vs. 28.8 ppm)
gssuming oxygen radicals are in péertial equilibrium with molecular oxygen.
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Symbol legend for measured species: NO- @ NO x-o0; HCN-o ; NH3 -4
Predicted thermal NO shown by curves
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Thus, Tittle difference in the predicted solutions was observed for 3 near-
stoicniometric air-to-fuel ratio. This conclusion may not apply to fuel-rich
stoichiometries where the concentrations of 0OH radicels is high. When CH
concentrations are greater than 0.1 mole percent (i.e. 1000 ppm) then the
assumption of iow 0OH concentrations is no lornger valid and Eq. II1.G-1 should
be used unless numerical instabilities are encountered.

Figure I1.G-2 shows the large variation in predictec NO due to the
method used to predict radicél oxygen concentration. BOth curves were
calculated using the prescribed expressions for estimating radical oxygen
goncsntration at all Tocations throughout the reactor. The temperzture-
dependence was determined by globally adjusting the predicted temperature
profile by tne amount shown ¢n the apscissa, holding the major species
concentrations constant. The sensitivity t0 gas temperature verifies the
expected sensitivity of the N0 model to temperature. It has been previously
cemgnstrated that both predicted and measured fuel NJ concentrations are
temperature-insensitive {(Boardman., 1988). The substantial increase in
predicted thermal N0 concentrations at 21l temperatures shown by the upper
curve reveais that Eg. [1.G-8. should not be used to estimate oxygen
concentration for all stoichiometries. In general, it may only be valid in
extremely fuel-rich regions &s will be demonstrated presently.

Fenimore (1871) concluded that the growth of NO in the post-flame gas of
ethylene, methane, anc propane flames., after hydrocarbons are consumed, can be
predicted assuming equilibrium between atomic and molecuiar oxygen; however, 3
faster NO formation rate in the primary reaction zone was nct accurately
described. Rapic NO formation near the combustion zone was later shown to be
predictable when the ogvershoot in radical 0 and 0K concentrations was
estimated (Thompsen et al., 1981: and Sarofim and Pohl, 1973). Over the past
decade. & clearer understanding of the increased NQ rates in the flame zone
nas been obtained (Morley, 198I: Hayhurst and Vince, 1983; Chen et al., 1981;
Hayhurst and Vince, 1983:; Miller and Bowman, 1989). The importance of prompt
N3 and the effect of radical concentrations in excess of their equilibrium
véluas have beth been demonstrated.

In the present work, prompt NC formation was evident by detection of HCN
in thea nezr-pburner region on the fuel-rich side of the flame edge (see Figure
I1.G-1). It may 21s0 be expected that some of the NO formed will be destroyed
by HCN &and N4z in the fuel-rich recirculation zone. Without a cocmprehensive

kinetic medel, the effect of these reactions cannot be quantified. Figure
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Eq. 11.G-8 is used to calculated local radical oxygen concentration.
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I1.G-2 demonstrates that NO cconcentrations are grossly overpredicted when Ig.
11.G6-8. which is valid only for fuel-rich regicns, is used to estimate 0
concentrations throughcut the entira reactor.

PCGC~2 predicts the local emquivzience ratic at each grid ncde in the
reactor. In diffusion flames, the equivalence ratio varies from zero {pure
oxidizer) to inTinity (pure Tuel). A scheme wes developed to ailow the code
tc check the iocal eguivalence ratio &t each node in ths comput2tional domair
ana choose either Eguetion II.G-3 or Equatior I1.G-8 te estimete the radic2)
oxygen concentrations depending on some criterion specified by tne user. The
user may specify any earbitrary eguivalence-ratio criterion which is compe 24
to the predicted lecai equivalence ratio at each node during th2 computéticn
run. Whenever the predictec equivalence ratio s Tesg than Ihe specified
criterion, the local radical oxygen concentraticn 2t a node is estimated by
fquation 17.G-3;: otherwise. Equéztion I[I G-8 is usec. Thus, in iocal regions
wh=re the stoichiometry 15 sufficiently fuel-rich, radical oxygen
concentration is estimatec using Eguetion I1.G-8.

Predicticns were mzde in an effort to determine which particular
gquivelence-ratio criterion givas the best agreement with tThe experimentel
gata. Precicted effluent NJO concentration is plotted in Figure II.G-3 for two
separate cases. The asymptote of each curve, as the criterion apprcaches
zere, gives the predicted effluent NO vaiue when radical oxygen concentration
is precicted by Eguation II.G-8 at every node in the reactor. The asymptote
07 tne curves, 3as the test parameter becomes large, gives the predictec

Tfluent NC concentration when Efquation 11.G-3 is used to predict radical
oxygen, regardiess of the iocal equivaience ratia.

Cne important observatiion that is mace Trom Figure II.G-4 is thzt <the
predicted etfluent NO concentraticn matched ths experimental measurements when
the Tocal equivalence ratio test criterion was approximately 2.0 for <the
TEKXZLAM reactor case and 4.0 for the ACERC reactor case. The large veriaticn
in predicted ef{luent NO concentration over a narrow range of the equivalence
reg=i0 test criterion shows that it is not pcssible to specify & single
critarion which is universal fcr all cases and fuel types. In fact., the
ecuiveélence ratio test criterion is lixkely to be both case- and fuel-specific.

Thase resuits indicate thet Equation I1.G-3 is the preferred choice for

estimating redicel oxygen concentration throughout the entire reactor when
trermzl NO concentration is to be predictec¢ a priari. There mzy still be some
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viiug tec the eauivalence-ratio criterion when limited experimental data are
available and knowledge of detaii local NO concertrations are desired. I the
sperse NO measurements <an bs more closely matchad by judicious selection of
the eguivalence ratic test parameter, then the entire field of NO,

concentration presumebly will te more correct. Thnis illustrates the synergism
that may be realizad by Jjoint theoretical and experimental low-NO, burrer
design studies.

Wall Temperatyre ¥Vyariagtign - Tne sensitivity c¢f the thermal NO
predictions tc wall boundary temperatures was detarmined by systematically
gdiusting single wall temperatures over several hundrec cdegrees while
maintaining all other wall boundaries at 1000 K. The results plotted in
Ffigures I1.G-4 demonstrate significant sensitivity to wall temperature. This
wés ditributec to a proportional increase irn the lcczl gas flame temperature
dug tc convective and radiative heating Trom the hotter wails. [Increasing tne
north wall temperature is shown to efrfect NO formation the most tTor the bencn-
merk case, giving rise t0 & 100 percent increase in NO concentrztion over 2
wgll Temperature increase o7 200 K. The west wall {or inlet wall) aifected NO
formaticn less, but still caused a2 50 percent increase in NO concentraticn
ocveér the same temperéture range (T, = 900 to 1400) This is a sigaificant
result since it demonstrates the impact of radiaticn on KD concentration.
Recantly. Turns and Lovett (19%0) showed that radiation losses from the flame
zong have 8 measurable effect on NO formetion. The demonstrated sensitivity
o7 NO formation suggests the importance of investigating the effects of
raciaticn/turbulence interactions on NO chemistry and perhaps the fuel
oxicztion kinetics as well.

Jurbulence Interactigns - The sensitivity c¢f the thermal NQ rates to
rurbulence interactions was Tound to be significent. Figure 1!1.G-5 shows that
the predictec effluent NO concentration is 400 percent iower when mean rates
ire calculated using tne local average temperature anc species concentrations.
Nitric oxide concentrations were 600 percent greater when chemistry/turbulence
interactions were tazken into account for a pulverized coal case (where
corvolution is made over the joint probability of primery gas and coal
oft-gas, (Hil1, 1684). Both observations demcnstrate the importarce of
accounting for turbuience/chemistry interactions when predicting nitrcgen
poliutents in turbulent combustors.
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As more utilities convert from coal to naturail gas for their primary
fuai, in the wake of less expensive natural gas and tne increasing burden of
reducing NG, emissions in coal-fired boilers, the need to retro-fTii existing
furnazces with advancec techrology persists. A great deal of interest
c¢ontinues in research and development oFf low-NO, burners. Practical

experience has demenstrated that NO, emissions can be effectively reduced when

the burner is aerodynamically staged. The two variables that can be easily
adjusted to accomplish staged conditions are the burner eguivaience ratio and
inlet swirl. The cgreatest utility cf the NO model would be realized if the
code can matzh trends thet relate to practical burner design parameters. In
the current study, investigation of the eifects of secondary-2ir swirl numper

and overall eguivalence ratic were systematically investigaied in the
BYU/ACERC reactor.

Swirl Nymber Variation - Flame stabilization 1is acccmplished by
imparting swirl to the secondeéry iniet stream. An extensive review of

moceling swiri in turbuleat Tlcows s given by Sloan et 2l., (1986). The
formation o NO, is impacted by the degree of swirl due to the effects of
ennanced turbulent mixing and recirculaticn characteristics of the Tlow fieid.
For any rate-limited model, tne reaction progress is govarned by the time that
reazctants are associated =% a local point. In the following discussion all
refereace to swiri number will refer to secondary swiri holding the primary
strezm inlet in strazight-pipe Tlow.

The observecd effects of swirl on final NO emissicns are varied and

depend on parameters cther than secondary swirl number aione. The
gxperimental NO data presented in Figures II.G-€ and I1.G-7 from the BYU/ACERC
reactor and the TEKFLAM experiments illustrate this point. The major

difference between cases is the burrer gecmetry dimensions. The TEKFLAM
reactor primary tube diameter is one-half the diezmeter of the BYY reactor (1.4
cmvs 2.7 cm). This leads to & signiiTicantly hicher primary velocity (=30 m s-
1 vs ~12 m s-1), Turns and Lovett (1590) showed a direct correlation between
N)x emissiuns and primary-jet velocities for non-swirling fiows cver a similer
rgnge of primary jet Reynolds numser (Re = 10,000-60.000). In general,
ingcreesing primary stream inlet velocity changes the flame character and
increases NC, concentration indices. While PCGC-2 predicts the flow fiegld
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correctly for changing primary velocity, the NO, submodei does not predict tne
variation in trends.

When secondary swirl is introduced, NO, emissions may either increase or

decrease as shown by the experimental data in Figurz2s II.G-6 and 7,
respectively. N0Ox concentration measured in the BYU reactor increases with

increasing swirl number and passes through a local meximum at a swirl number
o7 1.5. An opposite trend was observed in the TEKFLAM experiments.

N0 model computations were mece to investigate the capability of
predicting the influence of swirl number. The precicted and measured NO
gcencentrations Tor the separate reactor cases are plotted by the smooth curves
in Figures II.G-6 and 7. Figure II.G-6 shows qualitative agreement between
the theory and experimental data. The predicted'maximum NO concentration was
50 percent higher than the peak experimental value, anc occurred at a Sswirl
number of 0.75 instead of 1.5. A similar comparison betweer the measured ¢ata
gng model predictions was made for other equivalence ratios.

Figure II1.G-7, does not show favorable comparison to either the trend or
mégnitude of the cata messured in the TEKFLAM reactor. In fact, the predicted
results are similar to those illustrated in Figure I1.G-6. Theretore, the
impact of primary velocity on NO emissions was not properly predicted. The
trend in Figure II.G-7 could be predicted when wall temperatures for the low
swirl paints were adjusted upwards. The impact of wall temperature on NO
concentration was discussed previously (refer to Figure I1.G-4). Whether the
adjusiments made in this work were within rea;onable limits cannot be
determined since little data regarding the temperature profiles were
avzilable. The strong sensitivity of the mode! to boundary wall temperatures
may lead to erroneous predictions and the ability to match trends should te
further investigated befere final ceonclusions are made.

ivaler i riati - Gas fiame NO, concentration has been shown
te increase with increasing excess air until the flame temperature begins
decreasing as & resuit of diluent nitrogen. Under extremely lean, relatively
Tow temperature ccnditions, thermal N0 may form thrcugh & nitrous cxide
intermediate (Miller and Fisk. 1987). In the natural gas experiments
conducted in the ACERC reactor, the equivalence ratio was limited to a tight
ringe to avoid any formation of thermal NO through mecnznisms other than the
Ze1’dovich mechenism. Figure I1.G-8 compares the NO model predictions to the
observed trend. While the trend appears to be qualitatively correc:. the



magnitude at lower equivalence ratios f{higher stoichiometric air to fuel
ratios) does nct match the measured magnitude. NO Tormation via N20
nrocuction is possible. The difference between the predicted and measured
Tocel data in Figure I1.G-1 could be atiributed to a separate thermzl NO
mechanism that is not included in the NO model. Further conjecture for this
hypothesis is shown is Figure I1.G-9 since the largest disparities between the
Zel'dovich mechanism and measurements occur at the lowest equivalence ratios.
The potential Tor NO formation via N0 increases with equivalence ratio.

Summary of Thermai NO Mechanism Validation

The limited sensitivity analysis of the Zel'dovich mechanism reveals
many inacdequicies of the NO model Tor predicting thermal N0 concentracions in
practical gas-Tired combustors. The relative importance of prompt NO and
other reactions (i.e. NOp and N20 chemistry) have not been determined. The

impact o7 wall temperature was Tound to be significant. Since PCGC-2 requires
wall temperature as a specified boundiry condition, some caution must be
exercised in interpreting NO, model trends with variables such as swirl in the

absence of adequate wall temperature data. The effect of chemistry/turbulence
interactions was shown to be especially significant for thermazl NO formation,
&s it had been for fuel NO fTormation. Finally, considerable sensitivity to
the method used to predict radical oxygen concentration was demonstrated.

Notwithstending the above-mentioned uncertazinties and sensitivity, the
gualitative egreement shown between the predicted and measured NO
concentrations in Figures II.G-1, 6 and 8 demonstrates that the NO model can
be empioyed as @ supplementary tool to aid burner design procedures. When
coupled with reliable data, its complementary role in gas-fired burner design
will be enhanced. However, the zbsence of a mechanism to describe prompt NO
precludes the ability of the code to predict final NO emissions for complex
gas-Tired burners.

Figure I1.G-9 plots the measured NO values against the -NO model
predictions. The model always predicts the general magnitude of the data for
@11 of the cases showr. The relative difference for the most disparate date
points is around a Tfactor of 3. In view of the significant sensitivity to
turbulencs, wall temperature, radical oxygen concentration, and the absence of
other NO formation mechanisms in the model, the comparisons between
predictions znd measurements are generzlly favorabie.

-
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flame.



Fuel NOQ Mechanism Evaluation

Przdictisas Tor coal combustion and gesivication cases have been
completed to verity the extended and alternative fuei NO mechanisms that have
bzen incorporzted into the revised NO model. The main focus of this modal
evaluation is to investigate the capability to predict nitrogen poliutant
formetion during low-rank coal gasification. The relative significance of
+hermal NO during coal combustion has zlso been addressed. The results of
tnis work will be prasented and discussed in a future quarterly report.

SOy-Sorbent Reactions Submodel Develgpment

The czneral framework For a SOx-species/sorbent-reactions submodel was
sresentad in the 3rd Annual report (Soiomon et al., 1989). The proposad
method of calculating gaseous sulfur species is to assume finstantaneous
equiliorium occurs in the ga&s phase once the sulfur is releazsed to the gas
phase. Comparisons of predicted and measured sulfur species (S0 end H2S) Tor
combustion of Utah bituminous coal and Wyoming subbituminous cosl were
discu-sad in the 3rd Annual Report. Two additional ceses have now bDeen
invastigat2d for fuel-rich and pressurized reactor conditions. Figures
11.6.10-13 compare SO; and HpS radial profile data for the gasification of
Uzzh dituminous coal and North Dakota lignite.

While there is large scatter among the experimental data, the predicted
curves generally follow the magnitude of the measurements for both coal types.
Thus, for the development and demonstraticn of a SOx-capture submodel. it is

felt the current approach to predicting SO; and HzS may be suitable.

Plans

Work during the upcoming quarter will focus on the implementation of &
SO.-species/scrbent-reactions submodel. There are two aspects which remain on

this tzsk. First., PCGC-2 will be modified to track the sorbent particles.
Second, reaction expressions describing the depletion of HpS and SOz will be

ircorporated. Subsequent to these details, simulations will be made to
demonstrate the performance of the submodel.
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of Utah bituminous coal.
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Predicted and measured H2S concentration for pressurized gasification (5 atm)
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