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IT.C. SUBTASK 2.c. - SECONDARY REACTICN OF PYROLYSIS PRODUCTS AND CH~R BURNOUT
SUBMODEL. DEVELOPMENT AND EVALUATION

Senior Investigator - Michael A. Serio
Rdvanced Fuel Research, Inc.
87 Church Street, East Hartford, CT 96108
(203) 528-906

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. txperiments on tar cracking, soot formation, tar/gas
reaction, char »urnout, sulfur capture, and ignition will be performed during Phase
I to allow validation of submodels in Phase 1I.

Accompl ishments

Studies of ignition and soot formation in flames were continued in the
transparent wall reactor (TWR) in experiments which include in-situ FT-IR
diagnostics. Attention is being focused on what controls ignition (heterogeneous
or homoge=:ous oxidation) and soot formation. Sever additional samples were
completed in addition to the four reported in the First Annual Repart. Flame

. properties were compared with characteristics of the samples to determine the.
factors which control flame behavior. A comparison of the ignition of several
samples suggests that the rate of ignition correlates with the initial rate of
weight loss in air in 2 TGA experiment at lower temperatures. Ignition of chars is
heterogeneous; ignition ¢f high rank cocals is homogeneous; but low rank coals
exhibit both homogeneous and heterogeneous contributions to ignition. Soot

. formation in combustion correlites well with tar yield in pyrolysis suggesting that
tar is the chief precursor of soot. Some of the work done under this subtask was
discussed in a paper presented at the 22nd Symposium (Int) on Combustion in
Szattle, Washington (August, 1988). This paper was included as Appendix A in the
Seventh Quarterly Report.

In order to obtain in-situ data from an actual gasifier, an FT-IR spectrometer
was temporarily installed at BYU on their high pressure gasifier.

Coal Flame Experiments

Experimental

The experimental apparatus and FT-IR diagnostics were described in the First
Annual Report. Figure I1I1.C-1 shows photographs of three flames: a) a lignite
which ignites close to the nozzle, b) a low volatile bituminous coal which dignites
(apparently homogeneously in the gas phase) higher up, and ¢) a close up of a high
volatile bituminous coal flame showing volatile flames surrounding the particles
which are much larger than the particles which they surround.

The samples used in these experiments were sieved fractions of a lignite,’a
subbituminous coal, and several bituminous coals. Samples have been demineralized
by the Bishop and Ward (1958) technique. Chars were prepared from some of the
coals in nitrogen in the entrained flow reactor. The characteristics of the coals
have been previously published by Serio et al. (1987), Vorres, (1987), and Best et
al., (1987). Table 1I.C-1 summarizes the coals, preparation procedures, and
references to the previously published data. The samples were also characterized
in a TGA to determine their weight loss at constant heating rate in nitrogen (to
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TABLE I1.C-1
S/HMPLE CHARACTERISYICS

TGA Analysis

Sample Sample Abbreviation Classification or Hominal Particle % Ash®® X DAF Volatilesss T {°C)*4#* Tygy welght Sample Ref.,
In Figures Preparation Conditianse size {um) Hatter loss** {°C)

2ap 1 Horth Dakots Lignite, Ory 45-75 7.2 43,5 834 360 Serto et al. {(1987)

2ap 900°C Char IC 500 EFR Pyrolysis, 1 mfs 45415 12,7 22.0 Al3 ig8 Serio et 3. (1987)
900°C, 66 ¢m, in Ny ‘

1ap 1500°C Char 1€ 1500 EFR Pyrolysis, 1 m/s 45-15 14,1 8.8 494 451 Serio et al, (1907)
1500°C, 66 tm, In Ny

Argonae 1ap Al Horth Dakota Liynite, Dry 45-15 8.2 40,5 414 335 Vorres {1987)

lap Demineralized 114 HCY, HF washings, Ory 45-75 0.% 24,7 580 383 Solomon et al, (1986)

Rosebud R Subbituminous Loal, Dry 45.75 15,1 42.8 485 400 Serfo at al, (1987)

Rosebud 900°C Char RC 900 EFR Pyrolysis, 1 m/s 45-75 23.5 19.1 443 440 Serlo et al. (1987)
900°C, 66 cm, in My

Rosebud 1500°C Char RC 1500 EFR Pyrolysis, 1 m/s 45-75 23.4 2.6 545 575 Serfo et a1, {1987)
1500°C, 66 cm, in Ui

Rosebud Uemineralized R ficl, IF washings, Ory 45-7% 3.7 3941 500 432 Solomon et al. (1906)

Argonne Pittsburgh Pit Bituminous coal (IVAB) 45-75 3.2 37.2 600 488 ’ Vorres (1987)

Argonne Pgcahontas P gituminous coal (LVB) 45-74 5.1 20.0 628 512 Vorres (198/)

* EFR - Entrained Flow Reactor
*¢ TGATanalysis in air at 30 ¥/min to 900°C
*s¢  TGA Analysts in Np st 30 K/min to 900°C
#20¢  TGA analysis In Nz at 30 K/min to 900°C fullowed by fn atr at 30 X/min to 909°C; critical temperature defined in {Best et al, (1987

and Solomon et al. {1986}).
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determine the volatile ~ontent) and in air (to provide a relative measure of the
samples' reactivity and the ash concentration).

Results for Seven Flames

Results have been obtained for a series of samples including coal,
deminerzlized coal and char., FT-IR measurements are made along the center of the
flame at several positions abave the coal injector. It is recognized that the
flame is not spatially homogeneous along the iine-of-sight. In this case,
application of the analysis yields the average properties along a line-of-sight.
Work is currently in progress to develop tomographic methods to obtain spatially
resnlved data. Data on the four Rosebud samples were presented in the Annual
Report. Data for the new coals (except the Pocahontas for which insufficient data
were obtzined due to its unstable ignition very high up in the reactor) are
presented in Figs. 11.C-2 to 1I.C-7. The raw data can be found in Tables I1.C-2 to
I1.C-7 1n the Seventh Quarterly Report, which also include data on the HyQ
concentration (rot shown here). The figures present, as z function of distance
abows the nozzle, the particle and C0p temperatures and the plack-body multiplier,
M, in the upper panel and the soot, COp and particle concentrations in the lower
pane'. For a completely homogeneous sample of grey-body particies, M would be the
particle's emissivity. For the case considered here, some particles may be
unignited, or asm particies w2y be present at a much lower :amz2r-2ture than the
coal nartici:s and have a very low emittance. Then, M is approximately the
fraciion of serticles ignited times their emissivity.

A Correlaticsi of Flame Properties with Sample Characteristics .

Several flame characteristics which varied with sample properties were
examined to determine .nat saiinle properties were the controlling factors and why.
A comparison of the CC, conca-tration profiles, which is a by-product of the
ignition behavior, is present-? in Fig. 11.C-8a, for the raw and demineralized
Rosebud coal, and Rosebud chars produced at 900°C and 1500°C. Ignition for the
coals is accompanied by a more rapid increase in CO» than seen for the chars. This
is believed to be due to tre rapid release of energy from the combustion of
volatiles. The position of the ignition also varies for the four samples.

To determine what cont-ols the ignition, measurements have been made of the
weight loss of coal in a TGA, bdoth under inert and oxidizing conditions. The
objective ic to correlate what happens in the TGA at temperatures from 450°C to
600°C to what happens during ignition in the TWR at similar particle temperatures.
As shown in Fig. II.C-8b, the ignition distance correlates well with the
temperature for 10% weight lass in air measured at a constant heating rate of
30°C/min in a TGA. The lower the temperature to achieve 10% weight loss in the
TGA, the shorter the ignition distance in the TWR,

In the case of the previously formed chars, the TGA weight Toss is almost
exclusively due to char oxidation and hence, the ignition in the TWR must be
heterogeneous (i.e., within the porous solid macrix). For high rank coals, the
first 10% weight loss in the TGA under oxidizing conditions is mostly due to
pyrolysis, consistent with homogeneous ignition in the TWR. For low rank coals,
however, there is a significant early weight loss in the TGA due to heterogeneous
oxidation, and it appears that there is a significant neterogeneous cont~ibution to
the ignition in the TWR. This is consistert with tne observation that the .
demineralized Rosebud coai {which is less reactive to oxidation than the raw coal)
is more difficult to ignite (Fig. 11.C-8a). The results are also consistent with
the measurements of Midkiff et al. (1986) who conclude that there is a significant
weight loss due to heterogeneous oxication in combustion for low rank coals.
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A comparison of the soot concentration for 3 samples is shown in Fig. 1I1.C-8¢c.
The demineralized Rosebud produces about twice the soot as the raw sample, and the
char produces almost none. As shown in Fig, 11.C-8d, the soot production
correlates well with the yield of tar as determined in pyrolysis experiments.
Pyrolysis was performed in the entrained flow reactor. The higher the tar yield,
the higher the soot yield., The relationship between tar and soot is consistent
with the results of Wornat et al. (1981) and Nenniger et al. (1983).

Figure 11.C-8e compares M for the raw coal, the demineralized coal and the
900°C char. M can be less than 1.0 due tc unignited particles and/or a low value
of emissivity. Prior to ignition, 211 three samples have low values of M due to
unignited particles. At ignition, M for the two coals goes up rapidly as the
particles ignite and soot is furmed. Above the ignition region, where all the
particles are expected to be ignited, M 4rops rapidly for the raw coal but remains
high for the demineralized coal. The suurce fer this effect appears to be ash
particles which are on the surface or are shed from the burning char particies.
The ash particles that are shed will increase (100%-transmittance) without adding
significantly to the radiance because of their low temperature and low emissivity.
TGA analysis of the captured samples of char showed that a significant fraction of
the minerals (30%) had already been shed. An alternative explanation is that the
unshec ash particles act as diffuse scatterers which lowers the emissivity.
However, & direct measurement of the emissivity of captured char particles using
the E/T technique at a lower temperature (800°C), shows that the emissivity to be

apnroximately 0.35, suggesting that the reduction of the emissivity due to surface
asn is not important.

Figure I1.C-8f presents a correlation between M above ignition (where all
particles should be ignited and the soot has been consumed) with the ash content of

the coal. The higher the ash content, the lower M, in agreement with either
hypotheses.

Conclusions from Coal Flame Experiments

The FT-IR E/T technique is a versatile technique for coal combustion
diagnostics allowing measurements of particle concentrations and temperatures and
gas compositions, concentrations, and temperatures.

A comparison of the ignition of severai samples suggests that the rate of
ignition correlates with the initial rate of weight loss in air in a TGA experiment
at lower temperatures. Ignition of chars is heterogeneous; ignition of high rank

coals is homogeneous; but low rank coals exhibit both homogeneous and heterogeneous
contrioutions to ignition,

Soot formation in zombustion correlates well with tar yield in pyrolysis
suagesting that tar is the chief precursor of soot.

In-Situ Diagnostics in a Gasifier at Brigham Young University

In order to provide in-situ data on several gasification cases, measurements
were made in the BYU gasifier using the FT-IR E/T method. The gasification tests
were being performed under Subtask 2.h. A Michelson M-110 spectrometer modified
for E/T was used to collect data. The instrument was modified to make E/T spectral

measurements through a side part. Also, purge fittings were installed and the
source was turned up to 1200°C.

The instrument and components were packed in 5 boxes at AFR and shipped to
Utah as airline luggage. No tuning of the instrument was required when it arrived
at BYU. The arrangement of the diagnostics and gasifier is illustrated in
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Fig. 11.C-9. The Michelson 110 was suspended from the ceiling of the room with the
gasifier and lined up to aim through optical ports of the gasifier. The optical
ports are in the second section of the gasifier where the coal has just started
oxidizing. Silicon windows were employed on the gasifier. The transmission
detector (MCT) was suspended from the ceiling on the opposite side of the gasifier.
The emission detecter (MCT) was mounted near the Michelson 110. The distance
across the reactor was abcut 25 cm. About a day was necessary for set up, and
another day for getting acquainted with idiosyncracies of the system. The
conditions in the room were & 50°C on the average, and some water cooled plastic
tubes draped over the instrument helped to cool it.

Data were collected on two coals (Alberta and Utah) run zt various 0p/coal
ratios (1.0 - 0.5 mass ratio). These runs were taken at one height in the flame,
as a function of oxygen feed rate for a constant coal feed rate. Adequate signal
averaging for the M-110 infrared range was accomplished by four mirutes for
transmission and 2 minutes for emission., The data will be presented and discussed
in the Ninth Quarterly Report.

Plans

Continue the TWR flame experiments for the remaining standard samples.
Analyze the results of the in-~situ FT-IR diagncstic measurements on the BYU
. gasifier.
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II.D. SUBTASK 2.d - ASH PHYSICS AND CHEMISTRY SUBMODEL

Senjor Investigator - James Markham
Advanced Fuel Research, Inc.
87 Church Street, East Hartford, CT 06108
(203) 528-906

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 durin; coai conversior processes. AFR will provide the
submodel to BYU together with assistance for 1its implementation into the BYU
PCGC-2 comprehensive code.

To accomplish the overall objective, the following specific objectives are:
1) to develop an understanding of the mineral matter phase transformation during
ashing and slagging in coal conversion; 2) To investigate the catalytic effect of
mineral matter on coal conversion processes. Emphasis during Phase I will be on
the acquisition of data which will be utilized for model development in Phase II.
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 eftect of minerals on

. coal gasificaticas

Mineral matter ir coal is a source for slagging and deposits on reactor or
down stream component walls, causing carrosion of equipment. Minerals can also
catalyze reactions or can poison processing catalysts. The objective of this
research is for the development of a model for the prediction of ash behavior and
the correlation of the behavior with the original chemical composition, particle
size, physical properties of the minerals and the process conditions. A model
will also be developed to predict the catalytic effect of minerals on coal
conversion.

Accomplishaents

During the second year, two sample collection probes were constructed that
can be 1inserted iato the transparent wall reactor (TWR) to allow for the
collection of char with its transforming mineral matter from the flame at various
stages of burnoff, and of fly ash from above the flame. Both probes result in no
visual disruption of the stability, size or ignition delay time of the flames.
Sample collections were performed using these probes from Zap lignite and Montana
Rosebud coal flame experiments., SEM/dispersive x-ray analysis was performed on
individual ash spheres that were recovered from the preseparator and the eight
stages of the cascade impactor for an “in stack" ash collection from 200 x 325 mesh
Zap lignite.

In order to further understand the role played by jon-excharged cations on
char reactivity, samples of demineralized Zap coal were subjected to ion-exchange
experiments with Ca, Na, Mg, and K. The reactivity of the resultant chars was

. measured in air and COy.

The fly ash collector (in stack) consists of an inlet nozzle, large particle
preseparator, casc. e impactor and adjustable air pump. The char collector (in
flame) consists of a water cooled nozzle that adds cold helium gas to the removed
hot particle stream. After quenching, the particle stream passes through a large

Ash Collection !




2nd Annual 11/88 WP#119

particle c¢yclone separator, and then through the preseparatcr and cascade
impector. A schematic of the system, as installed in the transparent wall reactor
(TWR) is shown in Fig. II.D-1.

The char collector nozzle inlet temperature was maintained beiow 300°C by the
e addition. The fly ash collector nozzle was placed in the flame exhaust stack
having a typical radial temperature profile as presented in Fig. II.D-2.

Table II.D-1 and Fig. I1.D-2 show coilection and separation data for a
Rosebud subbituminous coal and a Zap lignite under similar collection conditions.
TGA weight loss measurements on the in-flame collected samples indicate that both
cyclone fractions have a large amount of burnable material remaining (~60%). SEM
photomicrographs (Figs. I11.D-4 and 11.D-5) show both materials to contain etched
particles of the same size range of the starting materials, with some particles
having aiscrete globules of ash stuck toc the particle surface and others with a
more uniform coating (possibly smaller glubules) of ash as indicated by the bright
(charging) areas. The Zap cyclone fraction appears to contain more particles with
ash globules on particle surfaces and more ash that has apparently released from
the cnar. This is also indicated in the size separatijon data presented in '
rig. II.D-3. For the Zap sample, there is more material collected downst~eam of
the large particle separators than for the Rosebud. Figure 11.D-6 compares two
stages of in-stack collection for the Zap, and clearly shows the individual

spheres. These photomicrographs also indicate the particle sizing ability of the
cascade impactor.

To verify a difference in the ability of the starting material to “shed" ash,
samples of Zap and Rosebud, pyrolysis chars were quantitatively combusted in the
entrained flow reactor to various levels of burnoff. The partially combusted
material was collected in a cyclone separator that would clean the cha~ of the
smaller released ash and any fragmented ,2rticles. TGA weight loss analysis was
then performed on the combustion char to indicate the fraction of ash present in
the particles, and from this, the percent ash retained from the starting material
can be calculated by

% ash retained = % combusticn sample x % ash in combustion cample
% ash in starting material

Table I1I.D-2 presents the percent ash retained values for several levels of
combustion. The data appears to indicate two points: 1) the samples shed to a
relatively constant ash level early in the combustion process, and 2) the Zap
initially sheds more of its ash than the Rosebud. Further tests will be done to
see if a gradual release of ash occurs earlier in the combustion process; and to
see if the extent of pre-charring effects this process.

To study the mineral matter to fly ash transformatinn, a comparison was made
by SEM/dispersive x-ray analysis of the solidified ash spheres on the Zap char's
surface with particles collected in the preseparator above the flame in the TWR.
The ash spheres on the chars surface are rich in Ca, moderately rich in Al and Si
and have varying amounts of Fe, K and Mg. Representative qualitative analyses for
these particles are presented in Table I1.D-3. 1t appears that the coal's

crganically bound calcium accumulates in the form of molten liquids, along with the
fine clay and pyrite particies.

Figure Il.d-7a shows a photomicrograph of particles collected above the
flame. Some of these particles have melted to form spheres and some have not.
Qualitative analyses of the numbered particles are presented in Table II1.D-4. In

the figure, samples 1 and 2, which appear to have melted and crystallized, are
almost pure iron oxide. Figure II.d-7b shows a close-up of the highly
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Table ILD-1. Sample Collection Data for Zap and Rosebud Flames.

Percent Weight Loss in TGA*

Run# Sample % Ash Collection Point Collection Time Wt.of Sumple * Cyclone Fraction  Preseparator Fraction
' Minutes Collected (mg)
1 200 x 325 Dry 127 7 cm above Ignition 2 356.0 62.24
Rosebud Point (in flame)
4 200 x 325 Dry 73 7 cm above Ignition 3 158.8- 59.42 -
Zap Point (in flame)
2 200 x 325 Dry 127 In Stack 10 81.5 6.10
Rosebud 75 cm above Injector
10 200 x 325 Dry 7.3 In Stack 20 22.1 3.43
Zap 75 cm above Injector

* TGA analysis in air at 30K/min’to 900°C
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Figure ILD-6. SEM Photoiuicrographs of Fly Ash Coliected Above a Zap
Lignite Flame. a) Stage #2 and b) Stage #4 of Cascade Impactor.
Magnification: X910.
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Table ILD-2. Percent Ash Retained in Partially Combusted Samples.

Sample % Szmpie Recovered after % Ash Retained
Partial Combustion

Zap* 39.0 447
210 37.2
16.5 40.0
7.6 35.0

Rosebud** 66.7 66.1
28.0 71.0 .
223 75.4
211 67.1

* 900°C Zap Char
** 1500°C Rosebud Char




Mineral
Component

Al
Si
Fe
Mg
Ca
Ti
Na
4

Sulfur
(0)

Sul fur
(M)

x in Fe$,

Total Ash

* Not matrix-corrected

TABLE II.D-3

REPRESENTATIVE QUALITATIVE* X-RAY ANALYSIS FOR ASH SPHERES ON CHAR

4.89

6.10
0.65

2.70

5.86
0.52

0.16

"
35.86

PARTICLE SURFACES AS SHOMN IN FIG. II.D-5

Values are in weight percent

B _ c D E F
0.93 0.69 1.21 1.37 1.86
0.85 5.05 3.56 1.78 1.49
3.47 0.73 0 0 1.21
1.45 1.21 1.53 1.53 3.31

11.71 3.31 2.22 2.66 6.62
0.08 0.04 0.04 0 0,20

0 0 G 0.65 0

0 0.04 0.04 0.04 0
0.12 1.05 0.08 0.56 0.48

O 1} 2.14 .53 0

0 0 2 2 0
25.73  19.06 11.87 16.44 22.45

for coefficient of x-ray absorption for each component.
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Figure II.D-7. SEM Micro Photograph of Fly Ash Collected Above a Zap
ignite Flame, Preseparator Fraction. a) X400 and b} Close-Up of Sample

r
1, X2,870.



TABLE 11.D-4
QUALITATIVE* X-RAY AHALYSIS OF ASH PARTICLES PRESENTED IN FIG. 11.D-7

vValues are {n weight percent

Hineral 1 2 3 | 4 (not 5 6 7 8 9
Component {melted) melted)

A 0.23 0,19 0.36 12,18 2,52 2,20 9,78 0.84 9,13 9.56
51 1.21 0.79 0.66 38.28 33,96 65.44 29,82 1,50 29,81 32,07
Fe 86.05 90,16 0.30 1.38 0.54 0.15 0.84 0.72 0.41 0.38
Mg 0,56 0.47 1.08 1,80 1.14 0.78 1.86 2.1 1.02 0,80
Ca 2.75 0.37 78,54 0.66 - 0,10 1.68 3.66 0.38 0.4
T 0 0 0,18 0.18 0.06 0 0.06 0,06 0.19 0.03
oF 0 0 ()} 2,04 0 0 4.14 0 1.18 2.70
K 0 0,09 0 7.14 0.90 0 0.84 0 6.81 5,16
sulfur (0) 0 0 0 0.06 0 0.05 0.06 0 0 0
Sul fur (M) 0 0 0.60 0 0 0 0 0 0 0
x in FeS, _ 0 0 2 0 0 0 0 0 0 0
Total Ash 129,69 131.41 113,46 125,22 79.98 145,48 101,10 12,36 95,55 102,60

* ot matrix-co}rected for coefficient of x-ray absorption for each component.,
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crystallized surface structure for these kinds of particles. Sample 3, which has
not melted is almost pure calcite. Sample 4 shows a region which has not melted
which is almost pure quartz, 1ike sample 5, and a part which has melted which is a
mixture of elements. Particles 1-5 appear to have been derived from individual
extraneous mineral grains (pyrite, calcite, and quartz) without significant
contamination by other mineral compon.nts. Small spheres (6 and 7, and those
captured on the stages of the cascade impactor) as well as larger spheres (8 and
9) are mixtures of Si, A1, Ca, Fe, K and Mg, like the particles attached to the
chars surface captured in the flame. Qualitative analysis of other particles

similar in appearance to particles 1-9 are presented in the Fifth Quarterly Report
{Table 1I1.D-5).

Also of interest is that many of the pure mineral particles are of the same
size (come larger) than the starting coal particles. Differences in color,
magnetic attraction, and density (hollew vs. solid) have also been observed.

SEM/dispersive x-ray analysis was also perfcrmed on 1individual ash spheres
that were recovered from the eight stages of the cascade impactor for an "in stack”
ash collection from 200 x 325 mesh Zap lignite. As noted in the Fifth Quarteriy
Report for this program, the small spheres (< 10 um in diameter) apparentiy are
shed from the coal particles during the combustion process and contain inorganic
compaonents that are intrinsic to the coal. X-ray anz2lysis was performed on the
eight size fractionated samples to see if the inorganic species present were biased
towards certain particle sizes.

For presumably pure mineral oxides, however, the x-ray data produced consisted
of unusually Tow ash values: typically < 4% total ash. Investigation has led us
to beljeve that due to the small particle sizes and the relatively high
acceleration voltage (30 kv) used for the analysis, transmission and sidescatter of
the penetrating electron beam through and out of the particles has become
significant. This condition would restlt in x-rays being emitted by the stuhstrate,
a graphite layer, that has an atomic numbar too low for detection on our instrument
and would result in the observed low material balance.

To correct for this condition, we will turn down the electron beam
acceleration voltage, and also analyze some pure oxide standards in the same
particle size range to better calibrate the instrument,

It was decided to move many of the ash coliection experiments to the entrained
flow reactor (EFR), a schematic of which is shown in Fig. II.D-8. This will allow

the use of smaller quantities of coal and will provide for more complete collection
of the ash.

Char Reactivity

The reactivity of chars prepared from both raw and demineralized coals was
measured. The chars were prepared by heating in Ny at 30°C/min until 900°C was
acnieved. The char reactivity measurements were made by employing a non-isothermal
technique using a TGA. With an air flow of 40 cc/min and a Np purge flow of 40
cc/min, the samples were hzated at a rate of 30°C/min until 900°C was reached. The
resulting critical temperatures (defined as the temperature at which the derivative
of the weight Toss reaches 0.l11 weight fraction/min) are plotted in Fig. [1.D-9 as
a function of oxygen in the parent coal.

The trend for the raw samples is an increase in reactivity (decreasing Tcr)
with increasing coal oxygen content, while the slope for the demineralized samples
seams to flatten out 2t approximately 520°C. Above 10% oxygen, the mineral content
of the coal dominates the char reactivity, increasing the char's reactivity (lower
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Tcr) compared o the demineralized samples. The reason for this increase appecrs
to be the catalytic activity of the organically bound alkali metals, particularly
the Ca since Ca is naturally abundant in coals. Below 10% oxygen content, the raw
cecals have a lower reactivity (higher T.p) than the demineralized samples. The
reason for this is not known and is being investigated.

In orcer to ascertain why there is a systematic increase in reactivity with
coal oxygen content when reactivity is thought to depend on calcium content, the
calcium concentration of coals from the Exxon sample bank were plotted as a
function of oxygen concentrations in Fig. II.D-10. Above 8% oxygen, there is a
systematic increase in Ca with increasing oxygen.

Eight percent is the level at which carboxyl grouns appear in coal (Biom et
al., 1957). This suggests that, above 8% oxygen content, there is a systematic
increase in the amount of calcium jon-exchanged on the carboxyl groups and it is
this calcium component which acts as a catalyst.

In order to further understand the roles played by the ion-exchangeable
cations in char reactivity, a 200 x 325 mesh sieved fraction of Zap Indian Head,
demineralized according to the standard Bishop and Ward (1958) technique, was
subjected to ion-exchange with Ca,. Mg, K, and Na using a modification of the
procedure by Hengel and Walker (1984). The amount ion-exchanged onto the
demineralized Zap lignite was controlled by using different molar solutions of the
acetate salt. In the case of Ca, 1.5M, 1.CM, 0.5M, 0.3M, 0.1M, and C.05M acetate
sait solutions were employed. In the case of Mg, 1.5M and 0.05M acetate salt
solutions were employed. In the case of K, 1.5M, 0.3M, 0.iM, and 0.04M acetate
salt solutions were employed and in the case of Na, 1.5M, 0.3M, 0.1M and 0.05M
acetate salt solutions were used. Sturries of 5 grams of demireralized Zap and 125
ml of the desirad loading solution was stirred at 57°C for 5 1/2 hours. The
solution was allowed to cool to room temperature and stirring was continued for an
additional 22 1/2 hours. The slurry was filtered, washed with deionized water and
dried at 105°C in a vacuum oven for approximately two hours. The amount of cation
exchanged was determined by x-ray analysis.

Chars were prepared from the cation loaded coals by heating in Ny at 30°C/min
to 900°C and these were subjected to the non-isothermal reactivity test in air.
The char from demineralized Zap coal is far less reactive (higher T.r) than the raw
Zap char. As previously discussed, this is probably due to the removal of the
organically bound alkali metals which are thought to dominate char reactivity in
coals possessing more than 10% oxygen. If this is true, then cation loading should
result in the restoration of char reactivity.

Plotted in Fig. II.D-11 1is the veriation of reactivity with the cation
loadings. The Ca and Mg loadings effectively restored the reactivity of the
demineralized Zap. In the case of Ca, the only significant change in reactivity
occurs when the Ca level increases from the 0.01 wt%¥ in the raw demineralized Zap
to 1.65 wt% in the 0.05M loading. Further increases in Ca do not cause any marked
increases in reactivity. The low Na and X loadings were so effective in promoting
the demineralized Zap char reactivity that the loaded samples yielded values ¢f T.p
that were 45°C and 30°C respectively less than the T., of the raw Zap char itself.
With higher loadings, however, both Na and K lost their ability to increase char
reactivity (lower the.T..) and actually demonstrated hindering effects. The 1.5 M

. Na and K loadings gave values of T, which were higher by 129°C and 85°C,
respectively, than the demineralized Zap sample. Surface area measurements were
done of the raw and cation-loaded samples in these cases. However, significant
differences were not observed between the raw and cation-loaded coals in either
case. Consequently, the hindering effect must manifest itself either during the
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char formation process or the gasification process. It is planned to check the
first possibility by doing pyrclysis experiments with cation-loaded samples in a
reactor which can handle sampies which are large enough to allow surface area
measurements on the resultant char. The second possibility will be investigated by

doing temperature progrémmed desorption (TPD) experiments on chars produced from
raw, cation-loaded and demineralized coals.

Altnough most of the work in tha past year dealt with char reactivity in air,
C02 char reactivity measurements were done on chars produced from raw,
demineralized and loaded demineralized Zap samples by heating in No at 30°C/min

until 1000°C was 2chieved. The C0p reactivities followed similar trends as the air
reactivities as shown in Fig. 11.D-12.

A model was developed to predict the intrinsic reactivity (Tcp) of char based
on calcium content for coals greater than 10% oxygen, while hoiding the extent of
pyrolysis and heating rate constant. For a standard test:

Ter = 520 + o (Ca wt% - { 3* carbonate)) (11.D-1)

where, 520 represents the approximate T.,r for demineralized coals, o is the siope

from the plot of T.p vs Ca wt% in Fig. Il.D-1la, @2 is a constant and the carbonate
value is that cbtaired from quantitatijve FT-IR analysis.

Figure II.D-13a displays the correlation between actual T.. and predicted T,
with 8 = 0. Since it is the organically bound Ca which is thought to be
catalytically active, a much better correlation is obtained when calcite
corrections are included in the model (Fig. 11.D-13b).

In order to better understand why the organically bound Ca offers catalytic
activity and calcite does not, SEM Ca dot maps were done for a calcium loaded
demineralized. Zap coal and an Exxon sample which, from FT-IR analysis, was known
to be zbundant in calcite. The maps in Fig. [1.D-14 indicate that the organically
bound Ca is very well distributed throughout the Zap coal while the calcite in the
Exxon coal exists in large clusters. This is consistent with the fact that the Ca
in the calcite form is not nearly as effective as a catalyst when compared to the
jon-excharged Ca. However, it is also true that even if the calcite were well-
distributed, it may not promote g-sification reactions.

Plans
Continue collection and characterization of ash particles produced in the TWR.

Modify a new version of the EFR to study ash transformations for a wide range of
coals at different levels of burnoff,

Continue study of mineral effects on the reactivity of coals and chars toward

air or CO2, particularly with regard to how minerals effect reactivity and char
formation processes for medium and high rank coals.
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II.E. SUBTASK 2.e. - LARGE PARTICLE SUBMODELS

Senior 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 “large" coal particies (i.e., particies
with significant heat and/or mass transport limitations) and to validate the
submodels by comparison with laboratory scale experiments. The result will be coal
chemistry and physics submodels which can be 1integrated into the fixed-bed (or
moving-bed) gasifier code to be developed by BYU in Subtask 3.b. Consequently,
this task will be closely coordinated with Subtask 3.b.

Accomplishments

A Literature review of heat and mass transport effects 1in coal pyrolysis
was completed. A criticcl evaluation was made of two models from the literature
that have been used to describe coupied reaction and transport in large particles.
The formulation of our cwn single particle mudel was begun. Discussions were also
held with BYU on the interface between the single particle model and the advanced
fixed bed reactor model.

The design and construction of 2 small scale fixed-bed reactor was completed.
This reactor will have on-line analysis of evolved volatile products and on-line
measurement of cher functional group composition and particle temperature.

Evalzation of Pyrolysis Heat/Mass Transport Models

During the past guarter, a more detailed examination was made of the models of
Devanathan and Saxena (1985,1987) and Bliek et al. (1985) in order to choose a
starting point for a model of large particie pyrolysis.

The original model of Devanathan and Saxena (1985) was developed for the
devolatilization of large non-plastic coal particles. T7heir cbjective was to
develgp a comprehensive pyrolysis model considering heat and mass transport
resistances. Since the primary focus of their work was the effects of the
transport parameters, the initial (ilevanathan and Saxena, 1985) paper used a simple
single-reaction model with a global activation energy for primary pyrolysis. ihey
also ignored the temperature variation cf the physical properties (heat capacity,
thermal conductivity). The latter simplification is a major weakness of their
approach, but can pe easily remedied. In addition, tney assumed py.-olysis is

thermally neutral, which 1is probably not a bad assumption, as discussed in the
Second Quarterly Report.

This model was developed to des ~ibe non-plastic coals which largely retain
their pore structure during pyrolysis. The volatile species were lumped into a
single component. An effective diffusion coefficient was assumed to account for
volatile transport by diffusion and convective flow under small pressure gradients.

The pyrolysis reaction in this model is represented by:

€ (Coal) —---- > A{Voiatiles) + S(Char)
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The nonlinear partial differential equations obtained for the material and
energy balances were solved using the DPDES routine of IMSL. This routine uses the
method of lines which reduces the system of partjal differential equations into a
svstem of ordinary differential equations, which are subsequently solved with a
Gear Integration method. The equations were solved for various values of the
Thiele modulus, corresponding to high, medium and low reaction rates.

Using an assumed set of kinetics, thermal properties and diffusion
coefficients, they identified regimes of chemical reactior control (at low reaction
rates), and heat and mass transfer control (at high reaction rates). By doing
parametric studies they identified the Thiele modulus (chemical reaction
rate/diffusion rate), the Lewis number (thermal diffusivity/mass diffusivity) and
the heat transfer Eiot number (ratio of external to internal hesat transfer rate) as
important dimensionless groups. The analogous mass transfer Biot number was found
to be unimportant since the external film resistance was assumed to be negligible.

A second paper (Devanathan and Saxena, 1987) extended the model to include
secondary reactions. The description of the volatiles was also extanded to three
compcnents (tar, gas, hydrogen). The global primary and secondary pyrolysis
reactions were:

Coal ~3» Tar > Gas + Hydrogen + Char
Gas + Hydrogen + Char

In this paper, Devanathan and Saxena used the primary pyrolysis kinetic
parameters of Suuberg et al. (1Y78) instead of the parameters of Kobayashi et al.
(1977) used in the previous paper. This change was presumably to accommodate a
multi-component pyrolysis modei. However, it is surprising that the authors do not
comment on the significantly higher kinetic rates implied by the former set of
parameters. Again, the physical properiies were assumed to be constant, the heat
of reaction assumed to be zero, and the mass transfer model utitized an effective
diffusion coefficient to account for volatile transport both by moiecular diffusion
and convective flow under a small pressure gradient. It was also assumed that tar
was only present in the vapor phase. The kinetics for the tar decomposition
reaction were based on the values assumed by Suuberg et al. (1979). The numerical
schesie used to solve the set of 7 partial differential eguatijons for a 3-component
system was a similar technique as discussed above.

The authors used the expanded model to examine the effects of bulk
temperature, pressure, and particle size on the extent of secondary reactions and
volatile yields. Qualitative comparisons were made to the data of Suuberg et al.
(1978) for Montana Lignite for the effect of pressure, temperature and particle
size. Comparisons were made to the data of Stubington and Sumaryono (1984) for
product evolution profiles from large particles. The simulations indicated two
peaks in the H» evolution curve in agreement with Stubington and Sumaryono (1984).
Tne first peak in the model was due to primary pyrolysis reactions while the second
was due to tar decomposition.

One weakness of their approach is that the secondary reactions of tar outside
the particle are ignored so that the predictions which show tar yield leveling off
at relatively high temperatures do not make sense. They also predict a temperature
of 750°C for the maximum tar yield, which is 150-200°C higher than most
experimental observations. By assuming an inverse_ relation of the diffusion
coefficient with pressure, they can predict the type of pressure dependence
indicated by the data of Suuberg et al. (1978). One interesting prediction of
their model is the fact that the pressure dependence is more prominent 1in the
later stages of devolatilization since the volatiies have to travel a further
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distance to get to the surface.

The total volatile yield was found to depend weakly on particle size while the
total deveolatilization time was found to depend strongly on particle size. These
particle size trends. as well as the trends with pressure and temperature discussed
above are in qualitative agreement with iiterature results. However, when
quantitative comoparisons are made, such as the temperature for maximum tar yield,
the predictions are often far off, as noted above. This is a result of the fact
that the physical and chemical parameters which go into the model were selected
somewhat arbitrariiy. The authors did note that some of these parameters could not
be estimated accurately and did a sensitivity analysis on the external heat
transfer coefficient, thermal diffusivity, external mass-transfer coefficient,
effective diffusion coefficient and porosity. Of this set, the choice of the
effective internal diffusion coefficient was found to be crucial. This parameter
is alsc one the most difficult to specify. Unfortunately, the authors did not
examine the sensitivity to the kinetic parameters.

A comprehensive model for large particle pyrolysis was also developed by Bliek
et al. (1985). They used essentially the same global pyrolysis scheme {including
tar secondary reactions) as Devanathan and Saxena (1987). One difference in the
kinetic models was to assume that each of the three volatile components evolves by
a reaction which is second-order in the amount of volatiles yet to be released.
This is a simpler alternative to the distributed activation energies model to
describe the "tailing" of volatile evolution curves at higher temperatures. This
model also treats coals which essentially retain their pore structure.

One of the major differences of this model when compared to that of Devanathan
and Saxena (1987) is in the treatment of internal mass transfer. Biiek et al.
chose to use the continuum limit of the Dusty Gas model (Mason et ai., 1967; Mason
and Malinauskas, 1983). This model can account for the combined transport of
volatiles by viscous flow and diffusion. Viscous flow becomes more important as
the particle size increases, so this approach should be applicable over a wider
range of particle sizes. The model requires an estimate of the viscous
permeability, the effective Knudsen diffusivity, and the effect binary diffusivity.
The latter quantity also appeared in the diffusive mass transport model of
Devanathan and Saxena (1987). Bliek et al. (1985) used literature values of
permeability parameters obtained from stationary mass flux experiments.

The transport of volatiles from the particle outer boundary te the ambient gas
was assumed to be infinitely fast. This assumption is probabiy alright tor light
gases but not for heavy tars. The heat of devolatilization was assumed to be zerc
as did the Devanatharn and Saxena (D-S) model. Unlike the D-S model, Bliek et al.
did not concern themselves with the details of external heat transfer and specified
the particle surface temperature. However, they did account for the temperature
variation of the particle thermal conductivity and heat capacity, which the D-5
model does not include. Bliek et al. also did pyrolysis experiments in a TGA with
particles 50-1000 microns in size in order to extract primary pyrolysis xinetic
information and generate data for model validation. The equations were solved
numerically using an implicit backward descretization scheme. This transformed the
partial differential equations to non-linear algebraic equations, which were
subsequently linearized. A combination of iteration and the algebra of diagonal
matrices was used to produce the numerical results.

The qualitative results of the simulations largely agree with those of the D-S
medel since both were developed to agree with the experimental observations of
Suuberg et al. (1978), among others. The more detailed description of mass
transfer allowed Bliek et al. to establish regimes of particle size and heating
rate where mass transfer was controlled by either diffusion or viscous flow. The

- 127 -



2nd Annual 11/88 WP#119

most interesting prediction was that the tar yield went through a maximum with
heating rate. This was explained by the fact that at high heating rates, the
volatiles would have to diffuse through a hot outer layer of char. However, this
trend has not been observed experimentally. The model also did not agree well with
the effects of ambient pressure observed for bituminous coal by Anthony and Howard
(1976). However, this could be due to the fact that it was developed for a non-
plastic coal. .

While both the Bliek model and the D-S modei are important contributions to
understanding large particle pyrolysis, the pubiished versions are lacking in
several respects. The major problem is the relative lack of care which has gone
into the choice of the physical and kinetic parameters. A corresponding defect is
the lack of a complete sensitivity analysis. If we compare the choices of physical
and chemical parameters made for the two models, which are shown in Tables II.E-1
and II.E-2, respectiv ly, the magnitude of the problem is apparent. For example,
there are several orders of magnitude variation in the species diffusivities. As
discussed above, this was identified as a crucial parameter in the partial
sensitivity anaiysis done by Devanathan and Saxena (1987). )

Additional problems with these two modeis 1include an oversimplified
description of tar secondary reactions, and the inability to describe plastic
coals. ke plan to address these and other deficiencies in our large particle model
development.

Design of Fixed-Bed Reactor

Several different design configurations were considered for the fixed-bed
reactor (FBR). These were narrowed down until a single design approach was agreed
upon and then a more detajled design was developed. A schematic of the FBR is
shown in Fig. II.E-1.

In this system, 0.5 - 3g of coal (0.5 - 3mm particie size) will he piaced on
the sample holder (5). The sample holder can be accessed by removing the window
(7) and taking out the upper part of the joint (5). The cample holder is a 31 mm
1.D., 25 mm long quartz tube. It is heated by a hot stream of gas produced 1in an
electric preheater (1) which can also produce steam by the introduction of water.
The preheated gas is forced to pass through the sample by making the path through
the sample the only way for gas to exit the reactor.

The composition of the product gases and tar are measured in the cell (4)
using FT-IR transmission. The temperature of the coal surface is measured by an
emission FT-IR method through a window (7) using either a separate FT-IR
spectrometer or the same one used for the transmission measurements. To be able to
measure the surface composition and temperature of the ccal particles, an
additional IR source (D) is required. By switching on the 1R source (D) (opening a
shutter), the emission spectrum will contain the diffuse refiectance spectrum
together with the emissivity spectrum of the same particle or particlies. By
closing the shutter, we measure emissivity only. The diffuse reflectance spectrum
will be the difference of the two spectra.

Initially, the plan is to use two separate spectrometers. An IBM IR/32 with
an IBM PC/AT will be used for the evolved gas analysis (EGA). The PC/AT will also
provide the temperature programming and data handling capability developed at AFR
for the TG-FTIR 1instrument. A second spectrometer, either on IBM IR/32 or a
Nicolet 20SX, will be used for the emission/diffuse reflectance measurements.
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Table ILE-1. Comparisnn of Physical Parameters for Two Pyrolysis

Reaction / 'T'ransport Models.

Property Units Devanathan and Saxena (1987)  Bliek et al. (1985)
26°C 25°C 500°C
Thermal Conductivity cal/(em s K) 5.497 x 164 4.45x10 4
Heat Capacity cal/(g K} 0.916 0.27 0.51
Density g/ emd 1.5 0.9
Thermal Diffusivity cm 2/s 4x10? 1.8x10 -3 97x10™3
Gas Molecular Weight g/g-mol 30 20
Tar Molecular Weight g/g-mol 216 325
Ho Diffusivity em 2/g 4x107
Gas Diffusivity cm 2/s ax1074 42x101 3941071
Tar Diffusivity cm 2/s 4x10 42x1071  32x10?
Coal Porosity 0.4 0.10
0.25

Char Porosity




Table ILE-2. Comparison of Kinetic Parameters for Two Pyrolysis

Reaction / Transport Models.
Devanathan  Blieketal
sexcnagosn %
V1 (ultimate yield of Hy ) g/g 0.005 0.000
V2 (ultimate yield of gas) glg 0.381 0.358
V3 (ultimate yield of tar) glg 0.954 0.160
f 4 fraction of tar which can react “1.0 1.0
k01 preexponential s1 1018 -
k02 preexponeniial sl 1012 8.0x 104
k03 preexponential sl 1017 76x 1011
k04 preexponential s-1 _1013 2.7x 104
E1 kcal/mole 80 -
E2 kcal/mole 50 22
E3 kcal/mole 75 37
E A kcal/mole 65 14
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Interface of Single Particie and Reactor Models

Historically, some fixed-bed gasifier models have assumed the devolatilization
process to be instantaneous. Others have included finite rates for
devolatilization and secondary reactions. The literature review by BYU identified
three properties the devolatilization model should be able to predict: 1) the
individual chemical species that will be evolved; 2) the amcunt of each that will
be evolved; 3) the rate at which each will be evolved as a function of the
pertinent variables (particle size, temperature, heating rate, pressure, gas
velocity).

Currently, the FG-DVC model does a good job of predicting the kinetics and
yields for the major products for a specified time-temperature history and
pressure, What will be required for the fixed-bed model is to describe the
devolatilization of large particles which may have significant internal gradients
because of their large size and/or may react at significantly different times
because of the broad size distribution of particles. These two effects could be
accounted for by using a set of representative particlies of different sizes as is
done in PCGC-2. Instead of different trajectories the model would need to account
for particles at different radial positions. This concept is shown schematically
in Fig. I[.E-2. One could also use continuous distribution functions jinstead of
discrete distributions for particle size and location.

Other areas to be addressed include multiple particle effects, such as
agglomeration, the secondary reactions of tar in the vapor space and on external
surfaces, ana the char reactivity. It may be possible to ignore aggiomeration
since most fixed-bed reactors have mechanical devices to prevent this. However,
agglomeration may be important in mild gasification processes. Because of the lack
of appropriate data, it is difficult to say how the secondary cracking of tar on
surfaces should be treated. it is hoped that sufficient data to describe this
phenomena will be generated under this subtask (2.e). The description of char
reactivity will be an extension of the work done on smaller particles under subtask
2.8,

Discussions were held at AFR during the year quarter between Predrag Radulovic
of BYU and Michael Serio, Peter Solomon, and Zhen-Zhong Yu of AFR regarding the
interface between the Single Particle Devolatilization Model and the Fixed-Bed
Reactor model. The consensus was that the interface would be very similar to that
between the FG-DVC model and the 87 version of the PCGC-2. The major differences
would be the requirement for a non-isothermal particle temperature model. The
major area of uncertainty is how to efficiently integrate the non-isothermal
particle model with the FG-DVC model to provide an “averaged" pyrolysis product
distribution and char reactivity for large particles. As the two models are
developed in parallel, a sensitivity analysis will help define what information
should be exchanged and the degree of sophistication required. It was gererally
agreec that the amount of calculation time for the pyrolysis modei shculd be less
than 25% of the total.

This meeting also addressed the differences which may be required in the case
of modeling a fixed-bed mild gasification unit, which are 1ikely to be transient,
batch systems with stronger particle interactions. The model will need to be
flexible enough to cover these situations.

The exchange of information between the two models is summarized in

Fig. II.E-3, The single particle model 1is AFR's responsibility. &11 of the
“satellite" submodels in Fig. II.E-3 are BYU's responsibility except for those
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Top View of Fixed-Bed Reactor

Figure ILE-2.  Proposed Method for Incorporation of Single Particle Model into
Fixed-Bed Reactor Model Using Five Representative Particle Sizes at Four
Representative Particle Locations.
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surrounded by bold or dashed lines. The former will be joint development efforts,
while the latter fall into the same category but may not be included due to
limitations on available resources.

Plans
Complete testing of fixed-bed reactor. Begin model development for large
particle submodel. Continue werk with BYU on interface of this model with the BYU

fixed-bed model. Consider the specific needs for modeling mild gasification
processes.
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II.F. SUBTASK 2.F. - LARGE PARTICLE OXIDATION AT HIGH PRESSURES

Senior Investigator - Angus U. Blackham
Brigham Young University
Provo, UT 84602
(801) 378-2355

Obiectives

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

Accomplishments

Work on this subtask is planned to be accomplished under a single
component: High-pressure, 1large-particle reactor design, fabrication and
preliminary data. This subtask is not scheduled to start until the third year.

Plans

This subtask was originally scheduled to start at the beginning of the
third year. The original plans called for a ljterature search to be conducted
during the next quarter on large particle char cxidation. During the remainder
of the third year, a reactor was to have been designed and constructed. At the
present rate of funding of the overall project (lower than originally
scheduled), this subtask cannot be initiated during the coming year. However,

if the funding is increased to the original schedule, the subtask will be
initiated.
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I1.6. SUBTASK 2.G. - S0y/NO, SUBMODEL DEVELOPMENT

Senior Investigators - L. Douglas Smoot and B. Scott Brewster
Brigham Young University
Prova, Utah B4602
(801) 378-4326 and 6240

Graduate Research Assistant - Richard Boardman

Objectives

The objectives of this subtask are 1) to extend an existing poilutant
submodel in PCGC-2 for predicting NOy formation and destruction to include
thermal NO, 2) tc extend the submodel to include S0, reactions and SO4-sorbent
reactions (effects of S03 in the gas phase will be considered), and 3) to
consider the effects cf fuel-rich conditions and high-pressure on sulfur and
nitrogen chemistry in pulverized-fuel systems.

Accompiishments

Work on this subtask is being zccomplished under three components: 1)
Extension of the pollutant submodel in PCGC-2 to high pressure and fuel-rich
systems, 2) extension of PCGC-2 to allow the injection of sorbent and its
reactions in high-pressure, fuel-rich systems, and 3) the formation of sulfur

species in the gas phase. Progress during the last year on each of these
subtask components is described below.

Component 1 - NO, at High-Pressure/Fuel-Rich Conditions

The goal of this subtask component is to extend the current pollutant
submodel in the comprehensive code to be applizable to high-pressure, fuel-rich
conditions such as are common in gasification processes. An important part of
this extension is the inclusion of thermal NO formation which may be significant
at the higher temperatures typical of gasification in oxygen.

Incorporation of Thermal NO - Kinetic rate equations for thermal NO
formation in. both fuel-lean and fuel-rich systems were developed from the
literature (Zeldovich, 1947; Baulch et al., 1969; Sawyer, 1981). In fuel-lean
systems, the following rate expression applies:

0Xno 9.91x 107K x sec”! ['53-500] 21
= exp Xx

dat T T (I1.6-1)

This equation is based on the well-accepted Zeldovich mechanism and assumes
oxygen radicals in equilibrium concentration and the concentration of NO to be
small. For fuel-rich conditions, the measured rates are often much greater than
predicted by this equation. Allowing for oxygen radicals in excess of
equilibrium (Sarofim and Pohl, 1973), the following expression results:



Xno  4.09 x 10 K x sec " -34 900 :
T T exp ] XNZ OZX\.OXCO (I1.6-2)

Under highly fuel-rich circumstances ({equivalence ratio > 1.15), the
additional elementary reaction

N + OH --> NO + H (I1.8-3)

should be added to the Zeldovich mechanism. Including both the forward and
reverse steps of each elementary step results in the following expression

(Westenberg et al., 1971):
Y _M 1-Y
ot 2]1+CY

(11.6-4)

where
v= NO}
T N0l (11.6-5)
5.4*J»>c10151<2x5<:c'1 -34,900| 1p 12
M= = exp| T | Xy, P (11.6-6)
and
12
C= k-ZKNO[Nzl
1 +kOH] | (11.6-7)

12
k3[02]cq{ kS[OZ]cq J

The existing NOy submodel of PCGC-2 has been revised to allow for any of these
three options to be selected.



One challenge seems to be the ability to estimate a priori the non-
eguilibrium radicals (0, H, and OH) appearing in the thermal NO rate equatiors.
The so-called "partial equilibrium" relationships have been shown to provide a
reasonable approach to predict these radical species. Equation 11.G-2 used by
Sarofim and Pohl (1973) was derived by invoking the partial equilibrium
assumption. Another chalienge to modeling finite kinetics is adequately
describing the chemistry/turbulence interactions. The current approach used in
the NOy submodel of using an assumed probability density function to account for
fluctuating species concentration remains the approach of choice at the present

time although advances in this area are being made {e.g. Chen and Kollmann,
1988).

NOy Submodel Evaluation - The BYU entrained-flow gasifier was simulated
with PCGC-2 to evaluate the combined thermal NO and fuel NO submodel for
fuel-rich combustion. The case examined was for Utah Bituminous coal gasified
at a stoichiometric ratio of -0.4 (Brown et al., 1386). Equation II.G-1 was
used for this simulation. Joint prediction of fuel and thermal NO increased the
peak NO value by approximately 25% over the value predicted by fuel NO alone.
Figure 1II.G-1 compares the reactor centerline prediction with centerline
measurements. The addition of thermal NO to the model improves the model
predictions along the entire profile. Additional details about this case are
discussed in the 7th Quarterly Progress Report (Solomon et al., 1988).

In order to more thoroughly evaluate the mechanism for thermai NO in the
NOy model, it 1is desirable to make comparisons between predicted and
exoerimental NO concentrations in gaseous, fuel-nitrogen-free, combustion
systems. A Tliterature survey of experimental thermal NO investigations was
described in the 5th Quarterly Progress Report {Solomon et al., 1987). The vast
majority of the available data are reported for bench-scale reactors with unique
reactor geometry and flow conditions. PCGC-2 is currently applicable to fully
turbulent, axi-symmetric flow reactors. Detailed profiles of the temperature,
major species, and NO concentrations are also necessary to confidently make an
evaluation of ‘he model performance. MNone of the data located from previous
studies were judged to be completely suitable according to these criteria. The
experimental investigation of Takagi et al. (1981) of & turbulent-jet propane
fuel and laminar co-flowing air stream was selected Tor model prediction since
major species, pollutant, and temperature profiles, although limited, were
reported as well as adequate information to simulate this reactor. A reactor
schematic was shown in the 7th Quarterly Report (Solomon et al., 1987). The
major limitation of this case is the inability of PCGC-2 to accurately model the
mixing of the Taminar air stream with the turbulent fuel jet. This experimental

investigition, however, is not unlike many other studies in which a similar
laborato=y burner was used.

The results of this simulation were aiso presented in the 7th Quarterly
Report. Rate expressions given in Eqs. I1.G-1 and I1.G-2 were investigated for
this case with Tittle difference in tne predicted results. Figure I11.G-2 shows
a comparison of the data with model predictions for thermal NO. In this plot,
an axial location of 150 mm for predictions is compared with data measured at
200 mm in order to match temperature profiles, since temperature is one
governing parameter of the thermal NO rate expression. Although the NOy
submodel accurately predicted the measured NO profile early in the reactor, the
predicted effluent NO conrcentration was substantially higher than was measured.
This discrepancy is attributed to neglect of the reverse rates of the individual
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Utah bituminous coal (data of Brown et al., 1986)
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elementary steps used in deriving Eqs. II.G-1 and II.G-2. This is approximately
true only when the concentration of NO is low but fails when NO concentrations
are significant as they likely are in the aft section of the combustion tube.
Equation Ii.G-3 does not require this assumption and will next be invoked and
tested in the submodel ic verify the above explanation.

Due to the Tack of suitable data in the open literature for rigorous NOy
mode]l evaluation, a test program is being designed fcr measuring both thermal NO
and fuel NO in gaseous and coal-laden flames using an advanced reactor currently
under construction at BYU under independent funding (Eatough, 1988). This
reacior will simulate heating rates and temperatures typical of industrial
boilers. Emphasis has been placed on measuring the temperature and species
concentrations. The data collected in these tests can be used to evaluate the
thermal NO mechanism in the NO, submodel as well as the joint formation of fuel
and thermal NO.

Component 2 - Scrbent Particle Chemistry

This subtask ccmponent is aimed at developing a sorbent particle submodei
for incorporation inte PCGC-2. The submodel will include both calcination
chemistry and reactions with the gas phase. The submodel will be an extension
of independent work being performed by Pershing ard coworkers at The University
of Utah, where a sorbent chemistry submodel for fuel-lean conditions is being
developed and incorporated into PCGC-2. Modifica” an to the code have been made
to track the sorbeat particles through the reactor (Wormeck, 1988), also under
independent funding. A grain-model which predicts the capture of SO; by Ca0 is
beirg integrated into the code and is approaching compietion.

The reaction model of SO, capture was developed and evaluated by Silcox
(1985). Briefly the modeil accounts for diffusion from the bulk gas to the
particie’s surface, pore diffusion to the particle’s interior, solid-state
diffusion through ths product layer, and reaction at the product-Ca0 interface.
The stoichiometric reaction is written as follows:

CaC + SO, + 175, 00 --> CaSO4 (11.6-7)

The integration of the sorbent particle reaction submodel will be completed
during tne coming year. Details that remain to be completed include
consideration ¢f a mechanism for HyS capture (i.e. fuel-rich conditions). A
task was initiated to investigate incorpcrating a separate reaction model to
account for HyS capture, providing a complete model for both fuel-rich and fuel-
lean combustion systems. Efforts are being made at BYU to Faciiitate the model
integration and provide the final submodel product.

Component 3 - S0, Formation

This subtask component will model the gas-phase reactions that generate
the sulfur species for input to the sorbent capture model developed under
Component 2 of this subtask. A review of the literature is being made to
identify recent work related to sulfur pollutants. Objectives include: 1)
identifying the steps in the SOy formation process, 2) isolating the most
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impertant or rate-determining steps, 3) identifying the dominant products or
stable species in combustion gases, 4) determining whether an equilibrium
approach is acceptable, £) gaining an understanding of the effect of reactor
parameters and operating conditions on the sulfur species, and 6) identifying
important SO,/NO, interactions.

SOy_ Submodel Development - A review of recently published literature
regarding sulfur pyrolysis from coal and gas phase conversion to sulfur species
has been completed. A summary of the key findings was discussed in the 7th
Quarterly Report (Solomon et al., 1988). The following aspects have been
identified as <important to the predictive method. Each of these aspects
involves complex mechanisms which are not completely certain.

1. The physical and chemical transformation of sulfur constituents in
the coal during pyrolysis.

2. Chemical conversion of the devolatilized sulfur species to stable
species via homogeneous and heterogeneous reactions.

3. Secondary NOy/SOy and alkaline metal interactions.

Neither the necessity nor the feasibility a detailed kinetic model have yet been
determined. These questions will be addressed in the third year. First, the
submodel will be evaluated using data collected under Subtask 2.h and other data
from the BYU gasifier (Highsmith, 1982; and Nichols, 1985). Gas phase
equilibrium will be assumed for the sulfur species. The rate of sulfur release
will be assumed to be proportional to the total coal mass loss. From this

evaluation, insight will be gained to determine if equilibrium chemistry will
suitably preaict the sulfur species poo?.

If the equilibrium assumption is not acceptable for predicting SOp, HyS,
and C0S, then a well-designed global mechanism should be developed and employed.
The chemistry of sulfur in flames has received considerable attention, as shown
by Cullis and Mulcahy (1972), who reviewed over 4G0 papers published by the
early 1970’s. In more recent years, some of the key studies of fuel-sulfur
reaction have been made by Kramlich (1981), Solomon (1877), Highsmith (1982),
Zaugg (1984), and Nichols (1985). Zaugg (1984) presents and discusses the
feasibility of describing the reaction paths shown in Figure I1.G-3 and suggests
some simplifications for arriving at a tractable global kinetic model.

Until recently, very few correlations between the sulfur in coal and its
distribution in the products and evolution rates have been available. Separate
investigations are in progress to correlate the influence of coal type (i.=.,
total coal-bound sulfur and/or suifur forms) with the distribution among solid
(char) 1iquid (tar) and gaseous phases during devolatilization {Khan, 1988;
Fatemi-Badi et al., 1988; Oh et al., 1988). The yields of these phases and the

distribution of early volatiles between H»S and COS have been observed and fit
to various mogels.

Submodel Evaluation NO,/SO, Coupled Effects - Evaluation of the SO,
submodel will dinclude comparison of experimental data’ from three separate
investigations of sulfur poliutant formation from coal ccnversion processes to
PCGC-2 simulations with equilibrium calculation of the sulfur species. The
first experimental study that will be simulated is for detailed local pollutant
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measurements in an entrained cosl gasifier (Highsmith, 1982). This work was
continued by Zaugg (1984) for fuel-lean combustion of coal. Finally, the recent
measurements of Hedman and cowcrkers of sulfur species formation and capture by
injected sorbents under Subtask 2.h will be used tc evaluate the modelling

o~ on

ayp‘l"GaCh .

Verification of the sorbent-particie reaction submodel will be made
jointiy by The University of Utah and BYU during the upcoming year. The
gasifier deta obtained under Subtask 2.h will again be utilized in this
evaluation.

Plans

During the first quarter of the third year, the data collection task will
be completed. This will be done in coordination with Eatough and coworkers
during the start-up of the BYU-ACERC reactor. Concurrent with this effort,
additional data from the open literature will be sought from Leukel and
coworkers at the University of Karlsruhe and any other sources that become
available. Following this data procurement, the thermai NO mechanism will be
evaluated. This evaluation should be completed by the end of the second
quarter. Evaluation of the combined fuel and thermal NO model will also
continue.

Model simulation will be made during the first two quarters to determine
the vaiidity of predicting the gaseous sulfur chemistry using an equilibrium
apnroach. The sorbent-particles reaction submodel wiil be compieted in the
upcoming quarier and an evaluation of the model will begin. This evaluation
will be completed during the second quarter. The combined SOy/sorbent-reaction-
model will then be jointly tested.
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II.H. SUBTASK 2.H. - SOy/NO, SUBMODEL EVALUATION

Senior Investigator - Paul 0. Hedman
Brigham Young University
Provo, UT 84602
{801) 378-6238

Student Research Assistants - David Braithwaite, Aaron Huter,
Laren Huntsman, and Gregg Shipp

Objectives

The objectives of this subtask are 1) to obtain detailed profile
measurements for radial crossjet injectior. of sorbent particles in a cold-flow
facility designed to replicate the geometry of a 2-D combuster/gasifier, 2) to
obtain concentration profile data for sulfur and nitrcgen poilutant species
from Taboratory-scale, coal reaction tests at atmospheric and elevated pressure
with and without sorbents, and 3) to investigate the effect of pressure on the
effectiveness of sorbent injection in capturing sulfur pollutants. These datz

are to be used to characterize sorbent flow and sulfur capture and for sorbent
submodel evaluation.

Accomplishments

This subtask is being carried out under three subtask components: 1) a
cold-flow investigation of sorbent-mixing fluid mechanics, 2) modifications of
the laboratory-scale reactor to accommodate sorbent particle injection, and 3)

space-resolved sulfur and nitrogen pollutant measurements in the laboratory-
scale reactor.

Component 1 - Sorbent Mixiang Fluid Mechanics

This subtask component 1is aimed at 1) obtaining detailed profile
measurements for radial crossjet injection of sorbent particles in a cold flow
facility designed to replicate the geometry of a 2-D combustor/gasifier; and 2)
identifving flow  parameters which will iead to rapid mixing of sorbent
narticles with the free stream flow.

The BYU cold-flow facility has been used ta simulate the flows that exist
in the entrained-flow gasifier when sorbent is injected into a flow that is
rerpendicuiar To the main gasifier flow. Previcus investigators (see Webb and
Hedman, 198Z; Jenes et al., 1984; and Lindsay et al., 1986) have used the BYU
cold-flow facility to simulate the flows that exist in one of the BYU ceal
combustors and the BYU entrained-flow gasifier. The existing cold-flow facility
has been modified to include crossflow jets for sorbent injection. Also, the
flow chamber design was also changed from previous studies. The new flow
chamber has been made of transparent plastic to simplify making LDA measurements
and enable qualitative flow visualization with smoke.

During the report period, the design of a cold-flow experiment to simulate
the injection of sorbent particles in an entrained-flow coal reactor was
completed. Tests were performed in a transparent, cylindrical flow chamber with
crossflow jet injection. A flow straightener was added to the apparatus so that
the free stream flow would be fully developed in the mixing regicn.
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Three testing techniques were used for this study. First, smoke
injection for flow visualization was used to obtain qualitative information of
the trajectery and mixing patterns of the crossflow injectors. Second, trace gas
was injected in crossflow, and gas extractions were takern at different
locations in the flow  chamber. Analysis of the gas samples provided
auantitative datz on the mixing of the two streams. And third, laser Doppler
anemometer (LDA) data were taken to determine the velocity and turbulence
characteristics of the flows.

Smoke injection was accomplished by dripping an ethylene-glycol-based
fluid into an extarnally heated pipe. The fluid vaporized to produce a highly
visible white smoke. The smoke was entrained.in air and carried into the mixing
chamber. Photographs were taken of smcke injected at different flow rates and
with various injector sizes to illustrate the jet trajectories.

Trace gas injection tests used carbon dioxide injected in crossfiow. Gas
samples were tzken through a system of probes. A rigid fastener was employed to
fix the pesition of the probes in the flow. Unused probes recessed into the
flow chamber walls in order to minimize flow disturbances. Gas samples were
obtained on a Cartesian grid of 45 data points at 4 different axial Tocations
downstream from the crossfiow injectors. An on-line, infrared analyzer was used
to determine the CO concentration in the gas samples. Contour maps were
prepared from these %ata, using linear interpolation between data points and a
weighted cubic spline techniqee to generate contour lines.

Laser Doppler anemometer measurements provided a means of obtaining non-
intrusive velocity data with a high degree of accuracy. LDA measurements were
made using a 100 m¥ argon-ion laser with TSI brand ertics and signal processors.
Axial velocity measurements were taken on a horizontal plane at the mixing
chamber centerline. Typically, 1000 Doppler bursts were used to determine the
average and rms velocity at a point in the flow. Since LDA systems reguire the
presence of small particles in the flow to determine velocity, fluidized-bed
feeders with micron-sized alumina particles were used to seed the flow.
F;iquency shifting and time-weighted averaging were employed to reduce LDA bias
effects.

Testing for the cold flow portion of this study has been completed, and

analysis of the test results is nearly completed. The results are discussed
below.

Flow Visualization Results - Photographs of smoke injected into the flow
chamber at differen% momentum ratios [J represents the ratio_of the momentum
flux in the jet (pu®)jet to the momentum flux in the duct (Puz)duct] are shown
in Figure II1.H-1. The pictures illustrate the defiection of the Jet plume which
took place as it was entrained in the free stream. The bending of the jets
occurred as a result of momentum exchange, with the free-stream fluid deflecting
the jets in the chamber axial direction. The top photograph illustrates the
flow patterns for a jet with a relatively low momentum ratio (J=10, d;=1.04 cm).
The crossflow jet penetrated only moderately into the duct before it was swept
in the chamber axial direction by the free stream. The jet and free-stream
fluids mixed locally, but the jet stayed relatively isolated from a iarge
portion of the main flow. Ferrell et al. (1985) reported that at a crossflow-
to-free-stream velocity ratio of 2, the lateral injection had an effect on only
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J=580, dj=1.04 cm, Re=2000

Figure ILLH-1. Photographs showing the eifsci of jet to free siream
momentum ratio on jet trajectory.

P
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the half of the flow chamber closest to the injection port. These flow
visualization tests tend to confirm that observatien.

At a2 higher momentum ratio (J=50, d;=1.04 cm), as shown in the center
nhotograph, the Jjet penetrated to about ‘)ihe centerline of the flow chamber.
This increased penetration caused the jet to interact with a greater portion of
the free-stream fluid, improving the cverall mixing rate.

At an even greater value of momentum ratio (J=390, d;=1.04 cm), as shown in
the bottom photograph, the jet had sufficient energy to impinge on the opposing
wail before being entrained in the free-stream flow. The jet was broken up at
the wall and mixing was further enhanced by this dispersion of the jet fluid.
This photograph also shows a small recirculaticnh 2zone which  formed just
upstream from the point where the jet plume impinged on the duct wall. This
recirculation zone formed as a result of the Jjet fluid being scattered
tangentialiy after hitting the wall. '

The effect of jet diameter (d;) at aboui constant mass flow rate en
peretration is illustrated in Figure Il.H-2. in the top photograph the jet
diameter is 0.48 cm, while in the middie and bottom pictures the diameters are
0.71 and 1.04 cm, respectively. Penetration of the jet into the duct is roughly
the same in all the cases shown, but the mementum ratios range from 225 down to
75. This suggests that a smaller jet bends more quickly at a given momentum
ratic than a larger one,

An analogy can be drawn between a jet in crossflow and a mechaaical
component under some load. Both size and stiffness of the component effect its
deflection. In the situation under consideration, the jet momentum can be
thought cf as the stiffness of the jet, while the diameter also plays a part in
how ezsily the jet can be turned by the free-stream flow. These two parameters
are somewhat coupled since, for a given mass flowrate, jet momentum is a
function of diameter.

Seversl previous researchers have developed empirical correlations to
describe the centerline trajectory of a jet injected ncrmal to another {low.
Letegen et 2i. {1987} performed a detailed analysis of the correlations
developed by 7 different studies and arrived at this cverall average:

036

y 043| X
Er [dj]

wnere x and y represent the chamber axial and radial distance, referenced from
the injcction point, d; is the jet diameter, and J is the jet-to-free-stream
mumentum ratio. This™ correlatiorn allows jet trajectory to be determined
similarly for any jet diameter in an unbounded main flow. Althcugh it is
difficult to ascertain the centerline location of a deflected turbulent jet,
tre trajectory of the smoke traces shown here are in qualitative agreement with
thic empirical correlation. This indicates that in a bounded flow the opposing
wall has 1ittle influence orn Jjet trajectory unless the jet has sufficient
energy tc impinge upon it. Kamotani and Gerber (1974) also observed that the



J=75, di=1.04 cm, Re=3000

Figure ILH-2. Photographs showing the effect of injector diametar
on jet trajectory.
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influence of confining walls was minimal for crossflow jets with insufficient
energy to penetrate the entire width of the flow chamber.

Mapping of Trace Gas Data - Contour mzps of trace gas mass fraction,
normalized by the well-mixed trace gas mass fraction, are presented to quantify
the mixing patterns of the cross-flow jets. MNormalizing with this method allows
the reiative stoichiometry of the flow chamber to be vicealized. Since the
tracer gas is used to represent sorbent injection, at a specific value of
overall sorbent-to-sulfur ratio, the unity contour represents the duct location
where that specific sorbent-to-sulfur ratio is achieved. A contour of 2
represents the duct location where twice the specific value exists. A contour
of 0.5 represents a duct Tocation where the specific sorbent-to-sulfur ratio is
one-haif of the specified value, and so on.

rigure II.H-3 shows ihe flow patterns associated with a single crossflow
injector at four axial locations. The jet-to-free-stream momentum ratio was
approximately 575 and Jet diameter was 6.71 cm. This momentum ratio was
sufficient to cause the jet to impinge on the opposite wall of the flow chamber.
Upon hitting the opposite wall, the jet fluid spread out aleng the duct walls,
and caused regions of high trace gas concentration 2t the lower part of the
chamber circumference. As the flow moved downstream, the jet and free-stream
fluids mixed through turbulent diffusion, and the mass fraction gradients
became Tess steep.

The mixing patterns for 3 jets spaced 120 degrees apart along the duct ’
circumference are shown in Figure II.H-4. The total volumetric jet flowrate was
the same as that shown for a single jet, but in this case the flow was spread
out over 3 injectors. The momentum ratio was therefore reduced, and with it the
Jjet penetration. However, the jets did have enough momentum to penetrate to
the center of the mixing chamber and interact with each other. The majority of
the jet fiuid was located in a circular region near the centerline, indicating
that the jets had impinged on each other. This circular pattern of jet fluid
was characteristic of all flow cases employing multiple cpposing injectors, with
the Jjets having sufficient energy to penetrate to the duct centerline. The
total penetration of the jets was curtailed by interaction with the opposing
flows. Mass fraction gradients were steep in the region of the injection
points, and the trace gas became less locally concentrated at downstream
locations as the flows mixed. Rathgerber and Becker (1977) observed that the
far downstream flowfield for a jet in crossflow was dominated by dispersion due
to pipe-flow turbulence. The mapping data ir this study agree that as distance
increases downstream from the crossflow injectors, the flow struciure beccmes
more typical of pipe flow.

The mixing patterns shown in Figure II.H-4 are not completely symmetric.
Fluid from the uppermost injector was dispersed aleng the jet path, rather than
being compietely concentrated near the centerline. This was attributed to
inequality in the dindividual jet flowrates, and to imperfections in the
injectors which may have caused additional turbulence and increased dispersion
of the jet plume.

iracer gas tests conducted at relatively Tow jet-to-free-stream momentum
ratios confirmed the observation that such fleas are slower to mix with the free
stream than fiows with sufficient eneray that they impinge either on an opposing
et or confining surface. In cases employing low momentum ratios, incieasing
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x/D=.250

0.71 cm

djz

125

J =575

Re = 3000

Figure ILH-3. Contours of trace gas mass fraction normalized by

the well-mixed mass fraction for a single injecior.
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the number of crossflow injectars was found to provide imoroved mixing of the

streams since the multiple injectors covared a larger portion of the free-strean
cross-section.

An interesting effect associated with free-stream Reynolds rnumber is
illustrated in Figure II.H-5. In this case, the free-stream Reynolds number
(Re=1500) was typical of laminar flow in z cylindrical chamber. Close to the
injection peint, the mixing patterns were similar to thosa seen at higher free-
stream Reynoids numbers. Hewever, as the jet fluid moved downstream, buoyancy
began to strongly affect the fluid behavior. The CO; used as a tracer gas was
approximately 1.5 times more dense than air at the same temperature. At x/D =

0.750, the flow was obviously Tlayered with the heavier carbon dioxide sinking
to the bottom of the duct.

O-serving relatively strong buoyancy forces was somewhat surprising since
gravitational effects are often neglected in flows of this type. Holdeman
(1582) reports that density effects are of secondary importance when jets are
injected in crossflow. Buoyancy effects were observed in all the flow cases
conducted with Reynolds numbers in the laminar regime. However, at Reynolds
numbers representative of transitional or turbulent flow, buoyancy effects were
not detected. The onset of turbulence, with the additicnal stresses and energy
dissipation it brings, disturbs the flow patterns sufficiently that buoyancy
effects can properly be neglected in turbulent flow for gases with densities
similar to those considered here. However, in laminar flow, even small density
gradients can have significant effects on flow hehavior. RBuoyancy effects have

received Tittle treatment in the literature, since most investigations are
conducted with turbulent flows.

The fact that buoyancy effects were present reveals that the predominant
flow structure, even with crossflow injection, was Tlaminar at low free-stream
Reynolds numbers. Although the flow was undoubtedly turbulent very close to the
injection ports, it became predocminantly laminar again at approximately 1 duct
radius downstream from the jets.

Buoyancy effects would be even more pronounced if the flow were actually
entraining sorbent particles. Since particle density is many times larger than
gas density, the particles would be stirongly influenced by gravity at Tow
Reynolds numbers. However, since most pulverized coal reactors are either up-

fired or down-fired and generally highly turbulent, buoyancy effects would
probably not be a concern when injecting sorbent.

Laser-Doppler Velocity Measurements - LDA data were obtained along a
horizontal plane at the main duct centerline. Data were obtained at the free-
stream inlet, anrd aiso in the mixing region to characterize velocity and
turbulence intensity profiles. Inlet information was obtained ss tnat data from
this study would be of use in validating comprehensive code predictions.

Velocity profiles measured at the mixing chamber inlet were typical of
fully-developed flow in a circular duct. Data taken at Re=1500 showed a
classical laminar profile, while data for Re=3000 and Re=450C showed velocity
profiles associated with transitional, and fully turbulent flow respectively.

Figure II.H-5 shows the velocity profiles obtained downstream from the
crassflow jets for cases employing 1 and 3 injectors at a free-stream Reynoids




Figure li.H-5. Contours of trace gas mass fraction normalized by
the well-mixed mass fraction for three injectors at
low free stream Reynalds number.
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number of 3000. For a single injector, the velocity slowly increased moving
away from the wali; hcwever, within absut 2 cm of the duct centeriine, the
veiocity was substantiaily reduced. With the jJjet confiquration used, the
crossfiow fluid passed directly through this region of reduced velocity. This
would indicate that the jet fluid caused an ebstruction in the flow. The free
stream fiuid was disturbed by the jet and forced around it. Thus, the region
of highest axial velocity straddled the duct cemteriine, where free stream fluid
accelerated around the obstruction caused by the crossflow. Comparison of the
LDA and tracer gas data for this case vreveals that this zcne of highest axial
velocity was cowposed almest entirely of fiuid from the free stream, with the
trace gas being concentrated in surrcunding regions.

These same patterns appear in the velecity profiles for the three injector
case. There is a “eg.on of Tower axiai vejocity, where the injected gases were
concentrated, and the velocity went through a meximum in areas not passed
ihrough by the jets, where trace gas mass fraction was low. For three
injectors, the drop in axial velocity near the walis was more pronounced than
for a single jet. Tracer gas data showed that, for a single jet, the jet fiuid
impinged on the opposing wall and spread aiong the duci circumference. This
spreading caused the flow near the chamber walls {o take on a more turbuient
character, as jet Tluid was entrained in the free stream, while for three
iniecters, the flow near the chamber wails was relatively undisturbed and

atained a velocity profile characteristic of transitional fiow.

Figure II.H-7 disp.ays the axial turbulence intensity measurements
obtained with the LDA for the flow cases being discussed (Re=3000, 1 and 3
jets). For a single injector, the plot shows that turbulence intensity was
highest at the duct centerline and near the chamber walls. Comparison of these
data with the velocity profiles and tracer gas maps, reveals that these regions
of high turbuience intensity were associated with entrainment of jet fiuid in
the ‘free steam, while the region of highest axial velocity, where free-stream
fluid accelerated around the jet, had a reiatively low turbuience intensity.
The turbulence intensity data are in agreement with the work of Crabb et aji.
(1881), who report turbulence intensities between 30 and 45 percent at an
equiva]ent downstream location from the injectors. The slightly higher
intensities reported here are attributed to somewhat noisy LDA measurements
rather than to 2 more turbulent fiow structure.

For three injectors, the tiurbuience intensity peaked near the duct
centerline where the concentration of jet fluid was highest. The turbulence
intensity was relatively Tow near the circumference of the duct, confirming the
earlier observation that this portion of the duct was re1at1ve]y undisturbed by
the crossfiow injection. .

LDA data taken at axial Tocations farther downstream from the injectien
points showed the same trends in velocity and turbuience intensity profiles.
Homever, the magnitude in the variations decreased with distance. The flow once
again took on protfiles associated with fully devel loped flow, 'rith the jet fluid
dispersed througheut the free-stream cross-section. . sassical duct-flow
turbulence became ‘the dominant flow structure in as littie as one duct radjus
downstream from the crossflow injecters, although complete dispersion of the
Jet Tluid required greater azxial distances.
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Standard UDeviation of Mass Fraction - Using standard statistical
techniques, the standard deviation of mass Sraction from the well-mixed value
was calculated from the tracer gas extracticn: at each axizl test location.
This calculation provided & measure of how w217 the flows were mixed at each
axial tast location, A deviation of zero wo.ld indicate compietaly well-mixed
flows.

Figure IT.H-8 illustrates the effect of jet diameter on mixing. The fiow
cases piotted had equal momentum ratios put differently sized injectors. A1l of
the flow cases plotted employad 3 injecters, and the jets had sufficient
momentum to penetrate to at leasi the center of the duct. The data show a
trend toward better mixing as jet diametar is decreased, indicating that a
smaller jet is more easily dispersed over the free-stream cross-section. Larger

Jjets tend to stay more grouped together than smaller jets, all cther conditions
peing equal. ‘

Standarc deviation data iliustrating the effect of the number of
injectors is plotted in Figure II.H-3. The total volumetric jot fiowrzte was
aqual in each of the cases plotted, and the rumber of injectors ranged from 1 to
4. A1l of the cases shown had sufficient energy for the injected fluid to
impinge on either the opposing wall or an ooposing jet plume. The data
variation in this case is very small, indicating that the number of iniectors is
relatively unimportant, providing that the jets have .sufficient energy to
impinge on a wail or another jst nlume. At iower jet momentum ratios,

increasing the number of jets provides increased dispersion of jet fluid over
the free-stream cross-section.

In summary, the mixing of a jet in crossflow was affected by the flow
parameters investigated in this study in the following ways: First, free-stream
Reyrioids number was found to be relatively insignificant to jet mixing patterns
providing that the flow was in the transitional or turbulent range. For laminar
flow cases, density gradients can play an important role in jet behavior.
Second, jet-to-main-flow momentum ratio was fcund to be the most important
variable affecting jet trajectory and dispersion. At high momentum ratios the
jet Las more energy relative to the free stream, and can penetrate deeper into
the main flow. Third, jet diameter was found to influence both jet trajectery
and mixing rate. Since orifice size affects the momentum ratio for a given
flowrate, jet diameter is important in its influence on mcmentum ratio. Also,
mixing rate increases as jet diameter decreases, since a smaller jet is more
2asily dispersed into the free stream. And fourth, the number of crossflow
injectors was found to be relatively unimportant, providing that the individual
jet momentum ratics arez high. For jets with low momentum ratios, increasing the

numper of jets provides areater dispersion of jet fluid over the free-stream
cross-section.

Conclusions - An analysis of the data obtained in this study has shown
that: 1) The trajectory of a round jet injected into a crossflow is a function
of Jjet diameter, and the jet-to-free-stream momentum ratic; 2) Confining
surtaces affect the jet irajectory cnly when the jet nas sufficient energy to
impinge on the opposing wall; 3) Mixing of free stream and crossfiow jet fluid
increases with distance dewnstream from the injection point, as the flows biend
throush turbulent diffusion. Far downstream from the injection ports, the flow
is dominated by pipe-flow turbulence; 4) Mixing of a Jjet injected into a
confined crossflow is enhanced when the jet has sufficient momentum to impinge
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on another jet, or on a confining surface; 5) Buoyancy has a strong invluence on
crossflow jet behavior at free-stream Reynoids numbers typical of laminar flow.
At higher Reynolds numbers, buoyancy effects are small; 6) The number of
crossflow injectors used is relatively wunimportant providing that the jet
momentum is sufficient to cause the jet{s) to impinge on a solid surface or
annther jet. =~ If jet momentum is not this high, incrzasing the number of
injectors provides greater dispersion of the jet fluid over the free-stream
cross-section; 7) Momentum ratic is the variable which most affects the

.penetraticn and mixing of crossflow jets; 8) Jet diameter influences both jet

trajectory and mixing. The trajectory influence is primarily associated with
the effect of jet diameter on the momentum raiio for a given flowrate. Smailer
Jets tend to be more easiiy dispersed into the free-stream fluid than jarger
Jets; 9) The areas of highest axial velocity downstream from the lateral
injection ports are associated with fluid from the free stream, which
accelerates around the obstruction caused by the crossflow; 10) Turbulence
intensity is highest in regicns where crossflow jet fiuid becomes entrained in
the free stream.

Corinonent 2 - laboratory-Scale Reactor Modificatisns

This subtask component is aimed at making the modifications recessary in
the BYU entrained-flow gasifier to conduct the sorbsnt injection tests carried
out under Componeni 3. These modifications included incorporating sorbent
injection ports and sight windews in the reactor shell. A sorbent feeder was
also designed and constructed. Mosi of the modifications were discussed in the
7tN Quarterly Progress Report.

Facility Modifications - Te ca-ry out the objective of this subtask,
several facility modifications were made and additional equipment was designed
and built. A1l modifications tec the faciiity were completed during the Jast
reporting period. Figure II.H-1C is a cross-saction of the BYU gasifier. This
Tigure shows the reacior section which was fabricated with two sight windows,
spaced 180 degrees apart, tc permit the use of an FTIR spectrometer. Aiso shown
in this figure is the modified rezctor section for the injection of sorbent.
Three 1injection ports were spaced evenly around the outer diameter of the
section. This sei-up allows for one or three injection ports to be used. A
pressurized rotary plate scrbent feeder (shown in Figure II.H-11) was designed
and buiit. Using the feeder and injector ports, sorbent was injected
independently from the cnai feed sysiem and at a lower temperature zone in the
reaction chamber. A flash drum was also designed, built, and integrated into
the scrubber system to prevent gases entrained in the quench water from being
carried into the sewer.

At the beginning and throughout the testing period, the faciiity required
a significart jJevel of maintenance to keep it operational. This involved
repiacing gaskets, thermocouples, tubing and fittings in addition to recasting
of the entire refractory liner.

Component 3 - Space-Resplved Sulfur and Nitrogen Poiiutant Measurements

This subtask is aimed at determining the effect of sulfur sorbent (CaCO3)
on the concentration of sulfur pollutants in the BYU entrained-flow coal
gasifier. The test plan called for sorbent to be beth injected into the middle
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of the reaction section of the gasifier and fed with the coal as 0,/coal ratios
and reactor pressures were varied for each of the test ccals.

Test Program - Approximately one metric ton each of Utah bitumincus,
I1linois Mz, 5 bituminous, Pocahontas No. 3 bituminous, and Alberta
subbituminous coal was obtaired and pulverized. These coals have z wide range
in their sulfur ccntents with weight percents of 0.45, 3.6, 0.64, and .07,
resneciively. As a source of sorbent, limestone containing 93.3% calcium

cartonate (CaC03) was cowvtained and pulverized to about 5 microns {mass mean
- diameter).

Many checkout and calibration tests were conducted during the lasti quarter
of the second year of the study to work out sroblems with the facility and
sample system. Once the facility was operational, tests with the Alberta
subbitumincus coal were conducted with the assistance of Gary Kovacik, a
visiting sciantist from the Alberta Research Council in Canada.

At the conciusion of thea Alberta test coals, Robert Carangelc of AFR
brought an FTIR spectrometer to BYU and instalied it on the gasifier. The new
reactor sectieon with the sight glasses provided opticai access (See Fig. II.H-
10;. Tests were then conducted with both the Utah and Aiberts ccals to obiair
FTIR spectral data, inciuding the gas and particie temperatures aleng the line
of sight through the reactor at the specified axial location. In the past, it
has not been passible to obtain reliable internal temperatures in the azsifier.
Knowiedge of gas and particle temperatures is important for evaluating the
comprehensive code anc pollutant submodel beirg developed under Subtasks 3.a and
2.f, respectively, and in understanding what is occurring in the gasifiar. The
spectral data are being anaiyzed by AFR.

Table II.H-1 contains a summary of the tesis that have been compieted or
ars presently being conducted. Most of the plannad tests have been completed.
Tests with and without sorbent have been completed for the Utah, Alberta,
Pocahontas and I1linois coals, and the mapping tesis with the Utah ccal are
currently being conducted. As these tests are completed, the gas and liquid
samples are analyzed to provide immediate feedback of what is occurring during
the test run. The gas and Tiquid analysis results are being combined with the
selids analysis results to provide required data. It wiil regquire the remainder
of this calendar year tc completa all of the remaining chemical analyses, to
evaluate all of the data, and to determine what effect the presence of the
sorbent had ¢n the formation of the sulfur pollutant species.

Plans

Analysis of the data for the sorbent mixing fluid mechanics will continue,
and a few additional tests may be considered. Maintenance of tke gasifier
facility will continue. The few remairing gasifier tests will be completsd
during the next month, and anaiysis of the tiest resuits will centinue.

Essentially a1l work on this subtask is expected to be completed during the next
quarter.




Tabie L. H-1 Summary of Conducted Tests with the BYU Entrained Flow Gasifier. 'g
' Utak Bituminous Coal
Test Canditions Scrbant Purpose
i-7 0.8 02/Cosl, 1 atm pressure No scrbent used Chackout tests
8-1C 0.8 02/Coai, § atm pressure No sorbent used Checkout tests
IR 0.5-0.2 O2/Ccal, 1 atm pressure Nc sorbent used FTIR tests
12 C.75. 0.8 02/Coal, 2 atm pressue Sorbent f2a with coal Test plan
i2 0.75, 9.9 02/Cozl, 4 atm pressure Sosbent {eg with ccal Test plan
14 0.75, 0.9 02/Cozl, 2 atm pressure Serbent injected (Hi rate) Test plan
18 0.75, 0.5 02/Coal, 4 atm pressure Sorbent injected {(Hi rate) Test plan
ig” 0.75, 0.2 0z/Ceal, 2 2tm pressure Sorbent injacted (Lo rate) Test plan
17 0.75, 9.8 02/Coal, 4 atm pressure Sorbent injected (Lo rate) Test plan
18" $.75 ©2/Ceal, 2 atm pressure Serbent injected Mapping
Aiberta Subbituminous Coal
Test Coenditions Sorbent Purpose
i 0.7 02/Co2l, 1 atm pressure No sorbent used Checkeut test
z 0.5-0.5 02/Coa!, 1 atm pressure No scrbent used FTIR tests
3 0.5-0.8 O2/Coal, 2 atm pressure No sorbent used Test plan
4 0.5-0.9 02/Cozl, 2 atm pressure Scorbent fed with cozal Test plan
Pocahcntas #3 Bituminous Coal
Test Cond:tions Sorbant Purpese
1 0.7 O2/Coal, 1 atm pressure Scroent fed with coza! Checkout test
2 0.75, 0.5 C2/Coal, 2 atm pressure Scrbent fed with ccal Test plan
3 0.75, 0.2 02/Coal, 2 atm pressure Sorbent injected Test plan
4 0.75, 0.8 O2/Coal, 4 atm pressure Sorbent injected Test plan
HHlinols #6 Bituminous Coai
Test Canditions Sorbent Purpose
1-3 0.7 O2/Cgqai, 1 atm pressure No sorbent used Checkout tests
4 0.75, 0.9 02/Coal, 2 atm pressure Sorbent fed with coal Test pian
5 0.75, 0.9 02/Ccal, 2 atm pressure Sorbent injected Test pian
6 0.75, 3.9 O2/Coal, 4 atm pressure Sorbent injected Test plan

" In precess of conduction of these tests.
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