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SECTION II. TASK 2. SUBMODEL DEVELOPMENT AND CVALUATION

Objectives

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

reactor and to validate tne submodels by comparison with laboratory scale
experiments.,

Task Qutline

The develgpment of advanced submodels for tne entrained-be¢ and fixed-bed
reactor models will be arganized into the followiny categories: a) Coal Chemistry
(including coal pyrolysis cnemistry, char formation, particle mass transfer,
particle thermal properties, and particle physical behavior); b) Char Reaction
Chemistry at high pressure; c) Secondary Reactions of Pyrolysis Products {1nciuding
gas-phase cracking, soot formation, ignition, char burnout, sulfur capture, and
tar/yas reactions); d) Ash Physics and Chemistry (including mineral
characterization, evolution of volatile, molten and dry particie components, and
ash tusion benavior); e) Large Coal Particle Effects (including temperature,
composition, and pressure gradients and secondary reactions within the particle,
and the physical affects of meitiny, ayylomeration, bubbie formation and bubnle
transport; f) Large Char Particle Effects (includiny oxidation); g) SUyx-NOy
Submodel Development {including the evolution and oxidation of sulfur and nitrogen
species); and n) SO, and NJ, Model Evaluation.
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II.A. SUBTASK 2.a. - COAL TO CHAR CHEMISTRY SUBMODEL DEVELOPMENT AND EVALUATION

Senior Investigator - David G. Hamblen
Advanced Fuel Research, Inc.
87 Church Street, East Hartford, CT 06108
(203) 528-9806

Objective

The objective of-this subtask is to develop and evaluate, by comparison with
laboratory experiments, an integrated and compatible submodel to describe the
organic chemistry and physical changes occurring during the transformation from
coal to char in coal conversion processes. Many of the data and some computer
codes for this submodel are available, so it is expected that a complete integrated
code will be developed during Phase I. Improvements in accuracy and efficiency
will be pursued during Phase II.

Accomplishments

Cnaracterization by FT-IR, TGA and pyrolysis experiments were carried out on
most of the Argonne coal samples, both in bulk and in the glass ampoules. A

_Rosebud subbituminous coal was also characterized. A study was initiated on the

effects of minerals on reactivity by demineralization of the samples using acid
treatments. Samples in which alkali metals were removed by ion-exchange methods
also being investigated. Work was done on mass transfer effects in consultation
with E.M. Suubery. The literature search on transport properties during pyrolysis
was completed and presented inthe Second Quarterly Report. To model pyrolysis data
for low neating rate experiments, the <internal mass transfer resistance to tar
escape must be included. A simple model of tar transport was developed and
successfully tested. The FG and DVC models are being moditied so that the
chemistry of the bridge breaking and crosslinking in the DVC model is completely
consistent with the chemistry of gas formation in the FG model. The combined
FG/DVC model has been installed on a Sun workstation and programming has been
initiated to yraphically present the output data. Work was initiated on computing
the optical properties of particles during the coal to char transformations.

Coal Characterization

Characterization of the coal samples for this proyram was performed by
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quantitative FT-IR analysis, pyrolysis, and char reactivity. Analyses were run on
ampoules of Aryonne samples 1-7 and Y, listed in Tables Il.A-1 and }l1.A-2. Also
six jars containing bulk samples of coal were received from the Arygonne National
Laboratory for coals 1,2,4-7. Due to the broad particle distribution, each jar was
well mixed and a small representative sample was removed, handground and sieved to
obtain tne 200 x 325 mesn fractions. Additional samples of these six coals were
obtained from BYU after grinding.

been obtained from METC.

For Rosebud subbituminous coal, samples have
Bulk samples of the Beulah lignite were obtained from
UNDERC. Bulk samples of I1linois #6 have been ordered from the lliinois State
Geoloyical Survey. Measurements have been made on
demineralized in HC1 and HF.

raw coals and coals

Quantitative FT-IR Analysis

The coal samples were subjected to FT-IR analysis using approximately 1 mg of

dry ground sample in approximately 3U0 mg of alkali nhalide. To obtain optical

properties for the coals, (sl pelliets were prepared in addition to the KBr

pellets. Fiyures I1.A-la and 1b - I1.A-9a and 9b show the dry uncorrected KBr and

Csl p21let spectra for the nine coals. Seven of the spectra are for bulk samples

and tvo are for ampoule samples. In general, the pbulk and ampoule samdles are

quite similar as shown in Figs. II.A-10 to II.A-16. The exception is the Upper
Knawha wnich nas a much higner mineral concentration in the bulk sample.

To obtain quantitative functional group and mineral matter data, a spectral
synthesis routine was applied to the dry mineral matter and baseline corrected
spectra (see Figs. Il.A-lc -I].A-9c). The organic functional group data are shown
in Tables [1.A-3 and I[.A-4 for bulk and ampoule samples, respectively. Tables

I1.A-5 and 1I.A-6 list the mineral matter data for the bulk and ampoule samples,

respectively. The two sets of samples are similar except for the Upper Freeport

and Pittsburgh No. 8 where the bulk samples are poorer in hydrogen and the Upper
Knawha in which the bulk sample has a higher clay and quartz content.

Pyrolysis in Thermogravimetric Analyzer (TGA)

Pyrolysis experiments on the ampoule and bulk samples were performed using the
TGA. With a Ny flow of 400 cc/min and a No purge flow of 40 cc/min, the coal

particle temperatures reached 900°C with heating rates of 30°C/min. Plots of the

TGA pyrolysis rurs are shown in Figs. II.A-17 - II.A-21. The bulk samples and
ampoules are similar except for some differences in moisture and mineral content
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Table II.A.L

AFR/BYU Program Coal Samples

Coal Name Rank Mine/Location Source
1. Upper Freeport Medium Pennsylvania ANL
Volatile
Bituminous
2. Wyod=k Subbituminous Wyoming ANL
3. Illinois #6 High Volsiile Macoupin, Illinois ANL
Bituminous
4. Pittsburgh #8 High Volatile Washington, Penn. ANL
Bituminous
5. Pocahontas #3 Low Volatile Virginia ANL
Bituminous
6. Utah Blind Canyon High Volatile ‘Utah ANL
Bituminous
7. Upper Knawha Médium Eastern, WV ANL
Volatile
Bituminous
9. Zap Lignite Mercer, N. Dakota UND
10. Rosebud Subbituminous Montana METC
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TABLE II.A-2

ELEMENTAL COMPOSITION (MAF)

COAL NAME c H 9 S* ASH*
1. Upper Freeport (UF) 87 5.5 4 2.8 i3
2. Hyodak (WY) 74 5.1 19 0.5 8
3. Illinois #6 (I11. #6) 77 5.7 10 5.4 16
4. Pittsburgh #8 (Pitt #8) B3 5.8 8 1.5 9
5. Pocahontas #3 (Poc #3) 9l 4.7 3 0.9 5
6. Utah Blind Canycn (UT) 79 6.0 13 0.5 5
7. Upper Knawha (WV) 81 5.5 11 U.6 20
9, North Dakota (Zap) 73 5.3 21 0.8 6

10. Rosebud 72.1 4.7 20.3 1.2 10

* Dry Basis
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Figure ILLA-1. FT-IR Spectra of Bulk Upper Freeport Bituminous Ccal.
a) KBr, b) CSI, and c¢) KBr Pellet, Mineral Matter Corrected.
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Figure ILI.A-2. FT-IR Specta of Bulk Wyodak Subbituminous Coal.

a) KBr, b) CSI, and c) KBr Pellet, Mineral Matter Corrected.
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FT-IR Spectra of Bulk Illinois #6 Bituminous Coal.
a) KBr, b) CSI, and c¢) KBr Pellet, Mineral Matter Corrected.
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Figure II.A-5. FT-IR Spectra of Bulk Pocahontas Bituminous Coal.

a) KBr, b) CSI, and c) KBr Peliet, Mineral Matter Corrected.
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Figure I1.A-6. FT-IR Spectra of Bulk Blind Canyon Bituminous Coal.

a) KBr, b) CSI, and ¢) KBr Pellet, Mineral Matter Corrected.
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Figure ILA-7. FT-IR Spectra of Bulk Upper Knawha Bituminous Coal.
a) XBr, b) CSI, and ¢) KBr Pellet. Mineral Matter Corrected.
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Figure ILA-8. FT-IR Spectra of Bulk Zap North Dakota Lignite.
a) KBr, b) CSI, and ¢) KBr Pellet, Mineral Matter Corrected.
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Figure II.A-9. FT-IR Spectra of Bulk Montana Rosebud Subbtuminous
Coal. a) KBr, b) CSI, and c) KBr Pellet, Mineral Matter Corrected.
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Figure I1.A-10. Dry Uncorrected FT-IR Spectra of Upper Freeport
Bituminous Coal. a) Bulk Sample and b) Ampoule Sample.
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Figure II.A-11. Dry Uncorrected FT-IR Spectra of Wyodak
Subbituminous Coal. a) Bulk Sample and b) Ampoule Sample.
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Figure II.A-12. Dry Uncorrected FT-IR Spectra of Pittsburgh Seam #8
Bituminous Coal. a) Bulk Sample and b) Ampoule Sample.
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Figure ILA-13 Dry Uncorrected FT-IR Spectra of Pocabontas #3
Bituminous Coal. a) Bulk Sample and b) Ampoule Sample.
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Figure IL.A-14. Dry Uncorrected FT-IR Spectra of Utah Blind Canyon
Bituminous Coal. a) Bulk Sample and b) Ampoule Sample.

- 25 =

L

4000 3600 3200 2800 2400 2000 1600 1200 800 400
WAVENUMBERS

000 1600 1200 800 400




1.05+

990+

J15-

60

45

.30

A5+

.00

by
=)
g

o
?

ABSORBANCE

4
g

.60+

A5+

.50

154

00

b

T T T ] ¥ 1 T 1

4000 3600 3200 2800 2400 2000 1600 1200 200 400

WAVENUMBERS

¥

¥ ¥ 1 L 1 T 1

4000 3600 3200 2800 2400 2000 1600 1200 800 400

WAVENUMBERS

Figure IL.A-15. Dry Uncorrected FT-IR Spectra of Upper Knawha
Bitumninous Coal. a) Bulk Sample and b) Ampoule Sample.
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Dry Uncorrected FT-IR Spectra of Beulah Zap Lignite.

a) Bulk Sample and b) Ampoule Sample.
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Table ILA-3

Data on Bulk Coals (weight Percent dmmi)*

Hydropgen Aromatic Hydropen Carbon Cinbonyl Oxygen
Sample I H Hm,.. ... 1/ 1Ad]  2Adj Jor C v Units O O (g
al oh ai tolal ar’ lolal More al (Abs. x em ) oh ctho
Ul 2.84 0.14 1.59 4.57 0.356 0.50 0.59 0.50 18.93 1.69 243 IRy
wy 310 034 1.74 5.18 0.34 051 078 0.42 - 20.67 26.65 5.50 4.53
. PITTHs 3.02 0.11 1.57 4,70 0.33 0.54 0.63 0.40 20.13 8.38 1.75 1.44
®
t POC#3 1.96 0.13 219 4.28 0.51 0.68 0.75 0.76 13.06 1.09 2.06 0.40
uT 465 020 -1.96 6.81 0.29 052 089 0.55  381.00 1117 3.25 4.00
wy 3.77 019 1.59 5.55 0.29 - 2613 7.35 3.09 2.18
ZAP 2.31 0.33 1.66 4.30 0.39 0.50 0.69 0.46 15.40 25,54 H.25 5.5
ROSEBUD 279 0.45 1.62 1,86 0.33 0.18 0.71 0.43 18.60 26.64 7.22 6.31

* Except Carbonyl: Relative Peak Area




- 62 =

Table I1.A4
Data on Ampoule Samples (weight Percent dmmf)*

Sample Hy,  Hop  Hyge Hggg Hy,J/ Hptal 1AdI 2Ad’ 3«3& Cal oy {'_\bIsJJ_."‘)ict:m -1 Oo{: Octhcr
UF 343 011 208 562 037 066 071 071 9987 0.63 1.75 0.75
wYy 303 033 178 509 034 052 078 043 2030 23.86 5 o5 5.0
ILL#6 341 023 207 67 036 069 078 060 2273 4.48 975 2.25
PITT#8 360 016 207 583 036 067 08 060  24.00 0.86 95 1.88
POCH3 197 006 219 422 052  0.60 0.;13' 086 1393 1.92 10 1.25
UT 479 016 190 685 028 051 080 058 3.9 8.70 a5 4.0
WV 348 023 212 583 036 067 067 079 2320 3.59 375 1.75
ZAP 202 034 158 394 040 046 074 037 1347 24.67 55 5.0

||||||||||

* Except Carbonyl: Relative Penk Area




Table H.A-5
Data on Bulk Coals (dry weight percent)

Minerals
Sample Mixed Quartz Calcite Kzolin Total
Clay

UF 2.06 0.86 1.98 2.63 14,53
WY 552 1.34 0.59 12,00 745
PITT#8 5.65 0.64 1.49 290 10.68
POC#3 19 0.53 3.88 0.45 9.76
[8if ) 331 0.48 2.23 0.24 6.26
WV. 2140 4.79 1.08 8.4 35.71
ZAP 2.48 0.69 0.93 0.79 4.88
ROSEBUD 342 1.00 1.92 2.51 8.86
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Table H.A-6

Data on Ampoule Samples (dry weight percent)

Minerals
Sample Mixed Quartz Calcite Kaolin Total
Clay

UF 10.40 0.93 2.97 3.60 17.90
WY 257 0.75 1.04 213 6.48
ILL#6 8.50 2.26 3.98 2.99 17.02
PITT#8 774 1.00 2.01 979 1347
POC#3 408 0 4.83 0.99 1011
UT 2.90 012 2.40 017 559
WV 15.50 1.24 1.46 774 25.95
ZAP 2.36 0.73 1.38 071 518
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Figure ILA-17. Pyrolysis of a) Upper Freeport Bituminous Coal and
b) Wyodak Subbituminous Coal in TGA at 30°C/min in N2. Solid, Dashed,

. and Dotted Lines Represent Bulk, Ampoule and Demineralized Samples,
Respectively. '
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Figure I1.A-18. Pyrolysis of a) Illinois #6 Bituminous Coal and
b) Pittsburgh Seam Bituminous Coal in TGA at 30°C/min in N2. Solid,

Dashed, and Dotted Lines Represent Bulk, Ampoule and Deminerzlized
Samples, Respectively.
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Figure ILA-19. Pyrolysis of a) Pocahontas #3 Bituminous Coal and

b) Utah Blind Canyon Bituminous Coal in TGA at 30°C/min in N2. Solig,
Dashed, and Dotted Lines Represent Bulk, Ampoule and Demineralized
Samples, Respectively.
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Figure I1.A-20. Pyrolysis of a) Upper Knawha Bituminous Coal and
b) Zap North Dakota Lignite in TGA at 30°C/min in N2. Solid, Dashed, and

Dotted Lines Represent Bulk, Ampoule and Demineralized Samples,
Respectively.
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Figure IL.A-21. Pyrolysis of Upper Montana Rosebud Subbituminous
Coal in TGA at 30°C/min in. N2. Solid, Dashed, and Dotted Lines Represent
Bulk, Ampoule and Demineralized Samples, Respectively.
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for Wyodak, Upper Knawha, and North Dakota (Zap) lignite.

Char Reactivity in TGA

The reactions of chars prepared from both raw and demineralized coals were
measured. Tne cnars were prepared by pyrolysis as descriped above. The char
reactivity measurements were made by employiny a non-isothermal technique using the
TGA. With an air flow of 40 cc/min and a Ny purge flow of 40 cc/min, the samples
were heated at a rate of 30°C/min until 900°C was reacned. Tne resulting critical
temperatures (defined as tne temperature at which the derivative of the weight loss
reaches U.11 weiygnt fraction/min) are listed in Table 1[.A-7 and are also plotted
in Fig. I1.A-22 as functions of oxygen in the parent coal.

Figure I[I.A-22a compares the bulk and ampoule samples. There 1s ygocd
ayreement between the two and the trend is an increase in reactivity (decreasiny

Ter) with increasing oxygen.

Figure [1.A-22b compares the raw bulk samples with the demineralized samples.
The reactivities shcw interesting trends. Above 15% 0p, the ash content of the

coal dominates the char reactivity, increasing the char's reactivity (lower T.p)

compared to the demineraiized samples. The reason for this increase appears to be

the catalytic activity of the crganically bound alkali metals as wiil be discussed
in Section Il.d. Below 10% Up, the raw coals have a Tower reactivity (higher T..)
than the demineralized samples. The reason for this is not known and
investigated.

is being

Deterninétion of Percent Ash

Ash percent values ascertained through three different analytical techniques
are listed in Table Il.A-8. Tne values are in good agreement for the Aryonne
ampoule samples. These samples (excluding Montana sample) which were from amber
borosilicate glass ampoules flame sealed under nitrogen were subjected to x-ray
analysis, TGA analysis and Argonne's proximate analysis. There is more scatter for
the bulk samples and the Montana Rosebud subbituminous which were not as well
nomogenized as the Argonne ampoule samples, The ash in the buik sample of the

upper Knawha coal 1is much higher than in the ampoules.
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Table ILA-7,
Data on Char Reactivity
0-900°C N2 Char
Wt. % Oxygen in Demineralized

Abbrevinti 3ot Ampoules Bulk Sample Bulk Sample

Conl Name tion Rank l%rgil&zdmcngil(%% T SiAsh  Ton e -y

1. Upper Freeport UF Medium Volatile 4 644 1381 64 11.63 513 1.93
Bituminous

2, Wyodak wY Subbituminous 19 436 8.07 440 1113 503 040

8. Illinois #6 ILL High Volatile 10 619 16.02 - -
: Bituminous

& 4, Pittsburgh #8 PITT High Volatile 8 686 9.61 600 9.01 542 1.44
| Bituminous

6. Pocahontas #3 POC Low Volatile 3 607 610 6l 4.83 664 -
Bituminous

6. Utah Blind Canyon UT High Volatile 13 627 445 528 4.68 516 0.80
Bituminous

7. Upper Knawha wv Medium Volatile 11 b29 1949 b4 26.44 498 1.24
Bituminous

g, North Dakota ZAP Lignite pa | 443 8.98 434 7.64 550 0.26

10. Rosebud Subbituminous 20 - - 478 14.72 508 347

*HFYHCL demineralized.
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Table ILA-8. Ash in Dry Weight Percent

Analysis Upper Wyodak Ilinois Pittsburgh Pocohontas UtahBlind Upper NorthDakota Montana

Type Freeport No.6 No.8 No.3 Canyon Knawha  Lignite Rosebud
TGA Ampoule 1381  8.07 15.02 9.61 5.00 4.45 1949 8.98 e
TGA Bulk 1163 1113 -- 9.01 4.83 4.68 26.44 7.54 14.72
X-Ray 1249 9.02 16.14 8.51 4.40 3.41 21.48 9.60 12.33
Ampoule
Argonne 1316 895 17.76 9.44 4,90 4.68 19.81 6.53 -
Proximate

(ampoule)
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Pyrolysis in Entrained Flow Reactor (EFR)

The 200 x 325 mesh sieved fractions of 6 of the Argonne coals were pyrolyzed
in the entrained flow reactor. The coals were vacuum dried 4t 1U5°C for 1 nour
prior to the pyrolysis runs. The coal was fed at rates of 1 1/2 - 2 ¢4/min with a

Np carrier. Particle residence time was approximately (.66 seconds with the

injector neiyht position adjusted to 24" and the furnace operated at 14UU°C,

1100°C, and 700°C. The gas analyses were performed using two analytical
tecnniques: 1) FT-IR calidration proyram dand 2} Gas Chromatograpn.

The data are presented in Tables 11.A-9 to I!.A-11. The data are plotted for
gach coal as a function of temperature 1n Figs. II.A-23 to I[l.A-28. The yields
show the expected dependence on temperature. These data, as well as data from the

TG-FTIR will be mocdeled using the FG/DVC model during the next year.

FG/DVC Model Development

The combined Functional Group (FG) and Devo]ati]iz'ation, Vaporization, and
Crosslinking {(DVC) model developed under METC Contract No. DE-ACZ21-85MC220%0 is
being improved for application to this program. The FG/DVC model predicts the time
and temperature evolution of tar, char, and gases in pyrolysis including:

® Gas (composition and concentration)

® Tar (yield, elemental composition, functional group concentration,
molecular weight aistribution)

. Char (yield, elemental composition, functicnal group concentration,
extract yield, crosslink density, and viscosity)

A comprenensive description of the model has been prepared for publication,
Tnis manuscript is included as Appendix A. The improvements made under the current

program are described below.

Mass Transport Limitations

- During the past year, work was performed on the mass transport within the
particle. Tnis improvement was requires, Since when comparing the predictions of
the model to available data it was found that tar yields were overpredicted when

devolatilization occurred at low temperatures. This was observed for eitnher low

neating rate experiments (Seric .et al., 1987) or experiments with rapid hea.ing to
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Table ILA-9,
Pyrolysis in the Entrained Flow Reactor in Nitrogen at 700°C, 24"
Values in Ash Free Weight Percent.

ATFR/BYU Run # 19 20 21 2 23 ks
Species Upper F Upper Knawha Pittsburgh #8 Wyodsk - Pocahomtas#3  Utah Blind Canyon

Char 64.88 66.95 57.49 59.56 80.64 54.8
Tar & Soot 22.07 17.22 30.5 13,09 10.29 25.8
Gas 5.85 6.95 7.44 13.46 3.83 13.62
H0 6.68 3.62 5.96 2.27 2.1 95
Missing 53 6.27 1.4 11.62 2.52 4.83
CH, 92 678 1.1 .696 .784 1.25
co 122 449 506 ' 2.44 118 1.04
Hy 0 0 0 0 0 0
002 .408 1.16 331 4,82 81 3.47
CoH,, 021 002 ,006 007 14x104 0.1
CyHy 372 2n 433 452 .095 628
CyH, 373 169 393 198 .201 .66
CgHg 305 591 589 703 106 .83
CgHg 002 609 217 406 338 24
CS,y 145 107 108 134 074 .07
S0y 024 0 014 01 0 .01
HCN* .094 0 0 0 0 12
Paraffins 1.93 217 2.46 1.73 1.09 3.54
Olefins 1.57 744 1.32 177 .208 1.77

* HCN values not included in gas totals or missing totals.




Table I1LA-10.
Pyrolysis in the Entrained Flow Reactor in Nitrogen at 1100°C, 24",
Values in Ash I'ree Weight Percent.

AFIVBYU Run # 10 11 12 13
Species UpperFrecport  Wyodnk  Upper Freeport  Upper Knawhn  Utah Blind Canyon
Char 52.50 43.16 52.14 56.62 40.94
Tar & Soot 21.65 m 16.59 14.35 13.40
Gas 25.99 40.14 24.94 21.49 39.28
H20 1.73 285 3.40 5.64 7.02
Missing .1.88 6.14 2,93 2.60 -.64
CH, 437 1.86 4.01 3.80 5.34
€O 5.46 12.27 5.40 4.16 885
Hg 1.38 99 1.22 11 15
COy 1.91 9.29 2.02 1.02 6.07
CoHy 149 2.09 1.21 13 2.01
CoHy 1.95 227 1.76 1.84 284
CoHg .005 .006 009 15 05
CaHg 15 24 15 20 24
CgHg 3.32 5.26 3.45 3.23 3.97
CS, 18 24 25 14 164
S0y .03 012 029 002
HCN® 2.16 1.49 1.93 1.36 2.98
Paraffins 56 Ad 59 .83 55
Olefins 3.05 3.66 2.89 3.26 4.68

14

Nk T

R I L T Y ]

18
Pittsburgh 48 Pocahontas #3
47.9i """""" 73.50
91 84 11.69
28 62 1417
458 3.58
.2.95 -2.94
555 3.23
6.04 1.82
1.21 1.04
1.62 1.03
1.06 1.23
2.29 96
08 .08
25 06
3.98 2.08
16 1.097
.018
2.07 10
61 33
1.68 1.51

« HCN values not included in gas totals or missing totals.




Table ILA-11.
Pyrolysis in the Entrained Flow Reactor in Mitrogen at 1400°C, 24"
Values in Ash Free Weight Percent

AFR/BYU Run # 1 2 . 3 4 6 6 8 9
Species Pocahontas #3  Pocahontas #3  Upper Knawha  Wyodak Upper Freeport  Utah Blind Wyodak Pittsburgh #8
) ) Ro-run of Run #1 : Canyon  Re-run of Run #4

Char 70.03 7019 51.22 44.82 46.64 35.24 42.82 37.38
Tar & Soot 13.64 13.22 20.05 15.54 25.85 28.52 13.44 29.75
Gas 14.22 15.34 2228 43.0 21.91 33.49 4518 30.64
H0 .68 2.23 1.37 2.40 .64 .85 1.46 1.80
Missing 1.23 -99 5.08 -3.36 4.94 1.90 -2.90 43
CHy 24 19 16 .16 4 .28 A1 19

Cco 7.21 8.27 16.80 30.25 12.95 22.72 31.12 1892

Hg 4.38 411 422 417 4.55 519 4.0 4.82
CO, 49 10 1.80 5.75 1.28 1.42 6.74 1.96
CoH,y 1.83 . 1.87 03 2.36 2.59 3.72 2.59 4.33
CoH,4 .56 5 .04 06 .04 .05 12 054 10
CoHy 1.73x10° 02 486x10° ol 01 634x107 001 - 2.91x 1073
C3Hg 03 01 02 04 .03 03 01 114x102
CgHg 01 01 01 01 01 01 006 125x 102
082 . 08 17 17 20 26 11 183 .28
S0y .00 01 01 01 .01 .01 .009 1.11x1072
HCN* 2,22 2.20 3.96 3.30 4.36 5.65 3.56 5.54
Pﬂmﬂ‘inf; 0 109 0 0 0 0 .06 .00
Olefins 0 0 0 0 0 .03 0 .07

* HCN values not included in gas totals or missing totals,
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Residence Time was Approximately 0.66 Seconds.
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relatively low temperatures (fong et al., 1936). As discussed below, it appears
that the lower yields were the result of the additional transport
within tha particle.

limitations

The original model considers external transport from the particle surface to
<he bulk yas 1s by vaporization and diffusion through a gas boundary layer. The
model of Unger and Suuberg (1981) was originally employed. Tne modifiec expressica
for the vaporization law of Suuberg et al. (198>) is now used to replace that 1in

the original model. The rate of evolution per gram ot coal (dnj/dt)ET of oligomers
of molecular weight Mj is yiven by

(dnj/dt)gT = (3/rd P)rDy X (P3/RT) (11.A-1)

where r 1is the particle radius and ro 1s the inttial partial radius, P 1s the
particle density,‘XJ is the mole fraction of species of molecular weight M; in the
metaplast, Pf is the vapor pressure for oligomars of molecular weight MJ, B3 is the

diffusivity of ~species of molecular weight MJ, R 1s the gas constant and T is the
particle temperature.

For softening coals, tnis limitation can be: 1) the transit of bubbles
containing tar from the interior of the particle to the surface: ii) the transport
of tars within the liquid to the bubble; iii) the stirring action of the bubbdle.

In tne apsence of sufficient information to accurately model these processes,
the assumption was made that tars are carried out of the particle in the light
devolatilizaticn products (Solomon et al., 1Y37a) which exit the coal via bubbdles
or pores. The upper limit for this process is achieved if the heavier tars are at
their equilibrium vapor pressure in tne light gases. Then the rate ot transport is
proportional to the volume of 1light yases evolved which in turn is inversely
proportional to the pressure within the particle P, + AP, where Po 1s the ambient
pressure and AP is tne averaye pressure difference in the particle. Then,

(dnj/at)yy = PSXj D (dni/dt)chen 1 (11.A-2)

1ight products Po + AP

where (dnj/dt)IT is the internal ‘transport rate per gram of coa! for tar component

Je zz dni/dt)chem IS the rate of production per gram of coal of component i
light products

summed over all gas and tar species with molecular weight less than 300 amu. Pj
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is the equilibrium vapor pressure for component j (given by Suuberg et al., 1985)
and }(j is the mole fraction of component j in the metaplast. For the highly fluid
Pittsburgh Seam bituminous coal, we have considered the upper limit to this rate
where Py > > AP. Then all the terms in Eq. II.A-2 can be determined by the
combined FG-DVC model. AP 1is proportional to the coal's viscosity and so, will
become important for less fluid coals. It is also important when P, is smail.

The effective rate for tar transport (dnj/dt)gpp is calculated by assuming
that the resistances to internal and external transport occur in series,

l/(dnj/dt)EFF = 1/(dny/dt) 17 + 1/{dnj/dt)gT (II.A-3)

The model has been compared to the data of Fong et al. (1986). Fiyure Il.A-2Y
compares the results of the model with and without internal transport. The dashed
line in Fig. I1.A-29 shows the predicted yield in the absence of internal transport
limitations. The predicted ultimate yield 1is clearly too high. The data suyygest
that the low yields are not a resuit of unbroken bonds (which would result from a
lower bond breaking rate), since the extractable yields at low temperatures are

equivalent to those at the higher temperatures. The low yields thus appear to be a
result of an additional transport limitation.

The solid line employs the internal transport equation {Eq. IL.A-2). There is
good ayreement between theory and experiment for the ultimate yieid with no
adjustable parameters.

Improved Model Integration

Work was also done on further integrating the FG and DVC models so that the
chemistry of the bridge breaking and crosslinking in the DVC model is compietely
consistent with the chemistry of gas formatien in the FG model. Previously, the
comaunication between the two models was restricted to: 1) the relationship of
crosstinking with COp and CHg evolution, 2) keeping track of the amount of
donatable hydrogen which limits tar evolution. For example, a modification was
made to correct the tar molecular weight for the loss of functional groups due to
gas evolution.

Viscosity Model

A model for the coal's or char's viscosity is being developed based on the
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molecular weight distribution and functional group concentrations in the coal and
char determined, in the FG/0VC model. The viscosity is important since the change
in pore morphology (or swelling of the coal) is a balance between the gas evolution
(which supplies the prezsure to drive changes in the pore boundaries) and the
viscosity (which supplies the resistance to change). The char‘s morphology is
important in gasification since it affects mass transport of volatiles out of, and
reactive gases into the particle. Swelliny affects the coal's aerodynamics and
radiative heat transfer processes. The chars morphology also affects its eventual
fragmentation which determines the reactivity at the final phase of gasification
and the ash size distribution.

High temperature coal in the fluid state can be considered as a two phase,
solid~in-1iquid material. The overall model that we use to predict the viscosity
of the fluid employs two calculations. We first describe the viscosity of the
l1yuid "matrix", and then use a simplé relationsnip employing the volume fraction
of the liquid to predict the fluid viscosity (the “solids" model).

. Measurements - Fong (1986) has measured viscosity of bituminous coal, in-situ,
during 1its pyrolysis 1in an dinert atmospnere. The viscosity as a function of
pyrolysis time has been reported for different time-temperature histories. The
coal used was Pittsburgh Seam dituminous coal, the properties of which are yiven in
Table II.A-12.

Fong's viscosity data are used to compare with the results of the viscosity
model calculations. A problem in making this comparison is that the transport
resistance calculated in the FG/DVC model is only for a single particle. In Fong's
viscosity apparatus, the resistance to volatile evolution will be nigher than that’
considered in the model. The apparatus is illustrated in Fig. I1.A-30. Volatile
products are released throughout the 1.93 x 1.35 cm test volume. These volatiles
must transit through the bed and exit through the space around the rotating shaft
in the center of the apparatus. An additional resistance must therefore, be added
to Eq. I1.A-3 to describe this system. In addition, the ambient pressure inside
the apparatus will be higher than outside so that the P, in Eq. II.A-2 and in the
calculation of D; in Eq. II.A-2 must be adjusted accordingly. In the initial phase
of this work, the additional resistance is treated as an adjustable factor & which

. multiples the resistance' in Eq. II.A-3.

Model Description - Liquid Viscosity - The model developed by van Krevelen

{i976) to estimate the viscosity of polymer liquid by group contribution methods
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Table I1.A-12.
Characteristics of Pittsburgh Seam No. 8 High Volatile
Bituminous Cozal

Proximate Analysis (wt%, dry basis)

+

Moisture 14

Ash 115
Volatile Matter 39.4
Fixed Carbon 491

+ as received

Ultimate Analysis (wi%, dry basis)

Carbon 68.8
Hydrogen 49
Nitrogen 1.3
Sulfur 54
Oxygen 8.2
Ash i1.5

Particle Size Range: 83-75 microns
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was used to describe the viscosity of the jiquid component of high temperature coeal

melts. wvan Krevelen considered the factors influencing the resistance to molecules
sliding past one another. These factors include: 1) the average molecular weight
of the molecules, Mavg, 2) their functional group composition (which effects tne

forces between molecules), 3) tne temperature (wnich provides tne molecular motion

which help overcome local energy barriers), 4) a structure parameter for the

moiecules, a critical molecular weignt Mcr, Which describes the weight above which
molecules become entanygled.

in van krevelen's model, the newtonian viscosity is dependent on the critical
molecular weight (Mc.) of the polymer, the averaye molecular weight of the polymer

Tiguid (M,) and the newtonian viscosity at the critical molecular weight { 7..).
The following equations from van Krevelen (1976) define the newtonian viscosity.

log Mg = loy Mcp + 3.4 log (MM if [, > Mcp (11.A-5)
Tog Mg = log M -log (Mcp/i,) 1f My < Mcr (11.A-5)
My = 20N; M/ 2 NiMy (11.A-6)

Ni 1s the numder of molecules of molecular weight, Mi. 1oy M.~(T) is determined at
any temperature from the correlation (ygiven by van Krevelen, 1976) as a set of
curves of Men(T)/ Mep (1.2 Tg) versus Tg/T wWith A as a parameter, where Tg (the
ylass transition temperature) and A are defined below. The set of curves are given
in Fig. II.A-31. Mer (1.2 Tg) is defined by the following equation

log 7er (1.2 Tg) = €, (o) <0.052 - 8.5 x 10-5 Tg> - 1.4 (11.A-7)

Tg

A is given by:

A= Ep () (11.A-8)
2.3 Rig

The glass transition temperature ig (in K) 1s calculated by group contribution
methods

Z"i Ygi (11.A-9)
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where ng is the group contribuition to the molar giass transition function (K
*g/mol), ny is the numoer of moles of functional group 1 in the repeating unit ana

M is the molecular weight of the repeating unit,

In Eg. 1l.A-7, E77 {ec) is the activation energy for viscous flow wnere
T > Tg, and is calculated by group contrisution methods wnich consider a number
of tunctional ygrouws (van Kreveien, 1376)

iy () - (Hn )3 (11.A-10)
M J
Hp = zn,- Hp 1 (11.A-11)

1‘

Hy g is the group contribution to the molar yiscosity temperature function
(g-J1/3 mo]"4/3) and R 1s the ygas constant (J/ mole/K).

Tne critical molacular weight of the polymer is cefined as

Mcr = 169/(Kg )2 (11.A-12)
KQ 1s the unperturded viscosity coefticient and is given by

Kg K2/M2 (11.A-13)

K is the molar limiting viscosity number function and 1s detined as

K = zn,-K,- +6.21 (11.A-14)

where Ki are contributions of specific functional groups to the molar limiting

viscosity number function and 7 is the number of backbone atoms per structural
unit (van Krevelen, 1976).

It can be seen that the liquid viscosity model requires as input tne
functional group make-up, and the average molecular weiyht of tne 1iquid, as well

as the temperature. AFR's FG/DVC model is used to supply the necessary parameters,
as described below.

Modifications to Viscosity Model for Coal - The Pittsburgh Seam No. 8 coal has

veen used tor a variety of pyrolysis studgies at AFR and the functional group
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composition and the various parameters reeded for the combined FG/DVC model have
bean determined By modeling tne experimental data published by Fong (1986) and
various otnher investigators. The details can be found 1in the most recent
publication on tne combined FG/DVC model, entitied "A General Model of Coal
Devolatilization” by Solomon et al. (1987) (Appendix A).

The functional yroup composition and the structure parameters of the FG/DVC
model were used to determine the parameters of the viscosity model. The model as
presented by van Krevelen yave excellent agreement with the experimental results
for tne "leading edge" of the viéccsity versus time curves, This is the
tenperature at which the viscosity drops in response to the bond breaking process.
It did not do so well in predicting the value of the viscosity minimum, or the
subseguent resolidification., Part of this disagreement is in the ditterence
between tne transport resistance in the model and that appropriate for the
measurements. The measurements have added transport resistance in the bed and an
unknown pressure, which increases due to a constriction limiting the flux of
evolved gas from the sampie chamber, Part of tne ditficuity could also I1e in the
viscosity model, as it was not designed to take into account the effect of
crosslinking which occurs in the repolymerization of the melt. It is possible tnat
the FG/DVC model, also, yave rise to a part of the discrepancy.

A number of moditications to the model and parameters have been made
initially to fit the data. These are expected to change as additional data is
considered and more experience is yained. The initial set of parameters used, as
well as the final optimized parameters, are given in Table II.A-13. The followiny
assumptions or modifications made to van Krevelen's model were employed in the
final version of our model.

Tne first assumption is the definition of the liquid fraction in the liquid
solid mixture. We assume coal liquid 15 formed of oliyomers of molecular weiyht
less than 3000. This cut off on molecular weight has been used to define the
pyridine extractable material in the model, and it describes the formation and
destruction of pyridine extractables very well when compared to the experimental
data reported by Fong (1986). The pyridine extractable material is believed to
form the coal 1iquid during coal pyrolysis (Oh, 1985). This limit is expected to
be temperature dependent, a property not yet included in the model.

A modification was made to the +temperature dependence of the viscosity
(Fiy. Il.A-3l). The reason for this 1is that the experimental viscosity data
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Tabie I1.A-13. Parameters of Viscocity Model

Independent Parameter Initial* Final
En () J/mole 40981 58000
Tg . °K 3149 314.9
M¢; , g/mole 2219 2000

*calculated from the functional group composition and structural
parameters of FG-DVC model

Calculated Parameters** Initial Final
log T\C r(1 2 Tg) 1.8839 9.3613
A 6.82 9.6483

** they are calculated from the independent parameters
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reported by Fony (1986) showed that the viscosity went through the same value of
minimum viscosity when heated at 450 K/s to final temperatures of 826 K, 874 K,
936 K, and 1032 K. The initial drop in viscosity to its minimum also traced the
same curve. This suggests that tnere exists a maximum temperature Tg,x, above
wnich the viscosity is temperature independent. This temperature has to be below
826 K. A value of 773 K (500°C) for Tyax (below which Fiy. II.A-31 applies and
above which 7 .(T) = 7.(773)) was found tc describe this type of behavior of
viscosity. There 1is Justification for this modification of the model. The
correlation of van Krevelen was obtained under conditions in which the molecules
are stable (i.e., thz2y do not pyrolyze). Under conditions similar to those used
nere, values of activation eneryy for the temperature dependence of viscosity have
been reported for carbonaceous pitch by Nazem (1980) and for H-coal liquids by Chao
(1979). Both investigators found that the activation eneryy concept was valid in a
very narrow region at Tow temperatures. As the temperature increases, the
activation eneryy decreases. ©Dh, (1985) in her model of ligquid viscosity, has
employed 2 temperature dependence of the melt viscosity only at Tlow temperatures
.(< 723 K) to explain melting of pre-existiny metaplast.

A second modification was made to change the molecular weight dependence of
viscosity (Egs. II.A-4 and II.A-B). The weight average molecular weight of
extractables decreases as the bond breaking proyresses duriny pyrolysis. This
decreases tne viscosity of the coal liguid, as observed. When the crosslinking
reactions take place, the high molecular weight oligomers are crossiinked with a
higher probability, as they have mere crosslink sites. The effect of this on the
model, when the liguid cut off is at 300U AMY is to reduce the amount of coal
ligquid (extractables) and to reduce the average molecular weight of the coal
liquid. In reality, the liquid cut off should increase with temperature. The
molecular weiynt dependence of the viscosity of the coal liguid is very sensitive
to the molecular weight and hence this artitact of the model causes the viscosity
to decrease with increasing crosslinking under certain conditions of pyrolysis.
The experimental data does not show this kind of behavior. Hence a minimum in the
weighted average molecular weight of the coal liquid was used. The value chosen
was 1000 gm/ymole. Any reduction in the weighted av--age molecular weight below
this value was due to an artifact of the model, and was not used to calculate the
molecular weight dependency of viscosity. This modification may not be necessary

.if a temperature dependent ligquid cutoff is employed.

A tnird moiification is that the value of E77 (o) (Eq. I1.A-10) was employed
as an adjustable parameter.

(<€)
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Solids Model - As described above, van Krevelen (1976) nas given a procedure

to estimate the viscosity of polymer (iguids from their chemical composition ang
structures. rong (lvso) has measured tne viscosity of a bituminous coal duriny
its pyrolysis. The measured viscosity is ror a solid/liquid mixture witn some yas
pockets., Hence a solids wodel is needed to predict tne melt viscosity. The
viscosity of a solid/1i4quid mixture that we use nere is defined as

Hmix = M = T (@) ([1.A-15)

where fioni. 1S tne viscosity of solid/liquid mixture, X L S the liquid viscosity
and f( @) is a function defining tre solids concentration dependence on viscosity
(relative fluidity) and ¢ is the ligquid content of the mixture (volume Fraction).
Frankel and Acrivos (iv6/) have proposed an ejuation which is valid where tne
concentration af solids in the mixture is nigyh as expected for coal. Tpeir
asymptotic solution (@0) tor f(¢) is

fF(d) = /¢ {11.A-16)

Tnis was used in tne model tnat descripes the viscosity of the coal melt mixture.
deight fraction instead of volume fraction was used due to absence of Jdensity data.

A sumnary comparing van Krevelen's model with AFR's inoditied model s
presented in Table II.C-14.

Model Results - A comparison of tne results of the viscosity model (solid
curve) with the experiimental data (dotted lines) measured by Fong (1986) is shown

in Figs. [I.A-32 to I[.A-34. In Fig. I[.A-32a-c, the data and .odel results are

Jiven wnere coal 1s neated at constant neating rates of 75 160 and d»0 K/s=1,
respectively. Tne modgel predictions are presented for @ =1 and o = 5. The model

with @ = | predicts the temperature at which the viscosity starts decreasing and
tne winiium value of viscosity reasonably weil. Tnese Jata were used to choose a
value of E77(°°) = 58000 J/mole (see Table II1.A-13).

In Fiy. TI.A-33a-d, the data and model resuits are yiven where coal is heated

at constant heatiny rate of 450 K/s'1 to different final temperatures. The final

tetiperature is kept constant once it is reached. Tne model predicts the initial

arop in viscosity to the minimum value reasonably well. The rise in viscosity due

to crosslinking 1s not predicted very well at low temperatures. Ine same proplen




Table ILA-14. Viscosity Model

Variable van Krevelen AFR
(polymer melt) two phase,'coal melt
MAV log N, =logn. + 3.4log (M cr ). Mcr < MAV

log ng=logn _ -log M, /Myy) M, >M,y

Functional T'l fE F.G, T) _ E
Group (FG) A Als fixed
'. Tg, giass tranmtlon temperature Tg
Temperature Semi empirical Aexp (B, /RT) T<T
"master’ curves Aexp (En RT max) T>Tmax
Structure M er Mcr
13!
Two Phase No Mg = ——
%1

an
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Figure ILA-32. Viscosity vs. Time for Pyrolysis at Constant Heating
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Figure I1.A-34. Viscosity as a Function of Time for Pyrolysis at
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pccurs with the extract yields at low temperatures (see Appendix A), and is under
investigyation.

In Fig. 11.A-34, the data and model results are yiven where coal 1s neatad &t
664 /s to LU30 K after wnich the temperature 1s kept constant. The model rasults
(solid curves) are shown for &= 1 and &= 5. From the model results, it can be
seen tnat the plastic period is increased by increasing the value of &, put the
curve describing the rise in viscosity with crosslinking slopes less steeply. The
experimental data show a tarye plastic period but also a stezp slope of rise of
viscosity with crosslinking. Tnis is an &spect ot the experimental apparatus used
by Fong to measure viscosity which the current model 1is not able to describe
effectively using a hiyh value of ¢ . Further investigation in this reyard is in
proyress wnere pressure 1n the Fony's apparatus is modeled as Tollows: 1) pressure
rises due to volatile evolution from tne coal; 2) pressure drops aue to escape of
volatiles trom the experimental chamber through the yaps between the rotdling snatt
and 1its bearing. The results of this investigation w.1] be reported in a
subseguent report. '

The combined iodel was brought up on our new SUN 3/50 and 3/260 workstations,
In addition, software was d2veloped for simultaneously presenting various outputs
of the wmodel in the different "windows" of the workstation.

Emissivity

In gasification, the determination of spectral emitténce is important for two
reasons. First, knowledye of the spectral emittance is necessary tor tne
measurement of particle temperatures. Second, the spectral emittance or the
en1ssivity (the average emittance over wavelength) must be known to calculate the
rate of particle heat up, and the power radiated by the particle durinyg combustion.

We have recently developed a new method ftor on-line, in-situ monitering of
particle streams to determine their spectral emittance, chemical composition, size,
and temperature (Best, et al., 1986, Solomon, et al., 1985, Best et al., 1884,
solomon ot al., 1986a, 19d6b, 1y86¢ and 149387b). The technigue uses a Fourier

Transform Infrared (FT-IR) spectrometer to perform both emission and transmission -

(E/T) spectroscopy fur a stream of yas suspended particles.

The technigue has been applied to measure spectral emittance of coal.
Heasurements on a variety of samples show that coal of pulverized particle size is
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not gray, having values of emittance near 0.9 for some regions of the spectrum, but

values substantially less thnan 0.9 in many regions. The spectral emittance is

dependent on rank, particle size, and the extent of pyrolysis, approaching a

ray-body +Tor chars, anthracite, and large articles. Recent measurements
gray Y ye p

(Solomon, et al., 19870) show that pulverized coal particles of the size used 1in

entrained yasification undergo a traensition from highly non-ygray coal to highly
Jray char ( € = 0.9;, and finally to moderately gray char {€=0.7 to 0.8). An
example of the non-yray to yray transition 1s illustrated 1in Fig. I1.A-3> which
shows the raclance per unit surface area from char particles. Here a gray body

with € = U.9 would emit at tne theoretical lines marked BB (883), etc. The char 1s

least gray at low temperatures, but increases in grayness as the temperature (and
exposure time) increases.

To provide understanding oi this process and to develop a predictive theory
for tne emissivily as a tunction ot particle size, rank and extent of pyrolysis, a
theoretical analysis has been performed of emissivity during th: coal

to char
transformaiion. Emissivities were calculated using the trequeacy dependent complex
index of refraction, m = n, - ik, , from the standard equations of electromagnetic

tneory. For spnerical particles these calculations can be pertormed using Mie

theory {(Bohren and Huffman, 1983).

The property of coal whicnh determines its non-gray behavior and its variations
with rank 1is primarily the imaginary part of the index of refraction, kv. As
discussed in (Seolomon et al., 1986b, 1986d, Solomon et al., 1987b), ny and k, can
be determined trom tne infrared spectra of coal and chars prepared in both K3r and
CSI peliets. 1In Fig. [I.A-36 are KBr pellet spectra recorded for chars of a Zap
North Dakota lignite wn aiffering states of pyrolysis, formed in the heated tube
reactor (Best et al., 1986) at an asymptotic tube temperature of 800°C. The
1200-1600 cm~! region is one in which scattering is small in the pellet spectra, so
the absorption coefficient can be accurately determined trom these data. At
nigher frequencies (wavenumbers) the determination is less accurate when only KBr
pellet spectra are empioyed, and in tnis case only provide rouyh estimates of k.

In Fig. I1.A-37 we have plotted (open circles) an average value of k in the
1200 to 1600 cm-l region measured from the char spectra (Fig. [1.A-3b), as a
function of distance, D, traveled in the tube reactor. 'Here, the extent of
pyrolysis increases monotonically with increase in D. Also plotted is the value

for k at 2000 wavenumbers (closed circle in Fiy. 1I1.A-37a) and k at the ebscrbance
minimum near 1500 cm~l (squares).
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Taking a constent value of 1.6 for the real part of the index of refraction,
n, we have used the Mie Theory program (Bohren anc Huffman, 1983) to calculate tne
emittance of particles of different size, and different k values (Fig. LI.A-37bj.

Using Figs. II.A-37a and 1[.A-37D it car Dpe seen that tor all states of
pyrolysis, the value of k determined for the chars in the region between 1200 and

1600 cm~l are such that the value of the emiti .ace, €, is constant and is within
10% of 1.05 for particle diameter, d, yreater tha. 20 um. The actual value deperds
sligntly on particle size, but is practically independent of pyrolysis state. This

1s Tne reyion wnich nas been used tor temperature measurements.

At 2000 cm~l the values of €, for coals are particle size dependent and

significantly less than unity for small particle sizes. As can be seen in Fig.

I1.A-37b, any increase in k with extent of pyrolysis will affect €, at 2000 em-1,
Tne estimated values of k at zJ00 cm~l ,r the chars of Fig. II.A-36 suggest that
€ fora b0 micron particle increases from 0.6 - 0.7 to a value of 1.0 auring
pyrolysis. This 1is in reasonable agreement with the observed emittance in Fig.

11.A-35 wnich are for comparable conditions to those for which the chars were
obtained.

There 1s & stage in pyrolysis beyond which €,1n tne 1200 to 16U0 an-1 region
starts to vary. Tnis occurs when the coal starts to graphitize and both the real
and imaginary parts of the complex index of refraction (m, = n, * ikv) start to
increase. In Fiy. [I.A-38 we display contour plots of emittance in the n-k plane
tor 35 wm diameter spheres. That part of the figure which contains the n and k
values appropriate to coals in the infrared region of the spectrum 1S shown cross-
natched, on the left hand side of the figure. The region for graphite is cross-
hatched on the upper right nand side of the figure. During pyrolysis, the
emittance in the 1200 to 1600 cm~1l region (<here k=0.1) drops from a value greater

than 1, towards the value for graphite. In other regions ot the spectrum where k

0.01, €, first increases and then decreases as k increases i. Qur experimental
observations suggest that for residence time on the orcer of 1 sec, n and k
increase significantly only above 1000°C, and it is above this temperature thatev
is observed to decrease. For a nighly grapnitized cnarevcan be as low as U.7.

Besides the calculation of the emissivity, the MIE theory progyram can be used
to calculate the total extinction cross section FB.
thne transmittance,vb

FS determines the shape of
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Ty = exp(-NA FLL)

where M, A and L are tne particle number densitly, particle areea znd path
through the particle stream, respectively.

lenyih

Some calculations of FB are presented in Fig. [1.A-39. In Fig. Il.A-3Ya we
snow calzulations of Fg Tor a Nicolet 7199 F7-1R, using tne optical constants we

nave derived tor & Montana subbituminous coel (Soiomon et al., 1926a,. The Nicole:

7199 FT-IR spec:-ometer, with & 4" diameter, Y.5" focal length collection mirror,

nas a semi-cone ecceptance angle of 17° wnich was used for tne caiculations in

Fig. II.A-39a. Iz car be seen that Fg is a smooth function of wavenumber, even

though k cnanges substantially across the spectrum. For swelling coals, FE must

De measured at each tenperature because it varies with perticle size. Indeed, the

shape of tne FE spectrum ras been made the basis for 2 method of particle size
determination (Solomon et al., 1927b). Tne chape of Fs can, however, be deterinined

trom measurement with tne use of the above eguétion. For particies above 43 u.

c¢iametar, FE at 6500 cm~l s relatively insensizive to size, peing equal to 1.1 +
U.1u. Tne tenperature measurement can tneretore be made on Swelliny coals as well.

Tne sensitivity of the spectral shape of Fg to particle size distribution
makes tne measured Fg spectra yseful monitors of the size distripution. Particle
break-up, or swelling can be easily detected.

Plans

Continue characterization and pyrolysis of coals.

Pertorm reactivity
experiments on ion-exchanged coals.

Improve and compare the FG/DVC model with

data. Continue development of the viscosity model. Devise experiments to test

internal and external mass transport submodels of combined FG/DVC model by doing
experiments under pressure.
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I1.B. SUBTASK 2.b. -- FUNDAMENTAL HIGH-PRESSURE
REACTION RATE DATA

Senior Investigators -- Geoffrey J. Germane and Angus U. Blackham

Brigham Young University

Provo, Utah 845C2
(801) 378-238% and /[801) 272.582%

Objectives

The overall objectives of this subtask are 1) to measure and correla‘e
fundamental reaction rate coefficients for pulverized coal char particles as
2 function of char burnout in oxygen at high temperature and 2) to provide
fundamental kinetic rate measurements of sulfur species with sorbents for a
range of stoichiometries under laminar, high-pressure conditions.

The specific cbjectives for the first-year reporting period inciuda:

1. Organize the interdisciplinary research team.
Review appropriate literature in pertinent areas.

3. Survey existing high pressure reactors in preparation for the
design of a high pressure reactor for this study.

4. Develop elements of the experimental test plan for the char
cxidation and sulfur capture studies.

5. Design the hic™ pressure reactor and support systems.

Accomplishments

Four components of this subtask have bee: identified to accomplish the
objectives outlined above: 1) char preparation at high temperature and high
pressure, 2) determination of the kinetics of char-oxygen reactions at high
prassure, 3) design and construction of a laminar-flow high pressure

reactor, and 4) measurements of fundamental sulfur capture rates by
sorbents.




Component i -- Char Preparation at High Temperature and Hich Pressure

Utah bituminous coal has been selected as the first coal for study
under this program because of the availability of this coal at the BYU
Combustion Laboratory and its inclusion as one of the coals in the Argonne
Premium Coal Sample Bank and in the PETC Coal Sample Bank. Char will be
prepared by two methods: 1) wutilization of the BYU high-pressure,
enirained-flow gasifier at a pressure between 10 and 20 atm and above 1700 K
to produce a relatively large amount of char, and 2) passing the coal
through a hot ceramic tube (approximately 1 cm in diameter) at pressures
between 1 and 20 atm and above 1700 K to produce small quantities of char.
When the high-pressure reactor for this project is completed, it will be
used to prepare char from this same coal under similar conditions. The
properties of the samples obtained from these procedures will be measured to
icantify any significant differences, even though the temperatures and
pressures of the procedures are to be neariy the same. If no significant
differences are observed, then the most convenient char preparation
procedura will be used for the remaining four coals. Because these chars
will contain residual sulfur, some of them will also be used in the sorbent
capture studies.

A trial char preparation run using Utah coal in *he BYU high-pressure
gasitier is planned for next quarter. The objective is to obtain sufficient
char so that size fractioning will give two samples--about 500 grams of 45
mm average particie size and 500 grams of 70 mm average particle size.
These particle sizes will enable comparison with char oxidation measurements
at atmispheric pressure planned for a separately funded study in the BYU
Combustion Laboratory. Another char preparation approach with this coal
planned for the next quarter involves passing pulverized coal samples of up
to ten grams through a hot ceramic tube at high- pressure 2z
high-temperature, entrained in nitrcgen. The resulting char will alsc be
fractionated into samples of 45 and 70 mm average particle size.

!
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Component 2 -- Kinetics of Char-Oxygen Reactions ar High Pressure

Oxidation of pulverized coals and their residual chars in oxygen at
elavated pressuras is important in several processes of jinterest to METC.
coal-fired gas turbines may operate at high pressure with excess oxygen. In
entrained gasification there is some evidence that direct oxygen attack on

residual char occurs early in the reaction process before the oxygen is

consumed (Brown and Smoot, 1986). However, little work in high pressure

oxygen atmospheres is reported or is in progress. Present emphasis in other
METC-funded work deals with high pressure reaction of coals and chars with
steam and CO;. Low pressure data cannot necessarily be extrapolated to high

pressure because of the complex interaction of intrinsic kinetics with heat
and mass transport.

The proposed program schedule indicates the completion of the char
oxidation studies and the sulfur/nitrogen sorbent studies for pulverized
coals by October 1989 (the end of the third year). Since the focus of these
studies is high-pressure, a reactor capable of functioning at 400 psi (27
atmospheres) 1is Dbeing constructed. For the determination of kinetic
paramaters, data taken at atmcspheric pressure will be included. These data

will be obtained with an atmospheric pressure reactor under separate

funding. The three coals used for the other study are the same ccals
proposed in this study: a Utah bituminous coal, a North Dakota lignite, and
a Wyoming subbituminous coai. Two additional coals for this study will be

specified during the next year.

Literature Review -- Though many studies have been conducted to examine
the kinetics of coal and char reactions for a variety of operating
conditions, the majority of these have been at atmospheric pressure
(Nsakala, et.al., 1978; Maloney and Jenkins, 1984; Kobayashi, et. al., 1977;
Solomor, et.al., 1982; Tsai and Scaroni, 1984; Badzioch and Hawksley, 1370).
The high-pressure studies avail.ble in the literature were conducted with
stationary char particles; none of the tests used laminar flow furnaces.
Tha changes in grain size and tar formation with variation in pressure,
heating rate, and temperature were investigated by van Heek et al. (13984).
The tests were performed using a wire maesh in a pressure chamber. Anthony




et al. (1976) used a similar test facility and discovered that the volatiles
yield increased significantly with decreased pressure for a bituminous coal.
Tamhankar et al. (1984) and Sears et. al. (1985) used a TGA apparatus to
find that higher pressures reduced the extent of pyrolysis but at higher
temperatures there was less pressure dependence on char reactivity.

Char Reactivity Measurements. The experimental plan for char
reactivity is based on a simple model (Smoot wid Smith, 1984) of diffusion
rate and surface reaction rate. The diffusion rate, rd, is given by

Ty =npkmAp(cob' Cos) (II.B-1)

where np is the number of particles, kp is the mass transfer coefficient, Ap
is the particle surface area, and Cop and Cgs are the bulk and surface
concentrations of the oxidizer, respectively. The reaction rate, rg, is
given by
n
rk=nperos Ap (I1.B-2)

where ng is the reaction order and k. is an Arrhenius reaction rate
constant, given by

()
k. =Ae Rl (11.8-3)
where Tp is the particle temperature.
The overall reaction rate, r,, is then expressed as
1 1 1
PP SR I11.B-4
% T4 oY ( )

The model identifies five quantities that need to be measured in order
to determine reaction rates: particle size, mass, and temperature as
functions of time at a given pressure and oxidizer concentration.

In situ optical measurements will provide particle temperatures,
diameters, and velocities and particle mass loss will be determined from the

- 80 -




amount of titanium in the ash. Pressure and oxidizer concentrations will be
determined by the experimental conditions. Elemental and proximate
analysis, N BET surface area, and scanning electron micrograph measurements
will characterize the composition, surface area, and porosity of the char.

Tests will be conducted with chars from five different coals, under the
conditions shown in Table II.B-1, to determine, for example, the effect of

pressure on the specific reaction rate constants, the char oxidation
reaction order, and on diffusion.

TABLE I1.B-1
TEST CONDITIONS FOR CHAR OXIDATION MEASUREMENTS

Reactor Condition Ranges

Temperature 1300-1700 X
Pressure 1-27 atm
Residence time 20-150 ms
Particle size 45-70 mm
Gas composition 1) air

2) 07 (5-20%, COp (15-35%)
Ho0 (10-45%), N, (balance)

Compenent 3 -- High-Pressure Reactor Design and Fabrication
Experimental Plan

A literature review of char oxidation ard sulfur capture by sorbents at
high pressure was conducted to find suitable models to predict char
oxidation rates and sorbent behavior, and to determine the current knowledge
in both areas to assist in developing the experimental plans for the char

oxidation and sulfur capture studies, which would be expected to influence
some reactor design parameters.

The design of the high pressure reactor and optical instrumentation for
particle temperature, size and velocity measurements is essentially
complete. Specific plans for char preparation at high pressure in an
entrained-flow coal gasifier have been made, and the previously proposed




experiments for char preparation, char oxidation kinetics, and sorbent
capture of SOx at high pressures adequately summarize the present plan.

Literature Survey -- A great deal of literature is available on
atmospheric-pressure, drop-tube furnaces (Field, 1969; Badzioch and
Hawksley, 1970; Nsakala, et al., 1977; Scaroni, et al., 1981; Solomon, et
al., 1982; Seeker, et al., 1980; Baum and Street, 1971; Kobayashi, et al.,
1977; Maloney and Jenkins, 1984) but considerably less is available for
high-pressure reactors. Requests for information to those who operate high-
pressurz, laminar-flow reactors have been received to date from AFR
(Solomon, 1985), METC (Bissett, 1985), and MIT (Bush, 1980).

The AFR reactor (high pressure) operates at up to 14 atm pressure and
1923 K. The entire reactor is enclosed in a pressure containment vessel
that allows no optical access. The total gaseous effluent from a test run
is collected in a tank for later analysis. The particle residence time is 5
seconds. '

The METC high pressure facility also has long residence times, ranging
from 2 to 10 se.onds. It operates up to 60 atm pressure and 1650 X. Coal
particles and preheated gases are turbulently mixed before the flow becomes

laminar. The reactor is used for coal devolatilization and gasification
studies.

MIT’s reactor operates at 7 atm and 1273 K. No optical access is
provided but the wali heaters are divided into zones in order to control the
axial temperature profile. Particle residence times are less than 1 second.
Although the facility is operated at only atmospheric pressure, gquartz

observation ports allow in situ particle velocity measurements (Kobayashi,
et al., 1977).

Flaxman and Hallett (1987) have discussed the importance of the flow
field through the reactor. [low visualization studies were conducted to
explore the effects of different flow straighteners, Reynolds numbers, and
primary-to-secondary gas flow ratios. Maloney (1984) stressed the importance
of accurate characterization of the flow field and showed that discrepancies
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between the results of different researchers was primarily due to poor
approximations of particie residence time.

Performance Requirements -- The experimental plan requires that the
reactor operate in a temperature range of 1300-1700 K and a pressure range
of 1-27 atm. In order to determine accurate reaction rates, the temperature
profile along the length of the reaction tube must remain isothermal. The
reactor inlet is the most critical location, since incoming particles need

to reach reactor temperature and oxygen concentration as rapidly as
possible.

Residence times ranging from 1-1000 ms must be obtained while
maintaining laminar flow. The mass flowrate of gas must be considerably
greater than that of the particles to ensure that any changes in local
temperature or gas composition caused by particle reactions will be
insignificaint. Experiments will help determine the range of flowrates
necessary to achieve this. Particles will be fed into the reactor at a
coenstant but adjustable rate of less than 0.5 g/min. The char particles
will range from 20-100 um and the sorbents are about 1 um in diameter.

In situ measurements of temperature, particle size, and velocity
necessitate optical access to the reaction tube. This access must allow two
orthogonal lines of sight through the reactor in a plane perpendicular to
the centerline of the tube. The optical instrumentation also reguires a
particle leading no greater than 0.5 g/min. Direct sampling of the reacting
particle is also required. The particle must be quenched and withdrawn from
the reactor just after it passes through the optical volume.

Pressure Vessel -- A flow diagram for the entire system and a diagram
of the preliminary reactor vessel are shown in Figures II.B-1 and 2,
respactively. Particles are fed with the primary cas through the injector,
which is moveable to allow adjustment of axial particle inlet location in
order to vary particle residence times. The honeycomb, ceramic flow
straightener, fastened to the end of the injector, keeps the injector at the
centerline of the reaction tube and ensures laminar flow of the secondary
gas. The secondary gas flows into the top, where it is preheated before
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f1ow1hg into the reaction tube. The primary and secondary flows mix in the
reaction tube, initiating the particle reaction. Wall heaters maintain an
isothermal temperature profile. Holes in the reaction tube wall and quartz
windows on the outer shell allow opticai measurement of the particles as
they flow through the ciagrostic volume. The collection probe collects the
entire mass flow and quenches the particle reaction directly following the
optical access. The particles are then captured either in a filter or by a
cyclone, while the remaining gases are collected in the sample tank.

The vessel consists of three parts: the top section that contains. the
preheater and injector seal; the center section that houses the reaction
tube, wall heaters, and optical heaters; and the Tlower section that
contains the collection probe seal and supports the insulation. The outer
wall of the vessel is 1.3 cm thick stainless steel pipe about 30 cm in
diameter, which gives a safety factor of 2 for the most severe operating
conditions (27 atm pressure and 530 K wall temperature). The wall is lined
with 10 cm of ceramic insulation that provides support for the wall heaters
along its 1inner diameter. The insulation in the center section is
removeable to allow insertion of the wall heaters.

A plexiglass model of the reactor was constructed to study the flow
field (see Figure II.B-3). The main concern was the flow in the vicinity of
the reaction tube optical holes. Experiments showed that there was
significant flow through these holes at higher pressures. Similar flow in
the test reactor would lead to inaccurate results. It was determined that
the volume surrounding the reaction tube must be isolated from the sacondary
gas. A simple ceramic seal between the top and center sections forms a dead
space between the reaction tube and wall heaters. This seal prevents flow
of the secondary gas down past the heaters and into the reaction tube
through the optical holes. Since the pressure difference between the dead
space and reacting flow is small, only small forces are exerted on the
reaction tube.

The reactor design allows the use of reaction tubes from 1 to 5 cm

indiameter. This is necessary to achieve the wide range of times at the
conditions called for in the experimental plan. The reactor can also be
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lengthened to increase residence time by adding an extension section between
the top and center sections and installing a longer reaction tube. The
extension section is similar to the center section with wall heaters but no
optical access ports. Quartz windows provide optical access through the
vessel wall while containing the internal reactor pressure. The access wali
and flanges are water-cooled to ensure that the quartz remains below 475 K.
Both the injector and collection probe are positioned by water-cooled 0-ring
pressure seals in the reactor shell.

Materials -- The choice of high temperature materials is important in
two areas of the reactor: the insulation and reaction tube. A standard
cast mullite reaction tube will be used. It will withstand high

temperatures with no reaction with the gases flowing through it, and the
thermal shock of a cooled probe or injecticn tube. The optical access ports
will be machined at Brigham Young University. A Tow value of thermal
conductivity for high temperature insulation materizls can allow the cutside
reactor casing to be cooled by free convection and still be cool enough so
that the optical access will not be effected. The insulation also must be
compatible with the electric heaters. A fibrous alumina insulation was
found which has a very low thermal conductivity, and is strong and rigid
enough to support the required heating elements.

Heating System -- Several types of heating systems were avaiiabie that
would attain the temperatures needed for this reazctor. These inciuded
electric resistance heaters, induction or resistance-heated graphite, and
backfired heaters. The heating system needs to provide a controllable
profile along the reaction tube to achieve isothermal conditions, and it
cannot interfere with optical access to the reaction zone.

To achieve a controllable axial temperature profile, the heating for
the reactor will consist of twelve circular elemen’s, each encirciing the
reactoir centerline and arranged axially along the reactor. Figure II.B-4
shows one heating element, which will be custom-formed molybdenum disilicide
rods. It is planned that these be connected in several sets of multinle
elements, each controlled separately. The number of elements in each set
will be variable. This will allow for more heat addition where there is an
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increased heat loss due to the probe, injection tube, or windows, and will
also allow an isothermal profile to be kept. The variable number of heating
elements in each set will allow for variations from run to run such as
pressure, temperature, or location of the injection tube.

The heating rods selected for the reactor are compatible with the
insulation materials and the atmosphere in the reactor. They also will
operate on a moderate voitage and current, unlike some other heating
methods, which will ailow use of available power supplies and wiring.

Preheater -- In the preheater, the secondary air is heated by a silicon
carbide heating element, which is capable of temperatures higher than the
projected maximum temperature of the reactor. The primary flow will not be
preheated. The placement of the preheater, shown in Figure II.B-2, is close
to the reactor to minimize heat loss.

Feed System -- The feeder, based on an MIT/AFR design (Solomeon, et al.,
1982) and chosen to produce constant particle feed at low flow and high
pressure, is shown in Figure II.B-5. The three separate feeder tubes help
give a more uniform flow. High frequency, low amplitude vibration of %he
feeder will reduce the tendency of the char to pack. The particles are fed
from the somewhat fluidized top of the reservoir. As the outlet tube is
withdrawn very slowly with a motor, the particles are entrained by the
flbwing air through the tube. The feed rate will be controlled by adjusting
the speed of the outiet tube.

The ceramic tube used to feed char particles into the reactor will not
be cooled and will protrude into the reactior tube so the particles will
equilibrate with reactor temperature when they enter the oxidizing
atmosphere. A cooled injector tube will be used for sorbents to keep them
from sintering before reaching the reacting environment. A ceramic flow
straightener will be located at the end of the injection tube to ensure
Taminar flow in the test section.

Collection System -- A total collection probe will quench any particle
reactions while directing the flow out of the reactor. As the gas enters
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the prabe, which is smaller in diameter than the reactor, its velocity will
increase while pressure decreases. Particle reactions will be quenched by
jnjecting an inert gas into the flow at the top of the probe, to lower the
gas temperature and oxygen concentration. The portion of the probe that
extends into the reaction tube will be made of two concentric ceramic tubes.
The quenching gas will flow between these and be injected into the main flow
at the upper end of the probe. The lower ends of these ceramic tubes will
be brazed to stainless steel tubes. This Tower end will be water-cooled and
protrude through the vessel wall. Fittings for the reactor outlet, quench
gas inlet, and cooling water will be attached to the steel tube outside of
the vessel.

Instrumentation -- The flow diagram for the facility was shown in
Figure II1.B-1. Before each test, the complete system will be evacuated.
During the test, all of the products will be collected in the sampie tank.
The regulator and electronic flow controller at the reactor exit ensure a
constant mass flow through the system and adjust the pressure differential
to keep the reactor pressure constant as the sample tank pressure increases

during a run. Flow meters in the primary, secondary, and quenching das
Tines will measure the mass flows of the gasses, while particle mass flows
will be determined by weighing the feeder beforz and after each run.

Platinum-rhodium thermocouples will measure the temperatures in the
preheater and along the axis of the reaction tube. These will be input into
the temperature controllers to maintain an isothermal profile. A number of
pressure transducers at various locations will provide measurements for both
control and monitoring purposes. Optical instrumentation will provide
measurements of temperature, particle diameter, and velocity. This method
has been successfully used (Tichenor et al.,1984 and Niksa et al.,1984) at
Sandia Nationzi Laboratory. The data acquisition will most 1likely be
performed by a microcomputer that will also reduce the data. Sandia’s data
acguisition system samples at a rate of 2 MHz with an accuracy of 12 bits.
A similar optical dinstrument under construction at BYU’s Combustion
Laboratory will be used to determine if this speed and accuracy is needed.
The system consists of optical lenses and filters, a trigger Tlaser,
photomultiplier tubes, a two channel data acquisition system, and
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calibration equipment. Particle temperature is obtained by measuring the
lignt transmitted from the particle in two wavelength bands, using two-color
pyrometry. Particle size and velocity are determined by measuring the
pulses produced by the particle as it passes by a coded aperture.

High-Pressure Reactor Status -- The design of the high-pressure reactor
is essentially complete. The reactor will enable combustion experiments at
high-pressure and temperature with a wide range of residence times and
axially controllable wall heat flux profiles. A design review was conducted

with other researchers in the Combustion Laboratory and a cost and
construction schedile has been developed.

Component 4 -- Fundamental Sulfur Capture Experiments

Sorbent capture of hazardous sulfur pollutants from coal during
combustion or gasification represents a potentially important m:thod for
reducing sulfur oxides in entrained-flow systems, particularly at high
pressure. However, the influence of fuel-rich or fuel-lean high pressure
environments on sulfur capture by sorbents is not knowr, nor is the
influence of such environments on nitrogen species weil understood.
Fundamental kinetic rate measurements for the formation, capture or
destruction of sulfur or nitrogen species can provide valuable evaluation
data for the pollutant submodel being developed under Subtask 2.g.

Literature Review -- There have been many studies of the capture of
SO0z by sdrbents at atmospheric pressure. Most have focused on large
particles (>50um) for times from minutes to hours; almost none were
conducted at elevated pressures. Recently, there have been several small

particle studies, also at atmospheric pressure, which show a particle size
dependence.

Newton and Pershing (1987) showed that sulfation of small particles of
Ca0 occurred very quickly, slowing significantly after about 300 ms due to
blockage of the microporosity by growth of the product layer at the pore
mouths, Tleaving fewer sites available for reaction. As expected,
increasing the overall surface-to-volume ratio by decreasing particle size



increased calcium utilization because precportionately more calcium is
closer to the surface. Silcox et al. (1985) indicated that sulfur capture
was insensitive to SO, partiai pressure. Newton and Pershing (1987)
confirmed this by showing that changes in S02 partial pressure above 1000
ppm have 1little effect on calcium sulfate formation. Silcox et al. (1985)
also demonstrated that sulfur capture increased with an increasing Ca/S
ratio. Milne and Pershing (1987) found that calcium utilization decreased
with increasing Ca/S ratio. Newton et al. (1986) found that SO, capture was
limited at 1500 K by the stability of the calcium sulfate.

Milne and Persﬁing (1987) showed that mixing was critical to early SO;
capture. Slow mixing decreased the early capture, but had 1ittle effect on
the overall sulfur capture. Newton et al. (1986) showed that SO, capture
was strongly dependent on the sorbent used, dolomites giving a higher
capture than calcites. Newton and Pershing (1987) suggested that this is
due to Mg0 not reacting, which siows the pore mouth closure and therefore
enhances capture. Borgwardt and Bruce (1986) found that the capture rate
was strongly dependent on initial surface area of the sorbent. This meant
that the calcination process was important te sorbent capture. Also,
Pershing (1987) presented a graph that showed that hydrates calcine before
significant sintering can occur. Carbonates calcine much more slowly, and
sintering occurs before the calcination is complete. This gives hydrates a
larger surface area than carbonates and makes them more reactive.

Sulfur Capture Model -- The only model that has been tested for
particles smaller than 20um and times Tess than 1 sec. is that developed by
Newton and Pershing (1987), which dincludes surface and pore sulfation.
Since pore mouth closure limits dinterior utilization, the model uses a
simplified geometry of a spherical particle with cylindrical,
non-intersecting pores pointing toward the particle center. It uses the
distributed pore model, so it takes into account varying pore size. It also
assumes that diffusion through the product layer controls the rate of the
reaction.

The literature on sorbent capture reveals that mixing and calcination
and sintering of the sorbent will have to be addressed for the experiments
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in the high prassure reactor. Good mixing of the sorbent and the SCy
carrying gas must be developed to ensure good sulfur capture data. Poor
mixing will yield a lower rate of reaction between the sulfur and sorbent.
The sorbent must not be exposed to high temperatures until it is in the
rresence of S02 to avoid premature calcination and sintering. The
calcination will have to be carried out in such a way that the sorbent will
have maximum reactivity when it is introduced into the reactor atmosphere.

No experiments or models discuss the effects of higher total pressure
on sulfur capture. In consultation with combustion associates in the BYU
Advanced Combustion Engineering Research Center (ACERC) and in Subtask 2.g.
of this study, an experimental plan will be designed to determine the
effects of high pressure or the sorbent-sulfur reaction. The literature
search on high pressure and small particle sorbent studies will continue.

Plans

Reactor Construction

The reactor will be constructed during the next quarter. The Brigham
Young University Research Machine Shoo and the Mechanical Engincering

machine shop will perform the majority of the reactor fabrication and an
outside vendor will provide the custom heaters.

Instrumentation

Instrumentation for the facility will either be shared with the
Combustion Laboratory or purchased during the first and second quarters of
the second year. Sample time and resolution requirements for the optical
data acquisition system will also be determined during this time. A similar
optical system is in the process of being constructed for another project in
the Combustion Laboratory. Tests will be conducted with this facility to
determine the requirements necessary for the high pressure reactor optics.




Reactor/Instrumentation Checkout

To ensure safe operation, the facility will be pressure-tested first
cold and then at maximum temperature before any other tests are conducted.
The following tests will then be completed for a number of operating
conditions in order to make necessary adjustments and verify proper
operation: '

1. The temperature profile wiil be checked by attaching a

’ thermocouple to the injection tube and taking measurements
axially along the reaction tube.

2. The flow controller will be monitored to ensure that fhe mass
flow and reactor pressure remain constant.

3. Mass balances will be conducted to verify that the collection
probe is collecting 100% of the injected particles.

4. The optical instrumentation will be operated with spherical

particles of known diameters and velocities.
After the reactor has been completely adjusted and checked out, experiments

similar to those done by previous researchers will be conducted to develop
experimental procedures.

Char Preparation

As indicated previously, during the next quarter chars will be prepared
from the Utah bituminous coal. As comparisons are made between properties
of the chars prepared from the different methods discussed, decisions will
be made for the preparation of chars from the remaining four coals (a North
Dakota Tignite, a Wyoming subbituminous, and two others yet to be
specitied). Chars from these coals will then be prepared during the second
year. Measurements to be made include titanium in the ash, elemental and
proximate analyses, surface area (N, BET), density, and particle size.

Experiments
During the second year, the construct®sin of the high-pressure reactor

will be completed and tested with the chars from the Utah bituminous coal.
The first experimental runs for determining the rates of char oxidation will
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be with temperatures approximately 130C K and pressures of about 5
atmospheres at various residence times. It will be important to determine
whether or not diffusion dominates the rate measurements and the extent to
which the rates of the chemical reactions can be measured.
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IT.C. SUBTASK 2.c. - SECONDARY REACTION OF PYROLYSIS PRODUCTS AND CHAR BURNOUT
SUBMODEL DEVELOPMENT AND EVALUATION

Senior Investigator - Michael A. Serio
Advanced Fuel Research, Inc.
37 Church S=reet, East Hartford, CT 06108
(203) w28-9806

Objective

Tne odjective of this subtask is to develop and evaluate by comparison witn
laboratory experiments, an integrated and compatible submodel to describe the
secondary reactions of volatile pyrolysis products and char burnout during coal
conversion processes. Experiments on tar crackinyg, soot formation, tar/yas
reaction, cnar burnout, sulfur capture, and iynition will be performed during Pnase
1 to allow vaiidation of submodels in Phase II.

Accomplishments

Studies of iynition and soot formation in flames were pertormed in tue

transparent wall reactor (TWKR). Several guestions (calipration, detector

. saturation, aperture size, etc.) on the FT-IR technique were addressed. Attention

is being focused on what controls ignition (heterogeneous or homoyeneous oxidation)
and soot formation. ~rour samples have been completed: a raw Rosebud subbituminous
coal, chars prepared from this coal at 800 and 1500°Cvand a2 demineralized Rosebud
coal. To provide data on the relative rate of volatiie loss vs oxidation weiyght

loss, measurements were being made on a TGA and chars are being prepared for
measuremnents in the TWR.

Results

FT-IR Diagnostics

Improvements were made in the optical system for the Transparent Wall Reactor
(TWR). We have nhad some problems with detector saturation when using the FT-IR
diagrostics for making temperature measurements. An ethylene diffusion flame has
been used in order to provide a simpler system for solving the problems in the
optics. It is also a system which has been well characterized in other reactors.
The recent addition of a silicon filter appears to solve the detector non-linear
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respense problem for laninar flow concitions, although prodblems still occur under
turbulent flow congiticns,

Additional work was done on the optics *or the Transparent wall Reactor (TWR).

A detecior changs was made irom tne MCT type to the InSD Lype. Tne latter 1s more

sensitive to tne infrazrec source and dcss not exhibit tne non-linear effect,

altnough, 1t cuts off 1in the 1800 wavenumber region.
data acquisition.

This appeared to help the

Hydrocarbon Cracking

Tne literature reviews continued for components 1 (gas-phase cracking) and

component 3 (tar/ges reactions). [t was found tnat the extent of nowoyeneous

cracking of tar appear to be well correlated with
aromatic carbon content but tnat the nature of

the aromatic hydroyen and

heteroyeneous crackiny depends
strongly on the curface type. The reactivity of tar toward reactive yases like COp

and Uz depends on its prier thermai history. In this respect, the tars are similar
T0 chars.

Combustion Studies

Studies were made of ignition and soot formation in the Transparent Wall

Reactor ({TWR). Measurements were made using FT-IR diagnostics on raw Rosebud

subbituminous coal, demineralized Rosebud, and Rosebud char. The measured

properties include concentrations and temperature of gas species, char and soot.

Experimental - The Transparent Wall Reactor (TWR) facility, shown in
Fig. 1I1.C-1, consists of an electrically heated furnace and a heat exchanger. Gas
is passed through tne heat exchanger and exits the top of the furnace after passing
a screen to smooth the flow. The hot gas stream, which is 10 cm in diameter,
remains relatively hot and undisturbed for approximately 20 cm above the screen.

Coal entrained in a cold carrier gas is injected through a co-axial 4 mm diameter
tube.

The coal is fed using a previously described system (Sclomon et al., 1y82) 1in
wnich gas enters tne top end of an enclosed cylinder filled with coal and exists
through a tube which is slowly lowered through the bed of coal at a constant rate.
Three cylinders were used to acnieve a steady flow. Nitroyenm was used tor
pyrolysis studies and air for combustion. The feed rate for the carrier gas was
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225 ml/min and for the hot gas, 175 I/min. Tne not gas exits the screen at a

temperature of 830°C and a velocity of 2.8 m/sec.
particle tracks which indicate tnat the coal

Snort exposure photoyraphs snow

particles are moving at about 2.b
m/sec nedr The 1njector and 4.8 m/sec in the Tlane.

An octagonal glass enclosure shields the reacting stream trom room air

currents. The enclosure has movable KBr .indows to allow access to the tlame by

the FT-IR spectrometer which 1s shown in Fig. [1.C-2. A flow ot air along tne

inside of the enclosure keeps the ylass from overneating. The cooling air and

reacting stream are vented into a duct connected ©o an exhaust fan through a damper

valve. Tne damper valve, and gas flows were adjusted to achieve a steady tlame

under combustion conditions. Figure II.C-3 snows photoyrapns of a ilignite which

iynites close 1o the nozzle and a low voldatile Dpituminous coal
higher up.

which ignites

Tne Nicolet 205X FT-IR and transfer optics to focus the bean within the

sample stream are iliustrated in Fiy. 11.C-2. Emission weasurements are mnade with

the movable mirror placed in the beam to divert it to the emission detector as

snown. Transnission measurements are ;nade with the movadble mirror out ot the beam.

The samples used in these experiments were -2U0, +325 mesh sieved tractions of
coal, cnar and aemineralized char. The samples were also characterized in a TGA to
determine their weight loss at constant heating rate in nitrogen and in air.

Aralysis - For multi-phase reactiny systems, measurements are made of the

transmittance and the radiance, and from tnese a guantity called the normalized

radiance is calculated. Tne analysis, wnich follows Siesgel and Howell (1972) nas

been presented previously (Best et al., 1986). The relevant equetions for a

homoJeneous medium are presented below.

Transmittance, 7, - The transmittance, T s 1s defined as

= 1, /oy _ (11.C-1)

where lg;; 1s the intensity transmitted in the aosence of sample, while I, is that

transmitted with the sampie.stream in place. For a medium containing gyases and

s00t with absorption coefficients (!3 and C!B and particlies of yeometrical cross

sections area A at a density of N particles cm‘3,

- 1M




Figure ILC-2. Spectrometer and Transfer Optics.
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Figure ILC-3. Photographs of Zap North Dakota Lignite Flame (left) and a

Pocahontas Rituminous Coal Flame (right). The Scale in the Center is Distance

above the Injector Nozzle.
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= —(as t _
T, = exp( (og + 0213l + NAFU) L) (I1.C-2)

vihere Fg is the ratio of the total cross section (extinction) to geometric cross

section, and L is the path lenyth. Ty is sometimes plotted as a percent.

Radiance, Rv - To measure the sample radiance, Ry, the radiative power emitted

and scattered by tne sample with background sdbtracted, Sys 1s measured, and
converted to the sample radiance,

Ry = Sy/Hy | (II.C-3)
where Wy is the instrument response function measured using a black-body cavity.
Normalized Radiance, Rg - The normalized radiance, Rg, is defined as,
n = - p
RY Rv/(l T ) (11.C-4)
which can be expressed in terms of the properties of the medium as

sgpb b b Siyb
aiRy(Ts) + @ 3RO(Tg) + NA €, R(Tp) + NAFZ'RD(Ty)

=
=3
n

) t -5
oz +¢!8 + NAFU (11.C-5)

where Rg(Tg), R%(Ts) and R%(Tp) are the black-body emission spectra at the
temperatures of the yas, soot, and particle, respectively. év is the particle’'s
emittance and Fg' is the cross section for scatteriny radiation into the
spectrometer. No scattering is assumed for soot particlies in the [R reyion. For
the yeometry of the TWR where measurements are made perpendicular to the length of

an opticaily tnin flame, tne scattering term may be neylected.

Results - Results were obtained for a series of samples in the TWR using the
FT-IR diagnostics for concentrations and temperatures and in the TGA for pyrolysis
and oxidative weight loss.

FT-IR Measurements - FT-IR measurements were made along the center of the
flame at several positions above the coal injector for flames ftrom several coals
under identical conditions. Figures 1I.C-4 and I1.C-5 are spectra obtained with
Rosebud subbituminous coal. Figyure 11.C-4 presents four pairs of spectra
(transmittance and normalized emittance) at: 5 cm above the nozzle, in the region

ans
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prior to ignition; Y cm, at the beginning ot the ignition region; 11 cm, in the

ignition region; and 13 cm, in the brightest part of the flame.

The attenuation in Fig. 11.C-4b (5 cm) is almost entirely from particies i.e.,
t!g and @3 = U, The shape of the spectrum slopes due to diffraction effects. In
the optically thin limit, the amplitude of (1-7, ) is proportional to the
intersected surface area of the particles, NAL, times the extinction efficiency,
Fg. FE has the shape predicted Dy Mie theory for 20U x 325 mesh particles and a 2¢
collection anyle in the spectrometer. At Y cm, a few particles have iynited and
attenuation from C0p and Hp0 is larger. At 11 cm, the attenuation is lower due to
spreading and heating of the particle stream and flatter due to the appearance of
S00t. The attemuation in the ignition zone (11 and 13 cm) contains larger
contribution for CUp and HoU, a contribution from soot, as well as a contribution
from the particles. Fg for the particles is assumed to have the same shape as
prior to iyniticn and the soot contribution is tne difference between the particle
attenuation and the total as shown in Fig. 11.C-6. Much larger soot contributions

are observed tor bituminous coals. Figure 11.C-5b illustrates the spectra above

the ignition region. (1-Ty) is proyressively reduced at 14, 17, 20, and 25 cm as
the particles nhave purned out. The 25 cm case on an expanded scale in Fiy. I1.C-bc
shows tne presence of ash (the dips between 2500 and 500 cm-l),

Radiance measurements are shown in Figs. 1I.C-4a and II.C-5a. In the absence
of soct and in regions of the spectrum away from yas lines Eqs. II.C-2, 1I.C-4 and
I11.C-5 reduces to R, = NAL €, RB(Tp) in the optically thin limit. NAL can be
determined from the transmittance spectrum using the theoretical value of FE at one
wavelength (Ft = 1.2 at 6500 cm,”l). The temperature can then be determined by
comparing R, /NAL with RB(TP) if €y is known. Figure I1.C-8a shows R, /NAL prior
to ignition (5 cm). A particle temperature of 575 K is determined trom the region
between 1200 and 1600 cm~l where for coal (which is non-gray (Solomon et al. 1986d,
1987b, Best et al. 1986)) €, = 1. Tnhe spectra at 9 cm shows, R, /NAL in the
region where a few particles have ignited. The temperature of the ignited
particles (1800 K) is determined from the shape of the region above 4000 cm-1l
assuning a ygray-body for char (Best, 1986). It is substantially higher than the
unignited particles (775 K). This is shown on an expanded scale in Fig. II.C-7.
Figure [1.C-4b shows the Ry /NAL in the reyion where many (llcm) and then most (13
cm) of the particles are ignited. The shape of the spectrum is consistent with a
temperature of 2Ui0 K. The amplitudes are only U.32 and 0.85 of the black-body.
This is as expected, assuming €, = 0.7-0.9 for char (Best, 1986). In Fig. 1I.C-

5b, the particle contributions to the radiance becomes proyressively lower as the
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particles burnout leaving fly ash.

After the particle temperatures and attenuation contributions from particles
have been determined, the (0, temperatures can be obtained from the normalized

radiance by e&splication of Eq. II.C-5. In the absence of particles, Eq. II.C-5,
n - pb
reduces to Rv = RU(Tg)-

Flame Characteristics for Four Samples - In addition to the Rosebud coal flame
discussed above, flames of the Rosebud chars prepared at 90U°C and 1500°C and of a
demineralized Rosebud coal were also studied. The properties of these samples are
discussed in Table [I.C-1. The results are summarized in Tables II.C-2 to 1I.C-5
and Figs. II.C-8 to II.C-11 which present the particle and CO, temperatures and
percent of particles ignited times the emissivity, as well as the soot, €0, and
particle concentrations as a function distance above the nozzi-

The chars ignite heterogeneously since they centain 1ittle volatile matter.
The 900°C char ignites at about 13 cm, slightly above the coal. The 1500°C char
does not ignite until 33 em. Noither char produces much soot.

The demineralized Rosebud also ignites at about 13 cm, nigher than the coal
(10 em). It 1is possible that the mineral matter helps the ignition either
heteroyeneously or homogeneously through the organically bound minerals. The
difference in ignition distance of 3 ¢m is not large compared to the expected,
uncertainty of + 2 cm, so additional investigation is necessary.

The Tow reactivity (1500°C) char produces a significantly lower particle
temperature than 900°C char or the raw coal. The demineralized char also shows a
tower particle temperature. This is believed to be due to (or be correlated with)
the higher soot yield which radiates energy, lowering the temperature. The soot
concentration for the demineralized coal is more than twice as high as that for the
raw coal. The two chars show almost no soot, consistent with their low volatile
yields.

A comparison of the four sets of curves in Figs. II.C-9 to II.C-11 shows
several additional features. 1) The Rosebud and demineralized coals show a
distinct ignition point where the coal particle temperature, CO, temperature, COp
concentration and soot concentration all take a sudden jump. Photographs of the
flame show volatile flames around the particles just at the ignition point. 2) 1In

contrast, the two chars (which ignite heterogeneously) show a more gentle change in
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Sample

TABLE 11.C-1

CHARACTERISTICS OF SAMPLES USED IN THE FLAME STUDIES

% Ash Air, 30YC/min

% Volatile Matter, Ny
30°C/min to You°C

% DAF
Voldatile Malter

to Yuuvt, corrected
tor H20 corrected for Hyu
Rosebud 1%.14 36.3
Demineralized 3.68 3.7
Rosebud
y00“C Rosebud Char 23.54 14.6
23.38 2.0

15U0°C Rosebud Char

42.8

39.1

19.1




Table II.C-2. Flame Properties for Montana Rosebud Subbituminous Ceal.

Height  Particle CO2 %of Gray Particle Soot 002 H20
(cm) Rg(K) T('K) Body Conc. Conc. Conc. Conc.

5 575 1056 100 3.94 0 0 013
9 1800 775 1585 6,94 427 014 204 056
10 1920 875 1860 14,86 513 091 1083 1.27
11 2000 2130 32 398 209 2156 261
12 1955 2300 56 398 230 92659 298
13 1900 2330 85 286 151 3120 286
14 2060 2370 61 201 041 3193 3.29
15 2050 2320 54 181 049 3151 286
17 2030 2190 49 175 055 33.07 2.76
20 2190 1790 11 153 022 3332 3.04

25 2100 1465 8 0.71 007 2550 1.81
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Table IL.C-3. Flame Properties for Montana Rosebud 900°C Char Formed in

the Entrained Flow Reactor.

Height

Particie

COy %ofGray Particle Soot CO2 I&O
(cm) RE(K) Body Conc. Conc. Cone. Conc.
5 1020 1227  0.32 7.57 083 O
11 1230 1307 0.26 6.97 247 025
13 1545 1555  0.17 6.04 365 0.56
15 1820 1726 027 445 012 17.33 048
16 1905 2100 0.28 6.97 10.53 0.87
17 1965 2327 0.31 5.98 1513 1.18
18 2100 2339  0.36 473 037 2404 178
19 2150 2390 0.34 379 041 2610 2.00
20 2100 2322  0.39 329 045 2457 1.37
21 2120 2233  0.37 316 030 2814 181
23 2080 2280 041 316 022 27.03 184
25 2070 2192  0.37 247 014 26.79 152
28 2090 2098 0.28 203 014 2681 151
33 2020 1680 0.20 1.08 010 1737 0.83
43 1410 0.25 8.6 0.36
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Table I1.C-4. Flame Properties for Montana Rosebud 1500°C Char Formed
in the Entrained Flow Reactor.

Height Particle COg %of Gray Particle Soot C02 H2O
(cm) RE(K) TCK) Body  Cone. Conc. Cone. Conc.

5 820 N.A. 52 10.26 0 043 045
14 950 980 67 6.05 0 0.39  0.09
25 1050 1065 67 5.49 0 0.56 0.15
33 1175 1815 53 4.72 0 08 o013
40 1850 2365 32 228 0 320 023
44 1850 2225 64 0.84 o 11.88 0.70
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Table ILC-5. Flame Properties for Demineralized Montana Rosebud

Subbituminous Coal.

Height P%rﬁde COz %ofGray Paride Soot €, HO
(cm) R ® TCK) Body Conc. Conc. Cone. Conc.
5 700 1310 100 7.05 0 031 031
10 755 1315 100 7.66 0 0.76 0.34
13 775 1885 100 783 021 169 045
14 1975 3500  44.2 691 122 836 0.76
15 1780 2135  56.8 572 374 2093 2.08
16 1690 2380 794 608 531 2056 212
17 1710 2105  86.2 622 358 2536 2.56
18 1800 2083  56.2 557 152 2703 242
2 1800 1955 575 423 096 2678 2.01
23 1850 2085 625 320 053 26.72 1.97
26 1840 2040 1.0 2.05 010 2667 1.94
31 1810 2005 70.5 1.85 0.05 2810 1.76
39 1700 1865  77.0 0
44 1590 1835  80.6 0.73 0 2043 1.44
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a) Concentrations of CO7, Particles and Soot and b) Temperature
of Particles and CO2 and Percent of Particles Ignited Times Emissivity.




the ignition region and no volatile flame. 3) The burnout of the flame is most
rapid for the Rosebud followed by the demineralized Rosebud and Rosebud 900°C char
which are similar and then the 1500°C char. 4) It is interesting to note that at b5
cm above the nozzle, it is the Rosebud char which produces the hottest particles.
It appears that the volatile exiting the coal prevents any heterogeneous oxidation.
5) The fraction of ignited particles times the emissivities is niyh tor the
demineralizea coal and fairly low for the chars. Either the percent of fiynited
particles is low or the emissivity is Tow. A possible reason tor low emissivity is
the coating of minerals on the surface. This possibility is beiny investigated.

TGA Measurements - A yoal of this research is te relate the yasification
behavior to properties of the coal or char which can be easily measured in the
laboratory. As a possible indicator of iynition behavior, measurements were made
of the weiygnt loss measured at constant heating rate in air in a TGA. [f it is
assumed that any volatile products would be rapidly oxidized, then this‘ test
indicates the rate of oxidation of the coal either through neterogeneous combustion
or nomoygeneous combustion of the volatiles.

The results for weight loss in air for the four Rosebud samples are presenf in
Figs. 11.C-12 and II.C-13 as the solid lines. The temperatures at which 10% weignt
ioss is achieved (excluding moisture Joss at 10U°C) are summarized in Table II.C-b.
Tne temperatures are plotted in Fiy. I1.C-14 as a function of the iynition distance
atove the injection nozzle. The igdition distances are taken from Figs. [I.C~8 to
II.C-11. For these four samples, there is good correlation batween the temperature
required for 10% weight loss and the ignition distance.

To address the question of whether the ignition is neteroyeneous or
homoyeneous, the weight 1oss was also measured in the TGA under nitroyen. These
are presented as the dashed lines in Figs. 1I1.C-12 and II.C-13. The temperature
for 10% weight loss are also summarized in Table 11.C-6. For the chars, the weight

loss in air is completely due to heterogeneous oxidation, as the pyrofysis weight
loss occurs at a much higher temperature.

For the demineralized coal, the 10% weight loss is mostly from pyrolysis. If
this resuit is projected to temperatures appropriate to the TWR, the pyrolysis
weight 1oss should be even more dominant if activation eneryies of 55 Kcal and 34
Kcal are assumed for pyrolysis and oxidation, respectively. Photographic
observations of the ignition zone shows volatile flames burning as spherical

regions much larger than the particles, consistent with homogeneous iynition.
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TABLE II.C-6
TGA ANALYSIS OF COMBUSTION SAMPLES

Sample Ignition Point Temperature for 10% Weight Loss
(cm) in Air (°C) in Np(°C)
Rosebud 10 397 4490
Subbituminous Coal
Demineralized Rosebud 14 430 440
900°C Char in EFR 13 437 760
1500°C Char in EFR 35 570 900
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For the raw coal, there is a contribution to the weight loss from
heterogeneous oxidation which shifts the weight 1oss curve about 30°C lower. This
sample also ignites lower down. It therefore appears that the ignition may be
influenced by both neterogeneous and homogeneous processes. Both processes may
occur just prior to the rapid jump in temperature. At the bottom of the flame,

however, the photographic record indicates nomogeneous combusStion processes as was
observed for the demineralized coal.

New Ignition Phenomenon Observed

A new ignition phenomenon has been observed in the TWR. The phenomenon is
shown in Figs. [I.C-15 and 11.C-16, which shows ignited particles traveling
upward. The particles of interest are those at the edge of the particie stream
which have contacted ihe hot pretreated gyas stream. They ignite and appear to burn
on the particle surface, as indicated by the fact that the flame width is roughly

that of a particie. The particles get hotter witn increasiny distance.
The new ignition phenomenon occurs after the burning particles have burned for
a short time. Under these conditions we often observed a secondary ignition event.

Tnis event has the following characteristics.

1. The dimension of the second flame zone increased to about 3 times the
original dimension.

2. The second flame appears to be hotter than the original.

3. The second flame often ends with particle fraymentation sugyesting burnout
of the char,

4. The duration of the flame is on the order of a few msec.

5. The flame appears to oscillate or spiral around tne particle in almost ail
cases.

The effect has been observed for chars as well as coals so is not associated

with volatiles. The effect nas been observed for demineralized coals so is not a
mineral effect. '
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Figure ILC-16. Enlargement of Fig. I1.C-15a, showing Oscillating or Spiral
Flame Around the Particle Track.
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One possibility is that the flame results from CO burning in a sheath
surrounding the particle rather than well away from the particle. This would
transfer the heat 7rom the CO-—>C0p flame back to the particle and result in a more
intense flame with the possibility of more rapid burnout. However, inis mechanism
requires that the chief heterogeneous reaction be (O, gasification on the coal
particles surface. Tne higher temperature may make this slower reaction possible.

No explanation has, however, been devised to explain the oscillations. This
phenomenon will be subjected to further investigation.

Plans

A set of coals (raw and demineralized) and chars being made in the entrained
flow reactor will be fed into the TWR for measurement of ignition distance and
ignition temperature. In these experiments we plan to correlate our low
temperature TGA measurements of reactivity with measurements made under
gasification conditions in the TWR. The investigation of secondary diygnition
phenomenon will be continued.
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I1. SUBTASK 2.d. - ASH PHYSICS AND CHEMISTRY SUBMOQEL
Senior Investigator - Michael A. Serio
Advanced Fuei Research, Inc,

87 Church Street, Fast Hartford, CT 06108
(203)528-9806

Objective

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

comprenensive code.

To accomplish the overall objective, the following specific objectives are
1) to develop an understanaing of tne mineral matter phase transformation during

ashing and slayging in coal conversion; Z) To investigate the catalytic effect of

mineral matter on coal conversion processes. Emphasis duriny Phase I will be on

the acquisition of agata which will be utilized tor model development in Phase 1I.
Data acquisition will be focused on: 1) design and implementation of an ash sample
rollection system; 2) developing methods for mineral characterization in ash

particles; 3) developing metnods for studying the catalytic effect of minerals on
coal yasification.

Mineral matter in coal is a source for slagyginy and deposits on reactor or

gown stream component walls, causing corrosion of equipment. Minerals can also

catalyze reactions or can poison processing catalysts. The objective of this
research is for tne development of a model for the prediction of ash behavior and
the correlation of the behavior with the c¢riginal chemical composition, particle
size, physical properties of the minecals and the process conditions. A model will
also be developed to predict the catalytic effect of minerals on coal conversion.

Accomplishments

During the first year, & literature search was performed to identify the

important effects of coal minerals in yasification. Meetings were also heid with

researchers at other institutions engaged in mineral matter research (Physical

Sciences, Inc., 1GT and University of North Dakota Energy Research Center, UNDERC).
Work was also performed on desiyning the methods for ash collection and analysis
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and on analysis of tnhe minerals in the coal sample set.

Literature Review

Literature reviews were presented in the second and third quarterly reports
and will not be repeated here. The critical issues wnich have been presented in
the literature and which will be addressed in this proyram are presented below.

The Physice! Transformation of Minerals

Volatilization and chemical dinteraction of mineral matter are particularly
important during coal conversion. The formation of slag and deposits of minerals
depends on the particle size, its chemistry, and its physical-chemical behavior
during coal conversion processes. Most of the work done in the area of predicting
slagging and fouliny behavior of ash of a pulverized coal nas been based on the
mean ash composition of tne whole coal. Improvements will require predictions
based on the compositicn as a function of the ash particle size distribution.

The literature indicates that the fly-ash derived from the transformation of
the mineral matter in coal during combustion is bimodally distributed with respect
to particle size. Tne large particle size (10 to 50 microns) correspond to the
mineral residue from single coal particles. Particles within the submicron size
range are formed from the vaporization and subsequent condensation of the volatile
fraction of the mineral matter. Particles in the intermediate range, 0.5 to 10
microns, are generally formed from coagulation of submicron particles, from ash
formed after char fragmentation or from ash particles released from the char
particle surface during combustion. A methodology is required to determine the
mineral composition distribution in coal from which the behavior of the ash
formation in coal conversion may be predicted.

Most of the work done in thnis area has been carried out under a combustion
environment. Very little work has been done under gasification conditions. The
objective of this work is to determine the ash size distribution, ash transport
ash radiative properties and the potential for slagying and for fouling in
gasification reactors.

. Catalytic Effects of Minerals '

The presence of tne inorganic minerals can either facilitate or impede coal
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gasification: The alkali, alkaline earth and some transition metals may have a
catalytic effect on the gasification pracess. The oryanically bound metals are
particularly active because they are dispersed on an atomic level. Some
inoryanic compounds such as sulfur can prevent yasification by poisoning the
tatalyst, whereas silicon oxide can convert the 2lkali and other metals to
silicates ana Decome inert for catalytic effects. A methodology is required
which determines the mineral size and composition distribution so that the
pepavicor of individual particles may be predicted for their catalytic effect
during ygasification or combustion.

The catalytic effect of minerals on both gasification and combustion have
been reported. For example, a correlation between cher reactivity and the amount
of calcium present in the char has been established. The addition of calcium to
char by ion exchanye nas shown an increase of the reactivity lineariy with an
amount of calcium added. Some studies also showed that the removal of the

mineral components of the coal by ecid treaument lead to a decrease in char

activity. However, with coals of high rank the reverse effect was observed,
probably as a result of an increase in thne surface area and porosity on the

demineralization. The addition of iron, by impregnation, also increases the

It is yeneraily concluded tnat in
the presence of mineral matter, the catalytic effect is dependent upon the
concentration and aispersion of inorganic species which act as specitic carbon

activity of the coke in steam gasification.

gasification catalysts. However, the minerals in coal have also some undesirable
effects. In catalytic coal gasification, the original mineral content in coal

has sometimes been shown to reduce the catalyst performance when the added
catalyst reacts with the minerals to form a new less catalytic phase.

Work needs to be undertaken to predict the catalyst behavior of minerals of

coal and its interaction with added catalysts, based on it composition, particle
size and distribution.

Ash Fouling, Slagging and Corrosion

Most of the work on ash slagyging and fouling has been done under combustion

conditions. Tnis work is being considered as backyround for the corresponding
processes in gyasification.

In pulverized-coal boilers the mineral matter in the coal is released intc

tne furnace gases as fly ash and vapors. This material may form jnsulating and
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corrosive deposits on the heat transfer surface. The process of deposit
initiation and yrowth usually involves either liguids formed on the tube, such as
condensed alkalis ('sticky tube mechanism'), or low viscosity super cooled
impinging fly ash particles ('sticky particle mechanism'). It is proposed that
this low viscosity material may be provided by an alkaii-enriched surface layer,
formed by an alkali-ash reaction in either the char or the furnace yases. The
ash particles whose outer layer is enriched in sodium may reaaily wet the heat
transter surface, allowing rapid bond formation due to the dissoiution of the’
surface iron oxide at the particle surface.

Some empirical correlations have been established between the slayging
behavior of a coal with such properties as viscosity of the coal ash, temperature
of the critical viscosity, fusion temperature and surface tension. Empirical
factors such as the slagging factor, fouling factor, dolomite percentage, ferric .
percentaye and base-to-acid ratio have been devised. These indices of slay
behavior are based on tests of the mean coal ash and do not treat the effects of
individual ash components which may be the “bad actors".

Experimental Study Of Mineral Matter Transformation

Tne objective is to determine mineral transformation in the reactor, its
radiative properties, its potential for slagyiny and fouliny of the reactor, and
its catalytic effect on yasification or combustion.

Experimental Metheds

1. Samples of coal will be reacted in the entrained flow reactor (EFR),
transparent wall reactor (TWR), and TG-FTIR.

2. Experimental methods, similar to the procedures described in the
literature (Neville and Sarofim, 1985) for ash particle collection have been
designed and implemented. The ash sample collection system consists of an
Andersen Model Mark III, eiyht stayes stack sampler and a cyclonic preseparator.
During the sample collection, all particulate products from the burner are
continuously collected and quenched by a water-cooled collection probe. From the
probe, the ash particle enter a cyclonic preseparator for separating larger
particles, the remainder enter the cascade impactor for aerodynamic size
classification. Depending on the gas Tiow velocity and temperature, eight
discrete particle size cuts can be obtained. For example, in a ygiven set of
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conditions of temperatures at 3C0°F and flow rate at 0.6 ACFM, eight discrete
size cuts with mean diameters of 13.6, 8.6, 5.6, 4.0, 2.5, 1.3, 0.8, and 0.54 um
will be obtained. The submicron particle (<0.54 ym) generated by the
vaporization and subsegquently condensation of ash, pass through the impactor for
collection and isolation on a back-up ylass fiber filter.

3. Tecnnigues have been selected tor measuring solid and vapor species
concentration for inorganic constituents. For example, guartz, kaolin, calcite,
and mixed clay in coal will be anaiyzed by transmission FT-IK. The inorganic
minerals will be analyzed by a coal microanalyzer which uses an electron beam to
excite cnaracteristic x-rays from mineral components. The correlated spatial
distributions for elements, Na, Mg, Al, Si, K, Ca, Ti, Fe and S, can be obtained.

Methods for studying vapor phases of inorganic species by using FT-IR will be
explored.

Analysis of the bulk and discrete size ash particle's chemical and physical

properties will be performed. Chemical compositions will be obtained by x-ray,
SEM, dersity, porosity, surface area, viscosity, etc.

4. Temperature measurements of tne char particies in the TWR will be made

using FT-IR E/T spectroscopy. This method has been demonstrated successfully by
AFR.

5. The interaction of minerals with known additives during ash particle
formation will be determined. The tate of added minerals, such as Na, K, Ca,
will be examined by tracing their distribution in different particle size ranges.

6. The catalytic eftfect of minerals as compared with the demineralized coal

will be determined, and their gasification rates for different coal ranks
measured.

7. The effect of operation conditions, e.g. temperature, flow rate,

pressure, oxyyen concentration, on ash behavior and gasification pertormance will
be measured.

B. The correlation between mineral content and fouling and slagging,
combustibility and yasification rate will be developed.
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Elemental Analysis of Coals by SEM/Dispersive Energy X-Ray

The elemental composition of the minerals in the ampoule coal samples was
characterized by a Scanning Electron Microscope {SEM) with dispersive energy x-
ray analysis. The samples are received in glass ampoules under an inert gas
blanket and analyzed on an as received basis without further treatments. The
particle size of coal samples are -100 mesh for § ¢m ampoules and -20 mesh for 10
gn ampoules. All the coals except for the Wyodak samples are in the -100 mesh
size. All the raw coal samples were reyround into very fine particles using a
ball-mill for 20 minutes and then pressed into a flat peliet containing about 300
mg of coal to ensure a representative sample is obtained. The samples are coated
with graphite to prevent charging problems and then the resulting pellet is
mounted in the SEM. The analysis of the elemental composition is baséd on the
measurement of the x-ray intensities of the major elements (Fe, S, Ca, Ti, Mg,
Ma, S1 and Si) from 121 subsamples, wnere a subsample is & small surface portion
of the sample (typically 20 to 200 microns square). The electron beam is scanned
from one subsample to another, and the x-ray intensities for ail elements of
interest are recorded. The data acquisition process is completely automated and
takes about 10 minutes.

In order to compare the obtained elemental analysis of coal mineral
impurities with the ASTM nigh temperature ashing sample measurements, the
elemental compositions of the coals are recalculated and converted into the oxide
form (Mg0, NapC, Alp03, Si0p, K20, Ca0, Ti0p and Fep03). The amount of SO3
calculated in the ash are only those portions which are scrubbed by the Cal to
form CaSO4. Therefore, the total number of moles of SO3 present in the ash will

not exceed the total number of moles of Cal presented in the coal. The excess
amount of sulfur analyzed in raw coal samples will be assumed to be released into

the yas product stream during the coal conversion process. The iron content in
the elemental composition are only including the iron in oxide from. Therefore,
the total iron contents have been recalculated to include the iron existing in
the pyrite form, based on the relative stoichiometry ratio.

The results of the mineral impurities analysis and other characteristics of
raw coals are shown in Tables II.D-1 to II.D-3. Table II.D-1 shows the ultimate,
proximate and sulfur forms analysis of all raw coal samples. Most of these data
are provided by Argonne, except the sulfur content and form which were analyzed
at AFR. Argonne's data are also listed for comparison. The agreement is good in
most cases. Table Il.D-2 shows the results of mineral elemental composition
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Table ILD-2. Mineral Distribution, Elemental Composition.

Metal Upper Wyodak Ilinois Pitisburgh Pocahontas UtahBlind Upper NorthDakota Montana

Freeport No.8 No.8 No.3 Canyon Knawha  Lignite Rosebud
Na 0.03 0.11 0.12 0.02 0.07 0.08 0.11 0.36 0.02
Mg 0.22 0.37 0.16 0.13 0.11 0.11 0.33 0.54 0.35
Al 1.67 0.73 1.36 0.94 0.57 0.3 3.67 0.49 1.08
St 2.92 1.12 2.88 1.72 0.69 0.49 5.47 0.82 0.49
K 0.24 0.02 0.16 36.07 0.02 0.03 0.42 0.03 0.03
Ca 019 1.3 0.71 0.16 0.26 0.28 0.08 1.66 1.17
Ti 011 0.09 0.07 0.01. 0.06 0.1 0.26 0.05 0.07
S(o) 0.71 0.45 1.9 0.7 0.6 0.24 0.48 0.45 0.47
S(m) 0.66 0.22 2.68 1.38 0.06 0.14 0.25 0.27 1.6
Fe 0.47 0.29 0.6 0.3 0.28 0.14 0.47 0.4 0.32
Ash 1249 9.02 16.14 8.51 44 3.41 21.48 9.6 12,33
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Table I.LD-3. Mineral Distribution in Raw Coal Ash (oxide form).

||||||||||||||

Pocohontas UtahBlind Upper NorthDakota Montana

Metal Upper Argonne's Wyodak , Argonnc's Hlinois Pittsburgh
Free

port  Data Bam No.8 No8 No.3 Canyon Knawha  Lignite Roscbud
Na,O 032 044 167 216 1.01 0.32 2.19 3.28 0.69 5.35 0.22
MgO 2.93 1.07 690 6.11 1.66 2.63 4.24 5.54 2.55 9.86 4.67
ALOQ, ~ 25.33 2397 16,50 17.26 15.98 20.88 25.05 17.23 31.48 10.20 16.43
Si0, 56016 4282 2693 3291 3860  43.27 34.34 31.87 54.63  19.33 25.68
K,0 2.1 246  0.32 0.33 1.41 1.16 0.66 1.29 2.76 0.47 0.34
CaO 2.13 460 2044 21.81 6.22 2.63 8.46 11.91 052  24.04 1318
TS0, 1.47 1.02 169 1.29 0.73 0.20 1.94 0.51 2.02 0.92 0.94
S04 3.04 132 1882 10.69 8.88 375 . 12,07 16.99 0.76  19.83 18.81
Fej0, 11.89 2136 774 677 26.50 25.25 11.05 11.38 459  10.00 19.73
Total: 100.00  99.05 100.00 99.32 100.00  100.00 100.00 100.00 100.00 100.00 100.00

Ash 12.46 13.03 8.9 8.83 16.97 8.51 4.30 3.29 21.43 9.08 12.42




analyses by SEM/dispersive energy x-ray analyses of nine raw coals. Table II1.D-3
shows tne similar results of Table 11.D-2 but expressed in the oxide form in the
ash and a comparison of the results of HTA samples analyses provided by Aryonne.
The two methods show reasonable agreement.

When comparing the ash composition data obtained from AFR with Argonne's
data, yood agreement is found for the total ash content. For example, our data
for the ash content of Upper Freeport bituminous and Wyodak subbituminous coals
were 12.46 and 8.9 wt#, respectively, as compared with 13.03 and 8.83 wt%
obtained from Argonne ftor these two coals. However, some discrepancies were
observed for tne sulfur and iron content. This may be due to our assumption that
the Ca0 will scrub equivalent stoichiometric amounts of S03. In the real ashing
procedure, this may not be the case.

Ash Collection

The asn produced during combustion in the Transparent Wall Reactor (TWR) has
been coilected using a cascade impactor for Montana Rosebud subbituminous coal.
A1l yaseous and particulate products of combustion are continuously collected and
guenched by a water cooled collector probe (which was set 72 inches above the
nead of the heated furnace). The gas flow rate used for the impactor was about
21 1/min which represents the flow rate of the vacuum pump applied on the exit
end of the impacter. Initially, a home made cyclone was used as a preseparator
to collect the particles larger than 10 um. However, this cyclone was found to
be too powerful to use because it will collect more than 95% of all the ash,
Therefore, no preseparator was used in the first few experiments for ash
collection. From the water cooled probe, the products enter directly into a
cascade impactor for aerodynamic size classification of ash particles. The sub-
micron size particles, generated by the vaporization and subsequent condensation
of ash, pass through the impactor for collection and isolation on a backup glass
fiber filter. The coal feed rate was 1.8 gm/min. The coal particle size was 200
X 375 mesh. A typical collection time was 10 minutes.

portions of the fractionated ash particies of the combusted Montana Rosebud

coal have been analyzed by SEM/dispersive x-ray ana]ysis: The microscope image
examination of the particulates collected on first stage is shown in Fig. II.D-1l.

In this figyure, the cenosphere particles and the aggreyates of small particles
are present. The agygreyates contain several primary particles agglomerated
tegether. The primary particles contain 10 or so 1U-50 um units. The size of
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100 microns

Figure ILD-1. SEM Photograph of Combustion Ash of Montana Rosebud
Coal. a) 200X Magnification and b) 100X Magnification.

Reproduced from
best available copy
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the cenosphere particles was about 40-80 ym 0.D. Under the microscope, these
cenospheres are shown as a red transparent ylassy ball indicating that iron
oxides are incorporating into the fused glassy siiicates.

Based on the StM/dispersive energy x-ray analysis, these cenospheres contain
a very high content of SiUp and Ca0, {43.14 and 37.57 wt%, respectively) (Table
11.0-4). Tne decrease of silicon oxide content from 41.2 wty in first staye
particles to 31.4 wt% in third stage particles indicate that the larye particles
are basically formed by fused silicated glassy material which coayulated with the
other fused materials at tne combustion temperature. The iron content in these
particles also followed a similar trend as for silicon. However, the sulfur
content appeared to increase as the ash particle size decreased. These results
are consistent with the observations made by Desrosiers et al. (1Y78). The
formation of cenosphere particles are probably due to the expansion of the
encapture’ 4as in the fused ashes during the combustion process. The results of

a detailed analysis of the ash particles collected in each stages will be
presented in subseyguent quarterly reports.

Char Reactivity vs Mineral Content

As discussed earlier, the presence of certain minerals in char will enhance
the char reactivity. The deyree of the enhancement of the char activity will
depend upon the mineral concentration and size distribution. The reactivity of
char can be measured in a TGA by its critical temperature (T.p) in the non-
isothermal test. The critical temperature varies inversely with char reactivity.
Thus a plot of critical temperature of char vs the mineral content will give an
indication of the direct involvement of the minerals in the char ygasification
process. In Fig. Il1.D-2, the Ca and K content of the coals is plotted vs the
critical temperature of chars produced from the nine coal samples. All of the
nine chars were prepared by heating the raw coal in a nitrogen flow to 90U°C with
a 30°C/min heatinyg rate. The reactivity measurements were carried out in a TGA
in air with a neating rate of 30°C/min up to 900°C. A good correlation of the Ca
concentration vs T.. is demonstrated in this plot (open squares). The numbers
snown on this plot indicate the sample number listed on Table Il.A-1. These data
demonstrate that the high rank coals, which have lower caicium contents, all show
a low char reactivity. When potassium is added to the calcium (closed squares)
the correlation is slightly improved. Coal No. 7 now félls on the correlation.

Tnis sugyests that both alkali metals are important although Ca is usually more
abundant.
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Table I1.D4.

Ash Analysis of Combustion Ash*of Montana Rosebud Coal

Oxide RawCoal 1IstStage’ Cenosphere 3rd Stage’
Na 0 0.22 0.243 0.070 0.040
MgO 467 0.681 0.073 5.215
Al,O; 1643 13.585 7.360 18.444
SiO2 25.68 41.160 43.142 24.538
K0 0.34 0.346 0.443 0.648
CaO 13.18 24.101 37.5717 31.425
TiO2 0.94 1.991 1.137 1.881
SO, 18.31 3.066 2.883 5.639
Fe,O, 1973 14.828 7.316 12.168
Ash 12.42 100.00 100.00 100.00

= Ash collected from a cascade impactor containing nine jet plates.
== These data represer* the x-ray analysis which focused the x-ray beam on a
cenosphere particle of the ashes collected from the first stage collection plate

¢f a cascade impactor. The ash particle was not reground.

+ Ach particles collected from first and third collection plates of a cascade
impactor. The ash samples were reground before mounted cn the sample
stub for SEM/x-ray analysis. The first and third stage particle samples
represent a particle size range of > 10 and ~ 4.6 um, respectively.
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Figure ILLD-2. Reactivity vs. Calcium and Potassium Content in Raw Coal.
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Plans

Centinue The combustion and coliection of ash particle for all coais in the
TWR reactor for aerodynamic particle size classification using a cascade
impactor. Characterize the ash particles of different size rangyes. The mineral
content analysis will be performed by using SEM/dispersive enerygy x-ray
technique. The mineral size distribution analysis will be pertormed by usinyg the
SEM., The mineral forns will be identified by correlation ot the subsamples.
These c¢ata on mineral $ize distribution d4nd composition wilil be correlated with
the initial mineral distribution within the particle. A device for measuring the
ash sticxing behavior will te desiyned and mplemented in the TWR reactor for
monitoring the fouling and slagying behavior of ashes of different ranks of coal.
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II.E. SUBTASK 2.e. - LARGE PARTICLE SUBMODELS

Senior Investigator - Micnael A. Serio
Advanced Fuel Research, Inc.
87 Church Street
East Hartford, CT 06108
(203) »28-98006

gbjective

The objectives of this task are to develop or adapt advanced physics and
chemistry submodels for the reactions of large coal particles (> 0.5 mm) and to
validate tnhe submodels by comparison with laboratory scale experiments. The result
will be coal chemistry and physics submodels which can be integrated into the
fixed-bed (or moving-bed) ygasifier ccde 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 neat and mass transport efrects in coal pyrolysis
continued as part of the work being done for this subtask. A critical evaluation
was made of models that have been used to describe intraparticle heat transfer
during pyrolysis. Since mass transfer effects are well covered in the review DYy
Eric Suuberg {see Appendix A 1in the Second Quarterly Report), this review has
focused primarily on heat transport processes. In addition, calculations were
done tc define reyimes of internal and external heat and mass transport control for
conditions of interest. This was to determine the boundary regions where Ssuch
considerations become important. Finally, a review was made of previous work on

fixed-bed pyrolysis experiments in preparation for our own experimental effort.

Heat and Mass Transport Effects in Coal Pyrol;sis

Introduction - Given the large particles used in fixed-bed yasifiers, it is
1ikely that transport effects nearly always play a role. However, it is also true
that at the very hiyh neat fluxes encountered in some yasification and combustion
processes, yradients may be important for particles in the pulverized fuel range.
Consequently, the review was not strictly limited to large (> 0.5 mm) particles
since what constitutes a "large" particle will depend on the experimental
conditions.
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The first objective was to examine previous experimental and modeling studies
of heat ‘transport. A close examination of this work 1indicated widely different

assumptions about the values of coal physical properties and how these chanyge with

temperature and the extent of pyrolysis. Lonsequently, it was decided that a

review of the literature on coal physical properties woulc also be necessary.

Review of Modeling Studies - Since much of the work on devolatilization in the

last several years has included rapid pyrolysis of fine (pulverizea) particles or

slow pyrolysis of large particles, most pyrolysis studies and models nave not been

concerned with internal transport effects. However, with the relatively recent
interest in pyrolysis under fluidized-bed or moviny-bed conditions, where larye

(> 1mn) particles are pyrolyzed at relatively high heating rates (10 to 1000 K/s),
the interest in internal transport has increased.

mModels for simultaneous heat and mass transport for devotatilization have bfeen
developed by Mills et al. (1976) and Jawes and Mills (1976) tor plastic coals and
py Devanathan and Saxena (1985, 1987) and Bliek et al. (ivgy) for non-plastic
coals. Freihaut et al. (1977) and Agarwal et al. (1984a, 198B4b) have developea
coupled reaction and heat transport models for nonplastic coals.

Heat Transfer/Reaction Models - A model by Freihaut et al. (1Y77) considered
the combined influence of heat transtfer, heats of reaction and chemical kinetics on

intraparticle temperature yradients during pyrolysis. Not many details of the

model nave been published in the open literature. Mass transfer effects were
neylected.

Agarwal et al. (1Y84a) nave developed a gyeneral devolatilization model for
large non-plastic particles under fluidized bed conditions wnich includes coupled

reaction and heat transfer. Good agreement was obtained for devolatilization times

measured for Mississippi lignite. A simpler version was developed for tne pure

neat transfer control regime (Agarwa)! et al,, 1984b). Neither version includes a

treatment of mass transfer or secondary cracking effects.

Heat Transfer/Mass Transfer Reaction and Models - Workers at UCLA (Mills et
al., 1y76) developed a8 model for particles undergoing

rapid pyrolysis wnich
included a fundamental description of heat transport startinyg with the conservation

equations. A consecutive reaction scheme, similar to tn2t of Chermin and van
Krevelen (1957) was used. Tne porosity of the particle was assumed to be governed
py a fvaming law and the particle was allowed to swell and shrink, accordingly.

1.2
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The thermal conductivity was assumed to decrease linearly with the decrease in
particle density. The medel was primarily concernad with the variation in thermal
response of a particle with the variation in parameters such as particle diameter,
ambient temperature, heating rate, heats of reaction and activation eneryies. The
equations were solved numerically by a finite-difference method. The model was
successful in yualitatively describing many important teatures of coal pyrolysis,
as shown in Fiys. II.E-1 and II.E-2 for the effect of particle size on the
instantaneous and cumulative gas evolution with time. Figure II.E-3 shows the
effect of particle size on the average gas evolution rate. The kinetic control
limit (no diameter dependence} is evident for the lowest ambient temperature (Te =
472 K). For hignher temperatures, the kinetic 1imit would only occur tor particles
smaller than 30 um. The curves in Fig. II.E-3 approach the 45° slope for heat
transfer control for the lar_ge particle sizes.

Mills et al. {1976) also evaluated the work of Peters and Beritiny (1965),
who injected 1000 - 1500 um particles into a fluidized bed at temperatures ranging
from 600 to 1100°C. They noted that the relatively weak diameter dependence

.observed by Peters and Berlting (dy~0+26) 1is evidence that the experiments were
primarily controlled by chemical reactions and not dominated by heat transfer, as
was suggested by Peters and Berlting.

The model of Mills et al. was improved in a later paper by James et al.
(1876). In order to account for pressure and particle size eftects, models were
included to describe (1) the porous structure of a coal particle; (2) the flow of
yases through voids and pores, and the resultant pressure distribution, (3)
evaporation of tar species and (4) cracking of gaseous species as they percolate

through the pores. Again, the qualitative predictions of the model were in good
agreement with expectations, but tnis version of the model was never rigorously

validated against experimental data.

Devanathan and Saxena (1985,1987) have developed a model which considers both
heat and mass transter effects for large nonplastic coal particles. The later
version of this model was improved to include secondary cracking reactions of tar
so that particle size effects could be predicted. The authors also 1included a
sensitivity analysis which indicated that results were very sensitive to the

.assumed internal diftusivities for the volatiles species. The Thiele modulus
(ratio c¢7 reacticen rate/diffusion rate), the Lewis number (ratio of thermal
diffusivity/mass diftusivity) and the heat transfer Biot number (ratio of 1internal
to external heat transfer resistance) were identified as crucial parameters in
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determining devolatilization times. One problem with analyses such as the one done
by Uevanathan and Saxena is that not much attention was paid to the choice of
devolatilization parameters or the temperature dependence of physical properties
i1ke the heat capaecity and thermal conductivity. They chose the kinetic parameters

of Kobayashi et al. (1977) which have recently been shown by Jamaladdir. et al.
{1987) to severely underestimate devolatilization times.

A medel which is as comprehensive as the one by Devanathan and Saxena has
recently been developed by Bliek et al. (1Y85), also for nen-plastic coals. This
model . includes transient devolatilization kinetics, intraparticle heat and mass
transport, and secondary deposition of volatiles. Model predictions were made for
variations in particle size, ambient pressure, and heating rate on the tar, gas and
total volatile yield during devolatilization. The authors made comparisons to
their own data and data from the literature and usually obtained at Teast
qualitative agreement. However, the -model has so many adjustable parameters that
this agreement does not necessarily validate their assumptions about the
controlling mechanisms. The authors did do a yood job in attempting to account for
the variations in physical parameters with temperature.

The models of Devanathan and Saxena (1985, 1987) and Bliek et al. (1985)
appear to be the best starting point for developing a model for use in the current
program since they 1include all of the relevant phenomena (heat transfer, mass
transfer, kinetics). These models will be subjected to closer scrutiny during the
next quarter,

Physical Properties - It was expected that there would be variations in the
pyrolysis kinetic parameters chosen in different modeling studies. However,
significant variations in assumed physical properties were also observed and
variations in these properties with temperéture and extent of pyrolysis are often
neglected. A detailed evaluation of literature on the key physical parameters
important in a heat transfer analysis was done.

This included consideration of data on specitic heat, thermal conductivity,
emissivity, density, and transpiration coolinyg. A wide variety of values was
found, as shown 1n Table Il.E-1. A summary of what is believed to be the best
available data is being developed.

Heat Transfer Calculations - Calculations of the characteristic times for
internal and external heat transfer were made for a 60 micron particle. A
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simplified case is considered where the particle is assumed to be dropped into a
stagnant yas at an elevated temperature where radiation and convective heat
transfer can be neglected. The characteristic time for internal conduction heat
transfer is given as follows:
2
Yei= PpCpdp ' (I1.E-1)
20kp

where Pb is the density, Cp the heat capacity, dy the diameter, and kp the thermal
conductivity of the particle. The characteristic time for external gas phase
conduction is:
2
t = PIJZIydI,
o _————eNukg (11.£-2)

The definitions are the same as for Eq. II.E-1 except that kg is the gas thermal

conductivity and Nu is the Nusselt number for heat transter which equals 2 for a
spherical particle in an infinite stagnant medium.

The reciprocal of the characteristic time is, by definition, the rate constant
for a first order process. This can be compared to the first order rate constant
for pyrolysis mass 1oss which we have determmined based on data for a number of
coals. The results of these calculations are shown in Fig. II.E-4. This plot
indicates three distinct regions of behavior. At low temperatures (< 600°C),
Kchem << K, axt> Knint @nd pyrolysis of the particle occurs isothermally at the
maximum temperature of the gas without any internal temperature gradient. As the
gas temperature.increases above 600°C, but 1is Tlower than 1000°C, the particle
pyrolyzes while heating to the final temperature but has a relatively small
internal temperature ygradient. At temperatures near 1000°C, there 1is not adequate
time to collapse the internal temperature gradients before siynificant pyrolysis
can occur,

0f course, these calculations can be done for many different.conditions to
include variations in particle size, external pressure, and the addition of other
modes of heat transfer, such as radiation. The variation with temperature of the
particle and gas thermal properties has been included. A computer proyram is being
developed so that these calculations can be easily done for a specified set of
conditions. This will allow an assessment of conditions where an internal heat

:

transfer model will be required.
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Heat Transfer.
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Mass Transfer Calculations - The analogous calculations have been done for
mass transfer (in the case of a bituminous coal), as shown in Fig. II.E-5. The

situation is more complex because of the molecular weiyht dependenée of the
transport rates and the fact that the values of the species 1iquid phase and gas
phase diffusivities are not well known. The calculation of the characteristic
times requires the assumption of a model for internal and external mass transport.
Generally, it is assumed that there are no mass transport 1imitations tor light gas
species (< 100 mw) for particles in the pulverized fuel size range (< 200 mesh).
Consequently, tne problem becomes one of defining the transport of the tar species.

As discussed in Secfion II.A, we have recently had success in describing tar
transport with a simple model which assumes that tars are carried out ot a particle
at their equilibrium vapor pressure in the light devolatilization products (Solomon
et al., 1987). The equations for tar transport (Eqs. II.A-1 to II.A-3) are
discussed in Section II.A.

Because the assumed internal mass transport model depends to a large extent on
heating rate, the calculations were done for high (20,000 K/s) and low (U.5 K/s)
heating rates. In the former case, the pyrolysis chemical rate would reach.a
maximum at Y48 K, while in the latter case it would maximize at 748 K. The
internal and external mass transport rates were calculated for two molecular
weignts (314 and 1042) at these temperatures and plotted in Fig. I1.E-5.

The calculations indicate that species close to 1000 in molecular weignt are
subject to signiticant internal and external transport limitations at all
conditions of practical interest. Species which are close to 300 in molecular
weight are limited by internal mass transport at low temperature (low neating rate)
due to the low generation rate of the light species. At high temperature (high
heating rates) the transport of 300 mw species is limited by the relatively slow
vaporization rate from the surface.

As in the case of heat transfer, a program is being developed to make routine
evaluation of mass transport rates for an arbitrary set of conditions.

Plans

Develop programs for routine calculations of boundary regions for internal and
external neat and mass transfer. Summarize assessment ot large particles heat/mass
transport models. Consider how the AFR large particle model will interface with
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the BYU fixed-bed model. Finish design and begin construction of fixed-bed
pyrolysis reactor. Develop experimental plan.
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II1.F. SUBTASK 2.f. - LARGE CHAR PARTICLE UXIDATION AT HIGH PRESSURES

Sentor Investigator - Angus U. =lacknan
Combustion Laboratory
Brignam Youny University
Provo, Utah 84602
(801) 378-235%

Cbjective

Proviae cata for Ine reaction rates of large char particies of interest to
fixed-bed coal yasification systems operating at pressure.

Accomplishments

No work plannec.

Plans

No worx plannec.




II.G. SUBTASK 2.g. -- SOy/NO, SUBMODEL DEVELOPMENT
Senior Investigators: L. Douglas Smoot and B. Scott Brewster

Brigham Ycung University
Prove, Utah 84602
(801) 378-4326 and (801) 378-6240

Pbjectives

The objectives of this subtask are 1) to extend an existing pollutant
submedel in PCGC-2 for predicting NO, formation and destruction to include
thermal NO, 2) to extend the submodel to include SOy reactions and
SOy-sorbent reactions (effects of SO3 nonequilibrium in the gas phase will
be considered), and 3) to consider the effects of fuel-rich conditions and
high-pressure on sulfur and nitrogen chemistry in pulverized-fuel systems.

Accompl ishments

The components of this subtask are 1) extension of an existing
pollutant submodel to high pressure and fuel-rich conditions (including
thermal NO formation), 2) modification of the current comprehensive code to
include sorbent particle injection and reactions (including sulfur capture),
and 3) extension of the pollutant submodel to include SOy formation.
Significant progress has been made during the first year on the first
component. Work relating to the second component is ongcing at the
University of Utah and will be used as a basis for Component 2 of this
subtask. First-year progress is described below for each subtask component.
During the firt year, financial support for this subtask was also obtained
from an independent contract (Smith and Smoot, 1987). In subsequent years,
all support is to come from this study.

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

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

The current model for NO formation and decay is illustrated in Figure
IT.G-1. Only fuel NO is considered. Nitrogen is assumed to evolve from the
coal at a rate which is proportional to the rate of total weight loss and to
instantaneously convert to HCN in the gas phase. The formation of NO occurs
when HCN reacts with 0. Homogeneous destruction of NO occurs when HCN
reacts with NO, and heterogeneous destruction occurs when NO reacts with
char {Smith et al., 1987).

Thermal Nb -- Kinetic rate equations for thermal NO formation in both
fuel-lean and fuel-rich systems were developed from the 1literature
(Zeldovich, 1947; Baulch, et al., 1969; Sawyer, 1981; and Pohl and Dusatko,
1987). In fuel-lean systems, the following rate expression applies:

Xyo 9.91x10" K- sec™ 68500\, % 3 .
7= T e"p( f)x~,x0,P (11.6-1)

Eq. (II.G-1) is based on the well-accepted Zeldovich mechanism and assumes
oxygen radicals in equilibrium concentration. For fuel-rich conditions, the
measured rates are often much greater than predicted by Eq. (II.G-1).
Allowing for oxygen radicals in excess of equilibrium (Sarofim and Pohl,
1973;, the following expression results:

Xy 4.09x10 K- sec™ (-34.900) -
a; = T exp T XNz onxco Xco (II,G-Z)

Under highly fuel-rich circumstances, the additional elementary
reaztion

N-+OH—=NO+H

must be added to the Zeldovich mechanism, resulting in the following
expression (Engleman et al., 1973):




Figure l1.G-1 Submodel mechanism for the formation and destruction of

fuel NO during pulverized coal combustion.
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gasificaticn of bituminous coal.
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(11.6-3)
where
. INOI
N
[ oL, (11.6-4)
M_5.4x1o”K-sec 5 ~34,900 x: H
= T exp ——7—-—) N’P (11.6-5)
and P
C'—‘-‘ k-ZKNO[Aé]
k,[O,]i 1+ K[OH]
(o)
- Al ’J-q (11.6-6)

Several researchers have attempted to predict thermal NO in turbulent
gas flames (Bowman, 1973; Kent and Bilger, 1977; Peters and Donnerhack,
1981; Sadakata et al., 1981; and Drake et al., 1984), but the effects of
turbulence-chemistry interactions have not been included except by Drake.
Turbulence interactions are accounted for by convolving the instantaneous
reaction rates over the probability density functions of <the mixture
fractions. By this method, time-mean reaction rates are obtained and used
to solve the continuity equation for NO. With the addition of thermal NO
into the model, a system of equations must be solved for each iteration.
This requires that some major changes to the current NO submodel be made.

Evaluation at Fuel-Rich and High Pressure Conditions -- The application
of the existing submodel to fuel-rich conditions and high pressure was
evaluated by comparing predicted poiiutant concentraticns with experimental
data for atmospheric gasification, high-pressure gasification, and
air-staged combustion of bituminous coal and lignite. Reasonably good
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agreement was obtained for the high-rank coals, but further extension of the
model may be necessary for lignite.

Reactor maps of measured and predicted NO concentration for Utah
bituminous coal at atmospheric and elevated pressure (5 atm) are shown in
Ffigures II1.G-2 and 3, respectively. Experimental data were taken from Brown
(1986) and Nichols et al. (1987), respectively. As shown, the the maximum
NO concentration is approximateiy 3000 ppm in both cases, and the peak
occurs’ slightly earlier at elevated pressure. Both the magnitude and the
Tocation of the peak are predicted accurately by the model, including the
slight shift in location. The exit NO concentration is Tower for elevated
pressure. Assuming equal peak concentrations, the lower exit value is due
to an increased rate of decay and to a lesser extent, increased residence
time. The increased rate of decay is due to the increased concentration of
the reacting gas species. The increased residence time is due principally
to the lower velocity for a fixed feed rate (Nichols et al., 1987). A
similar comparison between predicted and measured NO concentration for an
IT1inois bituminous coal at atmospheric pressure (not shown) also gave
reasonable agreement.

Results for the Tlignite are shown in Figure 11.G-4. The predicted
values are similar to the high rank coals while the measured values are
significantly different. The measured NO concentration peak for lignite is
much Jower in magnitude and located farther downstream from the inlet.
Major species and flame structure (not shown) were predicted reasonably
well. One reason for the discrepancy between measured and predicted NO
concentration for lignite results from the assumption that nitrogen is
evolved at a rate proportional to the total coal weight loss and is
instantanecusly converted to HCN. The evolution of nitrogen is known to be
delayed during the early stages of burnout, especially for Tignites.
Delayed evolution of nitrogen in gasification would result in Tess NO being
formed because less of the nitrogen would be evolved in the presence of
oxygen. In addition, Freihaut et al. (1987) have observed that Tignites
produce larger quantities of NH3 during gasification than do high-rank
coals. Indeed, in the studies referenced in Figures I1I1.G-2,3, and 4,
measured Nkz concentration was 200-300 percent higher for lignite than for
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the bituminous coal. Increased NH3 concentration results in increased rate
of NO decay (Kramlich, 1987). Thus, the observed slow buildup of NO
concentration may be due to the relatively high concentration of fuel-rich
nitrogen species and subsequent reduction of early NO. For such
significantiy higher concentrations of NH3; and HCN (and presumably other
fuel-rich nitrogen species), the rate constants for the NO model may not be
appropriate.

Model performance for fuel-rich conditions was further investigated by
simulating first-stage air/fuel ratios of 1.20, 0.95 and 0.80 of an
air-staged combustor. Predictions and measurements are shown in Figures
11.6-5, 6, and 7 for radially-averaged C0s, 0, and NO concentrations and Tor
temperature. The temperature data, which are consistently 200-400 degrees K
lower than the predicted temperature, are uncorrected for convective and
radiative heat losses. The heat loss correction would raise the measured
data and could easily account for the discrepancy. The major species, COp
and 0z, are predicted accurately in all cases.

For the fuel-lean case (Figure II.G-5), 2 high peak NO concentration is
predicted initially but the profile rapidiy decays to approximately 8
percent above the experimental profile. A similar trend is predicted for
the S.R. = 0.95 case (Figure II.G-6) except that the NO decays to a level
10-15 percent below the measured data. The predicted NO concentraticn also
£a1lows this trend for the S.R. = 0.80 case (Figure II.G-7) but is
consistently lower by 15 to 30 percent along the entire profile. The
discrepancies between the measured and predicted NO concentrations in the
early region of the reactor may be due to non-isokinetic sampling. The
reactor was designed to establish one-dimensional flow (Wendt, et al.,
1578). However, it is likely that radial gradients existed in the vicinity
of the burner. The model predictions showed steep radial gradients in the
eariy section of the reactor to the extent that when predicted NO near the
wall was compared with the measurements in Figure II.G-5, the profile
matchaed the experimental data throughout the entire reactor, including the
garly reactor region. Another explanation for the discrepancy in NO
concentration in the early region of the reactor could be the delayed
nitrogen evolution compared to that currently assumed. Wendt (1980) found
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that at low temperature, the early volatiles are nitrogen-free. If the
actual rate of nitrogen release is lower than the total coal mass loss, then
the model could potentially overpredict the formation of NO in the
near-burner region. The issue of predicting the rate of nitrogen release
correctly would be aided by incorporation of a more detailed
devolatilization model such as is being accomplished under Subtask 3a.
Correctly predicting the rate of nitrogen evolution will Tikely improve the
near-burner prediction of fuel-NO formation.

Figure II.G-8 illustrates the agreement that was achieved by the NO
model for effluent NO concentrations over the range of stoichiometric ratios
shown. At all S.R. values, the model closely predicts the measured values.
Experimentally, it was also determined that thermal NO was negligible for

this system from tests made with Ar substituted for N, in the combustion air
(Wendt, et al., 1978).

Fuel NO is more dependent on temperature in fuel-rich environments %han
in fuel-lean. NO decay by char/NO and fuel-rich species interactions is
accelerated by temperature (Song et al., 1981; Song and Bartok, 1982). The
model predictions were consistent with this trend for the gasification cases
and fuel-rich, primary zone of the staged combustion cases. By varying the
reactor heat loss and thus the temperature profile throughout the reactor,
the effluent NO concentration was altered by almost two orders of magnitude
as shown in Table II.G-1 for one set of gasifier simulations. As heat loss
was increased and temperature decreased, the effluent NO concentration
increased, even though the peak NO concentration decreased. Consequently,
accurate prediction of the reactor temperature is imperative for the NO
model predictions, particularly in fuel-rich regions.
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Table H.G-1

EFFECT OF TEMPERATURE ON NO DECUNE FOR FUEL-RICH
GASIFICATION OF COAL AT CONSTANT FEZD RATE

Heat Loss Peak Effluent Peak NO Effluent NQ
Foctor Temperature K) emparatyrelK) Congc, [ppm)  Conc, fppom)
0.00 3150 2130 3450 0.01

- 0.30 2740 1780 3400 0.1
0.4s 2500 1615 3000 24

= Computér round-off error possible

Predictions were examined to determine the relative difference between
homogeneous and heterogeneous NO reduction. In most fuel- rich locations,
where concentrations of HCN were appreciable, the heterogeneous decay was
found to be insignificant compared to the magnitude of homogeneous NO decay.
This result is consistent with the experimental observation (Dan~ecker and
Wendt, 1984) that gas-phase destruction of NO is the dominant NO reduction
path 1in fuel-rich coal combustion. Homogeneous decay was far more
significant the gasifier predictions because of the high concentration of
fuel-rich species. However, for the combustion cases, homogeneous decay was
only initially more significant but became relatively less important as the
fuel-rich species were consumed. Thus, in the aft section of the combustor,
heterogenecus NO decay also became important. These results imply that the
NO model adequately describes the governing NO decay process for these
cases.

Comporient 2 -- Sorbent Particle Chemistry

This subtask component is aimed at modifying the comprehensive code to
include downstream injection of sorbent particles and their subsegquent
reactions with the gas phase. The work will be based on current work at the
University of Utah, where a sorbent chemistry submodel is being developed
for fuel-Tean conditions. This subtask component has not yet been
initiated.
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Component 3 -- SOy Formaticn

This subtask component will model the gas-phase reactions that generate
the sulfur species for input to the sorbent capture mode) developed under
Component 2 of this subtask. A Titerature search of work related to

measurement and prediction of SO, chemistry in combustion flames has been
initiated.

Plans

Efforts will continue during the next quarter to extend the current NO
submodel to be applicable to fuel-rich systems at high pressure.
Investigation will continue into the necessary modifications to adequately
predict NO concentration for lignite gasification. Code modifications will
also be continued for thermal NO formation. In addition, consideration of
revising the current fuel-NO mechanism for low rank coals will be made after
investigating the development of a simplified global mechanism for the
formation of fuel-NO in coal flames (Wendt, 1987). A literature search of
sulfur chemistry in combustion flames will continue. Coordination will also
be made with the University of Utah to facilitate the transfer of
information on the development of their sorbent reacticn model.
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IT.H. SUBTASK 2.h. -- S0,/NO, SUBMODEL EVALUATION
Senior Investigator -- Paul 0. Hedman

Brigham Young Unijversity
Provo, UT 84602
(801) 378-6238

Objectives _

The objectives of this subtask are 1) to obtain detailed mixing rate
and turbulence measurements for radial crossjet injection of sorbent
particles in a cold flow facility designed to replicate the geometry of a
2-dimensional, axisymmetric entrained flow coal gasifier, 2) to obtain
concentration profile data for sulfur and nitrogen pollutant species from
laboratory-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.

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

Component 1 -- Sorbent Mixing Fluid Mechanics

During the first year, a literature review of laser doppler anemometry
(LDA), mixing in confined, turbulent jets, and isothermal modeling of fluid
flows in a nonreactive system was conducted. Additionally, Robert Hendricks
{Environmental Protection Agency) and David Pershing (University of Utah)
provided engineering design and performance information ¢n the Limestone
Injection in Multistage Burners (LIMB) program (Categen, et al., 1987).
Previous investigators in the BYU Combustion Laboratory (see Webb, 1982;
Jones, 1984; and Lindsay, 1986) have used the BYU cold-flow facility to
study the fluid mechanics of one of the BYU pulverized coal combustars and




the BYU entrained-flow coal gasifier. Design modificaticns for including
crossflow Jjets for sorbent injection in this cold flow facility were
developed. Also, the existing flow chamber will be replaced with one
constructed of transparent plastic to enable qualitative flow visualization.

The large diameter transparent tube fo- -hé reactor is currently on

order. Initially, it was planned to convert the LDA system to
forward-scatter mode in order to get an enhanced signal, but this was
determined infeasible due to time and cost constraints. Smoke and/or

l1-micron sorbent particles will be used for flow visualization and as seed
material for the LDA measurements. The smoke will be generated by dripping
mineral oil onto a heated plate that is contained in a flow channel that is
feeding gas to the sorbe~t 1injection ports. The smoke generator is
currently being fabricated. An existing Accrison, Inc. particle feeder will
be used to feed the sorbent to the flow chamber.

The modified cold-flow facility will be geometrically and dynamically
similar to the gasifier. The gasifier effluent will be simulated by the
injection of an air flow at the inlet to the flow chamber. Micron-sized
sorbent particles and/or smoke from the smoke generator will be injected
about halfway downstream through crossfiow jets. The axial location of
sorbent injection will be variable in order to study the effect of different
locations. Figure II.H-1 presents a schematic drawing of the transparent
section of the flow facility. The duct is of modular construction so that

the instrument collar shown can be located at various axial positions
downstream of the sorbent injection ports.

The transparent walls will provide optical access to determine local
velocity and turbulence profiles by LDA. Carbon dioxide will be injected
with the sorbent, collected at each of the sample locations shown in Figure
[I.H-1 with gas sample probes, and analyzed with an on-iine IR COy analyzer.
The measured concentration of CO; will be used to give a direct measurement
of the rate of gas mixing in the duct. Several sample probes will be used,
but only one probe will be in the flow at a time to minimize the flow
disturbance. Probes are being located in the sample collection collar so

- 167 -




cross section

45 data points for
tracer gas measurements

unused probes recess into tube
wall to minimize disturbance to
the flow caused by the probes

LDA measurments can be
made over entire cross section

- ONT -

sorbent
injection
orts
established P flanges for gas extraction
flow . ¥

7
Z
?
%

N

AT

MRTTTTT.

AN

% A |

\

\_cylindrical transparent plastic tubing J

Figure 1IlLH-1 Schematic of the Transparent Cold-Flow Sorbent fnjection Flow Chamber




that concentration data will be obtained from a two-dimensional grid
pattern, as indicated in Figure II.H-1.

Component 2 -- Laborztory-Scale Reactor Modifications

This subtask component 4is aimed at modifying the Tlaboratory-scale
reactor to accommodate sorbent particle injection. Previous research has
shown (see Categen, 1987; and Kamotani,1974) that the two most important
criteria in the mixing of crossflow jets are the diameter and momentum flux
ratios of the jet to the main flow. The effect of both criteria will be
studied in these experiments. The Tower 1limit of each ratio will be
determined by the amount of sorbent wnich can be entrained in a given amount
of gas while maintaining an adequate sorbent sulfur ratic, and the upper
limit will be determined by the amount of gas and sorbent flow which would
overly dilute the gasifier effluent. Researchers have varied the
sorbent-to-sulfur ratio between 1.0 and 4.0 (Lindgren and Pershing, 1987;
Categen et. al., 1987), and it is planned that sorbent-to-sulfur ratios
representing this range will be used in these experiments.

Compaonent 3 -- Space-Resolved Sulfur and Nitroqern Pollutant Measurements

This subtask comporient is aimed at making detailed measurements of
sulfur and nitrogen poliutants and char in the laboratory-scale reactor.
Work cn this subtask will follow the completion of Component 2.

Plans

Modifications to the cold flow facility will be completed early in the
next year of the study. Initial tests will be performed to check out and
calibrate facility operation including operation of the smoke generator, the
LDA, and the COy gas collection and analysis systems. Once the facility has
been demonstrated to work properly, mixing tests of the simulated gasifier
flows with sorbent injaction will begin.
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