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SECTION I I .  TASK 2. SUBMODEL DEVELOPMENT AND EVALUATION 

Obj ect i  yes 

The objectives of th is  task are to ~evelop or adapt advanced physics and 
chemistry submodels for the reactions of coal in an entrained-bed and a fixed-bed 
reactor and to va l i da te  the submodels by comparison wi th l abo ra to r y  scale 
experiments. 

Task Outl ine 

The development of advanced submodels for the entra~ned-Ded and f ixed-bed 
reactor models w i l l  be organized into the fol lowing categories: a) Coal Chemistry 
( including coal pyrolysis chemistry, char fo rmat ion ,  p a r t i c l e  ~ass t r a n s f e r ,  
p a r t i c l e  ~he.-mal propert ies, and par t ic le physical behavior); b) Char Reaction 
Chemistry at high pressure; c) Secondary Reactions of Pyrolysis Products ( including 
gas-phase cracking, soot fo,-mation, ign i t ion ,  char burnout, sulfur capture, and 
ta r /gas  reacz~onsl ;  ~) Asm Physics and Chemis t r y  ( i n c l u d i n g  m ine ra l  
character izat ion,  evolucion of vo la t i le ,  molten and dry part ic le components, and 
ash fusion behavior); e) Large Coal Part ic le Effects ( i~c lud ing  temperature ,  
composition, and pressuPe gradients and secondary reactions within the par t i c le ,  
and the physical affects of melt ing, agglomerazion, bubble fo-mation and bubble 
t r a n s p o r t ;  f )  Large Char P a r t i c l e  Ef fects ( including oxidation); g) SOx-NO x 
Submodel Development ( including the evolution and oxidation of sul fur and nitrogen 
species); and h) SO× and NO x Model ~vaiuation. 
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I I . A .  SUBTA_SK 2.a. - COAJ_ TO CH~ CHEMISTRY SUBMODEL DEVELOPMENT AND EVALUATION 

Senior Invest igators - David G. Hamblen and Michael A. Serio 
Advanced Fuel Research, Inc. 

87 Church St ree t ,  East Har t ford,  CT 06108 
(203) 528-9806 

Obj ecti ve 

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

Accompl i sllnent s 

Additional characterization of the coal samples for this program was performed 
by pyrolysis experiments in a TG-FTIR and in Field Ionization Mass Spectrometry 
(FIMS) apparatus. The FG-DVC model was used to predict baseline pyrolysis data 
for the eight Argonne coals from these two reactors as well as from an Entrained 
Flow Reactor (EFR). In general, the model did a good job in predicting the data 
for gas, tar and char yields and for the tar molecular weight distributions. 

Addit ional  improvements were made in the FG-DVC model. A second version of 
the model was developed for  reactors in which the t a r  is quenched a f te r  being 
evolved. The model run procedure was modified so that  successive cases could be 
run in a batch mode and the resu l ts  could be averaged, stored and/or p lot ted.  The 
creat ion and loss of methyl groups in the DVC model due to bridge breaking and in 
the FG model due to methane formation was made cons is tent .  Some refinements were 
also made to the treatment of in terna!  and external t ranspor t  in the model. In 
add i t ion ,  work was done on comparing the FG-DVC model to the s t a t i s t i c a l  model of 
Pugmire and Grant at the Univers i ty  of Utah which is  based on percolat ion theory.  

A review of internal pore t ranspor t  models was prepared by Professor Eric 
Suuberg of Brown Universi ty.  I t  was determined tha t  d i f ferences in the pressure 
drops calculated by the Simons and Gavalas approaches to in ternal  t ranspor t  were 
p r imar i l y  due to d i f f e ren t  assumptions regarding the pyro lys is  rate.  The geometry 
of the Simons approach makes i t  the easiest model to use in predict ing swel l ing 
based on knowledge of the pressure inside pores and so i t  wi l l  be used in the 
future swelling model. However, the model wil l be modified to reflect the fact 
that transport in the finest pores needs to be described by an activated diffusion 
process. The review is presented in Appendix A of the Fifth Quarterly Report. 

In order to refine the combined kinetic/mass transport submodel used in the 
FG-DVC model, a search was made of l i terature pyrolysis data for the Pittsburgh 
Seam coal, starting with heated grid experiments. When a comparison was made of 
data produced by heating at 1000 K/s to various peak temperatures, i t  was found 
that the results of different investigators did not agree, even when obtained from 
the same laboratory. We be~in an experimental and theoretical study into possible 
reasons for these variations, which we are doing in conjunction with Professor Eric 
Suuberg of Brown University. 

To examine the effect of product evolution, char viscosity, and transport on 
the swelling of char, drop tube experiments have been done with a Pittsburgh coal 
at temperatures varying from 475-600°C in 25°C intervals. The chars collected from 
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these experiments have Peon characterized for  vo la t i l e  content and reac t i v i t y  in a 
TGA. Selected chars were potted and polished for analysis of t h e i r  morphology by 
SEM. 

Prel iminary measurements were ma~e of the spectral emiss iv i ty  for coals of 
varying pa r t i c l e  size and rank. The average emittance increased with increasing 
rank and pa r t i c l e  s ize.  The total  ex t inc t ion  e f f ic iency for scat ter ing out of the 
aperture of our instrument needs to be measuree before more accurate values of the 
spectral emiss iv i ty  can be determined. 

Coal Characterization 

Addit ional character izat ion of the coal samples for th is  program was performed 
by doin~ pyro lys is  experiments in a TG-FTIR, a Field lon izat ion Mass Spectrometry 
(F£NS) apparatus, and an entrained flow reactor  (EFR). 

TG-FTIR Experiments 

This analysis consists of thermogravimetric analysis (TGA) with analysis of 
the evolved products by Fourier T~ansform Infrared (FT-IR) spectroscopy. The TG- 
FTIR consists of a sample suspended Crom a balance in a p?ogrammable f~rnace. The 
evolved products are swept into a gas cel l  for analysis by FT-IR. The FT-iR allows 
o n - l i n e  measurements of ~he gas and ta r  concentration and composition. The 
apparatus mas been described by Carangelo e t a l .  (1987) and Whelan et al.  {1988). 

The results of monitoring the tar evolutlon for eight of the coal samples is 
presented in Fig. I I .A - I .  The temperature at which the peak evolution raze is 
reached var;es from 465°C for the Zap l ign i te  to 525% for the Pocahontas. Tnis 
corresponds to about a factor of I0 va r ia t i on  in the k ine t i c  rate. The 
temperatures for the peak tar evolution rate are plotted versus oxygen content for 
the parent coal in Fig. I I .A-2, which show that the rank variation is rather 
consistent. 

The resu l ts  are Shown for CH 4 and CO evolutio~ in Figs. I f .A-3 and I [ .A-4,  
respect ive ly .  The data for S02, C02, and H20 were shown in the Sixth Quarterly 
Report and in Serio e t a l .  (1988a). The coals are arranged on each plot according 
to the rank order given in Table I I . A - I ,  where the analysis for  the coals are also 
given. The actual temperature-time p ro f i l es  are given on the f i r s t  plot in each 
f igure .  

The results show how the structure of the product gas evolution curves varies 
from simple in the case of hydrocarbons to complex in the case of oxygenated 
species. One reason is that the la t ter  are l ike ly to be influenced by mineral 
decomposition peaks. Of course this can be assesseO to a large extent by running 
demineralized samples, which we plan to do. 

In order to determine how well pyrolysis of the Argonne coals agreed with the 
assumption of rank-insensitive kinetics, a compilation was made of the temperatures 
for maximum evolution rate for the evolution of the most consistently prominent 
peaks for each gaseous product. This was d i f f i c u l t  in some cases because of the 
fact that numerous "subpeaks", shoulders and minor peaks were often present. 
However, i t  was ,the usual case that an identi f iable peak appeared in the same 
temperature v i c i n i t y  for each coal. The results of this analysis are tabulated in 
Table If.A-4 of the Sixth Quarterly Report and in Serio et al .  (1988a). The mean 
temperatures for the major peaks are shown as solid lines in Figs. I I .A - I ,  1!.A-3 
and II.A-4~ 
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Table  ILA.-1- 

Elemental An~ysis  cfAxgonne Premium Coal Samples. 

1. Pocahontas  

2. Upper  F reepo r t  86 

3. P i t t sburgh  #8 83 

4. Lewis ton .S t~k ton  83 

5. Utah Bl ind Canyon  81 

6. illinois #6 78 

7. Wyodak  75 

8 .  B e t z l a h - Z a p  ~ 3 

% d~f]~,sis %DryBasis Af-Received 
Basis 

I m z m K* ,...i" ~i e J im i n i • i. n L J i J: • l i J • i i Ill t~° ~o~ r I ao I, u II • Jl. S 6 ~' m • II | |.. I n I ~ H, * m II II i. i | ,. II., I I # i. 14 01 o m I I l. lJ S l,, i I °. i I i, i i i • I f I U J I I i I a, I I e I ' I | i a i' ~''' ~'' |" ~ ~ ~'''' ~'"'''''' •'' 

C ~ 0 N S Ash Moisture 

91 4.4 3 1.3 0.7 5 0.6 

,-: 7 7 1.5 0.8 !3 1.1 

5.3 9 1.6 1.0 9 1.6 

5.3 I0 1.6 0.5 20 2.4 

5.8 12 1.6 0.3 5 4.6 

5.0 14 1.4 2.2 16 8.0 

5.4 18 1.1 0.4 8 28.1 

4.8 20 1.1 0.7 6 32.2 
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In general, tne standard deviat ions are greatest for oxygenated gases (C02, 
CO, S02, H20 ) compared zo hydrocarbon gases (CH~, ta r /a l~pha t i cs ) .  This phenomena 
was also observed previously (Solomcn and Hamble~, 19831. I f  one assumes a 50 
Kcal/~ole act ivat ion energy, a range in the oeak temperature of 40°C corresponds to 
roughly a factor of 5 in the rate while a range in the peak temperature of 65°C 
corresponds to roughly a factor of I0 (Solomon and Hamblen, 1983). I t  appears that 
about one-hzlf of the vo la t i l e  products snow a var ia t ion of x5 or less, while one- 
hal f  s~ow a var ia t ion  of x10 or less. 

The conclusion was that ,  for most species, there is a trend of increasing 
evolution temperature with increasing rank. However, the var ia t ions  are small 
enough tha t  the assumption of r a n k - i n s e n s i t i v e  k i n e t i c s  i s  a good f i r s t  
approximation for al l  of the major v o l a t i l e  products. 

Y ~  ~ the TG-FTIR curves are replotted on the same scale, one ca,~ see the 
var ia t ions i~ the amounts of each species with rank. This has been done fcr  CH 4 in 
Fig. 1i.A-5. The amount of CH~ evolved increased consistent ly  with rank. the 
oxygenated gases show the opposite trend with rank while the tar  y ie ld  maximizes 
for  the medium rank coals. 

EFR Experiments 

During the pas~ year, two addit ional coals, 200 x 325 f rac t ions  of Montana 
Rosebua subbi%uminous and Indian Head Zap l i g n i t e ,  were pyrolyzed in the entrained 
f low reactor. Due to i t s  high water content, the l i g n i t e  was vacuum dried at I05°C 
for  two days pr ior  zo use, while the subbituminous coal was vacuum dried for i hour 
pr ior  to use, as previously practiced wizn the Argonne coals. Addit ional EFR 
experiments w i l l  be done a: LcO0°C with these two coals. !n add i t ion ,  runs wi l l  be 
done at 700, l lO0, and 1400°C with l ] ] i n o i s  No.6 coal (which was recent ly received) 
and selected demineralized coals. 

FIMS Analysi) 

Molecular weight distributions of coals were obtained at SRI International 
using the Field Ionization Mass Spectrometry (FIMS) apparatus described by St. Jonn 
e t a l .  (1978)." The coal samples were pyrolyzed directly in the FIMS apparatus. 
The FIMS technique produces l i t t l e  fragmentation of the evolved tars and so 
provides a good determination of the tar molecular weight distr ibut ion. The 
results for the eight Argonne coals are shown in Figs. II.A-6 and If.A-7. 

The spectra show a distinct progression from low to high rank. The highest 
rank coals, Pocahontas (Fig. II.A-6a) and Upper Freeport (Fig. II.A-6b) both show 
low intensities at low molecular weights (I00 - 200 amu). This suggests few one 
and two ring clusters. The intensity in the 200 - 600 amu range, however, suggests 
the presence of three, four and higher ring cluster sizes and dimers and trimers of 
Z~ese. The low yield for the Pocahontas is due to its higher bond energies (525% 
tar peak in Fig. I I .A-I)  and lower number of small ring clusters capable of being 
volatil ized. 

The intermediate rank coals, Pittsburgh (Fig. l l .A-6c), Utah (Fig. ll.A-7a), 
I l l ino is  (Fig. II.A-7b) and Upper Kanawha (Fig. II.A-6d) all have similar molecular 
weight distributions showing substantial intensities in the 100 to 200 amu region 
indicative of one and two ring clusters as well as in the 200 to 600 amu range. 

The low rank coals, Wyodak (Fig.  l l .A-Tc) and Zap (Fig.  l l .A -7d ) ,  show high 
in tens i t y  between i00 and 200 amu, but subs tan t ia l l y  lower i n t ens i t y  above 200 amu. 
This has been explained by extensive cross ] ink ing related carboxyl groups in low 
rank coals (Solomon e t a l . ,  IgBs). 
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FIMS ana lys is  experiments were done on the Zap L ign i te  and I l l i n o i s  No. 6 
coals.  In a d d i t i o n ,  FIMS analys is  of the Pocahantas coal was repeated at a hig:.er 
temperature (500°C maximum instead of 450°C). A method was developed for  reaaing 
the raw FiMS data obtained from SRI In te rnat iona l  d i r e c t l y  in to  the SUN 3/260 
computer on which the FG-DVC model s imulat ions are done. This allows an easier 
comparison between experiment and theory .  

Modelin 9 

The modeling e f f o r t  was very act ive during the past year.  Improvements were 
made ta the FG-DVC model and i t  was used to model py ro lys is  data from the var ious 
reactors .  Work  was also done on comparing the FG-DVC model to the s t a t i s t i c a l  
mcdel of  Pugmire and GranZ. F i n a l l y ,  work resumed on the v i s c o s i t y  model. 

FG-D¥C Model Improvements 

A l o t  of  work was done on studying the treatment of i r t e r n a l  and external 
t ranspor t  in the FG-DVC model during the past year. In add iz ion,  a s e n s i t i v i t y  
ana lys is  was done on the var ious model parameters. F i n a l l y ,  the a b i l i t y  of the 
model to preGict y i e l d  va r i a t i ons  wi th  heating rate for  a bituminous coal was 
demonst ra ted .  These e f f o r t s  were underZaken pa r t l y  to respond tc reviewers 
comments made on the paper "A General Model of Coal D e v o l a t i l i z a t i o n "  submittec to 
Energy and Fuel .  A revised version of the paper was published (Solomon e t a l . ,  
1988) and was included as Appendix A in the Sixth Quarter ly  Report. 

in  the case of  the mass t r a n s p o r t  e f f ec t s ,  i t  was decided that  i f  the 
res is tances were in se r ies ,  the in te rna l  t ranspor t  term was dominant in a l l  of the 
cases tha t  were studied and the external  t ranspor t  term was not needed. We also 
considered t r ea t i n~  the resistances in p a r a l l e l .  However, in t h i s  case the surface 
concentrat ion of ta r  needed for  the external t ranspor t  equation cannot be read i l y  
ca lcu la ted.  For t h i s  reason, and because the assumed (convect ive)  mode of in terna l  
t ranspor t  provides for  t ranspor t  out of the p a r t i c l e ,  i t  was decided to drop the 
external  t r anspo , t  term for  the time being. However, i :  is recognized that  t h i s  
may be needed for  small p a r t i c l e s .  

The results of the sensit ivity analysis can be summarized as follows. The 
model has eight coal structure parameters which must be determined for each coal 
from selected laboratory experiments. Once determined, these remain fixed for all 
experiments. The model also contains one adjustable parameter, ~P, the internal 
pressure difference which drives the volatiles out of the particle. A sensitivity 
analysis shows that the volati le yield is most sensi-.ive to the fraction of labile 
bridges, WB, the crosslinking efficiency parameters m(C02) and m(CH4), and, in some 
cases (low rank coals, low pressure), to AP. The monomer molecular weight 
distribution parameters, Mavg and o ,  have only a weak effect on yields and tar 
molecular weight distributions. The in i t ia l  molecular weight between crosslinks, 
Me, and the in i t ia l  oligomer length, ~ ,  affect the coal's solvent swelling ratio 
and extract yield but have l i t t l e  eff-=ct on the subsequent pyrolysis behavior. 

Work was done on comparing the FG-DVC model to the stat ist ical  model of 
Pugmire and Grant at the University of Utah, which is based on percolation theory. 
The Utah model does not contain the transport or chemistry which we believe are 
relevant. The percolation theory, however, has some advantages in terms of 
computational efficiency when compared to the Monte Carlo method used in the FG-DVC 
model. However, we concluded that this efficiency advantage is lost i f  the tar 
transport is included, so we are staying with the Monte Carlo method. 

A seconC version of the FG-DVC model was developed for reactors in which the 
tar is quenched after being evolved, such as in a heated grid reactor. This 
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version is being used for the simulations of the TG/FTIR and FIMS experiments, 
while the previous version is used in the simulations for the entrained flow 
reactcr (EFR), in which the tar continues to react to form l ight gases after being 
evolved. The models to describe gas phase cracking of hydrocarbon volatiles and 
equilibrium of CH4, H20 , CO, H 2 and C02, which were developed under previous DOE 
projects to work with the FG model (Serio, et al . ,  !987) were added to the FG-DVC 
model. 

The creation and loss of methyl groups in the DVC model due to bridge breaking 
and in the FG model due to methane formation was made consistent so that both parts 
of the model are in agreement. In addition, further improvements were made in 
regard to the crosslinking coeff icients for CO 2 and CH4. Previously, the 
crosslinking cDefficients for CO 2 and CH4 were chosen to be 1.0 and 0.75, 
respectively, based on the amount of each gas species evolved from both the char 
and tar .  Since the CO 2 and CH 4 evolved from tar make no contribution to 
crosslinking, the modified code now takes the crosslinking coefficients of both CO 2 
and CH4 as unity and only counts the part of the these gases formed from char as 
being responsible for crosslinking in the char. 

Due to the statist ical nature of the Monte Carlo method, the tar molecular 
weight distributions predicted by individual runs of the FG-DVC simulation often 
show a noticeable fluctuation. To eliminate the statistical fluctuations, the FG- 
DVC code has been modified so that the code can be run continuously for as many 
times as designated without interruption and the tar molecular weight distributions 
are automatically summed up and averaged over these runs. 

FG-DVC Model Appl  i c a t i o n s  

The FG-DVC model was used to model baseline pyrolysis data for the eight 
Argonne coals from three reactors (entrained flow reactor (EFR), TG-FTIR, and Field 
Ionization Mass Spectrometry (FIMS)). Elemental and ultimate analysis data are 
given for the eight Argonne coals in Table I I .A-I .  The conditions for the three 
reactor systems are shown in Table II.A-2. 

Determination of Parameters for the FG-DVC Model - The FG-DVC model contains 
several parameters, some of which depend on the coal and one which depends on the 
experiment type. The large number of parameters has been crit icized by some. 
However, i t  should be pointed out that the model is able to predict a large number 
of pyrolysis phenomena such as the yields of individual gas species, the yields of 
tar and char, the tar molecular weight distribution, the crosslink density and the 
viscosity. The model also accounts for the variation of these quantities with 
temperature, heating rate, residence time, and pressure in a manner that agrees 
well with experiment. The details of the model inputs and a sensitivity analysis 
are included in a recent paper (Solomon et a l . ,  1988). 

The f i r s t  step is to obtain elemental analysis data for C,H,N,O, and S. This 
is needed to construct a coal composition f i l e .  The next step is to dete~ine the 
amounts of the individual functional group (FG) pools (C02-extra ioose, C02-1oose, 
C02-tight, CH4-1oose, etc).  This requires data from at least two standard 
pyrolysis experiments. The f i r s t  is a slow heating pyrolysis experiment, like the 
TG-FTIR experiment, which can provide good quantitat ive gas yields and 
differential evolution curves. This type of experiment is best able to resolve the 
individual loose, t ight ,  etc. pools for a given gas, especially when both the 
integral and differential curves are compared with the model predictions. The 
values of the FG pools so determined are checked against a second pyrolysis 
experiment done at high heating rates, such as zhe EFR 1100°C data. The pools are 
adjusted to simultaneously f i t  the low and high heating rate experiments. This 
usually involves a series of iterations. 
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Table  rLA-2. Conditions for Experiments with the Argonne Premium 
Coals in Three Reactors. 

l~m~I~Mu~iIia~i~m~uam~nn`nnmia'~iuiIl'*I*1'I~'ie~N~nI~a~6~1'~°t~iu°~'~m~'u~Iu'o'''~''~g~'~'i~'~''°''°°~.o'~°~''~'~'~'~''~I''j'~l'I~.'~'~°~'' 

Reactor  Tempera tu re  Heat ing  Rate  Hold  Time Pressure  
( ~ C )  ° C / s  s atm 

TG-FTIR 900 0.5 0 1 

EFR 700,1100,1400 5000 0.5 1 

FIMS 500 0.05 0 0 

i , , u . M l . , J  w m , m , ° u , , m m ~ . a ,  u~ , l l ~ m l l , 6 . o , l m , N l a . q  , i n l .  n N ,  og i o i M  i . . ~ . . o , u . ° N  , . H ~ . . o . ~ , o ~ I ~ N , I  J t , l ~  J . a ~ N t l m , , ~ . .  . . . . . . . . . . . .  ° . , o .  ° . . o ,  o . , , , . . °  . l ° o . o , l ° l . ~ , ° ° , , .  , o . ° , , . . . . , . . . , . o , , . o , , ,  

- 21  - 



This procedure has been followed for the eight Argonne coals and the resul ts 
are shown in Fig. I I .A-8 for  the major FG pools, :,'hich are CH4, C02, H20 , and CO. 
These values have not yet been f u l l y  optimized and may change s l i gh t l y  in the 
fu ture,  but give good agreement with experiment, except in the case of H20 where 
the data are scattered. The oxygenated species show a systematic increase with 
decreasing rank, while the opposite trend is observed for  CH 4. 

Once the functional group pools have been established to allow a good match 
between the integral and/or d i f f e ren t i a l  y ie ld curves for  two pyrolysis 
experiments, the input parameters for the DVC (tar fomation) part of the model are 
dete.~mined. The f i rs t  step is to adjust the average oligomer length to match the 
coal extract yield. The next step is to adjust the number of unbreakable bridges 
("hard" bonds) between monomer clusters to f i t  the experimentally observed tar 
yields for the same low and high heating rate experiments used to calibrate the 
functional group pools. The relationships between these input quantities and the 
experimentally measured quantities are shown in Fig. !I.A-9. The extract yield 
data (which were obtained from Professor Milton Lee at Brigham Young University) 
anm the average oligomer length are inversely correlated. Tile same is true of the 
number of nard bonds and the tar yield. Again, these values have not been fu l ly  
optimized and are subject to change. 

Other parameters which go into the tar  formation model are the average monomer 
molecular weight (MavG) and the average molecular weight between crosslinks (Mr). 
The value of M c is fnterpolated from the l i t e ra tu re  data of Nelson (1983). We 
eventually plan to use l i t e r a t u r e  data for Mavg as wel l .  However, the size of the 
average c ! u s t e r  varies s i gn i f i can t l y  among d l f f e r e n t  research grouFs and the 
reported rank variat ions are not systematic or c lear ly  understood. Current ly,  we 
are using a value of 256 for  al l  the coals except the Pocahontas where a value of 
506 is used. The s ign i f i can t l y  higher average c lus ter  size for the Pocahontas 
compared to the others is supported by the calculat ions of Gerstein et a l .  (1982) 
based on NMR, FT-IR and element~l analysis data obtained for  a number of coals, 

The last important parameter to be selected is the value of Ap, which is the 
average pressure difference between the ambient and the part ic le's inter ior during 
pyrolysis. Tnis parameter is used in the internal transport model. The choice of 

P has a significant effect on tar yield and the tar molecular weight distr ibution 
for non-softening coals under most conditions except high pressure. For f lu id 
coals, a value of Ap = 0 is a good approximation for pressures of one atm or 
higher. The sensitivity of the model to the choice of A? is discussed in a recent 
paper (Solomon et a l . ,  1988). This is the only parameter in the model which is 
adjusted for each type of experiment. The original FG model also had a f i t t i ng  
parameter, Xo, which was used to match the final tar yield to account for 
differences in particle size, heating rate, bed depth and reactor geometry (Solomon 
et a l . ,  1988). While i t  can be said that we have traded one adjustable parameter, 
Xo, in the FG model for another, AP, in the FG-DVC model, this is not exactly true 
as the la t ter  model is much richer in i ts  abi l i ty to predict a variety of pyrolysis 
events. The values of Ap are more restricted than X o and have a more fundamental 
basis that i t  is related to the coal's viscosity. 

The use of the FG-DVC model involves several constraints: I) Where 
experimental data are available on the starting coal, such as for the molecular 
weight between crosslinks (Mc), the extract yield, or the elemental analysis, they 
are used as inputs. Additional infomation wil l  be incorporated as i t  becomes 
available. 2) The kinetic parameters for the evolution of the FG group pools are 
assumed to be invariant with coal type. 3) The amounts of the FG pools are 
constrained to f i t  data from experiments at very low (O.5°C/s) and very high 
(5000°C/s) heating rates. This results in a model which is very robust in i ts  
ab i l i ty  to f i t  pyrolysis data over a wide range of conditions. I t  is also true 

- 2 2  - 



! 

! 

,g 
I t , , l  

0 
0 

ep,~ 

p[5  
6 

5 

4 

3 

2 

1 

0 
1 

I0 ,PO 

b 

8' 

6 

4 

2 

0 

U F  P T  LS UB IL  WY ZA 

2 3 4 5 6 7 8 
R a n k  Order  

U F  P T  LS UB IL WY ZA 

[ ~ 1  
I CO 2 X.Loose  ~,~i~ 
[] CO 2 Loose  
[]  CO 2 T i g h t  

1 2 3 4 5 6 7 8 
R a n k  Order  

0 
~q 

0 
o 
~e 

iF ,  l 

PO U F  P T  
{; 

LS  UB IL  WY ZA 

5 

4 

3 

2 

1 

0 

P O  

20}  []  COI~ose d 

2 3 4 5 6 7 8 
Rank  Order  

UF I~r LS UB IL WY ZA 

1 2 3 4 5 6 

Rank  OJMcr 

F i g u r e  II .A- 8 .  Var ia t ion  of Func t iona l  Group  Pools wi th  Rank Order ,  



I 

r ~  

! 

10 

5 

P O  
40 

30 

20 

10 

0 
1 

P O  
15 

0 
1 

U F  P T  LS  U B  I L  WY ZA 

b 

2 B 4 5 

R a n k  Order  

U F  P T  LS  U B  

6 7 8 

IT, WY ZA 

2 3 4 

R a n k  Orde r  

5 

O l i g o m e r  L e n g t h  

6 '/ 8 

PO 
40 ¸ 

~30 
2° 

UF PT I~q UB IL WY ZA 

5 0 0  

400 

300 

200'  

1 2 

P O  U F  

3 4 fi 6 V 8 

Rank Orde r  

P T  I_~ U B  I L  WY Z A  

d # of Hard Bonds 

1 2 3 4 5 

R a n k  Order  

O 7 8 

F i g u r e  I I .A-  9. Va r i a t i on  of  DVG P a r a m e t e r s  wi th  R a n k  Order .  



t h a t  wi~en enough coals nave been s tud ied ,  a de ta i l ed  c a l i b r a t i o n  of tme model may 
not  be needed and perhaps the elemenZal ana l ys i s ,  z~e p a r t i c l e  s ize and the reac to r  
cond iz ions  w i l l  De s u f f i c i e n t .  

Comparison of M~eI with Experimental Data - The FG-DVC model predictions are 
compared with experimental data in Figs. II.A-IO to 11.A-!7. Figures II.A-!O and 
II.A-11 compare the predictions with dif ferential data f~om the TG-FTIR experiment 
for CH C and CO, respectively. In general, the agreement for CH 4 is very good. The 
k inez i cs  fo r  CH 4 loose appear to be somewhat too fas t  f o r  the high rank coa l s .  
This could be f i xed  by making the k i n e t i c s  rank dependent.  In the case of  CO 
e v o l u t i o n  (F igs .  I I .A -LL)  the CO e x z r a - t i g h t  rate ~eeds to be increase~ s l i g h t l y  to 
match the  h igh teQperature CO e v o l u t i o n .  In Fig. I I . A - 1 2 ,  the i n teg ra l  weight ~oss 
curves are compared wi th the model p red i c t i ons  and are in  f a i r l y  good agreement. 

The mooel is  compare~ w i th  exper imental  y i e l d  data from a l l  three reactors  in 
F igs .  [ I . A - 1 3  and I I . A - I ~ .  Except f o r  H20 , the agreement of the model is gene ra l l y  
qu i te  good over a wide range o f  ex ten t s  of p y r o l y s i s  and fo r  what is a wide range 
of coal t ypes .  In Fig.  I I . A - ! 5 ,  the model p red i c t i ons  and experimenzal data fo r  
C2H4, p a r a f f i n s ,  and o l e f i n s  are  compared wi~h and w i t h o u t  the gas-phase 
hydrocarbon crack ing more! tu rned on for  EFR exper iments at 1100°C. ! t  can be 
seen t h a t  zn i s  model s i g n i f i c a n t l y  improves tne p r e d i c t i o n  of  C2H 4 y i e l d s .  [n F ig .  
11.&-!6 the model p red i c t i ons  and exper imental  data #or CO, H2, and the 
CHa ÷ CO 2 + H20 fo r  EFR exper iments  at 1~00°C are compared wi th  and wizmout the 
e q u i l i b r i u m  morel turned on. I t  can be seen that  az I~O0°C, the v o l a t i l e  products 
are c lose to being in tnarmodynamic e ~ u i l i b r i u m .  A comparison is  made between zne 
t a r  mo lecu la r  weight d i s t r i b u t i o n s  measured by FIMS and the predicted vaiJes in 
F ig .  I I . A - 1 7 .  The model p r e d i c t s  rank Oependent phenomena, such as the steep drop 
o f f  in %me d i s t r i b u t i o n  fo r  the low rank coal due to c r o s s l i n k i n g  events (Solomon 
e t a l .  1988!. 

Li tera ture  Review of Pyrolysis Data 

In order  to re f i ne  the combined k inet ic /mass t r a n s p o r t  model used fo r  zar in  
the F~.-DVC model, a search was made of i i t e r a t u r e  p y r o l y s i s  dat~ obtained fo r  tne 
P i t t sbu rgh  Se~m bituminous coa l .  Data from several w i re  g r id  experiment~ w i th  
t h i s  coal were entered i n to  a spreadsheet program so they could be converted to 
the same bas is  and p l o t t ed .  When a comparison wa~ made of  aata produced by 
near ing at I000 K/S to va r i ous  peak temperatures at one atmosphere pressure,  i t  
was found t ha t  the r e s u l t s  from d i f f e r e n t  i n v e s t i g a t o r s  d id  not agree, even when 
obta ined from the same l a b o r a t o r y .  These comparisons are shown for  the ta r  y i e l o  
i~ F ig .  I I . A - 1 8 .  

The o i f fe remce in k i n e t i c  ra tes  impl ied by these r e s u l t s  is more than th ree  
orders of  magnitude. An even w ider  v a r i a t i o n  in r e s u l t s  i s  found when t h e  
l i t e r a t u r e  data for  weight loss  i s  examined, as shown in  F ig .  I I .A -19 .  Some of 
t h i s  v a r i a t i o n  can be a t t r i b u t e d  to d i f fe rences  in the actua l  heat ing p r o f i l e  when 
compared to  the nominal 1000 K/s p r o f i l e  or d i f f e r e n c e s  between the va r ious  
samples of P i t t sburgh  Seam coa l .  However, t~ese e f f e c t s  could not account f o r  
much more than a fac to r  of i0 in  the d isc repanc ies .  The major reason fo r  these 
d i f f e r e n c e s  must be the lack of  a d i r e c t  measure of the coal p a r t i c l e  temperature.  
The t h e r m o c o u p l e  (TC) on l y  i n f e r s  the actual coal temperature and i t  can be 
a f fec ted  by the local coal l oad ing  and the i n s t a l l a t i o n ,  bOt~ of which determine 
how wel l  the TC is  coupled to the coal sample. 

The r e s u l t s  for  the t a r  k i n e t i c  rates impl ied by these i n v e s t i g a t o r s  can be 
summarized in an Arrhenius p l o~ ,  shown in Fig.  I I . A - 2 0 .  The cap i ta l  l e t t e r s  are 
es t imates f o r  the ta r  e v o l u t i o n  ra te  obtained by f i t t i n g  a f i r s t  order model to 
the data and eva lua t ing  the ra te  a= the temperature where one-ha l f  of the t a r  has 
evo lved.  The othe.- data po in t s  were obtained at AFR from experiments on a v a r i e t y  
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of coals at low and high heat ing razes. The solid l ines represent k inet ic  
expressions for  tar  evolution ra~es from experiments with model polymers and coal 
done at AFR or Sandia National Labs (Hardesty, 1988). The "AFR TAR RATE" appears 
to be in the middle of the spread in the l i t e r a t u r e  data and is  in good agreement 
wi th the data for  ethylene-bridged naphthalene polymers. I t  is also in good 
agreement with recent results from Sandia ~ational Lab. for pyro lys is  experiments 
where par t i c le  temperatures were d i r e c t l y  ~neasured, as was the case in the AFR 
experiments. 

We began an experimental and theoret ica l  ~u~y Into possible reasons for the 
var iat ions in the l i t e ra tu re  data for the heated gri~ experiment indicated in Figs. 
I I .A-18 to I I~A-20, which we are doing in conjunction with Professor Eric Suuberg 
of Broom Un ivers i t y .  The focus of our invest igat ion is cur rent ly  the locat ion, 
size and charac te r is t i cs  of the thermocouples used. 

Coal Softening and Swellin 9 

Swelling Experiments 

During the past year, work was done on developing a drop tube furnace in 
which indiv idual  char part ic les could be studied at various stages of pyro lys is .  
The apparatus is  designed to drop a d i l u t e  sample of par t i c les  without carr ier  gas 
into a preheated furnace. This geometry insures rapid heating of the individual 
part ic les to the furnace temperature. A schematic of the apparatus is shown in 
Fig. I I .A-21.  

Toe coal samples subjected to pyrolysis were of the 200 x 325 mesh sieved 
fraction of Pittsburgh #8 bituminous coal. The experiments were done over a range 
of furnace temperatures from 450 to 700°C. Samples were dropped into the 2" 16 x 
22" long radiation cavity from a gas cooled vial ~aving a 200 mesh screen as a 
cap. The 20D mesh screen limited the number of particles entering che cavity with 
each shake or injection and thus prevented agglomeration. Pr ior  to par t i c le  
injection, the system was purged with nitrogen through upper and lower inlets. 
Immediately before particle injection the lower gas flow was shut off to allow the 
par t ic les to f r ee - fa l l  through the tube. The chars were accumulated in a 
stainless steel collection chamber which was submerged in an ice bath to prevent 
further pyrolysis. 

The TGA was employed to determine the amount of vo la t i l es  remaining in each of 
the chars col lected.  Char samples were neared in N 2 at 30°C/min to 900°C. The 
percent v o l a t i l e s  released (DAF) in the TGA is plotted in Fig. l l .A-22a as a 
func t ie~  of drop tube temperature. The results for sets of drop tube chars 
produced in the F i f t h  and Sixth Quarters are consistent.  I f  a plot  is made using 
the vola%iles released by heating to 550°C, as shown in Fig. I I .A .2b ,  the rapid tar  
loss that occurs in th is  temperature range is more evident. 

Typical SEM micrographs of the collected chars are shown in Figs. II.A-23 to 
II.A-28. At 454°C, most particles are s t i l l  angular in shape although some early 
stages of surface flowing and swelling are present. At 502°C, only a few particles 
sti l l  possess the i r  angularity and cenospheres as large as 62 microns have formed. 
In some part ic les, bubble cells are observed. AZ 538°C, particles have begun to 
collapse and in the 558°C char case, toe majority of particles have collapsed. 
The char particles must s t i l l  be quite f lu id  at this point and must remain f luid as 
the gas inside the cenosphere cools. Cenosphere size cannot be determined at this 
point. 

The collapsing of the cenospheres has not previously been observed, to toe 
best of our knowledge. In most previous studies, the furnace temperature has been 
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700°C or big-her. Under these con6i t ions,  the p a r t i c l e  may go through i t s  f l u i d  
phase and s ta r t  to s o l i d i f y  p r i o r  to being cooled i~ the co l l ec to r .  The reason for  
the col laps ing par t i c les  w i l l  be studied fu r ther .  

The SEM was employed to obtain both external (Figs. II.A-23 to II.A-28) and 
internal (Figs. II.A-29) micrographs of the low temperature char particles. In 
order to micrograph the internal structure, the char particles were f i r s t  subjected 
to potting and !'cutting". This technique involved mixing approximately 20 mg of 
char sample and I-2 ml of LR White hard grade acrylic resin in micron embedding 
mounts. With continued st i r r ing,  less than one drop of LR White accelerator was 
added to quicken polymerization. The potted samples were cured at 58°C for a 
twenty-four hour period and "cut" with a single edged razor blade. 

Examination of the ex te rna l  micrographs suggests  tha t  th ree  d i f f e r e n t  
pyro lys is  pathways ex i s t .  Par t i c les  seem to undergo e i the r  I )  rapid swel l ing and 
cenospher~ f o ~ a t i o n  at lower temperatures or 2) gradual surface f lowing,  swel l ing 
and cenosphere formaZion or,  3) no obvious swel l ing and lack cenosphere formation 
even at higher temperatures. 

A possible explanation fo r  the di f ferences in char morphology could be due to 
the d i f ferences in maceral content.  According to data obtained from Karl Vorres at 
Argonne Nat ional  L a b o r a t o r i e s ,  P i t t sbu rgh  No. 8 bituminous coal contains 7% 
l i p t i n i t e ,  85% v i t r i n i t e  and 8% i ~ e r t i n i t e  (Vorres, 1988). In lower rdnk coals 
where the propert ies of macerals d i f f e r ,  Richard Neavel describes the i n e r t i n i t e  as 
beine carbon r ich when compared to the : i t r i n i t e  of  the same coa l ,  and the 
l i p t i n i t e  as being comparatively hydrogen r ich  (Neavel, 1981). Experiments were 
recenzly done with pure macerals which support t h i s  explanat ion.  

Figure [I.A-29 displays the internal structures which the majority of the 
particles possess at various stages of pyrolysis. In Fig. II.A-29a, the particle 
is quite angular and has micropores of approximately one micron in diameter. In 
Figs. iI.A-29b and II.A-29c, the particles have begun to lose their angularity and 
the micropores have begun to increase in size, forming b~bbles ranging from 
approximately 5-15 microns in diameter. In Figs. II.A-29d and II.A-29e, the 
bubbles have both decreased in quantity and increased in diameter to as large as 85 

" A 9  microns. Finally, ~n Fig. II.~-_9f, a hollow cenosphere of approximately 110 
micron diameter has formed. 

Viscosity Model 

In the F i r s t  Annual Repor t ,  a semi -emp i r i ca l  p red ic t i ve  model for  the 
v i scos i t y  of heated coal was described. The model was to be the same as that  
published by van Krevelen fo r  l i near  polymers (vae Krevelen, 1976), and included 
dependencies on f u n c t i o n a l  group compos i t i on ,  average m o l e c u l a r  w e i g h t ,  
temperature, and chain length,  amongst other features.  The data used to compare 
with the model was that  of Fong (!986).  ,tan Krevelen's model, wi thout adjustable 
parameters, gave values of v i scos i t y  too low by about four orders of magnitude. 
The major part of t h i s  discrepancy is now a t t r i bu ted  to the app l ica t ion of a model 
e s t a b l i s h e d  fo r  l i ra ear chain polymers~ to a s i t ua t i on  in which c ross l ink ing  
undoubtedly plays a major par t .  Nevertheless, there are features of van Krevelen's 
model which appear to nave appl icat ion to a broader array of f l u i ds  than molten 
l i n e a r  chain polymers, and these w i l l  be adapted fo r  our purposes. Spec i f i ca l l y ,  
the average molecular weight and temperature dependence features w i l l  be included 
whi le introducing an addi t ional  parameter to account for  the "coalness" of the 
f l u i d .  ~ value of tha t  parameter has been establ ished from comparisons of the 
resu l ts  of model ca lcu la t ions  with the experimental resu l ts  of Fong, and i t  w i l l  be 
determined whether the new model can describe resu l ts  from our own measurements. 
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Our i n i t i a l  measurements are not d i rec t  measurements of v iscos i ty ,  but of char 
form and structure.  An aqalysis which w i l l  provide relat ionships between these 
observations and v iscosi ty  is being performed. 

The results of some ea r l i e r  work on cenosphere swell ing ~Solomon, e t a l . ,  
1983) are b r i e f l y  reviewed here. In that  research, a single bubble was considered, 
a cenosphere, under the influence of the contract ing force of surface tension and 
the expanding force due to the pressure di f ference between the inside and outside 
of the cenosphere. The pressure di f ference arises from gas evolution from the 
pyrolyzing coal f l u i d ,  th is  gas being apportioned between inside and outside in the 
ra t io  of the corresponding surface areas. Gas d i f fus ion from inside to outside of 
the cenosphere is also taken into account. 

The above forces act against the resistance of v iscosi ty ,  as described by 
Chiou and Levine (1978), giving r ise to the fol lowing expression for  the rate of 
change of the external radius of the cenosphere, r 2. 

dr2/dt = ._[] 3r~ (~ Pt)~ ( I I .A -1 )  

4~ (r23 - r13 ) 

where r I is the internal radius of the cenosphere, ~ is the v iscos i ty ,  and ~Pt is 
the ef fect ive outward pressure dif ference across the cenosphere wa l l ,  consist ing of 
surface tension and real d i f f e ren t i a l  pressure as described above. 

APt = nt RT - o ( I / r !  + 1/r2) ( I I .A -2 )  

(4~  /3) r13 

where n t is the tota l  excess tar  and gas wi th in  the cenosphere, R is the gas 
constant, T absolute temperature, and c is the surface tension. 

For moderate heating rates of coal, i t  is believed that there is a fa i r ly  well 
defined sequence of events during pyrolysis. Early in pyrolysis, hydrogen bonds 
are broken and melting occurs, before appreciable tar evolution. At this stage of 
development, surface tension is the dominant "active" ( i .e . ,  non-resistive) force, 
leading to the sealing off of larger pores, and tends to collapse these cavities. 
Surface tension is a classical force associated with a continuous medium, and so is 
not the apprdpriate concept to use to describe the behavior of the smallest 
cavities in coal. A pore radius of 3000 X was tentatively adapted as a lower pore 
radius for which the concepts of Eqs. II.A-1 and If.A-2 are valid. Smaller pores 
wi l l  s t i l l  tend to contract under the influence of intermolecular forces, but 
steric hindrances wil l begin to dominate the behavior of the system when only a few 
macromolecules f i t  around the "circumference" of a pore. Specifically, the 
behavior of the macropores (d4) described by Suuberg (1987) should be described by 
Eqs. II.A-1 and II.A-2. In the model of Gavalas and Wilks (1980), there is a 
density of about one d 4 pore per square 10 ~m by 10 ~m area. This is of the order 
of the cavity density observed in our SEM measurements. An estimate of the minimum 
viscosity seen by the coal in this early stage can be obtained by the following 
analysis, which wil l  be made more precise in computer simulations. 

One assumes an early epoch in pyrolysis, when f lu id i ty is established, but 
before appreciable gas and tar have been evolved. In Eq. If.A-2, let nt--~O, and 
take the internal wall radius, r l ,  to be much less than the outer radius, r 2. One 
can rearrange Eq. I f .A-I ,  and integrate to find that bubbles of in i t ia l  radius r 1 
wil l  vanish as a rate 

dr l ldt  = a 14T/ (II.A-3) 

where t is the period for which the coal has a viscosity ~ , and a surface tension 



. One would count the frequency of occurrence of cav i t ies  of d i f fe ren t  rad i i  in 
chars treated at d i f fe ren t  temperatures and time. From th is  data iZ should be 
possible to estimate Q from Eq. I f .A-3 .  Empir ical iy  predicted #alues of o w i l l  be 
used in the computer s imulat ions. 

A secona test  of the v i scos i t y  cal ls  for the incorporation of calc~iated 
values of the v i scos i t y ,  Q , in Eq. I I .A -1 ,  in model simulations of s ingle cell 
cenosphere swel l ing, as we now describe. When par t ic les  have experienced more 
extensive pyroTysis at s u f f i c i e n t l y  high temperatures, evolved ta rs  can cause 
expansion. The subsequent swell ing of the single cell cenosphere is described by 
Eq. I I . A - I .  In pract ice,  values of v iscos i ty  from the model wi l l  be inserted into 
Eq. 1, and predicted swell ing compared with observed par t i c le  swel l ing. The case 
of mu l t i - ce l l  par t ic les w i l l  be treated in future work. 

Our experiments on particle heating were described above. Calculations have 
been performed of temperature histories for particles fal l ing through the drop tube 
furnace, on the assumption of non-swelling ( i .e . ,  constant terminal velocity). The 
particle heats up to the ambient temperature in less than 0.1 sec, while the 
=ransit time through the furnace is about 2 sec. 

To date, simulations at AFR have been based on average par t ic le  propert ies.  
As described above, when we take scanning electron microscope (SEM) photograpns of 
a co l lec t ion of pulverized coal par t ic les i t  is  pr imar i ly  indiv idual  macerals that 
we see. These macerals have very d i f fe ren t  swell ing h i s to r ies ,  so i t  would be 
d i f f i c u l z ,  at best, to t r y  to describe these by one 'average" model. In the f i r s t  
simulations of the f l u id  propert ies of these pa r t i c l es ,  parameters derived from 
TG-FTIR experiments on d i f f e ren t i a ted  macerals w i l l  be used. 

I t  is with these results and comparisons that t h e  model parameters established 
from Fon§'s viscosity data wil l  be tested against our o~n results. It is believed 
that these comparisons w i l l  provide a good test for the ear l ie r  staqes of 
pyrolysis, including swelling. However, as the experiments stand, they do not give 
info.~mation about the viscosity in the la:er stages of pyrolysis, when c~osslinking 
is the dominating factor. This problem wil l be addressed during the next year. 

Coal Optical Properties 

Variations of Emitta,~ce with Coal Rank and Particle Size 

Recent measurements (Solomon et a l . ,  1987a, 1987b) show that pulverized coal 
pa r t i c les  of the size used in entrained gas i f i ca t i on  are non-gray witn emiss iv i t i es  
which depend on size and rank. Also c~al undergoes a t rans i t i on  from highly non- 
gray moderately pyrolyzed coal so highly gray char. Here we present measurements 
on non-pyrolyzing, warm coal par t ic les  of d i f f e ren t  rank and par t i c le  sizes. 

The coal par t ic les were entrained in He through the HTR for a distance of 90 
cm at a ncminal tube temperature of 350°C. A radial temperature p ro f i l e  of the gas 
stream taken with a .005" thermocouple where i t  passes through the FT-IR beam focus 
is  shown in Fig. I I .A-30.  The average of th is  p ro f i l e  across the distance of the 
stream diameter is 558 K. 

To determine the spec t ra l  emit tance fo r  coal at a known temperature, 
measurcments are made of the transmittance, T v , and the radiance, R v,  from which 
the normalized radiance, R~ = RV/ ( I -~  ~) is calculated. 

For the geometry of the HTR, the sample consists of hot or wa~n par t ic les  
surrounded by cold wal ls.  The spectral emittance is th~n given by (Best et a l . ,  
1986) 
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~p = FtRn/R~ ~, (Tp) ~II.A-4), 

where R~(Tj~) is  the theore t i ca l  black-body radiance at the p a r t i c l e  temperature, 
Tp, and ~ i s  the t o t a l  e x t i n c t i o p  e f f i c i e n c y  for ~ne p a r t i c l e s  to scat ter  
rad ia t ion  out of the angular acceptance aperture of our instrument plus absorpt ion.  
I f  Tp and ~F~ are known, then Ep can be deterTnined. Conversely, i f  E~ ana F~ are 
known, Tp can De determined. 

P r i o r  ~o each coal pa r t i c l e  experiment presented here, a gas tempe-ature 
determinat ion was performed on a t race amount of CO 2 added to the pa r t i c l e  stream 
to t rack f l u c t u a t i o n s  in the HTR nominal temperatures. The accuracy of t h i s  
measurement is  i l l u s t r a t e d  in F ig.  i1.A-31 which ~resents R v ,  I -  T v , and the 
normalized radiance for  a mixture of carboq d iox ide ,  butane and acetylene passe~ 
through the HTR. For t h i s  non-sca t te r ing ,  gaseous sample, exce l len t  agreement is  
observed between the thermocouple average temperature (568 K) and the FT-ZR l i ne -  
of -s lgnz deterTnined average temperature (565 K). Figure I I . A - 3 2  in~icaZes the 
s e n s i t i v i t y  of  t ~ i s  method to sma~l s h i f t s  in temperature. 

The coal samples used in this study (Table 11.A-3) were obtained from Zne 
AFR/BYU sample bank (bulk samples) or from the Pittsburgh Energy Technology Center 
(PETC) of the Department of energy. A]; samples h~ving more than 3% moisture were 
dr ied before measurements were taken. 

The transmittance spectra used to calculate t~e normalized radiance for the 
samples used in this study are presented in Figs. I].A-33 to If.A-36. The spectra 
are presented as I-T~ so that increased amplitude is proportional to increased 
attenuation. 

The c h a r a c t e r i s t i c s  of l a rge  p a r t i c l e s  are znat they sca t t e r  or absorb 
essenZia l ly  a l l  of the i~ght i nc iden t  on them. Any rad ia t ion  h i t t i n g  the pa r t i c l e  
which i s  no~ absorbed w i l l  be s c 3 t t e r e d .  Consequently, the at tenuat ion is 
proport ional  zo ~ne area of ~he p a r t i c l e  and no absorption e f fec ts  can be seen. 

Figures II.A-33 to II.A-36 i l l us t ra te  the effect of part icle size on the shape 
of l-Tp . As the particle size d is t r ibut ion is decreased, there is an increase in 
attenuation (sloping of the spectra) from short (6500 cm-1) to long (500 cm-]) 
wave]eng~hs of incident rad ia t ion .  This par t ic le  dependent change in the 
scattering (di f f ract ion) comaonent of F~ indicates that the longer wavelengths of 
ligh~ have ~ ~ ~ -  " ~ - a highe, e.T~c~ency of scatte, ing out ot the angular acceptance aperture 
of our instrument than the shorter wavelengths of l igh t .  As the particles get 
smaller, the higher efficiency to scatter extends fur ther towards ~he short 
wavelength end of the spectrum. 

Below a p a r t i c l e  s ize of 2G #m, a drop in at tenuat ion is observed at the long 
wavelength end of  the spectrum. This e f f ec t  is  caused by the pa r t i c les  being 
smaller tha~ the wavelength of i nc iden t  rad ia t ion  (lOOa-500 cm-1 = !0-20 #m) and 
w i l l  al low t h i s  rad ia t ion  to pass through wi thout  any sca t te r i ng  or absorption 
e f f ec t s .  

To see trends in em iss i v i t y  wi th  vary ing pa r t i c l e  size and composi t ion,  
( I -T / / )6500cm-I  was used for the percent a t tenuat ion in the fo l l ow ing  analys is .  
Figures I I .A -37  to I ! .A -39  are the normalized radiance, R n : R V / ( I - T  )6500cm-I, 
for three coals w i th  d i f f e r e n t  s ize d i s t r i b u t i o n s .  Overla~ed on the experimental 
data is  the theo re t i ca l  black-body curve Rb(T), corresponding to the temperature 
de1:ermined from the CO 2 t racer  t e s , ,  m u l t i p l i e d  by a constant (~v/F~500) to give 
the best f i t  to the coal spectrum in the strong absorption region (V < 1700 cm - I )  
fo r  coal .  
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~Coal Name 

IPocahon:as #3 

IUPper Freepo~ 

Pittsburgh #8 

~Upper Kanawha 

Utah Blind 
Canyon 

Il l inois ~6 

~ i t h  Roland 

mS~ith Roland 

th Roland 

~mith Roland 

-Smith Roland 

~mizh Roland 

l 
ower Kittanin§ 

ower Kittaning 

ower KiZ:aning 

Lower Kittaning 

|uwer Kittaning 

Beulah N.D. 

WBeulah N.D. 

meulah N.D. 

Rank 

LVB 

MVB 

HVAB 

MVB 

HVCB 

HCVB 

SUBC 

SUBC 

SUBC 

SUBC 

SUBC 

SUBC 

LVB 

LVB 

LVB 

LVB 

LVB 

Lignite 

Lignite 

Lignite 

TABLE II.A-3 
SAMPLE DATA FOR OPTICAL PROPERTIES MEASUREMENTS 

Particle Size 
Distribution (#m) %C {DAF) "~h ( D r y  f.Moisture 

75-45 91 4.83 0.61 

75-45 87 11.63 0.83 

75-45 83 9.02 1.80 

75-45 81 26.44 2~60 

75-45 79 4.68 4.71 

75-45 77 23.42 

250-210 72~97 9.23 

106-75 73.26 12.27 

63-45 72.38 18.29 

30-20 73.67 12.87 

20-10 73.24 14.03 

-10 73.17 15.64 

106-75 88.65 19.31 

36-45 87.73 17.43 

30-20 90.53 9.17 

20-10 90.55 8,03 

-10 89.82 7.68 

250-210 69.48 8 . 8 6  

106-750 69.82 15.23 

63-45 71.25 32.81 

2.94 

24.51 

20.97 

13.26 

9.96 

9.10 

8.23 

0.62 

0.64 

0.83 

0.91 

0.93 

28.49 

22.63 

13.41 

Source 

AFR/BYU 

AFR/BYU 

AFR/BYU 

AFR/BYU 

AFR/BYU 

AFR/BYU 

PETC 

PETC 

PETC 

PETC 

PETC 

PETC 

PETC 

PETC 

PETC 

PETC 

PETC 

PETC 

PETC 

PETC 
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The trend with particle size is consistent for all three coals. The largest 
particle size (250 - 210#m) shows agreement close to the overlayed black-body over 
all of the soectrum. The smaller particle sizes continue this agreement for 
p < 1700 cm cl ,  but the emittance decreases for V > 1700 cm-l. The smaller the 
particle size, the larger is the decrease. The trend with rank is that the lower 
rank Beulah l ignite and Smith Roland subbituminous coals show a sl ightly larger 
decrease above 1700 cm-1 than does the higher rank Lower Kittaning bituminous coal. 

Figure If.A-40 compares six bituminous coals from the bulk AFR/BYU samples 
obtained for this program. For these similar size fractions (75-45 ~m~, again 
there is agreement with the overlayed black-body curve below 1700 ~ lm-. The 
decrease above 1700 cm-1 does appear to become s l ight ly  more drastic with 
decreasing carbon content of the coals. 

The spectral emissivity ( Ep ) for coal particles larger than 10 #m at 
wavelengths which coincide with strong infrared absorption bands should be 
approximately equal to i .  Therefore, F~500 is changing with particle size and 
rank as indicated by the different multiplier values used to f i t  R~{T) to the 
observed no~alized radiance spectra. An attempt was made to determine the surface 
area of the particle stream by using a l ight source with an incident radiation that 
is well out of the diffraction and absorption regime for coal particles (Fp t =i). 
A He-Ne laser, 0.633 pm radiation, N16,000 cm-l) was directed through the coal 
stream to a photo-sensitive resistor. The output of this visible l ight detector 
was checked for l i near i t y  by part ial ly blocking the laser beam with several 
different area sized light choppers. The source was also modulated (chopped) when 
directed through the coal to avoid room l ight interferences. The coal should be 
opaque to the laser radiation. 

A plot of percent FT-ZR beam attenuation at 6500 cm-1, vs percent He-Ne laser 
beam attenuation is presented in Fig. II.A-41 for the size fractions of Smith 
Roland subbituminous coal. For the three large size fractions: where Ev/F~500 > I 
in Fig. II.A-37, the laser indicates that a larger va|ue of (1-T)6500cm-1 should 
be used ( i .e. ,  the FT-IR is indicati~g a low amount of beam attenuation due to 
scattering of i~cident radiation back into the collection angle of our instrument, 
F~500 < I ) .  Fo. the three smaller size fractions, where Eu/F~500 < 1 in 
Fig. If.A-37, the laser indicates that a smaller value of (1-r)6500cm-i should be 
used ( i .e . ,  the FT-IR is indicating a high amount of beam attenuation due to a high 
efficiency of scattering incident radiation out of the collection angle of our 
instrument, F~500 > 1). 

Although the He-Ne laser measurements begin to converge the spectral emittance 
for v < 1700 cm-1 towards 1 for  the different particle sizes, i t  was observed that 
the moving particles contributed their own modulated signal to the visible l ight 
detector. This contribution, along with laser power and detector d r i f t ,  did not 
allow this laser beam attenuation technique to be as accurate as desired in 
determining the surface area of the particle stream. Work is in progress on an 
accurate optical geometry for this determination. 

Trends in the spectral emittance (R~IRb) as a function of particle size and 
rank are plotted in Fig. II.A-42. The value at 2500 cm-1 was calculated since i t  
is out of the functional group emission region (~ <1700 cm -1) but s t i l l  within the 
broad band emission region for coal particles at 300°C. The trends with rank and 
particle size are clearly shown. Figure II.A-43 compares the spectral emittance 
for one particle size distribution for nine different coals. The emittance remains 
fa i r ly  constant (~0.55) until above 85% carbon (DAF), at which point an increase 
in emittance is observed. 
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C o n c l u s i o n s  

Although we can determine the trends in the spectral e m i s s i v i t y  ((u) for  coal 
w i th  vary ing  pa r t i c l e  size and rank, accurate values of F~ (the to~a] ex t inc t i o r ,  
e f f i c i e n c y  fo r  scat ter ing out of  the angular acceptance aperture of our ins=rument 
plus absorpt ion)  must be determined for  the pa r t i c les  and experimental geome=ry 
used before accurate E u can be deterTnined. By choosing a l i g h t  source (He-Ne 
laser )  t h a t  s~ould be well out of  the d i f f r a c t i o n  and absorpt ion regime for  the 
samples used here, the £~ values in regions of strong i n f r a red  absorption bands for  
v a r i o u s  p a r t i c l e  s izes of  ~he same mate r ia l  begin to converge. The laser  
a t Z e n u ~ t i o n  va lues ,  however,  are not as accura te  as necessary f o r  these  
determinat ions due to:  i )  laser  power d r i f t ,  2) de tec tor  response d r i f t ,  and 3) 
signal con t r i bu t i on  from extraneous modulation of the l a s e r  beam due to the 
t r ave rs i ng  coal pa r t i c l es .  

P l a n s  

The improvements of the FG-DVC mode] w i l l  cont inue. During the next year,  the 
model w i l l  be modif ied to inc lude:  a) rank dependent k i n e t i c s ;  b) polymetnylenes; 
c) improved in terna l  and external  t ranspor t  models. Work  w i l l  continue on the 
v i s c o s i t y / s w e l l i n g  model. Work  w i l l  begin on an op t i ca l  proper t ies model and a 
char r e a c t i v i t y / a n n e a l i n g  model. Addi t ional  l i t e r a t u r e  and experiment studies w i l l  
be done where necessary in order to provide data for model v a l i d a t i o n .  

Fo r  the opt ica l  property measurements the plans are zo a) oesign a be t te r  
laser  system to determine accurat~ pa r t i c l e  Dlockage areas; b) develop a be t te r  
understanding of the angular acceptance aperture of our instrument and how d i sc re te  
changes w i l l  e f fec t  F~; and c) use a theore t ica l  Mie theory analysis to be t te r  
understand F~. 
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I I . B .  SUBTASK Z.B. - FUNDAMENTAL HIGH-PRESSURE REACTION 
RATE DATA 

Senior Investigators - Geoffrey J. Germane and Angus U. Blackham 
Brigham Young University 

Provo, Utah 84602 
(801) 378-2355 and 6536 

Student Research Assistants - Charles Monson, Russell Daines, 
and Gary Pehrson 

Ob,iectives 

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

The specific objectives for the second year reporting period include: 

I. Design and construct zhe HPCP reactor and support systems. 

2. Develop the HPCP reactor characterization test plan and elements of 
the char oxidation test plan. 

Accomplishments 

Four components of this subtask have been identified to accomplish the 
objectives outlined above: I) 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, 
controlled-profile (HPCP) reactor, and 4) measurements of fundamental sulfur 
capture rates by sorbents. 

Component I - Char Preparation at High Temperature and High Pressur~ 

The main objective of the char preparation aspect of the study is to 
prepare char with three different reactors: I) a simple hot-tube reactor at. 
atmospheric and elevated pressure, 2) the BYU high-pressure, entrained-flow 
gasifier, and 3) the high-pressure, controlled-profile (HPCP) reactor being 
fabricated for this subtask. After fabrication and testing of the HPCP reactor 
are completed, char samples wil l be prepared in this reactor to serve as 
reference chars to which other char samples from the simple hot-tube reactor and 
the gasifier wi l l  be compared. The purpose of this comparison wil l  be to 
determine how closely the properties of the char~ prepared with the simple 
reactor and the gasif ier parallel the properties of the chars prepared by the 
HPCP reactor. I f  the properties are sufficiently close for the same 
temperatures, pressures, heating rates, and residence times, then confidence 
will be established in the measured values for the chars prepared with the 
simple reactor. Chars could then be prepared for the kinetic studies in the 
HPCP reactor at a s~gnificant savings in time and money. Otherwise, both the 
char preparation and the oxidation rate measurements will be performed in the 
HPCP reactor. 
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Chars will be prepared from five different coals from the Argonne premium 
coal sample bank: I) Utah bituminous, 2) North Dakota l ignite, 3) Wyoming 
subbituminous, 4) I l l i no is  #6 bituminous, and 5) Pittsburgh #8 bituminous. A 
Utah bituminous coal which is similar to but not the same as the Utah coal in 
the Argonne bank, and which is in large supply at the BYU Combustion Laboratory, 
is currently being used to develop char preparation and analytical experience. 
Small samples of char from the Utah coal in the Argonne bank wil l  be 
characterized and compared with the char samples from the BYU Utah coal. 

Literature Survey - Wells and Smoot (1987) reviewed the preparation 
methods for chars and determined that to obtain satisfactory char samples for 
reactivity testing, the parent coa~s must be pyrolyzed in a reproducible manner. 
They also listed six cr i ter ia thought to be important to the selection of a 
pyrolysis method for char prenaration. These included heating rate, maximum 
temperature, residence time, particle size, pressure and gas composition. Goetz 
e t a l .  (]982) prepared char in nitrogen at 1728 K using a drop-tube furnace. 
They concluded that drop-tube furnaces and flat-flame burners achieve 
satisfactory heating rates on the order of 10,000 K/s, or higher. They also 
state that the residence time for pyrolysis should be long enough for complete 
pyrolysis, but not so long that the coal goes through condensation and 
polymerizatioc. Residence times in the range of 10-70 ms at the temperature of 
interest are usually adequate. 

A recent study of coal char gasification at elevated pressure was 
conducted by Guo and Zhang (1986). The chars were prepared by devolatilizing 
coal in nitrogen at !070 K for 2 hours. The gasification runs were at 29 ~tm 
pressure (30 kg/sq, cm.) at temperatures of 1120-1220 K. The kinetics were 
determined by having the carrier gas pass through a sample of char placed in a 
tubular reactor (22 mm i .d.)  and measuring the extent of burnout as a function 
of time. Under these conditions, the char reactivity followed first-order 
kinetics. Our approach for kinetics measurements will be under entrained 
conditions rather than the fixed-bed approach used in the study by Guo and 
Zhang. Another concern is that char should be prepared at temperatures higher 
than the temperatures at which the reactioa rates are measured to avoid further 
devolatilization of the char. 

Consideration has been given to the closeness of the particle temperature 
to the temperature of the walls of the ceramic tube in the simple hot-tube 
reactor. I t  has been assumed that the temperature of the particles passing 
through the reactor is the same as the temperature of the wall measured by a 
thermocouple. Solomon et al. (1986) concluded that "the heat transfer between 
the solids and the gases was so fast that in most cases the thermocouple 
temperature was predicted to be within 20"C of the coal particle temperatures" 
and "the thermocouple measurement provided a reasonably accurate determination 
of the particle's temperature history." The inside diameter of the tube in 
their reactor for very rapid coal pyrolysis was 5 mm. 

Char Preparation Methods Used To Date Char samples have been collected 
from a simple hot-tube reactor. The values for gas flows and temperatures at 
atmospheric pressure required to give satisfactory char samples have been 
determined. A schematic of this reactor is shown in Figure I I .B- I .  For 
pressures above I atm, this scheme has been modified by using stainless steel 
bulbs as the feeder and receiver, as shown in Figure I].B-2. These simple hot- 
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tube reactors have provided small amounts of char which have been analyzed. The 
hot-tube method allows for easy changes in the values for heating rate, 
residence time, temperature, and pressure. This f lex ib i l i t y  will aid in 
determining the conditions which will be selected for the HPCP reactor. The 
samples were prepared by flowing nitrogen gas down the tube along with the coal. 
The bottom stream of gas in the feeder fluidizes the coal while the top stream 
entrains the particles and carries them into the tube. The char samples have 
been prepared at temperatures from 1173 to 1500 K. The samples used for the 
oxidation kinetics studies wil l  be prepared at temperatures higher than those 
used for the kinetics measurements, to avoid further devolatilization of the 
char in the reactor. 

Two runs were made at elevated pressure in a stainless steel reactor tube 
with an inside diameter of 2 mm. Only very small amounts of char were obtained 
due to plugging of the reactor tube. This tube has been replaced with an 8n~n 
i.d. stainless steel tube to overcome this problem. A 7 mm i.d. ceramic tube 
was used to prepare char samples at atmospheric pressure. 

Rationale - The rationale for char preparation in the simple hot-tube 
reactor may be developed in the following manner. The design of the HPCP 
reactor provides for accurate temperature measurement of the char particle a~ter 
a period of time at a carefully controlled reaction temperature. This precise 
control of reaction variables is particularly needed in the measurement of the 
kinetics of oxidation of char samples. Therefore, the prime concern for the 
HPCP reactor is the measurement of reactivity even though char will also be 
prepared in the HPCP reactor. However, i f  char samples can be prepared in a 
reactor that has less control of the temperature profile and have essentially 
the same properties as samples prepared in the HPCP reactor, then i t  is more 
eff icient to use the simpler reactor for the char preparation and the HPCP 
reactor only for the kinetics measurements. 

As indicated above, in small-bore reaction tubes, the temperatures of the 
particles are essentially the same as the wall and gas temperatures because of 
the rapid collision of the particles with the wall under turbulent flow 
conditions. Even though the temperature profile of the simple reactor is not 
precisely controlled, i t  can be measured. From the measured temperature profile 
of the reaction tube and the assumption that the temperature of the particle is 
the same as the temperature of the wall at that point, heating rates and 
residence times of the particles und6rgoing devolatilization can be calculated. 
This has been done for most of the experimental runs as shown in the next 
section. 

T h e  BYU high-pressure, entrained-flow gasifier enables production and 
collection of large quantities of char. Data from these chars will be compared 
with the char samples prepared by the other two methods. 

The HPCP reactor will also be used to prepare chars at pressures up to 20 
atmospheres with careful control of heating rate, residence t ime and 
temperature. These chars will be designated as reference char samples to which 
the other char samples prepared via the other methods will be compared. 

Analysis and Measurements - Several char samples have been collected from 
the simple hot-tube reactor at atmospheric and elevated pressures (up to 5.4 
atm). A char sample from the BYU gasifier was also collected. All of these 
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samples have been analyzed using a CH Analyzer and a few with the Scanning 
Electron Microscope (SEM). Table IT.B-! l ists the char preparation conditions 
(maximum temperature, residence time and heating rate) with the results of the 
CH analyses and any SEM micrographs that have been made. 

The maximum temperatures, residence times, and heating rates of the char 
samples have been calculated based on the assumptions previously indicated about 
wall temperature and par t i c le  temperature. A temperature pro f i le  of the 
react ion tube was measured with a thermocouple for  various sett ings of the 
reactor.  This p ro f i l e  described the maximum temperature and length of the 
react ion zone used for  the calculat ion of the volume in which the coal converted 
to char. The reaction zone was defined by the pl~teau of the temperature 
p ro f i l e .  The residence time is calculated by: 

tr=Vtube/WN2 (I I .B-I)  

where Vtube is the volume of the reaction zone and wN2 is the volumetric flow 
rate of the nitrogen gas through the tube. The flowrate was adjusted as the 
density of the nitrogen changed with temperature. The residence time was then 
calculated from Eq. I I .B-I .  Heating rate calculations were made based on the 
temperature profi le. The temperature profile comprises the wall temperature of 
the reaction tube taken every 5 cm along the tube. An average volumetric flow 
rate was calculated for each 5 cm increment until the maximum temperature was 
reached. The heating rate for each increment was calculated from the change in 
temperature divided by the product of volume of the tube in the 5 cm increment 
a:,d the reciprocal of the average flowrate. The heating rates for each 
increment, up to the maximum temperature, were averaged to obtain the average 
heating rate for the char sample. 

CH analyses have been performed on all of the char samples prepared. As 
noted previously, i t  was expected that the hydrogen content of the char sample 
would decrease as the residence time increased. This trend is followed by mosi 
of the samples; however, some of the samples vary from this pattern. These 
discrepancies might be due to the fact that they are larger samples which 
required a longer time to collect and more coal to flow down the reactor tube. 
These two effects caused a build up of char/tar on the inside walls of the 
reactor tube effectively decreasing the inside diameter. A reductio:~ of the 
inside diameter of the tube wouIG cause a decrease in the residence time of the 
particle resulting in a change of conditions and characteristics for the 
particles flowing through the narrower tube. 

Scanning electron micrographs were taken of five samples from the simple 
hot-tube reactor and the sample from the BYU high-pressure, entrained-flow 
gasifier. The micrographs revealed that the char samples from the simple 
reactor with longer residence times were more porous than those with shorter 
residence times. This trend is an indication that residence time calculations 
are reasonably accurate. The porous structure of these chars indicate that the 
coal particles were heated rapidly. The micrographs show particles with a wide 
range of diameters, which is probably due to the fact that the coal wasn't 
fractionated according to particle size prior to preparing the char. 
Micrographs of char samples prepared from fractionated coal (38-74 microns) show 
a more uniform particle distribution; however, there are s t i l l  some particles 
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T a b l e  I I . B - 1  

C H A R  P R E P A R A T I O N  C O N D I T I O N S  A N D  A N A L Y S I S  

Pressure Maximum 
.Sample (atm) Temp(C) .  
Utah Bit. Coal . . . .  
Gas i f e r - I  Unknown . . . . . . . .  

36  1 1235 28 
35  1 1"235 30 
32  1 1235 42 
33 1 1 235 42  

6 1 1210 29 
16 1 1210 29 
24 1 1210 62 
23 1 i 2 1 0  72 
1 3 1 1 200 26 
1 5 1 1200 29 
1 2 1 1200 36 

7 1 1200 41 
1 1 1 1 200 54 
64  4.8 900 66 
67  5.4 900 76 
69 5.4 900 96 

Residence Heating 
T ime{ms)  Rate(K/s) 

12 700 
11 800 

8 45O 
8 45O 

12 2O0 
12 2O0 

5 69O 
4 ,870  

13,580 
11,980 

9,58O 
8,340 
6,391 
4 ,400 
3,450 
2,790 

CH ,~nalysis SBvl 
%C %H Made 

74.7 5.7 X 
76.2 0.8 X 
74.7 1.9 
72.7 2.8 
78.3 0.4 
78.4 0.3 
75.1 2.8 X 
81.6 1.5 
76.4 0.8 
78.0 0.4 
76.6 2.2 X 
77.4 1.3 X 
74.7 0.7 
74.4 0.7 X 
77.7 0.8 X 
61.8 4.4 
68.2 4.7 X 
68.0 4.7 X 
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which are not within the ~bove size fraction. The original micrographs showed 
particles of many sizes and particles which broke or chipped during the char 
preparation run. 

The char from the BYU gasifier had a much different appearance than those 
from the simple reactor at low pressure. I t  was non-porous which might indicate 
that at elevated pressure, the volatile matter in the coal is not allowed to 
escape and open up pores. The chars prepared at elevated pressure in the simple 
reactor indicate a similar non-porous structure to those from the gasifier. 
Surface area measurements of the chars wil l  be another criterion for 
characterizing the char samples, which wil l  be determined using nitrogen and 
carbon dioxide adsorptions. I t  may be important to know the surface properties 
of char, i .e. total surface area, active surface area and pore volume, in order 
to undsrstand the kinetics which govern the oxidation of the char particle. 

Char Reactivity Plan - Five coals wil l  be used to prepare chars by 
pyrolysis. Each char sample wi l l  be fractionated by sieving, and two of the 
fractions wi l l  be used for the determination of the kinetics of oxidation. For 
each size fraction of a particular char, kinetic runs wi l l  be made at thr~e 
pressures and three temperatures. The rates of oxidation wi l l  be followed by 
analysis of the ash and, i f  possible, titanium content of the samples as a 
function of burnout. The calculations for the combusticn rate parameters (rate 
constants, activation energies and reaction orders) were outlined by Solomon et 
al. (1987). 

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

This subtask component is aimed at determining the kinetic rate parameters 
for high-pressure oxidation of the chars prepared in Component ] .  ] t  wi l l  be 
init iated after completing the design and construction oF the HPCP reactor. 

Component 3 - Hiqh-Pressure Reactor Desiqn and Fabrication 
The HPCP reactor design has been completed, and assembly of the reactor 

components is in progress. The reactor collection system has been designed 
under independent funding to sepzrate and collect coal char/tar/gas sets under 
known conditions. This added feature of the reactor wi l l  enable detailed study 
of the products of char production, as well as the oxidation rate for chars 
where the tar and gas fractions are aiso known. 

Literature Review - Two papers of interest were presented at the Western 
States Section of The Combustion Institute in March, i788. Mitchell (1988) used 
a laminar flow furnace to determine the reactivities of pulverized coal at 
atmospheric pressure. He employed an optical system of two-color pyrometry and 
particle imaging to simultaneously determine particle temperature= diameter, and 
velocity. Waters et al. (1988) also performed work using the same fac i l i t y  to 
determine how dimensional irregularity in char would affect the measurement of 
kinetic rates. Using non-spherical particles, they found that the measured 
kinetic parameters were relatively insensitive to the assumption that the 
partic3es were spherical. Saran char, which is highly irregular in shape, was 
used in a laminar flow furnace to study the effects of non-sphericity on the 
measurements. The variation in measured particle temperature increased 
significantly for the irregular par t i c le ,  and diameter uncertainty increased by 
15%. The Saran char is a worst-case situation for particle shape; no coal char 
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which wil l  be used in the present study wil l  l i ke ly  be as irregular as the Saran 
char. 

F!axman and Hallett (1986) showed that particle heating rate increases 
with increasing secondary gas temperature and increasing particle diameter (up 
to 100 microns) because of wall radiation. The primary gas flowrate had l i t t l e  
effect on the heating rate, and lower particle feed rates led to smaller 
variations in the temperature histories of different-sized particles. Essenhigh 
(1987) proposed a char combustion rate equation, "the extended resistance 
equation," that provides more accurate modelling of char combustion. A 
l i terature review of. coal char/tar production and collection methods was 
conducted under independent funding (Smoot et al., 1988). 

Final Reactor Desiqn - The final design of the HPCP reactor was completed, 
and final construction and assembly is in progress. 

Pressure Vessel - A flow diagram for the system and a cross-section of the 
reactor are shown in Figures If.B-3 and II.B-4, respectively. Particles are fed 
with primary gas through the injector, which is moveable to allow varying 
particle residence times. The ceramic honeycomb 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 is 
preheated before flowing into the reactor. The primary and secondary flows mix 
in the reaction tube, in i t iat ing the particle reaction. A series of wall 
heaters maintain the desired temperature profi le. Four holes, spaced every 90 ° 
in the reaction tube wall at the diagnostic level near the bottom of the 
reactor, and quartz windows on the outer shell, provide optical access. The 
collection probe collects the entire mass flow and quenches the particles just 
below the diagnostic volume. A virtual impactor separates the particles from 
most of the gas and tar. Particles are captured in a cyclone, tar is collected 
in f i l te rs ,  and the gas is either saved for analysis or vented from the system. 

An overall view of the pressure vessel, which consists of the preheater, 
head, and body is shown in Figure II.B-5. The outer wall of each part of the 
vessel is !.3 cm thick carbon steel tube, 32 cm in diameter. The three sections 
are joined together with flanges. At the most severe operating conditions, the 
shell wi l l  maintain 27 atm pressure while at a wall temperature cf 535 K. 

Each section is provided with a s~rvice access for the heating elements 
and instrumentation. The access port runs the entire length of the reactor 
body. Th is  port encompasses the ends of the heaters which protrude from the 
reactor shell. A removable access port cover plate provides structural support 
to the outer shell when the reactar is pressurized and allows the removal and 
insertion of heaters and thermocouples for servicing. Two braces maintai 
reactor r ig id i ty  when the cover is removed. Power leads and thermocouple wires 
are fed into the port through sealing glands. The head has a similar but 
shorter access for i ts heating elements. The preheater has two access ports: '  
one at the top for heating elements and another on the outer wall above the 
elbow for thermocouples. The cover plates bolt to the outer wall and are sealed 
with geskets. 

Figure II.B-4 shows the insu~.ation detail for the reactor. A high- 
temperature layer of mullite insulation wi l l  surround the wall heaters. The 
space between this insulation and the shell wil l  be f i l led  with a castable 
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refractory. A mullite f iber blanket wil l  insulate the preheated gas passageway 
into the reactor heed. The seal between the reactor head and main section wil l  
be created by matching alumina disks. The inner disk wil l  be cemented to the 
reaction tube while the outer disk wil l be held in place by the mullite 
insulation and a cast, high-temperature refractory ring. The flange gasket wi l l  
extend into the inner portion of the reactor, being cast into the refractory 
ring at i ts inner diameter. This wil l  ensure a good seal and prevent the 
secondary gas from flowing down along the wall heaters and into the reaction 
tube through the optical holes. 

The design allows the use of reaction tube diameters from 1 to 5 cm. This 
is necessary to achieve the wide range of residence times at the conditions 
called for in the experimental plan. A reaction tube can be removed and 
exchanged for a different size without disassembling any of the main sections; 
only the injector and collector must be removed to gain access to the reaction 
tube. The reaction tubes are standard cast mullite with good thermal 
conductivity and thermal shozk characteristics. At the bottom end of each 
reaction tube, four optical access holes have been dril led =round the tube 
circumference. The four access holes line up with the four quartz windows in 
the reactor shell. 

Heating System - The reactor heating system consists of 14 horseshoe- 
shaped molybdenum dis i l ic ide elements. These elements encircle the reactor 
centerline and are arranged axially along the reactor.- Each heater l ies on .a 
ceramic tray that slides into the reactor to hold the element in i ts proper 
position. The tray is made of two parts, as shown in F~gure II.B-6: a mullite 
f iber insulation block that positions the heater in the reactor, and a high 
dersity alumina ring that supports the fragile hot end of the element. Each 
tray also has a port ~ r  a thermocouple probe. 

In order to provide an isothermal temperature distribution along the 
reaction tube, the wall heaters will be divided into three heat zones. Each of 
these zones as well as the preheater wil l  be controlled by a phase-angle-~ired, 
silicon-controlled rec t i f ie r  (~CR) that wil l  receive a control signa" from a 
microcomputer. The computer wil l  monitor thermocoupies in each of the heat 
zones and adjust the SCR's to obtain the desired operating temperature profi le. 
The number of heaters included in each heat zone wi l l  be varied to correspond to 
the position of the injection tube. 

Preheater - The preheater consists of two molybdenum dis i l ic ide heating 
elements which wi l l  f i t  inside two cast alumina rectangular tubes. These wil l  
be placed in a packed bed of alumina ceramic pieces, all of which wi l l  be 
enclosed in fibrous ceramic insulation and a steel shell. The preheater, shown 
in Figure II.B-7, is offset and vertical above the main reactor section. The 
gas flow will enter at the top and flow downward through a ]-meter hot zone into 
the reactor head. Thermocouples wil l manitor both heater and gas temperatures. 
The maximum gas preheat temperature is 1700 K. 

Feed System - A particle feeder has been bui l t  that wil l give a constant 
feed rate at very low flowrates and at elevated pressure. I t  consists of three 
separate, 9.5 mm acrylic reservoir tubes inside a 76 mm pressuretube. The tube 

~s vibrated to agitate and somewhat fiuidize the coal. The air inl=t is at the 
top. A 3 mm i.d. feed tube is located at the center of each reservoir tube. 
The coal is fed from the top of each reservoir tube by drawing the center tubes 
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down very slowly with a stepper motor. The coal or char particles are picked up 
by the flowing air and entrained in the flow. The feed rate is varied by 
changing the speed of the center tube. The feeder is located above the 
injection tube so that particles will not collect in the lines. 

Two injection probes wil l  be used in the char tests: a water-cooled probe 
for coal pyrolysis and char oxidation and an uncooled ceramic probe for char 
oxidation. Both of these probes will be centered in the reaction tube by a flow 
straightener. A fluorocarbon seal in the reactor head cap will enable axial 
positioning of the probe. 

The uncooled probe is an alumina tube, 1.5 mm i.d. by 3 mm e~d. I t  wil l 
be used in tests where the temperature is lower than those used to make the 
char. This probe will allow the char to attain the furnace temperature before 
i t  is introduced into the oxidizing atmosphere, which will simplify the analysis 
of particle temperature history. 

The cooled probe is a stainless steel tube, 3.4 mm o.d. by 3 mm i.d. This 
tube is surrounded by another stainless steel tube 13 mm o.d., Formin~ a water 
jacket. Cooling water is carried through three small tubes that run through the 
water jacket to the t ip of the probe. The water then flows back up the probe 
via the water jacket. The probe is sheathed in ceramic fiber insulation to 
reduce heat transfer from the hot secondary gas and reaction tube. 

Collection System - In an independently funded research project, the 
reactor collecticn system is being modified to collect and separate the products 
of coal pyrolysis: tar, char, and gas. The separation system will enhance the 
quality of the char samples for the char oxidation studies, since i t  is possible 
that tar may condense on the char, changing the properties of the char. The new 
separation system, shown in Figure II.B-8 will almost completely separate the 
char and tar before appreciable condensation occurs. 

The collection probe is similar in design to the cooled injection probe. 
Coldwater flows to the t ip  of the probe through tubes passing through the water 
jacket. Other small tubes pass through the water jacket to deliver quench gas 
to the probe tip. A permeable inner liner inside the main probe tube allows 
quench gas to be injected radially along the length of the probe to reduce 
particle and tar sticking inside the probe. 

A virtual impactor wil l  follow in-line with the collection probe to 
aerodynamically separate the tar-laden gases from the heavier particles. The 
momentum of the char wi l l  cause i t  to be carried into the char collection probe, 
aIGng with a small amount of carrier gas and tar, while most of the tar a~rosol 
wi l l  follow the main gas flow to a f i l t e r  system maintained at room temperature 
to collect the tar. The flow containing the char will go to a cyclone which 
wi l l  be sized to remove the char, then to a seconda~J f i l t e r  to remove any tar 
in the flow. The two flows wil l  then rejoin to be collected in plastic bags for 
gas analysis or exhausted. Each flow leg wil l  have control valves and flow 
meters to keep the flow rates constant and to ensure good sampling. A vacuum 
pump will be used during atmospheric pressure run~. Various collection system 
components, such as the virtual impactor, cyclone and wcuum pump, will be used 
for the char oxidaticn tests. 
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Instrumentation - Optical breadbaards for the pyrometry and particle 
imaging system, as well as a table to support them, have been fabricated. No 
commercial optical tables are available which can ~upport the weight of the 
reactor while providing enough f lat  table space for the optics. A related study 
at the BYU Combustion Laboratory will share many components of the optical 
instrument with this project in an effort to reduce cost. I t  is planned to 
share two photomultiplier tubes with their amplifiers and f i l te rs ,  a laser 
detector, and a digital oscilloscope. The trigger laser, lenses, apertures, 
beam splitter, and calibration c~mponents will be separately mainLained, since 
their placement relative to each other and the reactor is cr i t ica l ,  and because 
these parts must be aligned and solidly mounted. Type S thermocouples will 
measure the gas and heater temperatures along the reaction tube and at the 
preheater exit. These temperatures will be collected by a microcomputer and its 
acquisition system. 

Reactor Performance Tests - The following tests will be conducted to 
ensure acceptable reactor performance in advance of detailed char preparation 
and oxidation tests. 

I. Structural Integrity - The vessel will be pressure tested to 1.5 
times i ts maximum pressure at maximum shell temperature. All joints 
will be checked for proper sealing. 

. Injection Probe - An uncooled injection probe will be used in some 
experiments where the char oxidation tests will be conducted at 
temperatures lower than those used to prepare the char. Tests will 
be conducted to assess the effect of heatup in the injector. Char 
will be injected into a nitrogen atmosphere where i t  is expected that 
with no oxidizer present, char properties should not change. The 
char subjected to this condition will be collected and analyzed to 
compare with its praperties before the run. 

. Collection Probe - During the char oxidation experiments, char 
reactions will be quenched in the collection probe by both cooling 
and di lut ion with nitrogen. The quenching process wil l  be tested by 
feeding char and nitrogen for the primary flow and nitrogen for the 
secondary flow, with air as the quench gas. I t  is expected that when 
proper quenching is achieved, there will be no change in char 
characteristics due to oxidation. 

, Optical Instrumentation - The optics will be tested using nonfriable 
carbon spheres (spherocarb), as well as with the calibration system 
that wi l l  be buil t  into the instrumentation. 

Reactor Characterization Tests - In order to characterize reactor 
operation, the following adjustments will be made for each of the experimental 
conditions (at a specific temperature, pressure, and residence time) required 
for the char tests. 

. Temperature Profile - For many experiments, an isotherms! temperature 
profile wil l  be necessary. I t  is also desired to maintain a constant 
particle heating rate at various injection probe positions. The 
heater zone configurations and temperatures, preheater temperature, 
injection probe cooling water flow, and the collection prnbe cooling 
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water and quench gas flows wil l  be adjusted to accomplish this. The 
temperature profi le wi l l  be measured using a platinum thermocouple 
sheathed in ceramic that wil l be inserted through the injection probe 
and moved axial ly through the reaction tube for a number of injection 
probe positions. 

. Particle Flow - In order to ensure that all particles undergo similar 
heatup rates and have the same residence time, al l  particles must 
flow down the centerline of the reaction tube. This wi l l  occur when 
the flow through the reaction tube is completely lanlinar. The 
primary and secondary gas flows wil l  be adjusted to accomplish this. 
The laser and detector from the optical instrumentation wi l l  be used 
to indicate when this occurs. When particles fa l l  through the 
optical volume, l ight from the laser is scattered and a signal is 
generated by the detector. Signals generated when the optical volume 
is adjusted to positions off of the reaction tube centerline wil l  
indicate that particles are not flowing properly. 

. Particle Feed - The char particles must be fed into the reactor at a 
constant rate to ensure proper operation of the optical 
instrumentation. Some adjustments can be made with the feeder tube 
size and vibrator frequency. Optical measurements, similar to those 
just described, wi l l  indicate the steadiness of the feed. 

Component 4 - Fundamental Sulfur Capture Experiments 

The work in this area was not emphasized during most of the reporting 
period. However~ a l i terature review was continued from the f i r s t  year of the 
study which is sumarized here. Gullett and Bruce (1987) conducted a series of 
tests at BO0°C. They showed that calcined CaCO 3 has a cylindrical pore 
structure, while Ca(OH)2 has a s l i t - l i ke  pore structure, which is important when 
modeling the sulfur capture reaction. Increased conversion of Ca(OH)2 from 
calcium oxide to calcium sulfate, evident only at times longer than 40 seconds 
in their experiments, is due to greater particle expansion of the hydrate. 
Sintering the sorbent at the test temperature decreased the surface area but had 
l i t t l e  effect on the porosity or the sorbent conversion. 

Simons et al. (1987) used a pore tree representation to model the sulfur 
capture reaction at various pressures. They showed that the rate constant has a 
f i r s t  order dependence on SO 2 partial pressure. Their study is only the second 
to use elevated total pressures, using 2 and 9.~ atmospheres for the sulfur 
capture experiments. The sorbents used were 4Z-7~ micron diameter dolomite 
particles and 1-15 micron diameter limestone particles. The sulfation reaction 
rate decays faster with calcium uti l izat ion at low pressure than at high 
pressure. This suggests that greater calcium uti l :zat ion is possible at higher 
pressures. However, higher pressure during calcination yields a lower ia i t ia l  
surface area, which decreases the init ia' l rate of reaction. Simons also quoted 
a study by Beittel et al. (Ig84) that showed that sintering was insignificant 
when sorbent was injected for 1.3 seconds in a temperature f ie ld that ranged 
from 1478 K to 1225 K. 
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Other Activit ies 

One of the senior investigators met with Dr. Michael Slaughter of General 
Electric Corporate Research to discuss the interest of GE in the planned studies 
of sulfur capture with sorbents and char oxidation at high pressure. 

The research team made a semi-annual technical review presentation to the 
AFR management team at Brigham Young University during the reporting period. A 
member of the research team was invited to present the details of the HPCP 
reactor design to a regional American Society of Mechanical Engineers' student 
paper contest in Phoenix, Arizona. 

The research team organized a char preparation and analysis coordination 
meeting with other research groups at Brigham Young University who are doing 
related work under separate funding. T~chnical presentations were made at the 
meeting to exchange information concerning char preparation and measurement of 
char properties, and to in i t ia te an arrangement to share analytical equipment 
and expertise. 

Members of the research team met with Dr. Ian Smith and Dr. Brian White of 
CSIRO in Sydney, Australia, who were visitors to the BYU Combustion Laboratory, 
to discuss char preparation and oxidation. A technical review meeting was also 
held at BYU with Dr. Michael Serio of AFR during which char oxidation and 
advanced measurement techniques were discussed. 

P1 an s 

When the construction and testing of the HPCP reactor are completed, chars 
from the five standard coals wil l  be prepared in the HPCP reactor. 1o establish 
a reference operating condition, data from atmospheric pressure runs in the HPCP 
reactor wil l  be compared with those obtained by other researchers using similar 
conditions. Potential sources are Wells (1985), Solomon (1982), Nsakala (1978), 
and Kobayasbi (1976). I f  a specific char compares favorably with the char from 
the same coal but prepared in the simple hot-tube reactor, then both reactors 
will be used for char preparation. This will permit more time for kinetic runs 
in the HPCP reactor. The elevated-pressure, simple hot-tube reactor will be 
used to provide additional char samples. These will be prepared in the 8 mm 
i.d. stainless steel tube. This reactor tube will also be f i t ted with ceramic 
tubes of varying diameter so that a ceramic tube surface can be used at elevated 
pressure but s t i l l  be contained by the stainless steel boundary. The kinetic 
runs wil l  be completed during the next year. 

During the next quarter, the instrumented reactor, with the exception of 
the optical pyrometry and particle imaging system, will be completed. The laser 
and detector wil l  be set up for use in characterizing the reactor performance, 
while the remainder of the optical system wii! be completed in the following 
quarter. Testing of the reactor- systems and reactor performance 
characterization wil l  be init iated in the next quarter and completed in the 
following quarter. 
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