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SECTION I I .  T~K 2. SUBI4ODEL DEVELOPMENT ~D EVALW~TION 

.Objective ! 

The objectives of this task are to develop or adapt a~vancea physics dnd 

chemistry submodels for the reactions of coal in an entrained-bed and a fixed-bed 

reactor and to validate the submodels by comparison with laboratory scale 

experiments. 

Task (}utline 

The development of advancEl submodels for the entrained-beG and fixed-bed 

reactor models will be organized into the following categories: a) Coal Chemistry 

(including coal pyrolysis cnemistry, cnar formation, par t ic le mass t ransfer ,  

part icle thermal properties, and particle physical behavior}; b) Char Reaction 

Cnemistry at nigh pressure; c) Secondary Reactions of Pyrolysis Products [including 

gas-phase cracking, soot formation, ignition, char burnout, sulfur capture, and 

tar /~as reac t ions) ;  d) Ash Physics and Chemistry ( i n c l u d i n g  minera l  

characterization, evolution of vo la t i le ,  molten and dry Narticle components, and 

ash fusion behavior); e) Large Coal Particle Effects ( inc lud ing temperature, 

composition, and pressure gradients and secondary reactions within the par t ic le ,  

and zne physical affects of melting, agglomeration, bubble formation and bub:Jle 

t ranspor t ;  f )  Large Char Pa r t i c l e  Effects (including oxidation); g) SL)x-NO x 

Subm3del Development (including the evolution an~ oxidation of sulfur an~ nitrogen 

species); and n) SO x and NO x Model Evaluation. 
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Objective 

The objective of tnis 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 Zhe transformation from 

coal to char in coal conversion processes. Many of the data and some computer 

codes for this submodel are available, so i t  is expected that a complete integrated 

code wil l  be developed during Phase I. Improvements in accuracy and efficiency 

wi l l  be pursued during Phase I I .  

Accompl i sbment s 

Characterization 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 init iated 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. Suuberg. The l i terature search on transport properties during pyrolysis 

was completed and presented inthe Second Quarterly Report. To model pyrolysis data 

for low nearing rate experiments, the internal mass transfer resistance to tar 

escape must be included. A simple model of tar transport was developed an~ 

successfully tested. The FG and DVC models are being modified 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 graphically present the output data. Work was init iated on computing 

the optical properties of particles during the coal to char transformations. 

Coal Characterization 

Characterization of the coal samples for th is program was performed by 
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quantitative FT-IR analysis, pyrolysis, and char reactivi ty. Analyses were run on 

ampoules of Aryonne samples i-7 and 9, listed in Tables II.A-1 and 11.A-2. Also 

six jars containing bulk samples of coal were received from the Argonne National 

Laboratory for coals 1,2,4-7. Due to zne broad particle distr ibut ion, each jar was 

well mixed and a small representative sample was removed, bandground and sieved to 

obtain the ZUO x 325 mesh fractions. Adaitional samples of these six coals were 

obtained from BYU after grinding. For Rosebud subbi:uminous coal, samples have 

been obtained from METC. Bulk samples of the Beulah l ignite were obtained from 

UNDERC. Bulk samples of I l l i no is  #6 have been ordered from the I l l i no is  State 

Geological Survey. Measurements have been made on raw coals and coals 

~emineralized in HCI and HF. 

,~uantitative FF-1R Anal@sis 

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

dry grouna sample in approximately 3UO mg of alkali halide. To obtain optical 

properties for the coals, Csl pellets were prepared in addition to the KBr 

pellets. Figures l l .A- la and ib - II.A-ga and 9b show the dry uncorrected KBr an~ 

CsI p~llet spectra for the nine coals. Seven of the spectra are for bulk samples 

and t~o are for ampoule samples. In general, the bulk and ampoule samples are 

quite similar as shown in Figs. II.A-IO to II.A-16. The exception is the Upper 

Knawna wnich nasa much nigner mineral concentratlon in the bulk sample. 

To obtain quantitative functional group and minera] matter data, a spectral 

syntnesis routine was applied to the dry mineral matter and baseline corrected 

spectra {see Figs. I I .A- lc -11.A-9c). The organic functional group data are shown 

in Tables LI.A-3 and |I.A-4 for bulk and ampoule samples, respectively. Tables 

II.A-5 and II.A-6 l i s t  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. 

P~rol~sis in Themo(jravimetric Anal~zer (TGA) 

Pyrolysis experiments on the ampoule and bulk samples were performed using the 

TGA. With a N 2 flow of 400 cc/min and a N 2 purge flow of 40 cc/min, the coal 

particle temperatures reached 9UO°C with heating rates of 3U°C/min. Plots of the 

TGA pyrolysis rups 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  TT.A.1. 

AFR]BYU Program Coal  S a m p l e s  

Coal Name Rank Mine/Location Source 

I. Upper Freeport Medium Pennsylvania ANL 
Volatile 

Bituminous 

2. Wyo~ik Subbituminous Wyoming ANL 

3. Illinois #6 High Volatile 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 Medium 
Volatile 

Bituminous 

Eastern, WV ANL 

9. Zap Lignite Mercer, N. Dakota UND 

I0. Rosebud Subbituminous Montana METC 
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COAL NAME 

TABLE I I.  A-2 

ELEMENTAL COMPOSITION (MAF) 

C H 0 $* .JeiSH'* 

I .  Upper Freeport (UF) 

2. Wyodak (WY) 

3. I l l i no i s  #6 ( I l l .  #6) 

4. Pittsburgh #8 (Pitt  #8) 

5. Pocahontas #3 (Poc #3) 

6. Utah Blind Canyon (UT) 

7. Upper Knawna (WV) 

9. North DaKota (Zap) 

10. Rosebud 

S7 5.5 4 

74 5.1 19 

77 5.7 IO 

83 5.8 8 

91 4.7 3 

79 6.0 13 

81 5.5 i i  

73 5.3 21 

72.1 4.7 20.3 

2.8 

0.5 

5.4 

1.6 

0.9 

0.5 

0.6 

0.8 

1.2 

13 

8 

16 

9 

5 

b 

20 

6 

I0 

* Dry Basis 
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Figure II.A-1. FT-IR Spectra of Bulk Upper Freeport Bituminous Coal. 
a) KBr, b) CSI, and c) KBr Pellet, Mineral Matter Corrected. 
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Figure II.A-2. FT-IR Spect,'a of Bulk Wyodak Subbituminous Coal. 
a) KBr, b) CSI, and c) KBr Pellet, Mineral Matter Corrected. 
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a) K B r ,  b) CSI ,  a n d  c) K B r  Pe l le t ,  M i n e r a l  M a t t e r  Cor rec ted .  

- ] 4  - 



a 

. 1 5 -  

I 

. 0 0  

40oo ~oo s~oo ~oo ~oo 2ooo ~soo ~ o  s~o ~o 

b 

~ . 3 0 -  

.18-  

. 0 0  

~oo ~ s~oo ~ ~oo 2 ~  1 ~  L~o s6o 
1 . 0 5 -  

. 9 0 -  

. 7 5 -  

. 6 0 -  

. 4 5 -  

C 

. 15 -  

. 0 C ,  - , - - ?  . . . .  

s&o s2oo ~oo 2400 ~oo 1coo 12oo soo 4o0 
W A V E N U M B E R S  

Figure II.A-4. FT-IR Spectra of Bulk Pittsburgh Seam Bituminous Coal 
a) KBr, b) CSI, and c) KBr Pellet, Mineral Matter Corrected. 
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Figure H.A-5. FT-IR Spectra of Bulk Pocahontas Bituminous Coal. 
a) KBr, b) CSI, and c) KBr Pellet, Mineral Matter Corrected. 
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Figure II.A-6. FT-IR Spectra of Bulk Blind Canyon Bituminous Coal. 
a) KBr, b) CSI, and c) KBr Pellet, Mineral Matter Corrected. 
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Figure ILA-7. FT-IR Spectra of Bulk Upper Knawha Bituminous Coal. 
a) KBr, b) CSI, and c) KBr Pellet. Mineral Matter Corrected. 
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Figure  IIJL-8. FT-I]~ Spectra of Bulk Zap North Dakota Lignite. 
a) K:Br, b) CSI, and c) 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 II.A-10. Dry Uncorrected FT-IR Spectra of Upper Freeport 
Bituminous Coal. a) Bulk Sample and b) Ampoule Sample. 
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Figure H.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 Pocahontas #3 
Bituminous Coal. a) Bulk Sample and b) Ampoule Sample. 
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Figure II.A-14. Dry Uncorrected FT-IR Spectra of Utah Blind Canyon 
Bituminous Coal. a) Bulk Sample and b) Ampoule Sample. 
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Figure II.A-15. Dry Uncorrected FT-IR Spectra of Upper Knawha 
Bituminous Coal. a) Bulk Sample and b) Ampoule Sample. 
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F i g u r e  II.A-16. Dry Uncorrected FT-IR Spectra of Beulah Zap LigniTe. 
a) Bulk Sztmple and b) Ampoulc S;mlplc. 
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T a b l c  H .~-4  

D a t a  o n  A m p o u l e  S a m p l e s  ( w e i g h t  P e r c e n t  ( lmmf)*  

Aromatic llvdroffen ~ Carbon_vl 

Sample Hal  l toh H a t  Ht~)tal Har /Hto ta  I 1A{lj 2Adj Mot~3°r C al (Abs.UnltSx cm "! ) O°h Octhc r  

UF 3.43 0,11 2.08 5.62 0.37 0.66 0.71 0.71 22,87 0.63 1.75 0,75 

! 

b ,J  

| 

WY 3,03 0.33 1.73 5.09 0,34 0,52 0.78 0.43 20.20 23,86 5,25 5.0 
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* Except Carbonyl: Relative Peak Area 



T a b l e  I I . A - 5  

D a t a  o n  B u l k  Coa l s  ( d r y  w e i g h t  p e r c e n t )  

M i n e r a l s  
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PITT#8 5.65 0.64 1.49 2.90 ] 0.6£ 

POC#3 4.91 0.53 3.88 0.45 9.76 

UT 3.31 0.48 2.23 0.24 6.26 

Y~rV " 21.40 4.79 1.08 8.44 35.71 

ZA.P 2.48 0.69 0.93 0.79 4.88 

R ~ I J ~ D  3.42 1.00 1.92 2.51 8.86 

k~pg~jIiIit~I~gmi~i~I~wim~1~iil1~lm~EjN1~jDmjom$~j$fD~iI~tII~IoIjlII1iDItt~w~II$BjD~IP~IIjP~6iiIaiIQg6IB8mD$$8jlQolmDiSDDgiwIII~1m~tomiQt~ODI1~IBIwi~B44emI1i4DI~Da8bP~igI4gsloeQODiwIjD$~BPjtQIIPIj~IjI~QO$QBtBl$~jIj4geOt o 
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Table II.A-6 

Data on Ampoule Samples (dry weight percent) 

Minerals 

S a m p l e  M i x e d  Q u a r t z  Calc i te  K a o l i n  Total  
Clay 

, , , . . , . . , , , , , , ; , . . ,  , u . , , , , . , M . . , , ,  . , . , o , . , . . . . . . . , , . , . , . u  , , , . , . . , . ~ , H ,  ,m.,~,O..Na.a,,.,,H,,.OlO..N.U,, , ' . H . m , 0 D 0 , , 0 , 1 ,  H ' 0 "  0 ' ' l . . '  , . ' , , .  0 ,  , ~ H , , , , 0 , , 0 0 , 0 ¢ , ,  ~ 0 , 0 1 . , . , m U a N , 0 0 ~ , 0 , , H a , , a ,  , . . . , ,  , , , ,  , ~ . , . . . H  , . . ,  

LT 10.40 0.93 2.97 3.60 17.90 

WY 2.57 0.7S 1.04 2.11 6.48 

ILL#6 8.50 2.26 3.98 2.29 17.02 

P1Tr#8 7.7.4 1.00 2.01 2.72 13.47 

POC#3 4.28 0 4.83 0.99 10.11 

UT 2.90 0.12 2.40 0.17 5.59 

WV 15.50 1.24 1.46 7.74 25.95 

ZAP 2.36 0.73 1.38 0.71 5.18 
m $ 0 e  e ~ e ~ 4 1  U I I ~ l s 4 1 1 e ~ l ~ 8 4  J D i g  t ~ D M e l l ~  ° t  I J 6 N ~ l J ~ l ~  f ~ I I M Q ~ 0 0 ~  ~ I ~ N m ~  m ~ m I R ~ N 0 ~ U ~ N B m ~ t J l 0 Q Q  N 0 1 U l l  ~ N p ~ 0 ~ I I  ~ p ~  ~ P m 4 N m I H  0 a l I u u Q  J i m  J 0 N 4 ~ 0 0 U g I ~  g H I m U l 4 N  m 
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Figure H.A-17. Pyrolysis of a) Upper Freeport Bituminous Coal and 
b) Wyodak Subbituminous Coal in TGA at 30°C/rain in N2. Solid, Dashed, 
and Dotted Lines Represent Bulk, Ampoule and Demineralized Samples, 
Respectively. 

- 3 2  ' 



100" 

~ 5 0 -  

0 1 1 l I i 

10 uo 210 slo 410 ~10 e~o 710 aio 
TEMPERATURE °C 

! 
910 

a 

i 
I 

1010 

100 

ol 
10 

~ ' . . - . . , .  ......... ... ............... 

b 1 

110 210 810 410 10 0 710 810 910 1 10 
TEMPERATURE °C 

Figure II.A-18. Pyrolysis of a) Illinois #6 Bituminous Coal and 
b) Pittsburgh Seam Bituminous Coal in TGA at 30°C/rain in N2. Solid, 
Dashed, and Dotted Lines Represent Bulk, Ampoule and Demineralized 
Samples, Respectively. 
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Figure II.A-19. Pyrolysis of a) Pocahontas #3 Bituminous Coal and 
b) Utah Blind Canyon Bituminous 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 II.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 II.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 Deminsralized Samples, Respectively. 
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Ist Annua~ METC/BYU 10/87 WP#46 

fo r  Wyodak, Upper Knawna, and North DaKota (Zap) l i g n i t e .  

Char Weactivit~ in TGA 

The reactions of chars prepared from both raw and demineralized coals were 

measure~. The cnars were prepared by pyrolysis as described above. The char 

react iv i ty measurements were made by emp]oyin~ a non-isothermal technique using the 

TGA. With an air flow of 40 cc/min and a N 2 purge flow of 40 cc/min, the samples 

were heated at  a ra te  of 30~C/min u n t i l  90U°C was reacne~. The r e s u i t i n  9 c r i t i c a l  

temperatures (aef ined as the temperature at which the d e r i v a t i v e  of the weight loss 

reaches U.11 wei~nt f r a c t i o n / m i n )  are l i s t e d  ~n Table l i . A - 7  and are a lso p lo t t ed  

in F ig .  I I .A -22  as f u n c t i o n s  of  oxygen in  the parent  coa l .  

Figure ll.A-22a compares the bulk and ampoule samples. There is 9ood 

agreement between the two and the tren~ is an increase in reactivi ty (decreasing 

Tcr ) with increasin~ oxygen. 

Figure [I.A-22b compares the raw bulk samples with the demineralized samples. 

The reactivit ies show interesting trends. Above 15% 02 , the ash content of t h e  

coal dominates the char react iv i ty,  increasing the char's reactivi ty (lower Tcr ) 

compared to the demineralized samples. Tne reason for this increase appears to be 

the catalytic act iv i ty  of the organically bound alkali metals as wil l  be discussed 

in Section l l .d .  Below 10% 02 , the raw coals have a lower react ivi ty (nigher Tcr ) 

than the demineraIized samples. The reason for this is not known and is being 

investigated. 

Determination of Percent Ash 

Ash percent values ascertaine~ through three different anal~cical tecnniques 

are listed in Table II.A-8. Tne values are in good agreement for the Argonne 

ampoule samples. These samples (excluding Montana sample) w~ich were from amber 

borosilicate glass ampoules flame seale~ unaer 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 S~bbituminous which were not as well 

homogenized as the Argonne ampoule samples. The ash in the bulk sample of t h e  

upper Knawha coa] is much higher than in the ampoules. 
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Table ILA.7. 

Data on Char Reactivity 

! 

t .~  
Oo 

I 

I t  I n l ,  I I  I l l  I i ,  l l I I I  I ,  i l i ,  . l  i I I I  I i l ,  11 ,  I , ,  i I l l  I .  I I i n l , ,  . i  . * ,  l i l l l l l  t l ,  I i l l  111 ~ I ,  I .  l l i I n [ i l l  1111 i l I t I I I I i l t t i i ~ ( i l ,  i l l  I i l l  I l I i I l l  I l l  i , 11  H i  I I ,  , ,  I I i 1 .11  I .  i 111 , . . ,  , l l ,  i i I i l I i i S , ,  i I I I i i ,  i 1~ i  i i ,  l i l l l  i I i i ,  I i D i i i  i I , ;  i l i i i l l  i i l l  I l l  i l l l ,  * I  i l l l l  l l i l l l ,  i f , ,  l l l t l l  l I i l  I I  I I I  i I I I f  I i I l l  I B I l l  i I i l ~ I I  I I I I  I I I  I C I t  I I I I  I I I I I I I  I I I  I l l  I i I l l  I I l l i l  i I ~ I  I I i I 114111 D I 

0- 900°C N 2 Char 

Wt~ % Oxygen in Demineralized 
Coal Name Abbreviation Rank Original Coal Sample Ampoules Bulk Sample Bulk Sample 

by Difference (DMMF) Tcr %Ash Tcr  %Ash T cr %Ash 
I1~ I | l  I ¢¢ I I I I I I I I  I I t  I I I l l l  I l l  I I  I I n I I i i  I I  I I / 11  ! I l l  I ! I II  I I  I I I I I I I 11111 I l l  I I i t I t  I J i l l  l i l  I I I  I I I I  I I11  I l l  I | I I I I I I !  n I I I i i i  I i  i i i  i I l l  I t  I I I t i t  I I I I I I  I s  I I111 t I I I I l l # ~ l l  l I !  [ I  I I t  I t  I I I t  I l l  I I l l  I I I I I I  I I l l / 1 1 1 1  I I  I I I I I l !  I C! I~ I I I ! I l l  I I  ! I I I I I I t  I I I  I I I I t  I I I I I I I I I I I  l i t  I I ,  I / l l  I | !  l U !  I I I  111¢ I I I I I  I I I I  I l i l !  I I111 I I  I ! I I I I  ¢ t l l  I t  I !  I 1 !  I I I I  I I I t ~ I t  I I I t  ! I ~ !  I I I I I I | I I I t  t ! I I ! 

UF Medium Volatile 4 644 13,81 641 11.63 513 1.93 
Bituminous 

1, Upper Freeport 

2, Wyodak WY 

3. Illinois #6 ILL 

4. Pittsburgh #8 PITT 

6. Pocahontas #3 POC 

6. Utah Blind Canyon UT 

7. Upper Knawha 

Subbituminous 19 436 8,07 440 11,13 503 0.40 

High Volatile 10 519 15,02 . . . . . . . . . . .  
Bituminous 

High Volatile 8 586 9.61 600 9.01 542 1.44 
Bituminous 

Low Volatile 3 607 5.10 611 4.83 564 --- 
Bituminous 

High Volatile 13 527 4,45 528 4.68 516 0.80 
Bituminous 

WV Medium Volatile 11 529 19.49 544 26.44 498 1.24 
Bituminous 

9. North Dakota ZAP Lignite 21 443 8,98 434 7.54 550 0.26 

10, Rosebud Subbituminous 20 . . . . . .  478 14.72 508 3.47 
I I  I I n I I I I I  I n  I I I  I I I  I I I I I I I I  I I I I I I  I I l E I  I l |  I | I | I IS  I I I I  I l I |  I I I 8 l  | 1 |  I I I I I  | l  l |  i I I t  I I I I  I I I I I I l l l  I I  I I I I l l l l l  I 1  I l l l  I IN  I I i i I l l l  I I | t I E l  I | 1 1 1 1 1  I l l l  I l l  I l l  I I I t |  I I I U l  I I I  I I I I C ¢111 I I  I I I f  i l l  I I I I I I I  I l U  I 1¢ I I I  I I I  I I I l l  I I I  I I I ! I I I I  I I I  I I I I  I I l l  I I I  I I l l l l l  I I I I  I I I  I I I I l l  I I I I I  I I I I I l I l l  I I I I 111  I I  11111 I I I I I I  I I I I 111 I l l  I I I I I  I I J l $  I I ( I  $ i i I I l e I I I I I I I l l  I I I m I i 1 1 1  $ $ 141111111 I I I I I  I U l 1 1 1  

*HF/HCL demineralized. 
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Figure II.A-22. Variation of Reactivity with Coal Rank for Chars 
Prepared by Heating in Nitrogen at 30°C/rain to 900°C. 
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Table II.A-8. Ash in Dry Weight Percent 

~It~n~u~!~t~i~n~i~i~i~i~i~i~i~iti|~n~i~i~ii~i~i~ii~iij~ii~n~iii~iIii~i~ii~i~i~ii~iii~i~}~i~i~iiii~i~i~!~i~ill~|~n~u~!~i~ui~i~n~i~iI~u~i~!~ili~i~il~r~il~!~il!~i~I~ii~i~i~i~ii~i~t~i~!~i~!~i~i~!~u~i~¢~i~i 

Analysis Upper WyOdak Illinois Pi t tsburgh Pocohontas Utah Blind Upper North Dakota Montana 
Type Freeport  No.6 No.8 No.3 Canyon Kuawha Lignite Rosebud 

~i~r~i~a~i~iiii~i~t!~ii~1u~n~!~is~i~i~illn!~i~ui~i~t~i~ii~iu~i~i!~n~i~i~1~i~itLu~ii~a~I1~i~i~i~uo~nr~L~L~an~n~1~Lm~Lr¢¢~|aIll~!~r~n~u~i~iLl~ioiiBIl~Jr~Illuu~|t~n~!~l 

TGA Ampoule 13.81 8.07 15.02 9.61 5.00 4.45 19.49 8.98 --- 

TGA Bulk 11.63 11.13 -- 
I 

X-Ray 12.49 9.02 16.14 
t Ampoule 

9.01 4.83 4.68 26.44 7.54 14.72 

8.51 4.40 3.41 21.48 9.60 12.33 

Argonne 13.16 8.95 17.76 9.44 4.90 4.68 19.81 6.53 -- 
Proximate 
(ampoule,) 
~I~°~g~I~!~!~~t~!~!~!~r~!~!~u~u~!~1~n~!~t~u~|~t~t~¢~t~i~a~~n~r~!~¢~t~!~!~!~u~i~1~Is~u~1It~` 



Is t  A~nual METC/BYU 10/87 WP#46 

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. Tne coals were vacuum drie~ dt IUb°C for i hour 

prior to the pyrolysis runs. The coal was fe~ at razes of I i/2 - 2 g/min with a 

N 2 ca r r ie r .  Particle residence time was approximately 0.66 seconds with the 

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

1100°C, and 700~C. The gas analyses were performed using two analytical 

techniques: I) FT-IR calibration program and 2) Gas CnroHatograpn. 

The data are presented in Tables II.A-9 to I I . A - I I .  The data are plotted for 

each coal as a function of temperature in Figs. II.A-23 to II.A-2~. The yields 

show the expected dependence on temperature. These aata, as well as data from the 

TG-FTIR will De modeled using the FG/DVC model during the next year. 

FGIDVC M~)del Development 

The combined Functional Group (FG) and Devolati!ization, Vaporization, and 

CrosslinKing (DVC) model developed under METC Contract NO. DE-AC21-8bMC220bO is 

being improved for application to this prograLn. The FG/DVC mode] predicts the time 

and temperature evolution of tar, char, and gases in pyrolysis including: 

Gas (composition and concentration) 

Tar (y ie ld ,  elemental composition, functional group concentration, 

moiecu]ar weight distribution) 

Char (y ie ld,  elemental composition, functional group concentration, 

extract yield, crosslink density, and viscosity) 

A comprehensive description of the mo<lel has been prepared for publication. 

This manuscript is included as Appendix A. The improvements made under the current 

program are described below. 

Nass Transport Limitations 

During the past year, work was performed on the mass transport within the 

part ic le. Tnis improvm,~ent was requireG, since when comparing the predictions of 

the model to available data i t  was found that tar yields were overpredicted when 

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

heating rate experiments (Serio e t  al . ,  1987) or experiments with rapid hea~ing to 



I 

b o  

I 

Table  I I.~-9. 

P y r o l y s i s  in  t h e  E n t r a i n e d  F low R e a c t o r  i n  Ni t rogen  a t  700~C, 24". 

Va lues  in  Ash  F r e e  Weigh t  Pe r cen t .  

AFR/BYU Run # 19 20 21 22 23 24 

Species Upper Freeport Upper IL-mwha Pittsbm'gh ~/8 Wyodak - Pocahontas ii3 Utah Blind Canyon 
, ~ ; . , , !  i .  m|  , ,m l , , u , . . ~  . | . n | , ,  , , n ,U l l , , , u , , . . , , . = . , , , u  u , | l , , u ,m l . l t l t  i | . ~  l .m  l | | l l , , u  u¢ , ,  u . , . ,mu , l a  | mm~mu~mu~"~mm~m~uu~U~o"~uH~mm~um~"~"~mu~unu~mu~nuu~mu~m~u~"HV~um~ommÈ~"mu~"~om~"~"um~"u~""~m~m~mmuu"m~ 

Char 64.88 66.95 

Tar & Soot 22.07 17.22 

Gas 5.85 6.95 

H20 6.68 3.62 

Missing .53 5.27 

CH 4 .92 .678 

CO .122 .449 

H 2 o o 
c o  2 .408 1,16 

C~.H2 .o~1 .oo2 
C 2 H 4 .372 .271 

C2H 6 .373 .169 

C 3 H 6 .305 .591 

C6H 6 .002 .609 

CS 2 .145 .107 

SO 2 .024 0 

HCN* .094 0 

Paraffins 1.93 2.17 

Olefins 1.57 .744 

57,49 59.56 80.64 54.8 

30.5 13,09 10.29 25.8 

7.44 13.46 3.83 13.62 

5.96 2.27 2.71 .95 

-1.4 11.62 2.52 4.83 

1,1 .696 ,784 1.25 

.506 2.44 .118 1.04 

0 0 0 0 

.331 4.82 .81 3.47 

006 .007 1.4 X 10 -4 0.1 

433 .452 .095 .623 

393 .198 .201 .66 

589 .703 .106 .83 

217 .406 .338 .24 

108 .134 .074 .07 

.014 .01 0 .01 

0 0 0 .12 

2.46 1.73 1.09 3.54 

1,32 1.77 .208 1.77 

u P ,  i i m ,  u I m  i i n ,  , p n ,  u , !  . . i  , . .  i i . i , ,  n i o l i n !  p I J . i . u  . . , . . ,  . u  m u i i ,  i . u l  ; o m , ,  l u U l .  u m n  , 1 , 1  ) t i u m  ; ~.~|~mum~j~u~i~mmul~u"~1u|un~tum~;m~m~m;""~f~m~"~e~"~t~m~u~"~u~l~u~ 

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



T a b l e  II .A-10. 

P y r o l y s i s  in t h e  E n t r a i n e d  F l m v  R e a c t o r  in N i t n ~ f e n  a t  I I00°C,  24". 

V a l u e s  in  A~h  F r e e  W e i g h t  P e n c e n L  

! 

I 

• . , , , ,  , i i  i i ~ . ~ l . ~ 4 , ~ l  

, 1 .  ~ , , I n l  ~ ° m l . , , , ,  , , ,  , i , , , , , , , ° ~  ° ,  p,  , , ,  a l v i n ,  i t . i .  * t ~ , * l J  ~ t l t , , a * ,  , ,  . , , ,  I i ,  N , , , , , ,  q ° , ,  , i , ~ . , , . ,  , .  , . - ,  , ,  , T , ~ , .  , , . , , , ° , ,  , .  ~* , ~ , ,  u I ,  ~ , H  , t ,  I , I ,  i ,  *~ ,  , , . .  , , ,  , .  1 , , ,  , i  , . ~  ~ , o ,  , ,  ~ , , ' ,  , , ,  i , ~ ,  , , .  i i ,  , , , ,  l l m l a , ,  ~ l  * , .  , *  , , , ,  i ,  ~ l , , .  J ,  ~ , . ,  , , ,  , I t  ~ ° , ,  t i ,  f , ,  

AFIUBYU Run # 10 11 12 13 14 15 16 

Species U p i m r F r ~ p o r t  Wyodak Upper  lh~ecport U p p c r K n a w h n  Utah 13lind Canyon Pi t t sburgh #8 Pocahontas  03 

C h a r  52.50 43.16 52.14 56.52 40.94 47.91 

T a r & S o o t  21.65 7.71 16.59 1 ,I.35 13.40 21.84 11.69 

Gas  25.99 40.14 24.94 21,49 39.28 28.62 14,17 

H20  1.73 2.85 3.40 564 7.02 4.58 3.58 

Miss ing -1.88 6.14 2.93 2.60 ..64 -2.95 -2,94 

CH 4 4.37 1,86 4.01 3.80 5.34 5.55 3.23 

CO 5,46 12.27 5.40 4.16 8.85 6.04 1.82 

H 2 1.38 .99 1.22 .77 1.5 1.21 1.04 

CO 2 1.91 9.29 2.02 1.02 6.07 1.62 1.03 

C 2 H 2 1.49 2.09 1.21 .73 2.01 1.06 1.23 

C 2 H 4 1.95 2.27 1.76 1.84 2.84 2.29 .96 

C 2 H 6 .005 .006 .009 ,I 5 .05 .08 .08 

C 3 Hfl .15 .24 .15 .20 .24 .25 .06 

C 6 H 6 3.32 5.26 3.45 3.23 3.97 3.98 2.08 

CS 2 .18 .24 .25 .14 .164 .16 ').097 

SO 2 .03 .012 .029 -- .002 .018 "'" 

I ICN * 2.16 1,49 1,93 1.36 2.98 2.07 .70 

Paraf f ins  .56 .44 .59 .83 .55 .61 .33 

Olefins 3.05 3.66 2.89 3.26 4.68 3.68 1.51 

. , o , , , , ,  . . . . . . . .  , , . , . ,  i ,  , , , ° ,  , , . ,  i ,  , , I  , . ° ,  o , ,  , , , ,  ~ , , , , ,  , ,  , , . , o . , , ,  i . , I ,  I I .  I I ,  , l .  n01 u l ~ l l  * . l l , 0 0 J l l ,  i . i ,  i l l  . . , ,  , , , ,  . , , . ° , ° . 0 , , o  I .  , 1 .  , ° . l  ~ , ° ,  , ,  , , , ,  , ° ° o . , .  , , , ~  ~ 0 , , ,  i , , , , , ,  , , , , , , . , . - - , , , o . , ,  ' , , ' , , ~ ' ' " ° "  ' ° ' "  ' " o '  ' "  ~ '  " " o '  ~ ' ° ' "  ' ~  " '  , ° l ,  , *~  i , ,  , ° . ,  . * , , , . . . .  ~'.`~`~1~t~'~'t~q~.~i~.~'~.~'~°~.~.~'~1~.~`~.~.'.~... 

* I ICN values not hlchncted in gas totn]s or missing totals. 



I 

I 

T a b l e  II.A-11. 

P y r o l y s i s  i n  t h e  E n t r a i n e d  F l o w  R e a c t o r  in  Nit lx~gen a t  l,i00°C, 24". 

V a l u e s  in  A s h  F t ~ e  W e i g h t  Pe~ ,cen t  

s I i I F i a i | a l l a | l  I SS I l , l ns . I ua . I uFn l  . , l a i n ,  i o l l a lm lo | ooa i  i nn l a | i l l a l l l ua ! l l su l l l u  IIaSSOIIFO!IIIIII"II'IIIIaII311'IIaUIIIIll uoannagaSlt I I I I F , I I a lF IUU l I I I I I ! I I I  Jnnaaa l l lU l  l u l ! i oa l agsga l l t I , l Fo I  i , , , , v l  , , .  J , lS IS lO , .n ln l lUa .  Javeus l z l ~ , a l a l , s l l t  I , , I I I , i FX , IF , I , : I IC I I I ~  r l , ~ t l ' l ~ ' I IS l ' l n~  s . | ~ , l l ! , a~ i . ~n~sa  t nns I i ~ I I a I I ~ l i ~  I}~ll;~|~!.Itil1111lll,.,.,ml.lSala'l'uasua~''" 

AFR/BYU R u n  # 1 2 3 ,t 5 6 8 9 
Specitm Pocahontas  #3 Pocahontas  03 Upper  Kmtwha Wyodak Uplmr l,Yccport Utah Blind Wyvdak Pit tsburgh #~J 

Ro.ruli  of  l l t tn #1 Canyon l{o-run of ]{till #,t 
Ill I II I III I III I I lll U I III Ill I I 'I I Ill t S llt If I III I IS l I F I III III I lII I I I IIII I II I Ill I I I I I I I I l l I I Ill If I I II I III I II If II I I n I II I I II III I I II I Ill I l I I I If III I I If I I II I Ill I If I If III I I Ill I II l I If I I I I I II I Ill II I I I If I I I I I II I I I I I II I Ill I II I III I III l I I l III I I I l l II I I I l I II I Ill I~II I i I I I If I I I I I I I I I If I I I I III I If III I I If fill I I I I I I I IU I I Ill If I I II I If I I II I I I l I I I I I l I III I I I I I l] i I I }{ll I Ill I Ill I l ] I I l l Ill I It I 

C h a r  70.03 70.19 51.22 4,1.82 ,16.6,1 35.2,1 42.82 37.38 

T a r & S o o t  13.54 13.22 20.05 15,54 25.85 28.52 13.44 29.75 

Gas 14.22 15.34 22.28 43.0 21.91 33.49 45.18 30.64 

]I20 .58 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 

CH 4 .24 .19 .16 .16 .14 .28 .41 ,19 

CO 7.21 8.27 15.80 30,25 12.95 22,72 31.12 18.92 

H 2 4.38 4.11 4.22 4,17 4.55 5.19 4.0 4.82 

CO 2 .49 .70 1.80 5,75 1.28 1,42 6.74 1.96 

C 2 H 2 1.83 . 1.87 .03 2,36 2. 59 3.72 2.59 4,33 

C 2 H 4 .56 .04 .06 .04 .05 .12 .054 .10 

C 2 H  6 1.73 x 10 -5 .02 4.86 x 10 -6 .01 .01 6,34 x 10 .4 .001 • 2.91 x 10 -3 

C 3 I t  6 .03 .01 .02 .04 .03 ,03 .01 -1.14 x 10 .2 

C 6 H  6 .Ol .01 .01 .01 .01 .01 .006 1.25 x 10 .2 

CS 2 ,08 .17 .17 .20 .26 .11 .183 .28 

SO 2 .00 .01 .01 .01 .01 .01 .009 1,1 l x 10 .2 

HCN * 2.22 2.20 3.96 3.30 4,36 5,65 3.56 5.54 

Paraff ins  0 .109 0 0 0 0 .06 .00 

Olefins " 0 0 0 0 0 .03 0 -.07 

~.~|~1ta~s~l1~pII|~1at|~I~a~I1a~I!~|~alla1I~|~IItI~IsII!~ts~i~.a~eI1aI~s~t~s~|~l|~|~gi~I~t~s~1~.~I~a~.asI~i|.~t~t~t~|~It~I~r ~¢~!tF~I~I~IIIDsIIIl|aIIts~*~a~|m~.~1~a~I~1~I~"11.~I~o~IFa~I~a~|~|I~.1.~.~a~.~1|t~a~i~.~'~.I~ 

* ilCN values not included in gas totals or Tnissing totals, 



e~ 

0 T. 

I00 
i 

80.  

60.  

40 

2O 

0 
400 

4.9 

4.1- 

3.8 

2.4 

1.6 

.8 

 Loo 
4.9 

4.1" 

0Ch~ a 

0 

0 
0 

J i 

soo soo ~oo fioo 1,~oo 1~oo 

0 Para . f f 'm C 
X O l e f i n  

I00 

8 0 -  

6 0 -  

4 0 -  

20" 

o Gas b 
x T a r  a n d  Soo t  

0 

X 
0 

600 s~o 1~oo fioo fioo 1~oo 

X 

0 

0 

600 800 lO00 1~00 1400 1600 

e 

4.9 

4 . 1  " 

3 .3  

2.4 

1.6 

. 8 "  

~oo 

0C~4 d 

0 

~oo ~oo 1~oo ,~oo 14oo ieoo 

3.3" 

2 . 4  

1.6 

04OO 

4- 

X 

4. 

6 

24 

20  

16 

12 

8 

4 

0 
4 0 0  

0 H 2 0  
x.co f 

C O  2 

X 

0 
X 
O 
.4- 

~ 0  ~ 1()00 1200 l i00  16(}0 

P y r o l y s i s  T e m p e r a t u r e  (°C) 

F i g u r e  I I .A-23 .  Pyro lys i s  Resu l t s  for Uppe r  Freepo.*t B i t u m i n o u s  Coal ,  
200 x 325 Mesh ,  in the Ent ra ined  Flow Reactor  at a Reac t ion  Distance of  
2~-". The  Coal was Fed at Rates  of  1 1/2 - 2 g/rain with an N2 Carrier  
Par t ic le  Res idence  T i m e  was  Approx ima te ly  0.66 Seconds .  

- 45  - 



0 

k 

100 

80  

60 

40. 

20" 

O46o 
12 

10. 

8 -  

6 -  

4- 

2" 

O 
400 

4.9 

4.1- 

3 . 8 -  

2 .4" 

1.6" 

.8" 

o Ch~  a 

0 

0 0 

60o 8bo 1~0 ~oc l~oo 1~o 

0 P a r a f f i n  C 
X O l e f ' m  

× 

0 

e6o s~o ~o~o ~oo a 2400 1600 

100 

8O 

60- 

40-  

20-  

2.4 

2 .0 -  

1 .6-  

1 .2-  

-0" 

~, G a s  
Tar and Soo+~ 

0 0 

X 
X 

b 

.4. 

0 
400 

OCH4 d 

0 

0 

66O 86o ldoo L~00 ~0o I~OO 

e 
5C 

~ 2 o  f 
40 + C O  

CO 2 

* 30 X 
+x 

2 0  

10 X . i t  

+ 
~ J  m 0 0 

04oo ~o 1~o ° noo ~oo 1'8oo o~ e~ ~ 1 ~  noo 1~oo 1 ~  

Pyrolysis Temperature (°C) 
Figure II.A-24. Pyrolysis Results for Wyodak Subbituminous Coal, 200 
x 325 Mesh, in the Entrained Flow Reactor at a Reaction Distance of 24". 
The Coal was Fed at Rates of 1 1/2 - 2 g/rain with an N2 Carrier Particle 
ReSidence Time was Approximately 0.66 Seconds. 

- 46 - 



I00 
0 C h a r  

8O 

60 D 

4O 

2o 

040o 

o 

a 

. ~  4.9 , 

"I~ 4.1 q O l e f i n  

X 

0 

! 

~ooo ~oo ~ 141111 161)0 

s.s 

i 2.4 0 

1 . : i  × 

~ o , ;  o ~ ~  
4.9.  

e 
4.1,  

3.3- 

2.4- 

1.6- 

.8" 

04O0 

100 

80. 

60-  

40 -  

2O 

o G a s  b 
X Tar  a n d  Soot 

× o 
x 

o 

sbo s6o 1~oo ~oo 1~oo 1~o 
12. 

0 C H 4  d 
lO-4 

8~ 

e~ 
i 41 

I 
2"1 

4 .  

13 

0 
0 , 

sbo sbo 16oo fioo 14oo ~6oo 

0 H 2 0  
xco f 

20- CO 2 x 

16- 

X 12" 

8" 

4" 
0 x 

o 

+ 

04 ~---&o a~o 1boo x200/400 ie~o 
P y r o l y s i s  T e m p e r a t u r e  (°C) 

Figure  H.A-25, Pyrolysis  Results "for Pittsburgh Seam Bituminous Coal, 
200 x 325 Mesh, in the Entrained Flow Reactor at a Reaction Distance of 
24". The Coal was Fed at Rates of 1 1/2 - 2 g/min with an N2 Carrier 
Particle Residence Time was Approximately 0.66 Seconds. 

- ~7 - 



O 

O 

4.a 

ilml 

I00 

80  

°4o0 

2.4  

2 .0  

1.6 

1.2 

. 8 -  

.4" 

~"o0 

2.4 

2.0" 

1.6" 

1.2" 

.4" 

0 C h a r  

0 
0 

a 

6O0 ~ 0  1000 1200 1'400 1600 

100 

80, 

40-I 

20" 

04'OO 

0 P a r a f r m  C 
X Ole f in  

0 

0 × 

¢° 

e~o soo lobo 12b0 1400 lC~0 

÷ c ~  
4" 

e 

.i- 

X 

0 G a s  
)c Tin- and Soot b 

o × 

doo ~00 I'000 ~2o0 ;4o0 i~o 
4.9  

'11 o c~ 4 
4.1J  

0 

0 
~o0 s'oo 16oo ~.o0 i'4oo 1'6oo 

~ ° . 3  - 

2.4- 

1 .6  

o4t~ 
1 2  

lO- 

x v ~ o  
+ CO 

c% 

× 
8 .  

6" 

0 
0 

X 
,.!. .4- 

~ ~  ' ' ' ~o I000 1200 1400 1 0 

. 

0 
x O 

~o~ ~o ;ooo i2oo ~4oo ieo0 °J' 4OO 

Pyrolysis  Temperature  (°C) 
F i g u r e  I I .A-26.  Pyro lys i s  Results  for  Pocahon tas  Bi tuminous  Coal,  200 x 
325 Mesh,  in the Entra ined Flow Reactor  at a React ion Distance of  24". 
The Coal was Fed at Rates of  I 1/2 - 2 g/rain with an N2 Carrier  Part ic le  
Res idence  T ime  was  Approx imate ly  0.66 Seconds .  

d 

- 4 8 -  



100. 

80 -  

6 0  

4 0  

2 0  

Char  

0 
0 

a 
1 0 0  , 

doo ~o I~oo ~oo f40o /6o0 

I D G a s  

80J  x T a r a n d S o o t  

°1 
I 
l 

× 

0 

0 

0 
X 

X 

6bo sbo 16oo fi0o 1~0o 1~oo 

b 

4 . 9  
"~ 12 P a r a f f ' m  

× O l e f i n  
4.1- 

D 
3 . 3 -  

2 . 4 "  

-4 .6" , × 

"~ 0;00 ~ 6oo ~ 
4 . 9  

4 . 1  

.3 

2 . 4 '  

1 o 6 "  

C 

[3 

i0oo/2o0 ~40o isoo 

12. 

1 0  

P 

Z 

°cn4 d 

i! ° 

°4~ 6o0 ~m f0oo /20o ~40o ie0o 
4 .  

,, CO f 
~ n ~  2 o . .  co~ 

16. 

12. 

8' X 
0 
.11. 

4. 

~0o ~40o is0o o ~o ~oo s~o 1~o ,~0o 1:~oo 1~)o 
Pyrolysis  Temperatm-e (°C) 

× 

.S" l~ 

Figure II.A-27. Pyrolysis Results for Utah Blind Canyon Bituminous 
Coal, 200 x 325 Mesh, in the Entrained Flow Reactor at a Reaction Distance 
of 24". The Coal was Fed at Rates of 1 1/2 - 2 g/rain with an N2 Carrier 
Particle Residence Time was Approximately 0.66 Seconds. 

- 4 9 -  



100 

80-  

gO- 

40 

20" 

0 
4OO 

~ 4.1 

3 . 3  

2.4 

2 .4  

2 . 0  

1 .6  

1 .2  

,8 

. 4  

0 

o C h a r  ~t 

0 

i i , i i 

600 800 1000 !200 1400 1600 

100 

411- 

20- 

04" 
41111 

o Gas b 
X T a r  a n d  S o o t  

0 

X 

6bo ~o 16oo ~00 ~oo 1~oo 

o F a r a f f i n  e 
O l e f i n  

× 

0 

X {3 

w a 

6oo 8oo looo ~oo 14oo 100o 

oC ~+~ e 

x 

4 . 9  

4.1' 

3.3" 

2.4" 

1.6" 

XO 0 
x 

e'~ ~ looo ~,.00 14oo/800 

ocH4 

0 

0400 

24 

20. 

16 

12  

8 

d 

13 

0 
i i j 

coo 8oo iooo i~00 14oo iooo 

. ~ o  f 
÷ CO 

CO 2 

. 

X 

[3 
X 

0 

4oo 04oo 6bo 8~o ~oo doo ~00 1~oo 

Pyrolysis Temperature (°C) 
Figure  I I . A - 2 8 .  Pyrolysis Results for Upper Knawha Bituminous Coal, 
200 x 325 Mesh, in the Entrained Flow Reactor at a Reaction Distance of 
24". The Coal was Fed at Rates of 1 1/2 - 2 g/rain with an N2 Carrier 
Particle Residence Time was Approximately 0.66 Seconds. 

- 5 0 -  



i s t  Annual METC/BYU 10/87 WP#46 

r e l a t i v e l y  low temperatures (Fong et a l . ,  1986). As discussed below, i t  appears 

that  the lower y ie lds  were the resu l t  of the addit ional t ranspor t  l im i t a t l ons  

w i th in  the p a r t i c l e .  

The original mode] considers external transport from the particle surface to 

zne bulk gas ]s by vaporization and diffusion through a gas boundary ayer. The 

model of Unger and Suuber~ (19~i) was origina]ly employed. The modifieG expression 

f o r  the vaporization law of Suuberg et al. (IW~D) is now used to replace tn~t in 

zne original mode]. The rate of evolution per gram ot coal (dnj/dt)ET of oligomers 

of molecular weight Mj is given by 

(dnj /d t )ET = (3/r~p)rDjXj (P~/RT) ( I I .A-I)  

where r is the pa r t i c l e  radius and r o is the i n i t i a l  par t ia l  radius,  P is the 

p a r t i c l e  dens i ty ,  X j  is the mole f rac t ion  of species of molecular weight Mj in the 

metaplast ,  pS~ is the vapor pressure for  oligomers of molecular weight Mj, Oj is the 

d i f f us i v iCy  of species of molecular weight Mj, R is the gas constant and T is the 

pa r t i c l e  temperature. 

For softening coals, tnis limitation can be: i) the t ransi t  of bubbles 

containing tar from the interior of the particle to the surface: i i )  the transport 

of tars within the l iquid to the bubble; i i i )  the stirr in~ action of the bubble. 

In the aasence of s u f f i c i e n t  i n fomat ion  to accurately model these processes, 

the ass~p t ion  was made that  tars are carr ied out of the pa r t i c l e  in the l i gh t  

d e v o l a t l l i z a t i c n  products (Solomon et a l . ,  19~7a) which ex i t  the coal via bubbles 

or pores. The upper l im i t  for  th i s  process is achieved i f  the heavier tars  are at 

t h e i r  equi l ibr ium vapor pressure in the l i gh t  gases. Then the rate ot t ranspor t  is 

p r o p o r t i o n a l  to the volume of l i gh t  gases evolved which in turn is inversely 

proport iona I to the pressure within the pa r t i c l e  Po + ~P, where Po is  the ambient 

pressure and ~P is the average pressure d i f ference in the p a r t l c l e .  Then, 

(dnj/dt)IT = psxj ~(dni/dt)chem [ I ] l i g h t  products Po + ~P (II.A-2) 

where (dnj/dZ)iT is the internal 'transport rate per gram of coa! for tar component 

J- Z dni/dt)che m is the rate of production per gram of coal of c~ponent i 
l ight products 

su~ed over all gas and tar species with molecular weight less than 300 amu. P~ 
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is the equilibrium vapor pressure for component j (given by Suuberg e t a l . ,  1985} 

and X j is the mole fraction of component j in the metaplast. For the highly f luid 

Pittsburgh Seam bi:uminous coal, we have considered the upper l imlt to this rate 

where Po > > ~ P- Then all the terms in Eq. II.A-2 can be determined by the 

comblned FG-DVC Lnodel. ~P is proportional to the coal's viscoslty and so, wi l l  

become important for less f luid coals. It is also important when Po is s~a~l. 

The effective rate for tar transport (dnj/dt)EFF is calculated by assuming 

that the resistances to internal and external transport occur in series, 

1/(dnj/dt)EFF = 1/(dni/dt) i  T + i/(dni/dt)E T (II.A-3) 

The model has been compared to the data of Fong e t a l .  (1986). Figure II.A-2g 

compares the results of the model with and without internal transport. The dashed 

line in Fi~. 11.A-29 snows the predicted yield in the absence of internal transport 

l imitations. The predicted ultimate yield is cleagly too high. The data suggest 

that the low yields are not a resuit of unbroken bOndS (whlch 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. 

Tlle solid line employs the internal transport equation (Eq. II.A-2). There is 

good agreement between theory and experiment for the ultimate yield with no 

adj us~abl e parameters. 

Improved l ~ e l  Inte~jration 

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 completely 

consistent with the chemistry of gas formation in the FG model. Previously, the 

communication between the two models was restricted to: i) the relationship of 

crossl inking with CO 2 and CH4 evolution, 2) keeping track of the amount of 

donatable hydrogen which limits tar evolution. For example, a modificatlon was 

made to correct the tar molecular weight for the loss of functional groups due to 

gas evolution. 

Viscosity Model 

Amodel for the coal's or char's viscosity is being developed based on the 
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molecular weight d i s t r i bu t i on  and funct ional group concentrations in the coal and 

char determinea, in the FG/OVC model. The v iscos i ty  is important since the change 

in pore morphology (or swelling of the coal) is  a balance between the gas evolution 

(which supplies the precsure to dr ive changes in the pore boundaries) and tne 

viscosi ty (which supplies the resistance to change). The char 's morphology is 

important in gas i f i ca t ion  since i t  af fects mass transport of vo la t i l es  out of, and 

reactive gases in to  the par t ic le .  Swell ing affects the coal 's  aerodynamics and 

radiat ive neat t rans fer  processes. The chars morphology also af fects i t s  eventual 

fragmentation which determines the r e a c t i v i t y  at the f inal  phase of gasi f icat ion 

and the ash size distribution. 

High temperature coal in the fluid state can be considered as a two phase, 

solid-in-liquid material. The overall model that we use to predict the viscosity 

of the fluid employs two calculations. We f i r s t  describe the viscosity of the 

liquid "matrix", and then use a simple relationship 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 its pyrolysis in an inert atmosphere. The viscosity as a function of 

pyrolysis time has been reported for different time-temperature histories. The 

coal used was Pittsburgh Seam bituminous coal, the properties of whlch are given in 

Table II.A-12. 

Fong's viscosity data are used to compare with the results of the viscosity 

mo~el 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 volat i le evolution wil l  be nigher than tha t  

considered in the model. The apparatus is i l lustrated in Fig. II.A-30. Volatile 

products are released throughout the 1.93 × 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. II.A-3 to describe this system. In addition, the ambient pressure inside 

the apparatus wi l l  be higher than outside so that the Po in Eq. If.A-2 and in the 

calculation of Dj in Eq. II.A-2 must be adjusted accordingly. In the in i t ia l  phase 

of this work, the additional resistance is treated as an adjustable factor ~ which 
t 

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

M o d e l  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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T a b l e  H.A-12. 

C h a r a c t e r i s t i c s  o f  P i t t s b u r g h  S e a m  No. 8 H i g h  Vola t i le  

B i t u m i n o u s  C o a l  

Proximate  Analysis (wt%, dry  basis) 

÷ 

Moisture 1.4 
Ash 11.5 
Volatile Matter 39.4 
Fixed Carbon 49.1 

+ as received 

Ult imate  Analysis (~=q',o, dry  basis) 

Carbon 68.8 
Hydrogen 4.9 
Nitrogen i .3 
Sulfur 5.4 
Oxygen 8.2 
Ash  11.5 

Particle Size Range: 63-75 microns 
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was used to describe the viscosity of t~e iiqu~d component of high temperazure coal 

melts= vz~ Krevelen considere~ the factors influencing the resistance to molecules 

sl iding past one another. These factors include: I) the average molecular weight 

of the molecules, Mavg, 2) the i r  functional group composition Cwhich effects the 

forces between molecules), 3) the temperature (wn~cn provides the molecular motion 

which help overcome local energy ba r r i e r s ) ,  4) a structure parameter for the 

molecules, a c r i t i c a l  molecular weight Mcr , which describes the weight above which 

molecules become entangled. 

in van krevelen's model, the newtonian v iscosi ty is dependent on the c r i t i ca l  

molecular weight [Mcr) of the polymer, the average molecular weight of the polymer 

l iquid ( ~ )  and the new*~onian v iscosi ty at the c r i t i ca l  molecular weight ( ~ c r ) -  

The fol lowing equa:ions from van Krevelen (1976) define the newtonlan v iscos l ty .  

1og 77 o = log r/or + 3.4 log ([-4w/Mcr) i f  [:~w > Mcr 

log ~/o : log ~cr - log [Mcr/~w) i f  r~ w < Mcr 

(II  " ") 

(II.~-5) 

( i i .A-6) 

N i is the number of molecules of molecular weight, M i .  log ~cr(T) is determined at 

any tenperature from zhe correlat ion (given by van Krevelen, i976) as a set of 

curves of ~cr  (T) /  ~cr  (1.2 Tg) versus Tg/T with A as a parameter, where Tg (the 

glass t rans i t ion  temperature) and A are defined below. The set of curves are given 

in Fig. I I .A-31.  Qcr (1.2 Tg) is defined by the fol lowing equation 

log ~/cr (1.2 Tg)=  E n ( ~ )  t 0 . 0 5 2 _  8.5 x 10-5 Tg~ 

\ Tg / 
- 1 .4  ( I I . A - 7 )  

A is given by: 

A = E n (~) (II.A-8) 

2.3 RTg 

The glass t ransi t ion temperature Tg (in K) is calculated by group contribution 
methods 

~ n i  Ygi ( II .A-9)  
Tg : i 

M 

- 5 ? -  
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where Ygi i s  the group c o n t r i b u t i o n  zo the molar g lass t r a n s i t i o n  f unc t i on  (K 

, 9 / m o l ) ,  n i iS t~e number of moles of  f unc t i ona l  group i in the repeat ing  u n i t  ano 

M is  t~e mo lecu la r  weight of ~ne repeat ing  u n i t .  

In Eq. I I .A-7,  E~ (me) is the activation energy for viscous flow where 

T >> Tg, and is calculateG by group contribution methods w~icb consider a number 

of tunctional wrouus (van Krevelen, IW76) 

H~ = ~.~i H~i CIl.A-11) 
i 

H~i is the group contribution to the molar viscosity temperature function 

(g . j l /3  mol-A/3) and R is the gas constant ( j /  mole/K). 

Tne c r i t i ca l  molecular weight of the polymer is ceflned as 

Mcr = 169/{K~ )2 (If.A-12) 

K e is the unperturbed v~scosity coettlclent and is given by 

K e = K2/M 2 (11.A-13) 

K is the molar l imit lng v~scos~ty number function and is ~et~ned as 

K = ~ n i K i  + a.2 Z II.A-14) 

where K i are contributions of specific functional groups to the molar ] imi: ing 

viscosity number function and Z is the number of mackbone atoms per struc:ural 

unit (van Krevelen, 1976). 

I t  can be seen that the l i qu id  v i scos i t y  model requires as input the 

functional group ~ake-up, and the average molecular weight of tne l iquid,  as well 

as the temperature. AFR's FG/DVC model is use~ zo supply the necessary parameters, 

as described below. 

Mod i f i ca t i ons ,_ to  V i s c o s i t y  Model for  ~ a ]  - The Pi l ; tsburgh Seam No. 8 coal has 

~een used t o t  a v a r i e t y  of p y r o l y s i s  s tu~ les  at AFR and t~e f u n c t i o n a l  group 
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composition and the various parameters needed for the combined FG/DVC model have 

been dezennined by modeling tne experimental data publlshed by Fong (1986) and 

various o:ner invest igators.  The deta i ls  can be found in the most recent 

publicdzion on the combined FG/DVC model, ent i t led "A General Model of Coal 

Devolatilizat~on" by Solomon et al. (1987) (Appendix A). 

The funczlonal group composltlOn and the structure parameters of tne FG/DVC 

model were used to determine the parameters of the viscosity model. The model as 

presented by van Krevelen gave excellent agreement with the experimental results 

for tne "leading edge" of the v isces i ty  versus time curves. This is the 

te~perature 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 

subsequent resolidif ication. Pa r t  of this disagreement is in the difference 

between tne transport resistance in the model and that appropriate for the 

m~asurements. The measurements have added transport resistance ~n the bed and an 

unknown pressure, which increa;es due zo a constriction limiting the flux of 

evolved gas from the sample chamber. Part of ~ne d l t t i cu i t y  could also lle in the 

v iscos i ty  model, as i t  was not designed to take into account the effect of 

crosslinking which occurs in the repolymerization of the melt. I t  is posSlble that 

the FG/DVC model, al~o, gave rise to a part of the discrepancy. 

A number of Inoditicatlons to the model and parameters have been ~nade 

i n i t i a l l y  to f i t  the data. These are expected to change as additional data is 

considered and more experience is gained. The i n i t i a l  set of parameters used, as 

well as the final optimized parameters, are given in Table II.A-13. The following 

assumptions or modifications made to van Krevelen's model were employed in the 

final version of our model. 

The f i r s t  assumption is the definit ion of the l iquid fraction in the liquid 

solid mixture. We assume coal liquid ~s formed of oligomers of molecular weight 

less than 3000. Th is  cut off on molecular weight has been used to define the 

pyridine extractable material in the model, and i t  describes the ~ormatlon and 

destruction of pyridine extractables very well when compared to the experimental 

data reported by Fong (1986). Tne pyridine extractable mater~al is believed to 

form the coal liquid during coal pyrolysis (Oh, 1985). This l imit is expected to 

be ~emperature dependent, a property not yet Included in the model. 

A modification was made to the temperature dependence of the viscosity 

(Fig. !I.A-31). The reason for this is that the experimental v iscosl ty data 

- 6 0  - 



T a b l e  ILA-13. P a r a m e t e r s  o f  V i scoc i ty  M o d e l  

Independent  Paramete r  Initial* Final 

F_~ (oc) J/mole 40981 58000 

Tg, °K 314.9 314.9 

Mcr , g/mole 2219 2000 
*calculated from the functional group composition and structural 

parameters of FG-DVC model 

Calculated Parameters** Initial Final 

log ~cr(1.2 Tg) 1.8839 9.3613 

A 6.82 9.6483 
** they are calculated from the independent parameters 

- 6 1  - 
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reported by Fong (1986) showed that the viscosity went through the same value of 

minimum viscoslty when heated at 450 K/s to final temperatures of B26 K, ~74 K, 

936 K, and 1032 K. The in i t ia l  drop in viscosity to i ts minimum also traced the 

same curve. Th is  suggests that there exists a maximum temperature Tmax, above 

which the viscosity is temperature independent. This tBnperature has to be below 

~26 K. A value of 773 K (500°C) for Tma x (below which Fig. II.A-31 applies and 

above which ~cr(T) = ~cr(773)) was found te describe this type of behavior of 

viscosity. There is just i f icat lon for this modification of the model. The 

correlation of van Krevelen was obtained under conditions in which the molecules 

are stable ( i .e . ,  they do not pyroiyze). Under conditlons similar to tI~ose used 

here, values of activation energy for the temperature dependence of viscosity have 

been reporte~ for carbonaceous pitch by Nazem (1980) and for H-coal llquids by Cbao 

(1979). Both investigators found that the activation energy concept was valid in a 

very narrow re~on at low temperatures. As zne temperature increases, ~he 

activacion energy decreases. Oh, (1985) in her model of l iquid viscosity, has 

employed a cemperature dependence of the melt viscosity only at low temperatures 

< 723 K) to explain melting of pre-existing metaplast. 

A second modification was made tO change tl~e molecular weight dependence of 

v iscosi ty (Eqs. II .A-4 and II .A-5). The weight average molecular weight of 

extractabies decreases as the bond breaking progresses during pyrolysis. This 

decreases the viscosity of the coal liquid, as observed. When the crosslinking 

reactions take place, the high molecular weight oligomers are crosslinked with a 

higher probability, as they have more crosslink sites. The effect of this on the 

model, when the liquid cut off is at 300U AMU is to reduce the amount of coal 

l iquid (extractables) and to reduce the average molecular weight of the coal 

liquid. In rea]ity, the llquid cut off should increase wlth temperature. The 

molecular weight dependence of the viscosity of the coal liquid is very sensitive 

to the molecular weight and hence this art i fact of the model causes the vlscosicy 

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/gmole. Any reduce.ion in the weighted av--~ge molecular weight below 

this value was due to an art i fact of the model, and was not used to calculate the 

molecular weight dependency of viscosity. This modification may not be necessary 

i f  a temperature dependent liquid cutoff is employed. 

A third n;~ification is that the value of E~ (oo) (Eq. II.A-IO) was employed 

as an adjustable parameter. 



S~]ids Model - As described aDov~, van Krevelen (!926) has given a procedure 

to esti~.ate the viscosity of polymer ,iquids from tnel- chemical composition ano 

structures. Fong (iv~o) ~as meas~,,'~c~ tne v~scos~ty of a b~tum~nous coal durin 9 

i ts  pyrolysis. The :ae~sured viscosity is tot a so l id / l iqu id  mixture witn so~ae gas 

pockets. Hence a solids :n(]del is needed to predict tr~e melt v iscosi ty.  The 

viscosity of a sol id / l iqu id mixture that we use here is defined as 

Hmix = /~L * f ( ¢ )  ([[.A-~5) 

where~mi x is tne viscosity of so l id / l iqu id  mixture, #z L is the liquld viscosity 

and f ( ~ )  is a function defini,lg the solids concentrat10n dependence on vlscosity 

(relat ive f l u i d i t y )  an~ ~ is the l iquid content of the ~nixture (volume fract ion).  

FranKel and Acrivos (I~6/) njve proposed an equation whlch is valid .~nere the 

concentration of solids in the [,~]xture is nigh as expecLed for coal. Their 

asymptotic solution (~-JwO) for f ( ~ )  is 

f (~5) = i / ¢  (11.A-16) 

This was used in zne model t:~at describes the viscosity of ~ne coal ~nelt mixture. 

~eight fraction instead of volume fraction was used due to absence of density data. 

A summary comparing van Kr~.velen's mode| with AFR's ~noditled fnodel is 

presented in Table I I .C-Ia.  

Model Results - A comparison of ~ne results of the viscosity r~odel (solid 

curve) with the experimental data (dotted lines) ~neasured by Fong (1986) is shown 

in Figs. II.A-~2 to I[.A-34. In Fi~. II.A-32a-c, ti~e data and ,,~odel results are 

4iven wnere coal is neared at constant neating rates of 75 160 and 4bU K/s - ! ,  

respectively. The ~7odel predictions are presented for c~ = i and (x = ~. The model 

wi*.h (~-- I predicts the temperature at which the viscosity starts decreasing and 

the ]aini,,~um value of viscosity reasonably well. Tnese data were used to choose a 

value of E~? { ~ )  = 58000 J/mole (see Table II .A-13). 

In Fi 9. ll.A-33a-d, the data and ,J~odel results are 91yen where coal is neared 

at constant heating rate of 450 K/s - I  to dif ferent f inal temperatures. The f inal 

t~lweraEure is Kept ConsEdzlt once i t  is reached. The model predicts the i n l t i a l  

arop in viscosity to the ~,~inimum value reasonably well. The rise in viscosity due 

to crosslinking is not predicted very well at low temperatures. [~le same proDlen 



Table ILA-14. Viscosity Model- 

Variable van Krevelen 
(polymer melt) 

AFR 
two phase, coal melt 

MAV log ~o = log~ cr 

log ~o = log ~ cr 
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- log (Mcr /MAV ). Mcr > MAV 
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occurs with the extract yields at low temperatures (see Appendix A), and is under 

investigation. 

In Fig.  I I . A - 3 4 ,  the data and model r esu l t s  are given where coal i s  heated at 

604 K/s ~o I030 K a f t e r  which tne temperature is  Kept constant.  Tl~e model resu l ts  

(so l id  curves) are shown for  ~ =  1 and ~ = b. From the model r e s u l t s ,  i t  can be 

seen tnat  the p l a s t i c  pemod is increased by ~ncreas~ng the value of r~ ,  OUt the 

curve descr ib ing the r i se  in v i s c o s i t y  w i th  c ross l i nk ing  slopes less s teep ly .  The 

experimental data snow a ~arge p l a s t i c  per iod but also a steep slope of r~se of 

v i s c o s i t y  w i th  c r o s s l i n k i n g .  This is  an aspect ot the experlmental apparatus used 

by Fong zo measure v i s c o s i t y  which the cur rent  model i s  not able to descr ibe  

e f f e c t i v e l y  using a ' b i g h  value of ~ .  Fur ther  i nves t i ga t l on  in t h i s  regard is in 

progress where pressure ~n the Fong's apparatus is modeled as TOIIOws: i )  pressure 

r ises due to v o l a t i l e  evo lu t ion from tne coal ;  2) pressure drops due ZO escape of 

volat~les from the experimental chamber through ~ne ~aps between the rotating snaf~ 

and i ts  bearing. The results of th i s  investigation w~ll be reported ~n a 

subsequent report. 

The combined ~aodel was brought up on our new SUN 3/50 and 3/260 workstations. 

In addition, software was d~ve]oped for simultaneously present~ng various outputs 

of tne ~odel in the different "windows" of the workstation. 

Emissiv i ty,  

In gasification, the determination of spectral emittance is imNortant for two 

reasons. First,  knowledwe of the spectral emittance is necessary for the 

measurement of pa r t i c l e  temperatures. Second, the spectral ~=Taittance or the 

em]ssIv~ty (the average eh~ittance over wavelength) ~nust be Known to calculate the 

rate of particle beat up, and the power radiated by the particle during combustion. 

we nave recently developed a new method for on-line, in-s l tu monitoring of 

particle streams to determine their spectral emittance, chemical composition, size, 

and temperature (Best, e t a ] . ,  1986, Solomon, et a l . ,  1985, Best e¢ a l . ,  19B4, 

~oloJ.~on et a l . ,  1986a, 19d6b, 19B6c and 1987b). The tecnnlque uses a Fourier 

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

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

The technique has been applied to measure spectral emiCtance of coal. 

Measure(,~ents on a variety of sampl.es sl~ow that coal of pulverized part icle slze is 

- 6 8 -  
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not  g ray ,  having values o f  emi t tance near O.g f o r  some regions of the spectrum, but 

va lues  s u b s t a n t i a l l y  less  than 0.9 in many reg lons .  The spect ra l  eml t tance is  

dependen t  on rank ,  p a r t i c l e  s i ze ,  and the ex ten t  of p y r o l y s i s ,  approaching a 

gray-body for  chars ,  a n t h r a c i t e ,  and la rge  p a r t i c l e s .  Recent measurements  

(Solomon, et a l . ,  1987o) snow tha t  pu lver ized coaR p a r t i c l e s  of the s i ze  used in 

enLra lned y a s i f i c a t i o n  undergo a t r d n s i t l o n  from h i g h l y  non-gray coal to  h i g h l y  

gray char ~ E = 0 . 9 } ,  and f i n a l l y  to moderately gray char {E = 0.7 to 0 . ~ ) .  An 

example of the non-gray zo gray t r a n s i t i o n  Is i l l u s t r a t e d  In Fig.  11.A-3b which 

shOWS the radiance per u n i t  sur face area from char p a r t i c l e s .  Here a gray body 

with E = j .g  would emit at tne ~heore%ical lines marked BB (8~3), etc. The char ~s 

least gray a: low temperatures, but increases in grayness as :he temperature (and 

exposure :ime) increases. 

To provide understanding of th is process and to develop a predict ive theory 

for zne emlssivizy as a ?unction of part ic le size, rank and extent of py ro lys is ,  a 

theo re t i ca l  analysRs has been performed of emiss iv i ty  during tnc coal Zo char 

t r a n s f o r m a t i o n .  Em lss i v l~ l es  were ca lcu la ted us lng the frequency dependent complex 

index of r e f r a c t i o n ,  m = n u - i k  u , from the s tandard equat ions of  e l ec t romagne t i c  

t h e o r y .  For spner~cal p a r t l c l e s  these c a l c u l a t i o n s  can be perTonned us ing Mie 

t h e o r y  [Bomren and Huffman, 1983).  

The property of coal which determines i ts  non-gray behavior and i t s  var iat ions 

with rank is primari ly the imaglnary part of the index of ref ract ion,  k u .  AS 

discussed in {Solomon et a l . ,  !986b, 1986d, Solomon et a l . ,  19B7b), n u and k u can 

be determined Trom the infrare~ spectra of coal and chars prepared in both KBr and 

CSI pe l le ts .  In Fig. I I .A-36 are KBr pel let spectra recorded for chars of a Zap 

North L)akota ] ign i te  in d i f f e r i ng  states of pyro lys is ,  formed in the neared tube 

reac tor  (Best et a l . ,  1986) at an asymptotic tube temperature of BOOuC. The 

1200-1600 cm - I  region is one in which scattering is small in the pel let  spectra, so 

the absorpt~on coef f ic lent  can be accurately determined from these data. At 

nigher frequencies [waven~bers) the determination is less accurate when only KBr 

pe l le t  spectra are employed, and in tn is  case only provide rough estimates of k. 

In Fig. II.A-37 we have plotted (open c i rc les)  an average value of k in the 

120U tO 1600 cm - l  region measured from the char spectra (Fig. [ I .A-3b) ,  as a 

funct ion of distance, D, traveled in the tube reactor. Here, the ex tent  of 

pyro lys is  increases monotonically with increase in D. Also plotted is the value 

for  k at 2000 wavenumbers (closed c l rc le In Fig. II.A-37a) and k at the absorbance 

minimum near 1500 cm-1 (squares). 
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Taking a cons tan t  value of 1.6 f o r  the real par t  of the index of r e f r a c t l o n ,  

n, we nave use~ the Mie Theory program (Bonren anc Huffman, iW~3) to c a l c u l a t e  the 

em~Ztance of  p a r t i c l e s  of d i f f e r e n t  s i z e ,  and d i f f e r e n t  k values (F ig .  l l . A - 3 7 b ) .  

Using Figs. l l.A-37a dnd II.A-37b i t  can be seen that for al l  states of 

pyrolysis,  the value of K determined for zh~ chars in the region between 1200 and 

1600 cm - I  are SuCh that the value of the emitt ,ce, ( u '  is constant and is within 

iU% of 1.05 for par t ic le diameter, a, greater tha; 20M~n. The actual value depends 

s l i gh t l y  on par t ic le  size, but is p rac t i ca l l y  independent of pyrolysis state. This 

~s zne region which has Deen used for temperature measurements. 

At 2000 cm - I  the values of  ( u  f o r  coals  are p a r t i c l e  s ize  dependent and 

s i g n i f i c a n z l y  less than u n i t y  f e r  small p a r t i c l e  s izes .  AS can be seen in  F ig .  

l l . A - 3 7 b ,  any increase in k w i th  e x t e n t  of  p y r o l y s i s  w i l l  a f f e c t  (u  at 2000 cm - I .  

The est imated values of k at ~000 cm " I  j r  %he chars of F ig .  ! I .A -36  suggest t h a t  

(u fo rd  b0 mlcron p a r t i c l e  increases from 0.6 U.7 tO a value of 1.0 o u r i r ,  g 

p y r o l y s i s .  This i s  in reasonable agreement wizn the observed emit tance in F ig .  

i I . ~ - 3 5  which are f o r  comparable c o n d i t i o n s  to those fo r  whlch the chars were 

obta ined.  

There is  a stage in p y r o l y s i s  beyond which Eu in  tne 1200 to 1600 on - I  reg ion 

s t a r t s  ~o vary .  Tnis occurs when the  coal s t a r t s  to g r a p n i t i z e  and bOth the real 

and imaginary par ts  of  the complex index of  r e f r a c t i o n  (m u = n u + i ku )  s t a r t  to 

increase.  In F ig .  I I .A -38  we d i s p l a y  contour  p lo ts  of  emit tance in  the n-k plane 

l o t  55 ~m diameter spheres. That par t  o f  the f i g u r e  which con ta ins  the n and k 

values app rop r ia te  to coals in the i n f r a r e d  region of the spectrum is  shown c ross -  

hatched, on the l e f t  hand s ide of  the f i g u r e .  The region fo r  g raph i te  is  c ross -  

hatched on t~e upper riwht hand side of the f i g u r e .  Ourlng p y r o l y s i s ,  the 

emittance in the 1200 to 1600 cm - I  region (=~here k=O.1) drops from a value greater 

t~an i ,  towards the value for graphite. In other regions ot the spectrum where k 

0.01, (u f i r s t  increases and then decreases as k increases i .  Our experimental 

observations suggest that for residence time on the order of I sec, n and K 

increase s i gn i f i can t l y  only above IO00~C, and i t  is above th is  temperature t h a t (  u 

is oaserved to ~ecrease. For a nighly grapn~zized char(ucan De as low as U.7. 

Besides the calculation of the emissiv i ty ,  the MIE theory program can be used 

to calculate the total ext inct ion cross section F t . F~ determines the shape of 

tne transmittance, ~ 
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Howarth, Ref. 7 ). The Calculations axe for Radiation of two Wavelengths, as 
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where N, A and L are zne p a r t l c l e  number dens]Ly ,  p a r t i c l e  area ~nd path length 

th rough the p a r t i c l e  stream, r e s p e c t i v e l y .  

Some c a l c u l a t i o n s  of F~ are presenzed in F ig .  I I .A -3~ .  In F ig .  l l .~-3Wa we 

sno~ c a l : u l a ~ i o q s  of F~ fo r  a Fi ico let  7199 FT-IR, using the opzical  constants  we 

nave ~er ive~ t o t  a :~onZana SubbiZuminouS coal (Saiomon eL a l . ,  19~bd;. The N1co]ez 

7199 FT-IR spec: -ometer ,  w i th  a 4" d iameter ,  9 .5"  focal  length  c o I l ~  ~-_~lOn m i r ro r  

has a semi-cone acceQzanze an~le of IZ ° which was used Tor tne c a i c u l a t l o n s  in 

F i~ .  l l . A - 3 9 a .  I :  can be seen tha t  F~ i s  a smooth f unc t i on  of wavenumber, even 

though K cnan~es s u b s t a n t i a l l y  across zhe spectrum. For swe l l i ng  coa l s ,  F t u must 

be measured a~ each te~Tperature because i t  varies w~tn particle size. Indeed, the 

shape of  ~ne F~ spectrum has bee~ made the basis  fo r  a me~ho~ of # a r ~ i c l e  s ize 

de te rminaz ion  ISol~mon ez a l . ,  1987D). The ~nape of F~ can, however, be deter,nined 

Trom measuremenz wlLh ~ne use of the above equa l :on .  FOF p a r t } c l e s  above 4~ #;.~ 

~iamezer,  F~ at 6500 cm - I  i s  r e l a t i v e l y  i n s e n s i z i v e  ~o s ize ,  being equal ~o 1.1 

U.1U. The temperature measurement can tnereTore be made on Swel l ing coa ls  as w e l l .  

Fne sensitivizy of the spectral shape of F~ to particle size distr ibution 

makes zne measured F~ spectra usef~l monizors of the size distr iaut ion. ~article 

breaK-up, or swelling can be easily detected. 

P1 ans 

Conzinue cnaracterizatlon and pyrolysis of coals. Pertortn reac t i v i t y  

experimenzs on ion-exchanged coals. Improve and compare the FG/DVC model with 

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

internal and external inass transport submode!s of combined FG/DVC model by doing 

experimenzs under pressure. 
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I I . B .  SUBTASK 2 .b .  - -  FUNDAMENTAL HIGH-PRESSURE 
REACTION RATE DATA 

Senior Invest igators  -- Geoffrey J. Germane and Angus U. Blackham 

Brigham Young University 
Provo, Utah 84502 

Objectives 

The overall objectives of this subtask are I) to measure and correlate 

fundament~l reactlon rate coefficients for pulverized coal char particles as 

a function of char burnout in oxygen at high temperature and 2) to provide 

fundamental kinetic rate measurements of sulfur species with soroents for a 

range of stoichio~etries under laminar, high-pressure conditions. 

The specific cbjectives for the f irst-year reporting period include" 

I . 

2. 

3. 

. 

. 

Organize the interdisciplinary research team. 

Review appropriate l i terature in pertinent areas. 

Survey existing high pressure reactors in preparation for the 

design of a high pressure reactor for this study. 

Develop elements of the experimental test plan for the char 

oxidation and sulfur capture studies. 

Design the h i ~  pressure reactor and support systems. 

Accomplishments 

Four components of this subtask have be¢~ 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 

pressure, 3) design and construction of a laminar-flow high pressure 

reactor, and 4) measurements of fundamental sulfur capture rates by 
sorbents. 
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C0~ponenti --.Char..Preoar~tion at Hioh Temperature and Hiqh Pressure 

Utah bituminous coal has been selected as the f i r s t  coal for study 

under this program because of the availabil i ty 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: I) ut i l ization of the BYU high-pressure, 

en:rain~d-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 

throug~ a hot ceramic tube (approximately I cm in diameter) at pressures 

between I and 20 atm and above 1700 K to produce small quantities of char. 

When the high-pressure reactor for this project is completed, i t  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 

i ~ n t i f y  any significant differences, even though the temperatures and 

pressures of the procedures are to be near~y the same. I f  no significant 

differences are observed, then the most convenient char preparation 

procedure 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 t r ia l  char preparation run using Utah coal in ~he BYU high-pressure 

gasifier 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 particle size and 500 grams of 70 mm average particle size. 

These particle sizes will enable comparison with char oxidation measurements 

at ate)spheric 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 ~...~ 

hiGh-t~mperature, entrained in nitrogen. The resulting char will also be 

fractionated into samples of 45 and 70 ~m average particle size. 

- 7P ._  



Component 2 -- Kinetics of Char-Oxyqen Reactions at HiQh Pressure 

Oxidation of pulverized coals and their  residu~l chars in oxygen at 

elevated pressures is important in several processes of interest 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, l i t t l e  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 2. Low pressure data cannot necessarily be extrapolated to high 

pressure because of the complex interaction of intr insic 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 func:ioning at 400 psi C27 

atmospheres) is being constructed. For the determination of kinetic 

parameters, data taken at atmospheric pressure wi l l  be included. These data 

wi l l  be obtained with an atmospheric pressure reactor under separate 

funding. The three coals used for the other study are the same coals 

proposed in this study: a Utah bituminous coal, a North Dakota l igni te,  and 

a Wyoming subbituminous coal. Two additional coals for this study wi l l  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 .a l . ,  1978; Maloney and Jenkins, 1984; Kobayashi, et. a l . ,  1977; 

SoloMon, et .a l . ,  IgB2; Tsai and Scaroni, 1984; Badzioch and Hawksley, 1970). 

The high-pressure studies avail,ble in the l i terature were conducted with 

stationary char particles; none of the tests used laminar flow furnaces. 

The changes in grain size and tar formation with variation in pressure, 

heating rate, and temperature were investigated by van Heek e t a l .  (1984~. 

The tests were performed using a wire mesh in a pressure chamber. Anthony 
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e t a l .  (1976) used a similar test fac i l i ty  and discovered that the volatiles 

yield increased signif icantly 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 p lan for char 

reactivity is based on a simple model (Smoot &i,d S,,~iLh, 1984) of diffusion 

rate add surface reaction rate. The diffusion rate, rd, is given by 

r a = n p  kraA p(Cob- Cos) ( I I .B- l )  

where np is the number of particles, k m is the mass transfer coefficient, Ap 

is the particle surface area, and Cob and Cos are the bulk and surface 

concentrations of the oxidizer, respectively. The reaction rate, rk, is 

given by 

n 

r k = np k r Cos Ap (II.B-2) 

where np is the reaction order and k r is an Arrhenius reaction rate 

constant, given by 

kr  = A~(" R-~P ) (IT.B-3) 

where Tp is the particle temperature. 

The overall reaction rate, ro, is then expressed as 

r o r d r k (III.B-4) 

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 wil l  be determined from the 
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amount of titanium in the ash. Pressure and oxidizer concentrations will be 

determined by the experimental conditions. Elemental and proximate 

analysis, N 2 BET surface area, and scanning electron micrograph meast~rements 

wi l l  characterize the composition, surface area, and porosity of the char. 

Tests wil l  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 II.B-I 

TEST CONDITIONS FOR CHAR OXIDATION MEASUREMENTS 

Reactor Condition 

Temperature 

Pressure 

Residence time 

Particle size 

Gas composition 

Ranges 

1300-1700 K 

1-27 atm 

20-150 ms 

45-70 mm 

i) air 

2) 0 2 (s-2os, co 2 (15-3s~) 
H20 (10-45%), N 2 (balance) 

Component 3 - -  Hiqh-Pressure Reactor OesiRn and Fabrication 

Experimental Plan 

A l~terature review of char oxidation azd 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 
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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 el., 1977; Scaroni, et el., 1981; Solomon, et 

el. ,  1982; Seeker, et el.,  1980; Baum and Street, 1971; Kobayashi, et el., 

1977; Maloney and Jenkins, 1984) but considerably less is available for 

high-pressure reactors. Requests for information to those who operate high- 

pressure, 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 mtm 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 fac i l i ty  also has long residence times, ranging 

from 2 to 10 s~nds.  I t  operates up to 60 atm pressure and 1650 K. 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 wall heaters are divided into zones in order to control the 

axial temperature profile. Particle residence times are less than I second. 

Although the fac i l i t y  is operated at only atmospheric pressure, quartz 

observation ports allow in situ particle velocity measurements (Kobayashi, 

et el. ,  1977). 

Flaxman end Hallett (1987) have discussed the importance of the flow 

field through the reactor. ~low visualization studies were conducted to 

explore the effect~ of different flow straighteners, Reynolds numbers, and 

primary-to-secondary gas flow ratios. Maloney (19B4) stressed the importance 

oF accurate characterization of the flow f ield and showed that discre#ancies 
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between the results of different researchers was primarily due to poor 

approximations of particle residence time. 

Performance Requirements -- The experimental plan requires that the 

reactor operate in a temperature range of ]300-17D0 K and a pressure range 

of 1-27 arm. In order to determine accurate reaction rates, the temperature 

prof i le along the length of the reaction tube must remain isothermal. The 

reactor inlet is the most cr i t ica l  location, since incoming particles need 

to reach reactor temperature and oxygen concentration as rapidly as 

possible. 

Residence t imes 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 wi l l  be 

insignificant. Experiments wi l l  help determine the range of flowrates 

necessary to achieve this. Particles wil l  be fed into the reactor at a 

constant but adjustable rate of less than 0.5 g/min. The char particles 

w i l l  range from 20-100 um and the sorbents are about I 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 requires a 

particle loading 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 i t  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 I I .B-I  and 2, 

respectively. Particles are fed with the primary 9~s 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 i t  is preheated before 
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flowing into the reaction tube. The primary and secondary flows mix in the 

reaction tube, in i t iat ing the particle reaction. Wall heaters maintain an 

isothermal temperature profi le. Holes in the reaction tube wall and quartz 

windows on the outer shell allow optical measurement of the particles as 

they flow through the diagnostic volume. The collection probe collects the 

entire mass flow and quenches the particle reaction direct ly following the 

optical access. The particles are then captured either in a f i l t e r  or by a 

cyclone, while the remaining gases are collected in the sample tank. 

The vessel consists of three parts: the top section that containsthe 

preheater and injector seal; the center section that houses the reaction 

tube, wall heaters, and optical heaters; and the lower 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 I0 cm of ceramic insulation that provides support for the wall heaters 

along i ts inner 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 

f ie ld  (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. I t  was determined that 

the volume surrounding the reaction tube must be isolated from the secondary 

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 secondar) 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 I 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 al;o 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 wall 

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. I t  wil l withstand high 

temperatures with no r~ct ion with the gases flowing through i t ,  and the 

thermal shock of a cooled probe or injecticn tube. The optical access ports 

wil l  be machined at Brigham Young University. A low value of thermal 

conductivity for high temperature insulation materials c~n allow the outside 

reactor casing to be cooled by free convection and s t i l l  be cool enough so 

that the optical access wil l  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 available that 

would attain the temperatures needed for this reactor. These included 

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 i t  

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 elements, each encircling the 

reactor- centerline and arranged axially along the reactor. Figure If.B-4 

shows one heating element, which will be custom-formed molybdenum disi l icide 

rods. I t  is planned that these be connected in several sets of multiple 

elements, each controlled ~epaTately. The number of elements in each set 

will be variable. This wil l  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 voltage and current, unlike some other heating 

methods, which will allow 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 (Solomon, 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 the 

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 

flowing air through the tube. The feed rate will be controlled by adjusting 

the speed of the outlet tube. 

The ceramic tube used to feed char particles into the reactor will not 

be cooled and will protrude into the reactio~ tube so the particles wili 

equilibrate w i th  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 

laminar 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 
t 
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the probe, which is smaller in diameter than the reactor, its velocity will 

increase while pressure decreases. Particle reactions will be quenched by 

injecting 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 lower 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. 

Iostrumentation -- The flow diagram for the faci l i ty  was shown in 

Figure II .B-I. Before each test, the complete system will be evacuated. 

During the test, all of the products will be collected in the sample 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 gas 

lines will measure the mass flows of the gasses, while particle mass flows 

will be determined by weighing the feeder before 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.,Ig84 and Niksa et al.,Ig84} at 

Sandia National Laboratory. The data acquisition will most l ikely be 

performed by a microcomputer that will also reduce the data. Sandia's data 

acquisition system samples at a rate of 2 MHz with an accuracy of 12 bits. 

A similar optical instrument under construction at BYU's Combustion 

Laboratory will be used to determine i f  this speed and accuracy is needed. 

The system consists of optical lenses ~nd f i l ters,  a trigger laser, 

photomultiplier tubes, a two channel da ta  acquisition system, and 
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calibration eq~lipment. Particle temperature is obtained by measuring the 

ligi~t 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 i t  passes by a coded aperture. 

Hiqh-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 schedtle has been developed. 

Component 4 --. Fundamental Sulfur Capture Experiments 

Sorbent capture of hazardous sulfur pollutants from coal during 

combus%ion or gasification represents a potentially importa,~t 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 known, nor is the 

influence of such environments on aitrogen species we~l understood. 

Fundamental kinetic rate measurements for the formation, capture ~r 

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 

$02 by sorbents 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 sulfat ion of small part icles of 

CaO occurred very quickly, slowing signi f icant ly af ter about 300 ms due to 

blockage of the microporosity by growth of the product layer at the pore 

mouths, leaving fewer sites available for reaction. As expected, 

increasing the overall surface-to-volume ratio by decreasing particle size 



increased calcium uti l ization because proportionately more calcium is 

closer to the surface. Silcox et al. (1985) indicated that sulfur capture 

was insensitive to SO 2 partial pressure. Newton and Pershing (1987) 

confirmed this by showing that changes in S02 partial pressure above 1000 

ppm have l i t t l e  effect on calcium sulfate fo~nation. $ilcox et al. (1985) 

also demonstrated that sulfur capture increased with an increasing Ca/S 

ratio. Milne and Pershing (1987} found that calciua ut i l izat ion decreased 

with increasing Ca/S ratio. Newton et al. (1986) found that SO 2 capture was 

limited at 1500 K by the stabil i ty of the calcium sulfate. 

Milne and Pershing (1987) showed that mixing was cr i t ical  to early SO 2 

capture. Slow mixing decreased the early capture, but had l i t t l e  effect on 

the overall sulfur capture. Newton et al. (1986) showed that SO 2 capture 

was strongly dependent on the sorbent used, dolomites giving a higher 

capture than calcites. Newton and Pershing (1987) suggested that th is ' is  

due to MgO not reacting, which slows the pore mouth closure and therefore 

enhances capture. Borgwardt and Bruce (1986) found that the capture rate 

was strongly dependent on in i t ia l  surface area of the sorbent. This meant 

that the calcination process was important to sorbent capture. Also~ 

Pershing (1987) presented a graph that showed that hydrates calcine before 

significant sintering can occur. Csrbonates calcine much more slowly, and 

sintering occurs before the calcination is complete. This gives hydrates a 

larger surface area ~han carbonates and makes them more reactive. 

Sulfur Capture Model -- The only model that has been tested for 

particles smaller than 20um and times less than ] sec. is that developed by 

Newton and Pershing (1987), which includes surface and pore sulfation. 

Since pore mouth closure limits interior util ization, the model uses a 

simplified geometry of a spherical particle with cylindrical, 

non-intersecting pores pointing toward the particle center. I t  uses the 

distributed pore model, so i t  takes into account varying pore ~ze. I t  also 

assumes that diffusion through the product layer controls the rate of the 

reaction. 

The l i terature on sorbent capture reveals that mixing and calcination 

and sintering of the sorbent wil l have to be addressed for the experiments 
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in the high pressure reactor. Good mixing of the sorbent and the SO 2 

carrying gas must be developed to ensure good sulfur capture data. Poor 

mixing wi l l  yield a lower rate of reaction between the sulfur and sorbent. 

The sorbent must not be exposed to high temperatures until i t  is in the 

presence of S02 to avoid premature calcination and sintering. The 

calcination wi l l  have to be carried out in such a way that the sorbent wi l l  

have maximum reactivity when i t  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 wi l l  be designed to determine the 

effects of high pressure oz the sorbent-sulfur reaction. The l i terature 

search on high pressure and small particle sorbent studies wil l  continue. 

P1 ans 

Reactor Construction 

The reactor wil l  be constructed during the next quarter. The Brigham 

Young University Research Machine Shoo and the Mechanical Engineering 

machine shop wil l  perform the majority of the reactor fabrication and an 

outside vendor wil l  provide the custom heaters. 

Instrumentation 

Instrumentation for the fac i l i ty  wi l l  either be shared with the 

Combustion Laboratory or purchased during the f i r s t  and second quarters of 

the second year. Sample time and resolution requirements for the optical 

data acquisition system wi l l  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 wil l  be conducted with this fac i l i t y  to 

determine the requirements necessary for the high pressure reactor optics. 
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Reactor/instrumentation Checkout 

To ensure safe operation, the faci l i ty will be pressure-tested f i r s t  

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 

The temperature profile will be checked by attaching a 

thermocouple to the injection tube and taking measurements 

axially along the reaction tube. 

2. The flow controller wil l be monitored to ensure that the mass 

flow and reactor pressure remain constant. 

3. Mass balances wil l be conducted to verify that the collection 

probe is collecting !00% 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 wil l be conducted to develop 
experimental procedures. 

operation: 

I .  

Char Preparation 

As indicated previously, during the next quarter chars wil l be prepared 

from the Utah bituminous coal. As comparisons are made between properties 

of the chars prepared from the different methods discussed, decisions wil l 

be made for the preparation of chars from the remaining four coals (a North 

Dakota l ignite, a Wyoming subbituminous, and two others yet to be 

specified). 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 2 B~), density, and particle size. 

Experiments 

During the second year, the construction of the high-pressure reactor 

wil l  be completed and tested with the chars from the Utah bituminous coal. 

The f i r s t  experimental runs for determining the rates of char oxidation wil l  
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b e  with temperatures approximately 1300 K and pressures of about 5 

atmospheres at various residence times. I t  wil l  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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I I . C .  SUBTASK 2 .c .  - SECONDARY REACTION OF PYRDLYSIS PRODUCTS AND CHAR BURNOUT 

SUBMODEL DEVELOPMENT AND EVAJ.UATION 

Senior Investigator - Michael A. Serio 

Advanced Fuel Research, Inc. 

87 Church S~reet, East Hartford, CT 061~8 

(203) b28-9806 

Objective 

The objective of znis SuDtask is tO develop and evaluate by comparison witn 

laboratory experiments, an integrated and compatible submodel to describe the 

secondary reactions of voldzile pyrolysis products and char burnout during coal 

conversion processes. Experiments on tar cracking, soot formation, "tar/gas 

reaction, cnar burnout, sulfur capture, and ignit ion wil l  be performed during Pnase 

I to allow validation of submooels in Phase 11. 

Accompl i sbments 

Studies of i~nition dnd SOOt fonaazion in flames were perTormed in tlae 

transparent wall reactor (TWR). Several questions (ca l ib ra t ion ,  detector 

saturation, aperture size, etc.) on the FT-iR tecnnique were adaressed. Attention 

is being focused on what controls ignition (heterogeneous or homogeneous oxidation) 

and soot formation. Four samples have been completed: a raw Rosebud subbituminous 

coal, chars prepared from this coal at 900 and 1500°C and a demineralized Rosebud 

coal. To provide data on %he relative rate of volat i le loss vs oxidation weight 

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

Results 

FT-IR Diagnostics 

Improvements were made in the optical system for the Transparent Wall Reactor 

(TWR). we nave had some problems with detector saturation when using the FT-IR 

diagnostics for making temperature measurements. An ethylene diffusion flame has 

been used in order to provide a simpler system for solving zne problems in the 

optics. I t  is also a system which has been well characterized in otner reactors. 

The recent addition of a sil icon f i l t e r  appears to solve the detector non-linear 
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response problem for la~ninar flow concizions, a!~houg~ problems s t i l l  occur under 
turbulent flow concit~ons, 

Additional work was dome on %he optics for the Transparent Wal] Reactor (TWR). 

A detector cna~ge was ma~e ?rom tne MCT type ~o tne InSo type. Tne lat ter Is more 

s e n s i t i v e  to tne infrereC source ano does not exmibit :he non-linear ef fect ,  

altnougn, iz cuts oft in zhe 1~00 wavenumber re~ion. This appeared zo help the 

data acquis i t ion.  

Hydrocarbon Crackin~ 

The l i t e ra tu re  reviews continued for components 1 (gas-phase crackiny) and 

component 3 Itar/gds reactions), i~ was found that the extent of nomao~eneous 

cracking of tar  appear to be well correlated wizn the aromatic hydrogen and 

aromatic carbon content but Znat the nature of heterogeneous cracking depends 

strongly on the surface type. The reac t i v i t y  of tar toward reactive gases l ike  CO 2 

and 02 depends on i t s  prio? therma] h is tory .  In th is  respect, the tars are s imi lar  

tO chars, 

Combustion Studies 

Studies were made of i gn i t i on  and soot formation in the Transparent Wail 

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

Subbituminous coal ,  demineral ized Rosebud, and Rosebud char. The measured 

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

E x p e r i m n t a l  - The Transparent Wal l  Reactor (TWR) f a c i l i t y ,  shown in 

Fig. i I .C-1,  consists of an e l e c t r i c a l l y  heated furnace and a heat exchanger. Gas 

is passed through ~ne beat exchanger and exi ts the top of the furnace after passing 

a screen to smooth the flow. The hot gas stream, which is 10 cm in diameter, 

remains re la t i ve ly  not and undisturbed for approximately 20 cm above the screen. 

Coal entrained in a cold carr ier  gas is injected through a co-axial 4 mm diameter 

tube. 

The coal is fed using a previously described system (Solomon et a l . ,  IWBZ) in 

which gas enters zne top end of an enclosed cyl inder f i l l e d  with coal dnd exists 

through a tube which is slowly lowered through the bed of coal at a constant rate. 

Three cylinders were used to acn ievea steady f low. Nitrowen was used fo r  

pyrolysis studies and a i r  for combustion. The feed rate for the carr ier gas was 
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225 ml/min and for  the hot gas, 175 I lmin.  Tne not gas ex i t s  tne screen at d 

temperature of 8o0°C and a ve loc i t y  of 2.8 m/see. Snort exposure photographs snow 

p a r t i c l e  t racks which ind icate tnaz the coal p a r t i c l e s  are moving at about 2.b 

m/sec near %he i n j e c t o r  and 4.8 m/see in tne flame. 

An octagonal slass enclosure shields the reacting stream Trom roo~n air 

currents. Tne enclosJre has movable K~r ~ndov, s to allow access to the lid,he by 

the FT-IR spectrometer which is shown in Fig. If.C-2. A flow of air along tne 

inside of the enclosure keeps the 91ass from overheating. Tne CoOling air  and 

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

valve. The damper valve, and gas flows were adJuSted to achieve a s~eady flame 

under combustion conditions. Figure II.C-3 snows photographs of a l igni te which 

i~n~zes close to the nozzle and a low volat i le bituminous coal which igni tes 

nigher up. 

Tne NicoleZ 2USX FT-IR and transfer optics to focus zne bea;n within the 

sample stream are i l lustrated in Fly. iI.C-Z. Emission measurements are made with 

the movable m~rror placed in the beam to divert i t  to the emission deteczor as 

ShOWn. Transmission neasurements are ~naae with the ~ovable mirror out o$ the beam. 

The samples used in these experiments were -2UO, +32b mesh sieved fractions of 

coal, char and ~emineralized char. The s~mples were also cnaracterized in a TGA zo 

determine their  weight lOSS at cons%ant nearing raze in nitrogen and in a i r .  

Analysis - For multi-phase reacting systems, measurements are made of the 

~ransmittance and ~ne radiance, and from ~nese a quantity called the normalized 

radiance is calculated. The analysis, which follows Siegel and Howell (IW7Z) has 

been presented previously (Best et al., 19B6). The relevant equations for a 

homogeneous medium are presented below. 

Transmittance, T u - The transmittance,T u , is defined as 

"r = i u / l o v  ( I I .C- I )  u 

where lou is the intensity transmitted in the absence of sample, while I u is that 

tran~nitted wi~h the sample stream an place. For a Dnedium containing gases and 

soot with absorption coefficients ~ and ~ and particles of geometrical cross 

sections area A at a density of N particles cm -3, 
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"r u : exp(-(o{s + ~g + NAFut ) L) ([ i .c-2) 

where F~ is the ratio of the total cross section (extinction) ~o geometric cross 

section, and L is the path length. T u is sometimes plotted as a percent. 

Radiance~ R u - To measure the sample radiance, Ru, the radiative power emitted 

dnd scattered by the sample with background subtracted, S u, is measured, an~ 

converted to ~he sample radiance, 

R u = Su/W u (II.C-3) 

where W u is tne instrument response function measured uslng a blaCk-body cavlty. 

Normalized Radiance, Rnu - The normalized radiance, R n, is defined as, 

RB = Ru/(1-'z- u ) (II.C-4) 

wnich can be expressed in terms of the propertles ot the medium as 

( ~  Rb(Ts) + (~ vgRbrTu''g ) + NA E U Rb(Tp) + NAF~'Rb(Tw) 
Rnu: 

(~S +(~g + NAF t (II.C-5) 

where Rb(Tg), Rb(Ts) and Rb(Tp) are the black-body emission spectra at the 

temperatures "of :ne ~as, soot, and particle, respectively. (u is the #article's 
Sl emittance and F u is the cross section for scattering radiation into the 

spectrometer. No scattering is assumed for soot particles in the IR region. For 

the geometry of the TWR where measurements are made perpendicular to the length of 

an optically thin flame, tne scattering term may be neglected. 

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 f, lames from several coals 

under identical conditions. Figures II.C-4 and II.C-b are spectra obtained with 

Rosebud subbituminous coal. Figure If .C-4 presents four palrs of spectra 
(transmittance and normalized emittance) at: b cm above the nozzle, in the region 
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prior to ignit ion; 9 cm, at the beginning of the ignit ion region; i i  cm, in the 

ignition re~ion; and 13 cm, in the brightest part of the flame. 

The attenuation in Fig. II.C-4b (5 cm) is almost entirely from particles i . e . ,  

~g and (~u s = 0. The shape of the spectrum slopes due to dif fract ion effects In u 
the optical ly thin l i m i t ,  the amplitude of (1-~'u) is proportional tO the 

intersected surface area of the particles, NAL, times the extinction efficiency, 

FU ~. Ft u has the shape predicted by M1e theory for 20U x 325 mesh particles and a 2 ~ 

collection angle in the spec~.rometer. At g cm, a few particles nave ignlted and 

attenuation from CO 2 and H20 is larger. At 11 cm, the attenuation is lower due to 

spreading and heating of the part icle stream and f la t te r  due to the appearance of 

soot. The atteRuation in the ignit ion zone (11 and 13 cm) contains larger 

contribution for E{]2 and H2{] , a contribution from soot, as well as a contribution 

from the particles. F t for the particles is assumed to nave the same shape as 

prior to ignition and the soot contribution is the difference between the Rarticle 

attenuation and the total as shown in Fig. II.C-6. Much larger soot contributions 

are observed for bituminous coals. Figure 11.C-bb i l lustrates the spectra above 

the ignition region. ( i -T u) is progressively reduced at 14, 17, ~0, and 25 cm as 

tne particles nave burned out, The 25 cm case on an expanded scdle in Fiw. II.C-6c 

shows the presence of as, (the dips between 2500 and bOO cm-1). 

Radiance measurements are shown in Figs. ll.C-4a and II.C-ba. In the absence 

of SDOt and in regions of the spectrum away from yas lines Eqs. II.C-2, II.C-4 and 

II.C-5 reduces to R u = NAL (u R~(Tp) in the optically thin l imi t .  NAL can be 

determined from the transmittance spectrum using the theoretica~ value of F~ at one 

wavelength {F t = 1.2 at 6500 cm,-1). The temperature can then be determined by 

comparing R u /NAL with R~(Tp) i f  (u  is known. Figure II.C-4a shows R u/NAL prior 

to ignit ion (5 cm). A particle temperature of 575 K is determined trum the region 

between 1200 and 1600 cm -1 where for coal (which is non-gray (Solomon et al. 1986d, 

19BTb, Best et at. 1986)) (u  = 1. The spectra at 9 cm snows, R u /NAL in the 

region where a few par t ic les  nave ignited. The temperature of the ignited 

particles (1800 K) is determined from the shape of the region above 4000 cm-1 

ass:ning a gray-bo4y for char (Best, 1986). It is substantlally nigiler than the 

unignited particles (775 K). This is shown on an expanded scale in Fig. II.C-7. 

Figure II.C-4b snows the Ru/NAL in the region where many (llcm) and then mosl; (13 

cm) of the particles are ignited. The shape of the spectrum is consistent with a 

temperature of ZOlO K. The amplitudes are only 0.32 and 0.B5 of the blacK-body. 

This is as expected, assuming ~u = 0.7-~U.9 for char (Best, 1986). In Fig. ]1.C- 

bb, the particle contributions to the radiance becomes progressively lower as the 
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particles burnout leaving f ly ash. 

After the particle temperatures and attenuation contributions from particles 

have beer determined, the CO 2 temperatures can be obtained from the normalized 

radiance by application of Eq. II.C-5. In the absence of particles, Eq. II.C-5, 

reduces to R~)= Rb(Tg). 

Flame Characteristics for Four Samples - In addition to the Rosebud coal flame 

discussed above, flames of the Rosebud chars prepared at gOU°C and 1500°C and of a 

demineralized Rosebud coal were also studied. The properties of these samples are 

discussed in Table II .C-I. The results are summarized in Tables II.C-2 to II.C-5 

and Figs. II.C-8 to If.C-t1 which present the particle and CO 2 temperatures and 

percent of particles ignited times the emissivity, as well as the soot, CO 2 and 

particle concentrations as a function distance above the nozzl ~ 

The chars ignite heterogeneously since they centain l i t t l e  volatile matter. 

The 90O°C char ignites at about 13 cm, slightly above the coal. The 1500°C char 

does not ignite until 33 cm. Neither char produces much soot. 

The demineralized Rosebud also ignites at about 13 cm, nigher than the coal 

(10 cm). I t  is possible that the mineral matter helps the ignition either 

heterogeneously or homogeneously through the organically bound minerals. The 

difference in ignition distance of 3 cm is not large compared to the expected, 

uncertainty of +_2 cm, so additional investigation is necessary. 

The low react iv i ty  (1500°C) char produces a signif icantly lower particle 

tel,~perature than 9LIO°C char or the raw coal. The demineralized char also shows a 

lower particle temperature. This is believed to be due to (or be correlated with) 

the ,~igher 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. If.C-9 to II.C-11 shows 

several additional features. I) The Rosebud and demineralized coals show a 

distinct ignition point where the coal particle temperature, CO 2 temperature, CO 2 

concentration and soot concentration all take a sudden jump. Photographs of the 

flame show volati le flames around the particles just at the ignition point. 2) In 

contrast, the two chars (which ignite heterogeneously) show a more gentle change in 
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CIIARACTERISTICS OF SAMPLES USED IN TIlE FLAME STUDIES 
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Table II.C-2. Flame Properties for Montana Rosebud Subbituminous Coal. 
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Height  Part icle CO 2 %of Gray Particle Soot CO 2 H20  

(cam) R b n ( K )  T(°K) Body Conc. Conc. Conc. Conc. 
jou~n~No~m~am~H`1~j~n~t~m~|a|~'~'~|~'~|~•m~N~tat~H"mn~Na~|~u~as|~It,~I'~|~t~!~'~ol|aoo~H||~H|||O|N~e|'nm~'~|'|~'|ja|~o~a~|'~n'n!~;4~aNt!|~H~|~!~o'~m~H'~||||~||l~ 

5 575 1056 100 3.94 0 0 0.13 

9 1800 775 1585 6, 94 4.27 0.14 2.04 0.56 

10 1920 875 1860 14, 86 5.13 0.91 10.83 1.27 

11 2000 2130 32 3.98 2.09 21.56 2.61 

12 1955 2300 56 3.98 2.30 26.59 2.98 

13 1900 2330 85 2.86 1.51 31.20 2.86 

14 2060 2370 61 2.01 0.41 31.93 3.29 

15 2050 2320 54 1.81 0.49 31.51 2.86 

17 2030 2190 49 1.75 0.55 33.07 2.76 

20 2190 1790 11 1.53 0.22 33.32 3.04 

25 2100 1465 8 0.71 0.07 25.50 1.81 
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Table II.C-3. Flame Properties for Montana Rosebud 900°C Char Formed in 
the Entrained Flow Reactor. 

Height Particle CO 2 % of Gray Particle Soot CO 2 H20 

(cm) Rb(K) Body Conc. Conc. Conc. Conc. 
~ N m 0  m l  ~ • i t u  m .  

5 1020 1227 0.32 7.57 0.83 0 

11 1230 1307 0.26 6.97 2.47 0.25 

13 1545 1555 0.17 6.04 3.65 0.56 

15 1820 1726 0.27 4.45 0.12 7.33 0.48 

16 1905 2100 0.28 6.97 10.53 0.87 

17 1965 2327 0.31 5.98 15.13 1.18 

18 2100 2339 0.36 4.73 0.37 24.04 1.78 

19 2150 2390 0.34 3.79 0.41 26.10 2.00 

20 2100 2322 0.39 3.29 0.45 24.57 1.37 

21 2120 2233 0.37 3.16 0.30 28.14 1.81 

23 2080 2280 0.41 3.16 0.22 27.03 1.84 

25 2079 2192 0.37 2.47 0.14 26.79 1.52 

28 2090 2098 0.28 2.03 0.14 26.81 1.51 

33 2020 1680 0.20 1.08 0.10 17.37 0.83 

43 1410 0.25 8.6 0.36 
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Table II.C-4. Flame Properties for Montana Rosebud 1500°C Ch~ Formed 
in the Entrained Flow Reactor. 

i n .  141 l i ,  I i t ,  i I I  I i l i I I I  l i  I I  I I  i i  I l l  J i I I  i i I l I i I I l i i  J I I I I  H f i l l  i u l i t  i I f I i t i ,  i ,  N , i .  I ,  J .  I ,  I J I N  I I N  t l H i l l l l l  N ~ ~ i  l ~ . ~ I f ,  I I I l l  l l l t H  t I N  I t  i I I I i l l l  I I n t ~  t I u t i I i ,  I I  i I I I I I I , , .  i i ~ .  ~ i  l . .  I . i *  I I i ~ N I 114 ,  i t l t 1411 ~ N i l  X ,  R * (  ~ ~ I 

Height  Part icle CO 2 % of  Gray  Particle Soot CO 2 H20 

(era) Rb(K) T(°K) Body ~ n e .  Cone. Conc. Cone, 
l i I I I M ~ i , ,  l N , ,  I I l I N  I I I  I I l l  I n I ,  i i  I i i i i i i  I I I I I i ,  i ,  I t I I I I .  11111 i l I .  X I I  H .  I .  i 11411111 M I I  I I I H I  i N I I N H I I ,  i I I I l l l i  ~ i l i I o l I ,  i 114 H I I  I ,  K I I 1 1 1 M  1 I l l  I I I i I I  H I N I .  $ .  1 1 1 1 ,  I I I I I I I ; I I  n l u i i i H . ,  i i  N i i N l l $41 I I  I ,  ~ I I  I I I N 11 ~ 1 1 .  

5 820 N.A. 52 10.26 0 0.43 0.45 

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 0.89 0.13 

40 1850 2365 32 2.28 0 3.20 0.23 

44 1850 2225 64 0.84 0 11.88 0.70 
N ~ 01010 m It I S I g #N i D N I i I i N H I I H I I N D i 01 i g I i D i i 0 N i W ~ E I I D e DO B I B I I i I $ I I l I 0 N i ~ I i U l N~II~IM D N #ttI~ H I W H ~ N  N 8111JWt~i~ N i 0 R l lll I I 0 i t 0 J S N 01 D 0 il 01 ~ I 110 U l R etBION D 0011 N g l D I0 N I i g l $ I~ I I ~ g I f~fn I D I 00 N D B ~ U I J I N g U I F J I IH U ~ ~I i 
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Table II.C-5. Flame Properties for Demineralized Montana Rosebud 
Subbituminous Coal. 

m IoI~|~°~J-~qo~|oN*~i~|~m~u~m~.~°~°.N~.N~.°~-~u.~-~°~NH~w°°~I~mm~m~ 

Height  Part icle CO 2 % of Gray  Particle Soot C% H20 

(cm) R b n f K )  T(°K) Body Con~ Conc. Conc. Conc. 

5 700 1310 100 7.05 0 

10 755 1315 100 7.66 0 

13 775 1385 100 7.83 0.21 

14 1975 3500 44.2 6.91 1.22 

15 1780 2135 56.8 5.72 3.74 

16 1690 2380 79.4 6.08 5.31 

17 1710 2105 86.2 6.22 3.58 

18 1800 2083 56.2 5.57 1.52 

2C, 1800 1955 57.5 4.23 0.96 

23 1850 2085 62.5 3.20 0.53 

26 1840 2040 61.0 2.05 0.10 

31 1810 2005 70.5 1.85 0.05 

39 1700 1865 77.0 0 

44 1590 1835 80.6 0.73 0 

0.31 0.31 

0.76 0.34 

1.69 0.45 

8.36 O.76 

20.93 2.08 

20.56 2.12 

25.36 2.56 

27.03 2.42 

26.78 2.01 

26.72 1.97 

26.67 1.94 

28.10 1.76 

20.43 1.44 
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Figure II.C-8. Flame Properties as a Function of Distance Above the 
Injection Nozzel for Montana Rosebud Subbituminous Coal. a) Concentrations 
of CO2, Particles and Soot and b) Temperature of Particles and C02 and 
Percent of Panicles Ignited Times Emissivity. 

- 116- 



lO I - - - - T - , ,  
~ 8  9i i 

~'~ °! 
0 10 20 30 

Distance (cm) 
3 0 0 0 1 '  , r 

t II 
I 
i 

~- 2 5 o 0  , | | 
0 | 

2OOO 

IOO0 
# 

5OO 

L v 

4O 

,o 8 ~  

0 
40 5O 

b 

Particles 
.41 
% Ignition 

x E  

2OO 

175 

'150 

m~o 
~oo 
75 

~50 

II 
I 

0 ' 0 
0 10 20 30 40 50 

Dis tance  (cm) 
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the ignit ion region and no volati le flame. 3) The burnout of the flame is most 

rapid for the Rosebud followed by the denineralized Rosebud and Rosebud 9UO°C char 

which are similar and then the 1500% char. 4) I t  is interesting to note that at b 

cm above the nozzle, i t  is toe Rosebud char which produces the hottest particles. 

I t  appears that the volat i le exiting the coal prevents any heterogeneous oxidation. 

5) The fraction of ignited particles ~imes the emissivi t les is niuh tor  the 

demineralized coal and fa i r l y  low for the chars. Either the percent of ignited 

particles is low or the emissivity is low. A possible reason for low emissivlty is 

the coating of minerals on the surface. This possibi l i ty  is being investigated. 

T6A Neasurements - A goal of this research is to relate the gasification 

behavior to properties of the coal or char which can be easily measured in the 

l~boratory. As a possible indicator of ignit ion behavior, measure~nents were made 

of the weight loss measured at constant heating rate in air in a TGA. I f  i t  is 

assumed that any volati le products would be rapidly oxidize~, then th i s  test  

indicates zne raze of oxidation of the coal either through heterogeneous combustion 

or homogeneous combustion of the volati les. 

The results for weight loss in air for the four Rosebud samples are presen~ in 

Figs. II.C-I2 and If.C-13 as the solid lines. The temperatures at which 10% weight 

loss is achieved (excluding moisture loss at 10OuC) are summarize~ in Table ll.C-b. 

Tne temperatures are plotted in Fig. If.C-14 as a function of the ignit ion distance 

above the injection nozzle. The ignition distances are taken from Figs. II,C-8 to 

II.C-11. For t~ese four samples, there is good correlation between the temperature 

required for 10% weight loss and the igni=ion distance. 

To address the question of whether the ign i t i on  is heterogeneous or 

homogeneous, the weight loss was also measured in the TGA under nitroyen. These 

are presented as the dashed lines in Figs. II.C-12 and II.C-13. The temperature 

for 10% weight loss are also summarized in Table II.C-6. For the chars, the weight 

loss in air  is completely eue to heterogeneous oxidation, as the pyrolysis weight 

loss occurs at a much higher temperature, 

For the demineralized coal, the 10% weight loss is mostly from pyrolysis, i f  

tnis result is projected %o temperatures appropriate ¢o the T~R, the pyrolysis 

weight loss should be even more dominant i f  activation energies of b5 Kcal and 34 

Kcal are assumed for pyrolysis and oxidat ion, respectively. Photographic 

observations of the igni t ion zone shows volat i ]e flames burning as spherical 

regions much larger than the particles, consistent with homogeneous igni t ion.  

1 9 ~  
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TABLE II.C-6 

TGA ANALYSIS OF COMBUSTION SAMPLES 

Sample Ignition Point Temperature fo r  10% Weight Loss 
in Air (°C) in N2(°C) 

Rosebud 
Subbituminous Coal 

Demineralized Rosebud 

90O°C Char in EFR 

1500°C Char in EFR 

10 

14 

13 

35 

397 440 

430 440 

437 760 

570 90O 
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For the raw coal, there is a contr ibut ion to the weight loss from 

heterogeneous oxidation which shifts the weight lOSS curve about 30°C lower. Tnis 

sample also ignites lower down. I t  therefore appears that the ignit ion may be 

influenced by bo%n neterogeneous and homogeneous processes. Bo:n processes may 

occur just prior to the rapid jump in temperature. At the bottom of t~e flame, 

however, the photographic record indicates homogeneous combustion processes as was 

observed for the demineralized coal. 

New Ignit ion Phenomenon Observed 

A new ignit ion phenomenon has been observed in the TWR. The phenomenon is 

shown in Fi~s. II.C-15 and II.C-16, which shows ignited par t ic les  travel ing 

upward. The particles of interest are those at the edge of the particle stream 

which nave conzacted Lhe hot prezreazed gas 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 particle. The partlcles wet notzer witn increasing distance. 

The new igni t ion phenomenon occurs after the burning particles have burned for 

a snort Zime. Under these conditions we often observed a secondary ignition event. 

This event haS the following characteristics. 

I .  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 secon~ flame often en~s with particle fragmentazion suggestin9 burnou~ 

of the char. 

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

b. The flame appears to oscillate or spiral around the particle in almost all 

cases. 

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

with volatiles. The effect has been observed for demineralized coals so is not a 

mineral effect. 
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Figure ILC-15. Secondary Ignition Observed for Coal and Char. 
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F i g u r e  ILC-I~  Enlargement of Fig. ILC-15a, showing Oscillating or Spiral 
Flame Around the Particle Track. 

- 125b - 
t R~nrdl~ri l lrd~rl f l ' n m  I 



IST ANNUAL METC/BYU 10/87 WP#46 

One p o s s i b i l i t y  i s  t h a t  the f lame resu l t s  from CO burning in a sheath 

surrounding the pa r t i c l e  rather than well away from the pa r t i c l e .  This would 

t rans fe r  the heat from the C0--~C0 2 flame back %o the pa r t i c l e  and resu l t  in a more 

intense flame with the p o s s i b i l i t y  of more rapid burnout. However, t n i s  mechanism 

requires that  the ch ie f  heterogeneous react ion be CO 2 9as i f i ca t i on  on the coal 

pa r t i c les  surface. Tne higher temperature may make th i s  slower reaction possible.  

No explanation has, however, been devised to explain the o s c i l l a t i o n s .  This 

phenomenon w i l l  be subjected to f u r t he r  i nves t iga t ion .  

P1 arts 

A set of coa]s (raw and demineralized) and chars being made in the entrained 

f low reactor w i l l  be fez into the TWR for  measurement of ign iz ion distance and 

i g n i t i o n  tempera ture .  In these exper iments we plan to  c o r r e l a t e  our low 

t e m p e r a t u r e  TGA measurements of r e a c t i v i t y  w i t h  measurements made under 

gas i f i ca t ion  condi t ions in the TWR. The inves t iga t ion  of secondary i g n i t i o n  

phenomenon w i l l  be continued. 
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I I .  SBBTASK 2.d. - ASH PHYSICS AND CHEMISTRY SUBMODEL 

Senior Investigator - Michael A. Serio 

Advanced Fuel Research, Inc. 

87 Church Street, East Hartford, CT 06108 

(203)b2~-9~06 

Objective 

The objective of this task is to develop and validate, by comparison witn 

laboratory experiments, an integrated and compatible submode] to aescribe the ash 

physics and chemistry during coal conversion processes. AFR wil l provide tne 

submodel to BYU together with assistance for i~s implementation into the BYU PCGC-2 

comprehensive code. 

To accomplish the overall objective, the Following specific objectives are : 

l )  to develop an understanding of the mineral matter phase transformation durin~ 

ashing and s|agging in coal conversion; 2) To investigate the catalytic effect of 

mineral matter on coal conversion processes. Emphasis during Phase I wil l  be on 

the acquisition of aata which will be uti l ized for model development in Phase I I .  

~ata acquisition wil l  be focused on: i) design and implementation of an ash sample 

co l lect ion system; 2) developing methods for mineral characterization in ash 

particles; 3) developing metnoas for studying the catalytic effect of minerals on 

coal gasification. 

Mi,eral matter in coal is a source for slagging and deposits on reactor or 

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

catalyze reactions or can poison processing catalysts. The objective of this 

research is for the development of a mode] for the prediction of ash behavior anQ 

the correlation of the behavior with the original chemical composition, particle 

size, physical properties of the minerals and the process conditions. A moae] wil l  

also be ~eveloped to predict the catalytic effect of minerals on coal conversion. 

Accomplislments 

During the f l r s t  year, a l i terature search was performed to iaentify the 

important effects of coal minerals in gasification. Meetings were also held with 

researchers at other institutions engaged in mineral matter research (Physical 

Sciences, Inc., IGT and University of North Dakota Energy Research Center, UNDERC). 

Work was also performed on designing zne methods for ash collection and analysis 
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and on analysis of toe minerals in the coal sample set. 

Literature Review 

Literature reviews were presented in the second and third quarterly reports 

and wi l l  not be repeated here. The cr i t ical  issues wrlich have been presented in 

the l i terature and which wil l  be addressed in this program are presented below. 

The Ph~sic~ Transformation of Minerals 

Volatil ization and chemical interaction of mineral matter are particularly 

important during coal conversion. The formation of slag and deposits of minerals 

depends on toe particle size, i ts chemistry, and i ts physical-chemical behavior 

during coal conversion processes. Most of toe work done in the area of predicting 

slagging and fouling behavior of ash of a pulverized coal nas been based on the 

mean ash composition of toe whole coal. Improvements wil l  require predictions 

based on the composition as a function of the ash particle size distribution. 

The literature indicates that the fly-ash derived from the transformation of 

~ne mineral matter in coal during combustion is bimodaIIy distributed wizn respect 

to particle size. Tne large partic]e size (10 to 50 microns) correspond zo the 

mineral residue froln single coal particles. Particles within the submicron size 

range are fomed from the vaporization and subsequent condensation of the volati le 

fraction of toe 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 distr ibut ion in coal from which the behavior of the ash 

fonnation in coal conversion may be predicted. 

MoSt of the work done in this area has been carried out under a combustion 

enviconment. Very l i t t l e  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 slagging and for  fouling in 

gasification reactors. 

~tal~¢ic Ef..f..ects of Minerals 

The presence of the inorganic minerals can either faci l i tate or impede coal 
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gasification: The alkal i ,  alkaline earth amd some transition metals may nave a 

cataly~cic effect on the gasification process. The or~anically bound metals are 

par t i cu la r l y  active because they are dispersed on an atomic level. Some 

inorganic compounds such as sulfur can prevent gasification by poisoning the 

cata lyst ,  whereas silicon oxide can convert tnm a}kali and other metals to 

sil icates and become inert for catalytic effects. A methodology is required 

which determines the mineral size and composition distribution so that the 

behavior of individual particles may be predicted for their catalytic effect 

during gasification or combustion. 

The cataly'cic effect of minerals on both gasification and combustion nave 

been repor%ed. For examp|e, a corre]ation between chdr react ivi ty ane the amount 

of calcium present in tne cnar has been established. The addition of calcium to 

char by ion exchange nas snown an increase of the reactivity linearly with an 

amount of calcium added. Some studies also snowed that the removal of the 

mineral c~nponents of :he coal by acid treat,nent lead to a decrease in char 

act iv i ty .  However, with coals of nigh rank the reverse effect was observed, 

probably as a result of an increase in the surface drea and porosity on the 

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

act iv i ty  of the coke in steam ~asification. I t  is generally concluded tnat in 

the presence of mineral matter, the catalytic effect is dependent upon the 

concentration and aispersion of inorganic species which act as specific carbon 

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 redgce the catalyst performance when the added 

catalyst reacts with :ne minerals to form a new less catalytic phase. 

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

coal and i ts  interaction with added catalysts, based on i t  composition, particle 

size and distr ibution. 

Ash Fouling, Slaggin9 and Corrosion 

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

conditions. Tnis work is being considered as background for the corresponding 

processes in gasification. 

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

the furnace gases as f ly  ash and vapors. This material may form insulating and 
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corrosive deposits on the heat t ransfer surface. The process of deposit 

in i t iat ion and growth usually involves either liquids formed on the tube, such as 

condensed alkal is  ( ' s t i cky  tube mechanism'), or low viscosity super cooled 

impinging f ly  ash particles ('sticKy particle mechanism'). I t  is proposed znat 

this low viscosity material may be provided by an alkali-enriched surface layer, 

formed by an alKali-ash reaction in either the char or the furnace gases. The 

~sh particles whose outer layer is enriched in sodium may readily wet the beat 

transfer surface, allowing rapid bond formation due to the dissolution of the 

surface iron oxide at the particle surface. 

Some empirical correlations have been established between the slagging 

behavior of a coal with such properties as viscosity of the coal ash, temperature 

of the cr i t ical  viscosity, fusion temperature and surface tension. Empirical 

factors such as the slagging factor, fouling factor, dolomite percentage, ferr ic 

percentage and base-to-acid ratio have been devised. These indices of slag 

behavior are based on tests of the mean coa] ash and do not treat the effects of 

individual ash c~nponents which may be the "bad actors". 

Experimental Stud~ Of Mineral Matter Transformation 

Tne objective is to determine mineral transformation in the reactor, i ts 

radiative properties, i ts potential for slagging and fouling of the reactor, and 

its catalytic effect on gasification or combustion. 

Experimental ~t, h~s 

I .  Samples of coal wil l  be reacted in the entrained flow reactor (EFR), 

transparent wall reactor (TWR), and TG-FTIR. 

2, Experimental methods, s imi lar  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 I l l ,  eight stages stack sampler and a cyclonic preseparator. 

During the sample collection, all particulate products from the burner are 

continuously collected and quenched by a wa~er-cooled col lection probe. From the 

probe, the ash particle enter a cyclonic preseparator for separating larger 

particles, the remainder enter the cascade impactor for aerodynamic size 

c lass i f icat ion.  Depending on the gas flow velocity and temperature, eight 

discrete particle size cuts can be obtained. For example, in a given set of 
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conditions of temperatures at 300°F and flow rate at 0.6 ACFM, eight discrete 

size cuts with mean diameters of 13,6, 8.6, 5.6, ¢.0, 2.5, 1.3, 0.8, and 0.54#m 

w i l l  be obtained. The submicron par t i c le  (<0.54 #m) generated by the 

vaporization and Subsequently condensation of ash, pass through the impactor for 

collection Bnd isolation on a back-up glass fiber f i l t e r .  

3. Tecnniques have been selected for measurlng solid and vapor species 

concentration for inorganic constituents. For example, quartz, kaolin, calcite, 

and mixeO clay in coal w~ll be analyzed by transmission FT-IR. The inorganic 

minerals wil l  be analyzed by a coai 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 specles by using FT-IR will be 

explored. 

Ana]ysis of the bulk and discrete size ash partic|e's chemical and physical 

properties wi l l  be performed. Cnemical compositions will be obtalned by x-ray, 

SEM, density, porosity, surface area, viscosity, etc. 

4. Temperature measurements of tne char particles in the TWR w111 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 wil l  be determined. The tare of added minerals, such as Na, K, Ca, 

wil l  be examined by tracing their distr ibution in different particle size ranges. 

6. The catalytic effect of minerals as compared wltn the demineralizea coal 

w i l l  be determined, and the i r  gasif ication rates for dif ferent coa! ranks 

measured. 

7. The ef fect  of operation condit ions, e.g. temperature, flow rate, 

pressure, oxygen concentration, on ash behavior and gaslticatlon performance wil l  

be measured. 

B. The corre la t ion between mineral content and fouling and slagging, 

combustibility and ~asification rage wil l  be developed. 
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Ejemental Analysis of Coals by SEM/DisR@rsive Energy X,Ra~ 

The elemental composition of the minerals in the ampoule coal samp]es 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 5 gm ampoules and -2U mesh for 10 

gm ampoules. All the coals except for the Wyodak samples are in the -100 mesh 

size. All the raw coal samples were reground into very fine particles using a 

ball-mil l for 20 minutes and thee pressed into a f la t  pellet containing about 308 

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 based on the 

measurement of the x-ray intensities of the major elements (Fe, S, Ca, Ti, Mg, 

Na, Sl and Si) from iz i  subsamp]es, wnere a subsample is a 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 all 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 (MgO, Na20 , A1203, Si02, K20 ,CaO, TiO 2 and Fe203). The amount of SO 3 

calculated in the ash are only those portions which are scrubbed by the CaO to 

form CaSO 4. Therefore, the total number of moles of SO 3 present in the ash wil l  

not exceed the total number of moles of CaO presented in the coal. The excess 

amount of sulfur analyzed in raw coal samples wi l l  be assumed to be released into 

the ~as product stream auring 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 l l . D - l t o  If.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. Tab]e II.D-2 shows the results of mineral elemental composition 

- 132 - 



0 

° ~  

0 

0 

ii i : 

- ~ . ~  

.~®| 

0 .- 

=- : 

r-- cq 

0 ~  

i gNN ~~o 

ii :i 
- 133 - 

v 

° . . 

: : : -- 
v 

~ 1  " ,~  t ' ~  : 

0 0 0 

A ~ A 

c~ d o 

0 0 0 

6 d d " 

~ d  

.4 d M " 

~ ' -  0 0 

~ ~. ~. _ 

~ v v 

0 0 ,-~ • " " i 

m 
m 

¢) 

m 

o 

~.m_ m 
o 

" ~  . ~  . =  o 

0-j r~ m 



Table 1/.I:1-2. Vlineral Distribution, Elemental Composition. 

! 

ta3 

~w1Iwi1IllI~jii~i~tI~ajgI~wiwIwj~I~iloIiII~I~am~jf~1~i~t~I]~lI~Il~I~t~tlell1~III~t~IltlIllm~lsaIIII~Q~t~t~Im1~l~1~I~sII~II~lI~1~jz~llj~ii~iItea~IjlJ~mI~lltI~iI~i~1~j1j~I~Is~I~Iz~jIIj~1e~1~I~Il~I~D~s~jzt~isI~I~ciII~tI~Il 

Metal Upper Wyodak Illinois Pittsburgh Pocahontas Utah Blind Upper North Dakota Montana 
Freeport No.6 No~ No~ Canyon Knawha Lignite Rosebud 

~i~ft~i~;~i~e~[~t~ti~1~i~it~]~;~i~t~t~e~e~i~i~g~%~g~;~;~)~][~t~;#~;B(~i~t;i~i~t~i~a~i~e~t;~i~t~[~4~z~i~i~e~B~e~D~t 

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 
A1 1.67 0.73 1.35 0.94 0.57 0.3 3.57 0.49 1.08 
Si 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 0.07 0.02 0.03 0.42 0.03 0.03 
Ca 0.19 1.3 0.71 0.16 0.26 0.28 0.08 1.56 1.17 
Ti 0.11 0.09 0.07 0,01 0.05 0.01 0.26 0.05 0,07 
S(o) 0,71 0.45 1.9 0.7 0.5 0.24 0.48 0.45 0.47 
S(m) 0.65 0.22 2.58 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 12.49 9.02 16.14 8.51 4.4 3.41 21.48 9.6 12.33 

~t$~D~II~t;~itQIIiiIiltIt~g~I1t~i~E~s~i~i~t~I~il~i~I~it~Ii~sm~6~I~i~m~i~i~EIIl~IRijti~it~t~jB~l~w~I~ItI~m~Ditj~JIIjIIIlIl~1t11~1~1~lg~DIE~D~i~let~PIi~D0~IgIe~gPtIej~t~I~tli~B~j~I~a~DD~i~te$I~i1~$Ite~m~III~j~t~L~i~;~t 



Table H.D-3. Mineral Distribution in Raw Coal Ash (oxide form). 

I 

I 

l a l , o i i o J l l ,  i m , i  , I . , i , t  . i  , i ~ l , , , , , ~ . l , , . q . . o l  g , ,  , , t ~ l  ~1~aDI*'iIl~i~IIi~.iu~a~ll''ni`l'*~È1iIi~ij~''.~.l*q~q~l~ll1*l~jI*i~t~1*1ii~*.ifII~u~oI.. 
* i i  0 ~ 0 * 0 o o ; J o a t  ~ | i | l ~ n a *  u q , ,  , a ,  q , o ~ t , , , . ,  w. i , , o , l l  i , ,  - ~ a , , ~ l  t aa . n a ~ , , ~ l  , ,  n l  , , .  H . H I I , ,  ' "  

Metal Upper Argonne's Wyodak Argonne's minols Pittsburgh Pocohontas Utah Blind Upper North Dakota Montana 
Freeport Data " Data No.6 No.8 No.3 Canyon Knawha Lignite ltoscbud 

Na20 0.32 0.44 1.67 2,15 1.01 0,32 2.19 3.28 0.69 5.35 0.22 

MgO 2.93 1.07 6.90 6,11 1.66 2.53 4.24 5.54 2.55 9.86 4.67 

A]203 25.33 23.97 15.50 17.26 15.98 20.88 25.05 17.23 31,48 10,20 16.43 

SiO 2 50.16 42.82 26.93 32,91 38.60 43.27 34.34 31.87 54.63 19.33 25.68 

K20 2.71 2.46 0.32 0,33 1.41 1.16 0.66 1.29 2,76 0.47 0.34 

CaO 2,13 4.60 20.44 21.81 6.22 2.63 8.46 11.91 0,52 24.04 13.18 

TiO 2 1.47 1.02 1.69 1.29 0.73 0.20 1.94 0.51 2.02 0.92 0.94 

SO 3 3,04 1.32 18,82 10,69 8.88 3.75 12.07 16.99 0.75 19.83 18.81 

Fe203 11.89 21.35 7.74 6,77 25.50 25.25 11 .05  11.38 4,59 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 15,97 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 II.D-3 

shows the similar results of Table I I .0-2 but expressed in the oxide form in the 

ash and a comparison of the results of HTA samples analyses provided by Argonne. 

The two methods show reasonable agreement. 

When comparing the ash composition data obtained from AFR with Argonne's 

data, goos 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 for these two coals. However, some discrepancies were 

observed for the sulfur and iron content. This may be due to our assumption that 

the CaO wi l l  scrub equivalent stoichiometric amounts of SO 3. In the real ashing 

procedure, this may not be zne case. 

Ash Col lec t ion  

The asn produced during combustion in the Transparent Wall Reactor (TWR) has 

been col]ected using a cascade impactor for Montana Rosebud suboituminous coal. 

All gaseous and particulate products of combustion are continuously collected and 

quenched by a water coo]ed collector probe (which was set 72 inches above the 

head of the heated furnace). The gas flow rate used for the impactor was about 

21 ]/min which represents the flow rate of the vacuum pump applied on the exit 

end of the impactor. I n i t i a l l y ,  a home made cyclone was used as a preseparator 

to collect the particles larger than i0 ~m. However, this cyclone was found to 

be too powerful to use because i t  wi l l  collect more than 95% of all the ash. 

Therefore, no preseparazor was used in the f i r s t  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 isolat ion on a backup glass 

fiber f i l t e r .  The coal feed rate was 1.8 9m/min. The coal particle size was 200 

x 375 mesh. A typical collection time was 10 minutes. 

Portions of the fractionated ash particles of the combusted Montana Rosebud 

coa] nave been analyzed by SEM/dispersive x-ray analysis The microscope image 

examination of the particulates collected on f i r s t  stage is shown in Fig. I I .D- I .  
i 

In this f igure, the cenosphere particles and the aggregates of small particles 

are present. The aggregates contain several primary particles agglomerated 

together. The primary particles contain 10 or so lU-50 ~m units. The size of 
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a 

b 
100 microns 

100 microns 

Figure II.D-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 #m O.D. Under the microscope, these 

cenospheres are shown as a red transparent glassy ball indicating that iron 

oxides are incorporating into the fused glassy s i l icates.  

Based on the SEM/dispersive energy x-ray analysis, ~nese cenospheres contain 

a very high content of SiO 2 and CaO, (43.14 and 37.57 wt%, respectively} (Table 

I I .D-4). Tne decrease of si l icon oxide content from 41.2 wz% in f i r s t  stage 

particles to 31.4 wt% in third stage particles indicate that the large particles 

are basically formed by fused silicated glassy material which coagulated with the 

other fused materials at the combustion temperature. The iron content in these 

particles also followed a similar trend as for si l icon. However, the sulfur 

content appeared to increase as the ash partic]e size decreased. These results 

are consistent with the observations made by Desrosiers et al. (1978). The 

formation of cenosphere particles are probably due to the expansion of the 

encapturei gas in zne fused ashes during the combustion process. The results of 

a detailed analysis of the ash particles collected in each stages wi l l  be 

presented in subsequent quarterly reports. 

Char Reactivity vs MiBeral Content 

As discussed ear l ier ,  the presence of certain minerals in char wil l  enhance 

the char reactivity. The degree of the enhance~,~ent of the char act ivi ty wi l l  

depend upon the mineral concentration and size distr ibut ion. The reactivity of 

char can be measured in a TGA by i ts  cr i t ical  temperature (Tcr) in the non- 

isothermal test. The c r i t i ca l  temperature varies inversely with char react ivi ty.  

Thus a plot of cr i t ical  temperature of char vs the mineral content wi l l  give an 

indication of the direct involvement of the minerals in tt~e char gasification 

process. In Fig. II.D-2, the Ca and K content of the coals is plotted vs the 

c r i t i ca l  temperature of chars proauced from the nine coal samples. All of tlle 

nine chars were prepared by heating the raw coal in a nitrogen flow to 9DU°C with 

a 30°C/rain nearing rate. The reactivity measurements were carried out in a TGA 

in air  with a heating rate of 30°C/min up to 900°C. A good correlation of the Ca 

concentration vs Tcr is demonstrated in this plot (open squares). The numbers 

ShOWn on this plot indicate the sample number l isted on Table I I .A- I .  These data 

demonstrate that the high rank coals, which have lower calcium contents, all show 

a low cr, ar reactivity. When potassium is added to the calcium (closed squares) 
s 

the correlation is s l ight ly  improved. Coal No. 7 now fa l ls  on the correlation. 

Tnis suggests that both alkal i  metals are important although Ca is usually more 

abundant. 
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Table II.D-4. Ash Analysis of Combustion Ash*of Montana  Rosebud Coal 

m'''•'~•i'~'•~otNoix~m~Qm'~Qmg~I*~n1mmomi~ooanBomIo~oo~NwnNDomomma~,~i~oto~mN'aM*wIIa|~m'm'i~iIu'"~i~'~i~aam~i~i~m~o~o•oo'. 

Oxide Raw Coal 1st Stage + Cenospher~* 3rd Stage* 
•~°~°~°"~•~I°~I~°m~I~j~°~°~°~•~""~*~IINo~°~i~°~°~°~•~-~°~°~°~-~•~°~•~i~ 

Na 2 ° 0.22 0.243 0.070 0.040 

MgO 4.67 0.681 0.073 5.215 

A1203 16.43 13.585 7.360 18.444 

SiO 2 25.68 41.160 43.142 24.538 

K20 0.34 0.346 0.443 0.648 

CaO 13.18 24.101 37.577 31.425 

TiO 2 0.94 1.991 1.137 1.881 

SO 3 18.~1 3.066 2.883 5.639 

Fe203 19.73 14.828 7.316 12.168 

Ash 12.42 100.00 100.00 100.00 

- A s h  collected from a cascade impactor containing nine jet plates. 
. .  These data ~present the x-ray analysis which focused the x-ray beam on 

cenosphere particle of the ashes collected from the first stage collection plate 
c. r a cascade impac~r. The ash particle was not reground. 

~, Ash particles collected from first and third collection plates of a cascade 
impactor. The ash samples were reground before mounted on the sample 
stub for SEM/x-ray analysis. The first and third stage particle saml:les 
represent a particle size range of > 10 and - 4.6 tun, respectively. 
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Figure II.D-2. Reactivity vs. Calcium and Potassium Content in Raw Coal. 
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P] arts 

Continue l;•e combustion and col ]ect lon of ash par~icie for al l  coals in the 

TWR reacl;or for aerodynamic p a r z i c i e  s ize c l a s s i f i c a t i o m  using a cascade 

impactor. Characterize the ash yar~ic!es of d i f fe ren t  size ranges. The mlnera] 

content  ana lys i s  w i l l  be performed by using SEM/dispers ive energy x-ray 

tecnnique. The mlneral size d is t r iDuz lon ana]ysis w111 be performed by usln9 tme 

SEM. The mlneral fo r  ns w i l l  be i den t i f i ed  by corre lat ion oT the subsamples. 

These oata on mineral ~ize Cllstribution and composition wl l i  be correlated with 

the i n i t i a l  mineral d is t r ibut ion with ln the part icle. A device for measuring the 

ash sticking behavior w i l l  ~e designed and implemented in the TWR reactor for 

monitoring the fouling and slagging behavior of ashes of dif ferent ranks of coal. 
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I I .E.  SUBTASK 2 . e .  - LARGE PARTICLE SUBMODELS 

Senior Investigator - Michael A. Serio 

Advanced Fuel Research, Inc. 

87 Church Street 

East Hartford, CT 06108 

(203) b28-9806 

Objective 

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 tlle submodeis by comparison with laboratory scale experilnents. The result 

wil l  be coal chemistry and physics submodels which can be integrated into the 

fixed-bed (or moving-bed) gasifier code to be developed by BYU in Subtask 3.b. 

Consequently, this task wil l  be closely coordinated with SubtasK ~.b. 

Accomplishments 

A literature review of neat and mass transport efTects in coal pyrolysis 

continued as part of the work being done for this subtask. A cr i t ical  evaluation 

was made of models that have been used to describe intrapartlcle neat transfer 

during pyrolysis. Since mass transfer effects are well covered in the review by 

Eric Suuberg (see Appendix A in the Second Quarterly Report), this review has 

focused primarily on heat transport processes, in addition, calculations were 

done to define regimes of internal and external heat and mass transport control for 

conditions of interest. Th is  was to detemine the boundar~ regions where Such 

considerations become important. Finally, a review was made of previous work on 

fixed-bed pyrolysis experiments inpreparation for our own experimental effort .  

Heat and Mass Transport . Effects in Coal P~rol~is 

Introduction - Given the large particles used in fixed-bed gasifiers, it is 

l ikely that transport effects nearly always play a role. However, i t  is also true 

that at the very nigh neat fluxes encountered in some ~asification and combustion 

processes, gradients may be important for particles in the pulverized fuel range. 

Consequently, the review was not s t r ic t ly  limited to large (> 0.5 mm) particles 

since what constitutes a "large" part ic le w i l l  depend on the experimental 

conditions. 

~Z , ' )  _ 



The f i r s t  objective was to examine previous experimental and modeling studies 

of neat transport. A close examlnation of ~nis work indicated widely different 

assump:ions abOUt the values of coal physical properties ano now these change with 

temperature and ~ne extent of pyrolysis. Consequently, i t  was decided that a 

review of the literature on coal pnysical properties would also be necessary. 

Review of Me(lelin~ Studies - Since much of :he work on devolatil ization in the 

las~ several years has included rapid pyrolysis of fine (pulverized) particles or 

slow pyrolysis of large particles, ~aost pyrolysls Studies and models nave not been 

concerned with Internal transport effects. However: witn the relatively recent 

interest in pyrolysis under fluidized-bed or moving-bed condi:Ions, where large 

(> !~n) particles are #yrolyzed a: relatively high heating rates (10 to 1000 K/S), 

tile Interest in internal zranspor'c haS increased, 

Models for simultaneous neac and mass transport for devolatil ization have been 

developed Dy Mills et al. (1976) and Ja~aes and Mills (IW76) tor plastic coals and 

oy Devanatnan and Saxena (1985, 1987) and Bliek et al. (19~bJ for non-plastic 

coals. Frelnaut et al~ (1977) and Agarwal et al. (1984a, IWB4b) ildve developeo 

coupled reaction and neat transport models for nonplastic coals. 

Heat Transfer/Reaction Models - A model by Freihaut ez al. (1977) considered 

the combined influence of neat transfer, heats of reaction and chemical Kinetics on 

intraparticle temperature ~raaients during pyrolysis. Not many details of the 

~nodel nave been published in the open literature. Mass transfer effects were 

neylecte~. 

Agarwal et al, (19B4a) nave developed a general devolazilization model for 

large non-plastic particles unoer fluidized bed conditions wnich Includes coupled 

reaction dnd beat transfer. ~ood agreement was obtained for devola~ilization times 

measured for Mississippi l igni te.  A simpler version was developed for tne pure 

neat transfer control regime (Agarwa! e t a ! . ,  !984b). Neither version includes a 

treatment of mass transfer or secondary cracking effects. 

Heat Transfer/Mass Transfer Reaction an(I MWxlels - Workers at UCLA (Mills et 

a] . ,  1976) developed a model for particles undergoing rapid pyrolysis wnich 

included a fundamental description of neat transport starting with the conservation 

equations. A consecutive reaction scheme, similar to that of Cnermin and van 

Krevelen (1957} was used. The porosity of the particle was assumed to be governed 

Dy a fuaming law and the particle was allowed to swell and shrink, accordingly. 
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The thermal conductivity was assumed to decrease linearly with the decrease in 

particle density. The model was primarily concerned with the variatlon in thermal 

response of a particle with the variation in parameters such as particle diameter, 

ambient temperature, nearing rate, heats of reaction and activation energies. The 

equations were solved numerically by a finite-difference method. The model was 

successful in qualizative]y describing many important features of coal pyro|ysis, 

as shown in Figs. I I .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 zne 

effect of particle size on the average gas evolution rate. The kinetic control 

l imit  (no diameter dependence) is evident for the lowest ambient temperature (T e = 

972 K). For higner temperatures, the kinetic l imit  would only occur for partlcles 

smaller than 30 #m. The curves in Fig. !I.E-3 approach the 4b ~ slope for heat 

transfer control for the large particle sizes. 

~|ills ez al. (1976) also evaluated the work of Peters and Berlting (196b), 

who injected 1000 - 1500#m 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 (do-0-26) is 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 M1lls et al. was improved in a later paper by James et al. 

(1976). In order to account for pressure and particle size eTtects, models were 

included to describe {1) the porous structure of a coal particle; (2) the flow of 

gases t~rough voids and pores, and the resultant pressure d is t r ibu t ion ,  (3) 

evaporation of tar species and (4) cracking of gaseous species as they percolate 

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

validated against experimental da~a. 

Devanathan and Saxena (1985,1987) have developed a model which considers both 

beat and mass transTer effects for large nonplastic coal partlcles. The later 

version of this model was improved to include secondary cracking reactions of tar 

so that par1:icle size effects could be predicted. The authors also inc]uded a 

sens i t iv i ty  analysis which indicated that results were very sensitive to the 
s 

assumed internal dif fusivit ies for the volatiles species. The Th~ele modulus 

( rat io  cf reaction rate/d i f fus ion rate), the Lewis number (ratio of thermal 

dif~usivity/mass di~fusivity) and the heat transfer Biot number (ratio of Internal 

to external heat transfer resistance) were identified as crucial parameters in 

_ 1 S ~  _ 
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Figure I I .E-1 .  Effect of Particle Size on Instantaneous 
Rate. 
et al. 

Gas Evolution 
To  = 303K, Te = 1250K, Nu = 2.0, % V.M. = 40, 4) = 45 from Mills 
(1976). 
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Figure I I .E-2 .  Effect of Particle Size on Cumulative Gas Evolution. 
Te = 1250K, Nu = 2.0, % V.M. = 40, t = 45 from Mills et al. (1976). 
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Figure I I .E-3 .  Effect of Particle Size on Average Gas Evolution Rate. 
To = 303K, Nu = 2.0, % V.M. = 40, ¢ = 45 from Mills c ta l .  (1976). 
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determining devolatilization times. One problem with analyses such as the one done 

by Uevanathan and Saxena is that not much atteqtion was paid to the choice of 

devolatilization parameters or the temperature dependence of physical properties 

like the heat capdc~ty and thermal conductivlty. They chose the kinetlc parameters 

of Kobayashi et al. (1977) which have recently been shown by Jamaladdin et al. 

(1987) to severely underestimate devolatilization times. 

A model which is as comprehensive as the one by Devanathan and Saxena has 

recently been developed by Biiek et al. (1985), also for non-plastic coals. This 

model includes transient devolatilization kinetics, intraparticle heat and mass 

transport, and secondary deposltlon of voiatlles. 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 

the i r  own data and data from the l i t e ra tu re  and usually obtained at least 

qualitative agreement. However, the .model has so many adJustable parameters that 

th is  agreement does not necessarily validate the i r  assumptions about the 

controillng mechanisms. The authors did do a good job in attempting to account for 

the variations in physical parameters with temperature. 

The models of Devanatban and Saxena (1985, 1~87) and Bliek et al. (!98b) 

appear to be the best starting poin¢ for developing a model for use in the current 

program since they Include all of the relevant phenomena (beat transfer, mass 

transfer, kinetics). These models wil l be subjected to closer scrutiny during the 

next quarter. 

Physical Properties - I t  was expected that there would be variations in the 

pyrolysis kinetic parameters chosen in different modeling studies. However, 

significant variations in assumed physlcal proper¢ies were also observed and 

variations in these properties with temperature and extent of pyrolysis are often 

neglected. A detailed evaluation of l i terature on the key physlcal parameters 

important in a heat transfer analysis was done. 

This included consideration of data on specltic heat, thermal conductivity, 

emissivity, density, and transpiration cooling. A wide variety of values was 

Found, as shown In Table I I .E- I .  A summary of what is believed to be the best 

available data is being' developed. 

H e a t  Transfer Calculations - Calculations of the characteristic times for 

internal and external beat transfer were made for a 60 micron particle. A 
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simplified case is considered where the part icle is assumed to be dropped into a 

stagnant gas at an elevated temperature where radiat ion and convective neat 

transfer can be neglected. The characteristic time for internal conduction heat 

transfer is given as follows: 

2 tc, i= PpCpdp 
( I I .E- l )  

where Pp is the density, Cp the heat capacity, dp the diameter, and kp the thermal 

conductivity of the particle. The characteristic time tot external gas phase 

conduc~i on is: 

t : PpC pdp 2 
c,e (II.E-2) 6Nukg 

The definitions are tr,~ 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 inf in i te stagnant medium. 

The reciprocal of the characteristic time is, by aefini t ion, the rate constant 

for a f i r s t  order process. This can be compared to the f i r s t  order rate constant 

for pyrolysis mass loss ~,;hich we nave detennined based on data for a number of 

coals. The results of these calculations are shown in Fig. If.E-4. This plot 

indicates three dist inct  regions of behavior. At low temperatures (< 600°C), 

kchem << kzaxt , khint and pyrolysis of the particle occurs isothermally at the 

maximum temperature of the gas without any internal temperature gradlent. As the 

gas temperature, increases above 600~C, but is lower than 1000°C, the particle 

pyrolyzes while heating to the tinal temperature but has a re la t i ve l y  small 

internal temperature gradient. At temperatures near 1OO{]~C, there is not adequate 

time to collapse the internal temperature gradients before signif icant pyrolysis 

can  occur. 

Of course, these calculations can be done for many di f ferentcondi t ions to 

include variations in particle size, external pressure, and the add~tlon 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 program is being 

developed so that these calculations can be easily done for a specified set of 

conditions. This wil l  allow an assessment of conditions where an internal heat 

transfer model wi l l  be required. 
r 
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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 weight dependence of the 

transport rates and the fact that the values of the species liquid phase and gas 

phase di f fusiv i t ies are not well known. The calculation of the characterlstic 

times requires the assumption of a model for internal and external mass transport. 

Generally, i t  is assumed that there are no mass transport limitations ?or light gas 

species (< 100 mw) for particles in the pulverized fuel size range (< 20U mesh). 

Consequently, the problem becomes one of defining the transport of the tar species. 

As discussed in Section I I .A, we have recently had success in describing tar 

transport wlth a simple model which assumes that tars are carried out ot a particle 

at their equilibrium vapor pressure in the light devolatil ization products (Solomon 

e t a l . ,  1987). The equations for tar transport (Eqs. I I .A - I  to If.A-3) are 

discussed in Seczion 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 (0.5 K/s) 

heating rates. In the former case, the pyrolysis chemical rate would reach a 

maximum at 948 K, whlle in the la t ter  case i t  would maximize at 748 K. The 

internal and external mass transport rates ~vere calculated for two molecular 

weiwnts (314 and 1042) at these 1;emperatures and plotted in Fig. I1.E-5. 

The calculations indicate that species close to 1000 in molecular weignt are 

subject ZO sign1?lcant internal and ext=~rnal transport l imi tat lons at a l l  

conditions of practical interest. Species which are close to 300 in molecular 

weight are limited by internal mass transport at low temperazure (low heatlng rate) 

due tO the low generation rate of the light species. At high temperature {high 

nearing rates) the transport of 300 mw species is limlted 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. 

P1 an s 

Develop programs for routine calculations of boundary regions for internal and 

external neat and mass transfer. Summarize assessment ot large particles beat/mass 

transport models. Consider how the AFR large particle model wil l interface with 
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Figure II.E-5. Comparison of Chemical Kinetic Rate for Pyrolysis Mass Loss 
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(kmint) Mass Transfer. The Calculations were done for a 60 micron 
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t~e BYU fixed-bed model. Finish design and beg~n construction of fixed-bed 

pyrolysis reactor. Oevelop experimental plan. 
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I I . F .  SUBTA.SK 2 . f .  - LARGE CH~BR PAJ~TICLE OXIDATION AT HIGH PRESSURES 

Senior Inveszigator - Angus ~. ~Iacknaf~ 

ComDuSzion Laboratory 

Brignam Young University 

Provo, Utah 84602 

(801) 378-23bb 

Objective 

Provide Gata for =he reaction razes of large char perzicles of interest to 

fJxed-DeG coal yasificazion systems opera%ing at pressure. 

Accomplishments 

No work plannec. 

P1 ans 

No wor~ pIannec. 
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I I . G .  SUBTASK 2.g. - -  SOx/NO x SUBMODEL DEVELOPMENT 

Senior Investigators: L. Douglas Smoot and B. Scott Brewster 

Brigham Young University 
Prove, Utah 84602 

(801) 378-4326 and (801) 378-6240 

Objectives 

The objectives of this subtask are I) to extend an existing pollutant 

submodel in PCGC-2 for predicting NO x formation and destruction to include 

thermal NO, 2) to extend the submodel to include SO x reactions and 

SOx-sorbent reactions (effects of SO 3 nonequilibrium in the gas phase wil l  

be considered), and 3i to consider the effects of fuel-rich conditions and 

high-pressure on sulfur and nitrogen chemistry in pulverized-fuel systems. 

Accomplishments 

The components of this subtask are I) 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 SO X formation. 

Significant progress has been made during the f i rs t  year on the f i r s t  

component. Work relating to the second component is ongcing at the 

University of Utah and wil l be used as a basis for Component 2 of this 

subtask. First-year progress is described below for each subtask component. 

During the f i r t  year, financial support for this subtask was also obtained 

from an independent contract (Smith and Smoot, 1987). In subsequent years, 

al l  support is to come from this ~tudy. 

p pmponent 1 -- NO X at Hiqh-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 i l lustrated in Figure 

I I .G-I.  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 rea:ts with 02 . Homogeneous destruction of NO occurs when HCN 

reacts with NO, and heterogeneous destruction occurs when NO reacts with 

char (Smith et al. ,  1987). 

Thermal NO -- Kinetic rate equations for thermal NO formation in both 

fuel-lean and fuel-rich systems were developed from the l i terature 

(Zeldovich, 1947; Baulch, et al.,  1969; Sawyer, 1981; and Pohl and Dusatko, 

1987). In fuel-lean systems, the following rate expression applies: 

#X,~o 9. glx K-sec -~ I--68_~00 1 ; 1O'S ' , 
~ =  T exp ' XNXo P' {II.G-I) 

Eq. (II .G-I) 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. (I I .G-I).  

Allowing for oxygen radicals in excess of equilibrium (Sarofim and Pohl, 

1973~, the following expression results: 

oo) ~=~X'~° 4. og x 10  '~T K - sec  -~ exp . X , ,  
(II.G-2) 

Under highly fuel-rich circumstances, the additional elementary 
reaction 

N-+OH-~NO+ H- 

must be added to the Zeldovich mechanism, resulting in the following 

expression (Engleman et al.,  1973): 
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Figure II.G-1 Submodel mechanism for the formation and destruction of 
fuel NO during pulverized coal combustion. 
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a Y  ~_M_~ 1- v~ 
(II.G-3) 

where 

,,, ,., [ NO] 
[ NO] 

(II.G-4) 

M = 
10 ~s 5. 4 x K -sec ( V' )4' T exp -3 O0 p, (II.G-5) 

| 

and 

C= 

J 

-~ 1+  k[OH] 

(II.G-6) 

Several researchers have attempted to predict thermal NO in turbulent 

gas flames (Bowman, 1973; Kent and Bilger, 1977; Peters and Donnerhack, 

198i; 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 Hiqh Pressure Conditions -- The application 

of the existing submodel to fuel-rich conditions and high pressure was 

evaluated by comparing predicted pollutant concentrations with experimental 

data for atmospheric gasification, high-pressure gasification, and 

air-staged combustion of bituminous coal and l ignite. Reasonably good 
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agreement was obtained for the high-rank coals, but further extension of the 

model may be necessary for l ignite. 

Reactor maps of measured and predicted NO concentration for Utah 

bituminous coal at atmospheric and elevated pressure (5 atm) are shown in 

Figures II.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 approximately 3000 ppm in both cases, and the peak 

occurs" sl ightly earlier at elevated pressure. Both the magnitude and the 

location of the peak are predicted accurately by the model, including the 

slight shift in location. The exit NO concentration is lower 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 principal!y 

to the lower velocity for a fixed feed rate (Nichols et al., 1987). A 

similar comparison between predicted and measured ND concentration for an 

I l l inois bituminous coal at atmospheric pressure (not shown) also gave 

reasonable agreement. 

Results for the lignite are shown in Figure II.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 l ignite is 

Much lower 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 l ignite results from the assumption that nitrogen is 

evolved at a rate proportional to the total coal weight loss and is 

instantaneously converted to HCN. The evolution of nitrogen is known to be 

delayed during the early stages of burnout, especially for lignites. 

Delayed evolution of nitrogen in gasification would result in less 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 lignites 

produce larger quantities of NH 3 during gasification than do high-rank 

coals. Indeed, in the studies referenced in Figures II.G-2,3, and 4, 

measured Nh 3 concentration was 200-300 percent higher for l ignite than for 
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the bituminous coal. Increased NH 3 concentration results in increased rate 

of NO decay (Kramlich, lg87). 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 

significantly higher concentrations of NH 3 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 

If.G-5, 6, and 7 for radially-averaged CO 2, 02 and NO concentrations and ~or 

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, CO 2 

and 02 , are predicted accurately in all cases. 

For the fuel-lean case (Figure II.G-5), a high peak NO concentration is 

predicted initially but the profile rapidly 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 concentration also 

follows this trend for the S.R. - 0.80 case (Figure II.G-7) but is 

consistently lower by ]5 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., 

1978). However, i t  is l ikely that radial gradients existed in the vicinity 

of the burner. The model predictions showed steep radial gradients in the 

early section of the reactor to the extent that when predicted NO near the 

wall was compared with the measurements in Figure If.G-5, the profile 

matched the experimental data throughout the entire reactor, including the 

early 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. I f  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 

devolatil ization model such as is being accomplished under $ubtask 3a. 

Correctly predicting the rate of nitrogen evolution wil l  l ikely improve the 

near-burner prediction of fuel-NO formation. 

Figure II.G-8 i l lustrates 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 val~es. 

Experimentally, i t  was also determined that thermal NO was negligible for 

this system from tests made with Ar Substituted for N 2 in the combustion air 
(Wendt, et al.,  1978). 

Fuel NO is more dependent on temperature in fuel-rich environments than 

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 beat loss and thus the temperature profi le throughout the reactor, 

the effluent NO concentration was altered by almost two orders of magnitude 

as shown in Table I I .G-I for one set of gasifier simulations. As heat loss 

was increased and temperature decreased, the effluent NO concentration 

in:reased, 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. 



Table U.G-1 

EFFECT OF TEMPERATURE-ON NO DECLINE FOR FUEL-RICH 
GASIRCATION OF COAL AT CONSTANT FE=D RATE 

Heat Loss Peak Effluent Peak. NO Effluent NO 
Tern~)e~ture rI~ ~ Conc rDorn) Cone rnnrn~ 

0.00 3150 2130 3:,50 0.01" 

0.30 2740 1780 3,'.00 0.1 

0.4.5 2500 1615 3000 24 

"Computer round-off error poss='ble 

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 comparedto 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 in 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 i n i t i a l l y  more significant but became relatively less important as the 

fuel-rich species were consumed. Thus, in the aft section of the combustor, 

heterogeneous NO decay also became important. These" results imply that the 

NO model adequately describes the governing NO decay process for these 
cases.  

Component 2 --.$orbent Particle Chemistry 

This subtask component is aimed at modifying the comprehensive code to 

include downstream injection of sorbent particles and their subsequent 

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-lean conditions. This subtask component has not yet been 

initiated. 



Component 3 -- SO~ Formation 

This subtask component will model the gas-phase reactions that generate 

the sulfur species for input to the sorbent capture model developed under 

Component 2 of this subtask. A literature search of work related to 

measurement and prediction of SO x 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 h igh 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 facil i tate the transfer of 

information on the development of their sorbent reaction model. 
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II.H. SUBTASK 2.h. -- SOx/NO x SUBMODEL EVALUATION 

Senior Investigator -- Paul O. Hedman 

Brigham Young University 
Provo, UT 8460Z 

(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 faci l i ty designed to replicate the geometry of a 

Z-dimensional, axisymmetric entrained flow coal gasifier, Z) 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 37 to investigate the effect of pressure on 

the effectiveness of sorbent injection in capturing sulfur pollutants. 

AccEmplishments 

This subtask is being carried out under three subtask components: i) A 

cold-flow investigation of sorbent mixing fluid mechanics, 27 modifications 

of the laboratory-scale reactor to accommodate sorbent particle injection, 

and 27 space:resolved sulfur and nitrogen pollutant measurements in the 
laboratory-scale reactor. 

Component. 1 -- Sorbent Mixinq Fluid Mechanics 

During the f i rs t  year, a literature review of laser doppler anemometry 

(LDAT, mixing in confined, turbulent jets, and isothermal modeling of f luid 

flows in a nonreactive system was conducted. Additionally, Robert Hendricks 

(Environmental Protection Agency 7 and David Pershing (University of Utah} 

provided engineering design and performance information on the Limestone 

Injection in Multistage Burners (LIMB) program (Categen, e t a l . ,  1987). 

Previous investigators in the BYU Combustion Laboratory (see Webb, 1982; 

Jones, 1984; and Lindsay, 19867 have used the BYU cold-flow faci l i ty to 

study the fluid mechanics of one of the BYU pulverized coal combu~tors and 



the BYU entrained-flow coal gasifier. Design modifications for including 

crossflow jets for sorbent injection in this cold flow fac i l i t y  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 - .'h~ reactor is currently on 

order. In i t i a l l y ,  i t  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 t ime and cost constraints. Smoke and/or 

I-micron sorbent particles will be used for flow visualization and as seed 

material for the LDA measurements. The smoke wil l 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 injection 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 fac i l i t y  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 wi l l  be injected 

about halfway downstream through crossflow jets. The axial location of 

sorbent injection will be variable in order to study the effect of different 

locations. Figure II.H-I presents a schematic drawing of the transparent 

section of the flow fac i l i t y .  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 wil l  provide optical access to determine local 

velocity and turbulence profiles by LOA. Carbon dioxide wil l  be injected 

with the sorbent, collected at each of the sample locations shown in Figure 

II.H-I with gas sample probes, and analyzed with an on-line IR CO 2 analyzer. 

The measured concentration of CO 2 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 
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Figure II.H-1 Schematic of the Transparent Cold-Flow Sorbent Injection Flow Chamber 



that concentration data wil l be obtained from a two-dimensional grid 
pattern, as indicated in Figure I I .H-I.  

Component 2 - -  Labor~tory-Scale Reactor Modifica:ions 

This subtask component is aimed at modifying the laboratory-scale 

reactor to Bccon~odate sorbent particle injection. Previous research has 

shown (see Categen, IgB7; and Kamotani,1974) that the two most important 

cr i ter ia 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 lower l imit of each ratio wil l be 

determined by the amount of sorbent which can be entrained in a given amount 

of gas while maintaining an adequate sorbent sulfur ratio, and the upper 

l imit  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 i t  is planned that sorbent-to-sulfur ratios 

representing this range wil l be used in these experiments. 

Component 3 --  Space-Resolved Sulfur and Nitroqen Pol lu tant  Measurements 

This subtask component is aimed at making detailed measurements of 

sulfur and nitrogen pollutants and char in the laboratory-scale reactor. 

Work on this subtask will follow the completion of Component 2. 

P1 ans 

Modifications to the cold flow fac i l i t y  wil l be completed early in the 

next year of the study. Ini t ia l  tests wil l  be performed to check out and 

calibrate fac i l i t y  operation including operation of the smoke generator, the 

LDA, and the CO 2 gas collection and analysis systems. Once the fac i l i ty  has 

been demonstrated to work properly, mixing tests of the simulated gasifier 

flows with sorbent injection will begin. 


