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1 Many of the proposed c o a l  g a s i f i c a t i o n  processes  opera te  a t  elevated pressure. 
these processes a l s o  opera te  a t  e leva ted  temperature, pyro lys i s  processes are 
important. 
pressure, p a r t i c u l a r l y  f o r  continuous f low systems or on how pressure a f f e c t s  the 
r e a c t i v i t y  of the  char  t o  subsequent gas i f ica t ion .  

Most of the e x i s t i n g  s t u d i e s  were done i n  batch, cap t ive  sample systems (1-3). 
example, the  work of Suuberg e t  al. (2 )  showed a s i g n i f i c a n t  e f f e c t  of pressure on a 
bituminous coa l  and a modest e f f e c t  f o r  a l i g n i t e  coal. 
pressure was a reduct ion i n  t a r  and increase  i n  char  y i e l d  a t  high pressure. However, 
one d i f f i c u l t y  with i n t e r p r e t i n g  t h e  r e s u l t s  from batch,  cap t ive  sample systems is t h e  
pressure and residence t i m e  of the v o l a t i l e s  a r e  not  var ied  independently. 
pressure i s  increased, t h e  residence t ime of v o l a t i l e s  increases  i n s i d e  the  p a r t i c l e  
as well  as  near the  h o t  zone of the  reactor .  

In batch, semi-flow carboniza t ion  experiments. the e f f e c t s  of ex terna l  pressure and 
ex terna l  residence t i m e  can be var ied independently. A review of the  l i t e r a t u r e  on 
semi-flow experiments by Dryden and Sparham (4) ind ica ted  t h a t  increases  i n  i n e r t  gas 
pressure a t  constant  v o l a t i l e  res idence t ime d i d  not  have a s i g n i f i c a n t  e f f e c t  on 
product yields. 
very long v o l a t i l e  res idence t imes (20  t o  100 8) .  Recent work by Schobert e t  al. ( 5 )  
examined the e f f e c t  of pressure on t a r  y i e l d  in  a semi-flow system ( a t  constant  
res idence t i m e s  of about 1 8 )  and a pressure dependence of the t a r  y ie ld  w a s  observed. 

Entrained flow r e a c t o r s  are w e l l  s u i t e d  t o  s t u d i e s  of pressure e f f e c t s  on pyrolysis  
and c lose ly  resemble r e a l  coa l  g a s i f i c a t i o n  systems. However, one must consider  the 
e f f e c t  of pressure on heat  t r a n s f e r  as  well. For example, Sundaram e t  al. (6) 
examined the e f f e c t  of the  pressure of var ious i n e r t  gases  (He, CO, N2 A,) on carbon 
conversion and found t h a t  y i e l d s  went through a maximum before declining. 
l i k e l y  t h a t ,  a t  the  s h o r t  res idence t imes of t h e i r  experiments (0.6 t o  1.9 s a t  
900°C). the  enhanced h e a t  t r a n s f e r  due t o  gas pressure was more benef ic ia l  than the 
detr imental  e f f e c t s  on mass t ransfer .  

This paper w i l l  p resent  pyro lys i s  data  f o r  product y i e l d s  f o r  four coa ls  from an 
entrained flow reac tor  operated a t  p ressures  up t o  300 psig. 
of pressure on char r e a c t i v i t y  vlll be discussed.  
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In addi t ion,  the e f f e c t  

A schematic of the high pressure r e a c t o r  (HPR) system i s  given i n  Fig. 1. 
cons is t s  of a high pressure  s h e l l  (capable of conta in ing  pressures  up t o  600 psig), a 
thick layer  of i n s u l a t i o n  and a high temperature  reg ion  heated by Kanthal Super 33 
e l e c t r i c a l  heat ing elements. The high temperature sec t ion  (capable of temperatures up 
t o  165OOC) contains  an alumina bed heat  exchanger and a t e s t  sect ion.  The ambient gas  
en ters  the  furnace through the heat  exchanger t o  br ing i t  up t o  furnace temperature 
and then turns  downward i n t o  t h e  t e s t  sect ion.  Coal i s  in jec ted  a t  a f ixed point a t  
the top of the test s e c t i o n  using a water  cooled in jec tor .  It mixes wi th  the  ambient 
gas and, a f t e r  a fixed dis tance,  e n t e r s  a water-cooled col lector .  The reac tor  design 
is s i m i l a r  t o  a previously descr ibed atmosphere pressure entrained flow reac tor  (EFR) 
(7). The major d i f fe rences  a r e  the smaller diameter  test sec t ion  i n  t h e  HPR (1.27 cm 
vs 5.08 cm)  and the absence of an o p t i c a l  port. 

The furnace 
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Afteq the co l lec tor .  the reac t ion  products e n t e r  a cyclone t o  separa te  char ,  followed 
by a Balston f i l t e r  to  remove tar and soot. An e l e c t r o s t a t i c  p r e c i p i t a t o r  was t e s t e d  
f o r  use a f t e r  the  cyclone but d id  not  work as w e l l  a s  the  f i l t e r .  
reduced i n  pressure and c o l l e c t e d  i n  a holding tank. The sample tank i s  a s t e e l  tank 
with glass- l ined walls which i s  used t o  c o l l e c t  t h e =  gaseous e f f l u e n t  from the  
reac tor  system during a t y p i c a l  run. It i s  i n i t i a l l y  evacuated and, during a run, t h e  
pressure gradual ly  increases  as i t  f i l l s .  After  an experiment, a sample i s  taken from 
the tank and analyzed i n  an FT-IR cel l  and a GC. 
each spec ies  t o  be determined and t h e  t o t a l  y i e l d  of each product i s  ca lcu la ted  from a 
knowledge of the  tank volume and pressure. 
many gas spec ies  observed i n  coa l  pyro lys i s  including CO, C02, H20, cH4. C2H2. C2H4, 
C2H6, C3H6, HCN, NH3, COS, CS2. S02. and heavy p a r a f f i n s  and olef ins .  Addit ional  
charac te r iza t ion  is performed by gas  chromatograph t o  determine hydrogen, H2S, 02,  Nl, 
C3H8. Ch's ,  and Cs's. 
95%. 

Routine monitoring of th ree  temperatures  ( top  of hea t ing  elements, bottom of hea t ing  
elements, and top  of preheated bed) i s  done wi th  permanently mounted thermocouples. 
Platinum a l l o y  thermocouples a r e  used t o  meet t h e  high temperature  requirements  and t o  
allow the use of oxidizing atmospheres. 
using welding power suppl ies  wi th  continuously v a r i a b l e  vol tage  adjustment. 
vol tage i s  adjusted t o  maintain t h e  re ference  temperatures  (above) cons tan t  during a 
run. These reference temperatures a r e  c a l i b r a t e d  aga ins t  t h e  furnace w a l l  and gas 
temperatures by a set of p r o f i l i n g  experiments. 
in jec tor -co l lec tor  separat ion a r e  inputs  i n t o  the par t ic le- temperature  model which 
a l lows  descr ip t ion  of the  coa l  p a r t i c l e  time-temperature his tory.  

The coa l  feeder  cons is t s  of a tube which passes  up through a bed of coal ,  wi th  feeder  
gas suppl ied above the bed. To feed coal. t h e  gas  i s  turned on and the  feed tube i s  
slowly lowered from a pos i t ion  where the entrance i s  above the bed. When the  entrance 
of t h e  tube reaches the  bed l e v e l ,  t h e  coa l  is ent ra ined  i n  the gas en ter ing  t h e  feed 
tube. The r a t e  of feed is cont ro l led  by the  r a t e  a t  which the tube is  lowered. The 
t o t a l  weight of coal  fed during a run is determined by weighing the feeder  system 
before and a f t e r  the run. 

A t  t h e  end of a run, the  water-cooled c o l l e c t o r  is removed and any t a r  or char which 
s t i c k s  t o  the  c o l l e c t o r  i s  r insed  out wi th  solvent  and weighed. Most of the  char  i s  
col lec ted  i n  the  cyclone. Fine s o l i d s  (e.g.. soot and coa l  f i n e s )  and condensed tar 
vapor which pass through the  cyclone a r e  co l lec ted  i n  a f i l t e r .  The f i l t e r  and o ther  
p a r t s  of the co l lec t ion  system are ext rac ted  wi th  so lvent  (methylene chlor ide) ,  which 
is  subsequently evaporated t o  determine the  t a r  yield. 

RESULTS AND DISCUSSION 

The gas  s t ream i s  
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This  a l lows t h e  concent ra t ion  of 

The FT-IR can q u a n t i t a t i v e l y  determine 
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The o v e r a l l  m a t e r i a l  balance i s  genera l ly  b e t t e r  than 90 t o  

Power i s  suppl ied t o  the  hea t ing  elements  by 
The 

The furnace w a l l  temperature  and t h e  

The high pressure reac tor  (HF'R) descr ibed above was used t o  determine the  e f f e c t s  of 
pressure on pyrolysis  behavior f o r  four  coals. 
s i m i l a r  temperatures and residence t imes a s  a r e  employed i n  our  atmospheric pressure 
reac tor  (EFR). To keep the  gas requirements reasonable, a 1.27 cm I.D. tube v a s  
employed f o r  t h e  t e s t  section. 
t e s t  sect ion,  so the  coa ls  t e s t e d  were l i m i t e d  t o  subbituminous coa ls  o r  l i g n i t e s .  
The four  coa ls  tes ted  were Montana Rosebud subbituminous, C i l l e t t e  subbituminous, 
Jacob's Ranch subbituminous, and Zap (North Dakota) l i g n i t e .  The coa l  analyses  a r e  
presented i n  Table 1. 
t i m e  and 300 ps ig  a r e  given i n  Figs. 2-5 f o r  these  coals ,  respect ively.  

The most extensive amount of da ta  was taken wi th  t h e  Montana Rosebud subbituminous due 
t o  a complementary program at  AFR and Morgantovn Energy Technology Center (METC) using 
t h i s  coal. The e f f e c t s  of pressure on product y i e l d s  are observed t o  be modest i n  a l l  
cases. In general, wi th  increas ing  pressure ( a t  constant  res idence time and 

The r e a c t o r  was designed t o  provide 

It vas  found t h a t  swel l ing  coa ls  tended to  plug t h e  

The pyro lys i s  y i e l d s  f o r  experiments a t  800°C, 0.47 s residence 
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temperature) t h e r e  i s  a s l i g h t  reduct ion i n  t a r ,  o l e f i n ,  and ethylene y i e l d s  and 
increase i n  benzene, e thane and CH4 yields. 
t h e  coal, as does t h e  benzene y i e l d  trend. 
benzene y i e l d  a t  in te rmedia te  pressures. 

Data was obtained f o r  the  Zap, Jacob 's  Ranch, and Gi l l e t t e  coa ls  a t  685°C f o r  the same 
residence time and range of pressures  (not  shown). The t rends  f o r  ta r .  o le f ins ,  C2H4, 
and C 2 ~ 6  were similar, but  the  CH4 and benzene y ie lds  decl ined wi th  pressure. 
complex v a r i a t i o n s  of v o l a t i l e  y i e l d s  w i t h  temperature and pressure would be expected 
s i n c e  both i n  t h e  i n t e r n a l  secondary chemistry of the  c o a l  and the ex terna l  gas phase 
chemistry there  are temperature  and pressure-dependent source8 and s inks f o r  t h e  
var ious  species .  For example, Suuberg e t  al. (2) have shown t h a t  methane y ie lds  
increase  w i t h  Increas ing  ex terna l  gas  pressure i n  batch, cap ture  sample experiments. 
This  was a t t r i b u t e d  to evolu t ion  of CH4 during secondary repolymerizat ion of tar t o  
form char. Arendt and van Heek (8) observed similar r e s u l t s  f o r  CH4 y i e l d s  i n  both 
batch and semi-flow reac tors .  
pressure have a l s o  been a t t r i b u t e d  t o  t h e  auto-hydrogenation phenomenon, where 
hydrogen evolved from the  c o a l  back reacts t o  form CH4 (9). 
suggested t h a t  t h i s  r e a c t i o n  i s  more a f f e c t e d  by residence t i m e  than ex terna l  gas 
pressure f o r  high and low rank coa ls  (10). 

There i s  a l s o  experimental  evidence which suggests  a d e c l i n e  i n  CHh y i e l d  would occur 
wi th  increasing pressure. Methane decomposition is catalyzed i n  t h e  presence of coa l  
char  (11.12). This  has  been a t t r i b u t e d  both t o  sur face  a r e a  and c a t a l y s i s  effects .  
A t  h igh pressure,  t h e  enhanced residence t i m e  of CH4 i n  t h e  pores would increase 
decomposition. 
involve t h e  following pressure  dependent i n i t i a t i o n  react ion:  

The t rend  f o r  paraf f in  y i e l d  v a r i e s  wi th  
The subbituminous coa ls  show a minimum 

The 

Higher y i e l d s  of methane under increased ex terna l  g a s  

A recent  paper has 

I n  addi t ion ,  t h e  gas  phase decomposition of CH4 i s  believed t o  

CH4 + M - CH3 + M + H (1) 

This  reac t ion  would a l s o  be favored a t  high where M i s  any o t h e r  molecule (13). 
pressures. 
r e l a t i v e l y  unreac t ive  molecules as  CH4, making a p r i o r i  p red ic t ion  of pressure t rends  
f o r  v o l a t i l e  y i e l d s  over a wide range of temperature  d i f f i c u l t .  

In ent ra ined  f low systems,  one must a l s o  contend wi th  the  e f f e c t s  of gas pressure on 
h e a t  t ransfer .  I n  our system, increas ing  t h e  pressure a l s o  a f f e c t s  the  shape of t h e  
temperature  p r o f i l e  and, consequently, the  length of t h e  i so thermal  zone. I n  order  to  
achieve t h e  same nominal res idence t i m e  i t  was necessary t o  reduce the gas  flow rate 
a t  higher  pressures. For t h i s  reason, an assessment of pressure e f f e c t s  f o r  data  from 
t h e  reac tor  r e q u i r e s  cons idera t ion  of t h e  e f f e c t  of  pressure on t h e  p a r t i c l e  time- 
temperature  h i s t o r y  due to: 1) changes i n  t h e  experimental  condi t ions,  2) changes i n  
t h e  physical  p r o p e r t i e s  of t h e  en t ra in ing  gas with pressure. To do t h i s ,  an entrained 
f low reac tor  model was developed which i s  a modif icat ion of one developed recent ly  f o r  
our atmospheric pressure  r e a c t o r  (EFR) (14.15). The la t ter  model waa va l ida ted  by 
comparison t o  a c t u a l  temperature  measurements. 
poss ib le  because of t h e  lack  of  an o p t i c a l  por t  i n  the  reactor .  
va l ida ted  by f i t t i n g  CH4 y i e l d s  from low pressure HPR d a t a  (26 psig)  where i t  was 
assumed t h a t  t h e  v a l i d a t e d  k i n e t i c s  from the  EFR would s t i l l  hold. 

A f t e r  the  modified p a r t i c l e  temperature model was developed and va l ida ted ,  the  r e s u l t s  
of t h e  HPR experiments  were simulated. These s imula t ions  a r e  shown a s  s o l i d  l i n e s  i n  
Figs. 2-5. 
t i m e t e m p e r a t u r e  h i s t o r y  (and not on t h e  pyro lys i s  chemistry) ind ica te  t h a t  there  a r e  
real Pressure e f f e c t s  superimposed on a s l i g h t  v a r i a t i o n  in the  time-temperature 
his tory.  The t rends  of  t h e  model pred ic t ions  should be compared t o  the  d a t a  trends i n  
Figs-  2-5 t o  d i s c e r n  a pressure  e f f e c t  r a t h e r  than the absolu te  values. This i s  
because t h e  pyro lys i s  model does not  match a l l  of the atmospheric pressure data  (e.&, 
C2H4 y ie lds)  due t o  an incomplete descr ip t ion  of gas phase cracking. 

Consequently, numerous processes can opera te  on even such simple and 

For t h e  HPR, d i r e c t  va l ida t ion  is not 
Ins tead  the  model was 

These t rends ,  which account only f o r  t h e  e f f e c t s  of pressure on p a r t i c l e  
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High Pressure  Experiments i n  a Eeated Tnbe Reactor - A set of experiments  was done a t  
800°C with Montana Rosebud coal  i n  an e l e c t r i c a l l y  heated tube reac tor  a t  1 atm and 5 
a t m  pressure. The r e s u l t s  f o r  char ,  tar, and gas  y i e l d s  a r e  shown i n  Fig. 6 f o r  the 
two s e t s  of experiments, which were done a t  t h e  same volumetr ic  f low rate .  The t o t a l  
p a r t i c l e  res idence time a t  200 c m  d i s tance  is about 200 ms. 

I n i t i a l l y ,  product y i e l d s  a r e  reduced when compared t o  t h e  one atmosphere case. This 
i s  a r e s u l t  of the  f a c t  t h a t  t h e  higher gas  d e n s i t y  causes  a g r e a t e r  hea t  load on t h e  
tube and hence increases  t h e  d is tance  required t o  hea t  t h e  gas p lus  coa l  mixture  to  
the  equi l ibr ium temperature. 
t h e  60 ps ig  case. 
would reveal  a higher tar yield. 
both s e t s  of experiments. 
advantage of the  HTR r e l a t i v e  to the HPR is  t h a t  the good t i m e  r e s o l u t i o n  allows the  
maximum tar y ie lds  t o  be b e t t e r  defined. 

Comparison of  Tar Yield Data from Three Beactors  - I n  Table 11, tar y ie ld  d a t a  a r e  
l i s t e d  f o r  a l l  t h r e e  en t ra ined  f low r e a c t o r s  used a t  APR I n  each case, t h e  f i n a l  
p a r t i c l e  temperature was about 800°C. The residence t i m e s  were lower f o r  the HTR 
experiments but ,  due t o  t h e  higher  heat ing r a t e ,  the time a t  f i n a l  temperature w a s  
near ly  the  same i n  each case ('"0.2 8 )  according t o  our ca lcu la t ions .  The lower 
pressure ( 4 5  atm) r e s u l t s  agree wel l  between reactors .  
lower temperature HPR d a t a  i n  Table 11, and the  s h o r t e r  res idence t i m e  HTR data  i n  
Fig. 6, t h a t  some t a r  cracking occurred even under these  r e l a t i v e l y  mild conditions. 
The reduct ions i n  tar y i e l d  due t o  cracking of about 35% agree w e l l  wi th  previous da ta  
on P i t t sburgh  Seam bituminous c o a l  t a r s  cracked separa te ly  (16). 
25% reduct ion i n  t a r  y ie ld  over a pressure range of 3 t o  1 3  atm i s  in good agreement 
wi th  the  general ized p l o t  developed by Suuberg (17). 

Char React iv i ty  Measurements - Some r e a c t i v i t y  measurements of the  chars  produced from 
t h e  KPR experiments were made us ing  a newly developed non-isothermal technique (18). 
The chars  are heated a t  a constant  rate (30%/min) i n  a TGA i n  a i r .  
index is defined based on a c r i t i c a l  temperature  t o  achieve a measurable weight loss 
r a t e ,  which is inverse ly  r e l a t e d  t o  reac t iv i ty .  
chars  i n  Table 111. 
increas ing  pressure. 
increased s e v e r i t y  of the higher  pressure experiments. 
required on the k i n e t i c s  of thermal deac t iva t ion  i n  order  t o  be more conclusive. 

It i s  i n t e r e s t i n g  t h a t  t h e  maximum tar y i e l d  i s  lower i n  
However, i t  i s  possible  t h a t  an experiment i n  between 50 and 100 c m  

The asymptot ic  y i e l d  of about 10% is s i m i l a r  f o r  
It a l s o  agrees  wi th  the  26 ps ig  data  from t h e  HPR The 

It is also apparent  from t h e  

The approximately 

A r e a c t i v i t y  

These d a t a  a r e  given f o r  the HPR 
There does appear t o  be a s l i g h t  decrease i n  char  r e a c t i v i t y  with 

However, a port ion of t h i s  could be a t t r i b u t e d  t o  t h e  s l i g h t l y  
Addit ional  da ta  w i l l  be 

CONCLUSIONS 

Pyrolys is  experiments i n  a high pressure en t ra ined  flow r e a c t o r  wi th  t h r e e  
subbituminous and one l i g n i t e  c o a l  revealed an e f f e c t  of pressure on product y ie lds ,  
even a f t e r  a l lowing f o r  changes i n  heat  t ransfer .  
y i e l d s  were most a f fec ted .  

1. 

The t a r  and l i g h t  hydrocarbon 

2. The r e l a t i v e  reduct ion i n  tar  y i e l d  a s  t h e  pressure  w a s  increased from 3 t o  13 
arm w a s  about 25%. i n  agreement with l i t e r a t u r e  data .  

3. The maximum tar y ie ld  was not  observed i n  the  817OC, 0.5 s experiments ,  even a t  
low pressure,  due t o  t a r  cracking. 

4. There was a small but cons is ten t  reduct ion of char  r e a c t i v i t y  with increased 
pressure. 
high pressure experiments. 

Some of t h i s  e f f e c t  may be due t o  the  s l i g h t l y  increased s e v e r i t y  of t h e  
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zap, North pa~ota 

Carbon 

Hydrogen 

Nitrogen 

s u l f u r  
(Organic) 

Oxygen 
(Diff a )  

Ash , (Dry Wt%) 

Ligni te  

66.5 

4.8 

1.1 

1.1 

26.5 

7.1 

TABLE I 

SdWLE PBoPKBTlBs 

UT% DAF 

G i l l e t  te MntarUI Rosebud 
Subbituminous S u b b i t d w u a  

72.0 72.1 

4.7 4.9 

1.2 1.2 

0.5 1.2 

21.6 20.3 

5.0 10.0 

TABLE 11 

OBSERVED TAR YIKLDS (DAF) PBOll VARIOUS R.EA~x'oIs 
AT 800°C, 0.1-0.5 S RESIDENCE TIlIg 

Jacob's Baneh 
S u b b i t d w u S  

74.3 

5.2 

1.1 

0.6 

18.8 

7.8 

Coal: Zap Ligni te  G i l l e t t e  Montana Jacob's 
Rosebud Ranch 

Reactor Pressure Time 
( a t 4  ( 8 )  

HTR 1.0 0.2 10.3 10.0 
HTR 5.0 0.2 10.0 
EFR 1.0 0.4 10.0* 
HPR 2.6 0.5 6.0 ( 8 . 0 )  9.4 (13.6) 9.2 7.6 (11.0) 
BPR 13.0 0.5 4.5 (7.5) 7.8 (11.5) 6.0 6.5 ( 9.5) 

NOTES: Values in parentheses  a r e  f o r  658°C experiments  a t  t h e  same residence time and 
pressure. 

* Tar plus missing. 

HTR = Heated Tube Reactor 
EFR Entrained Flow Reactor 
HPR = High Pressure Reactor 
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Coal: Zap Lignite Gillette Montana Rosebud Jacob's Ranch i 

i 
Pressure (atm) 

2.6 365 368 403 370 
7.8 366 378 415 370 

13.1 378 381 419 376 
21.4 --- 429 -- -- 

Figure I .  Schematic of High Pressure Entrained F l o w  Reactor System. 

216 



0 PRRFIN 
x OLEFIN 
0 cm 

C 

0 C2H6 
X czm e 

0 

0 GRSDRY 
x TAR b 

0 

0 CZH2 
x C6H6 

d 

f 0 H20 

+ c02 
x co 

Figure 2 .  Pyrolysis  Product Distribution for Montana Rosebud Subbituminous Coal 
as a Function of Pressure. Temperature = 817OC. Residence Time = 0.47 s e c .  
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Figure 3 .  
Function of Pressure. 

Pyro lys i s  Product Di s tr ibut ion  f o r  G i l l e t t e  Subbituminous Coal a s  a 
Temperature = 817°C.Residence Time = 0.47 sec .  
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Figure 4. 
Function of Pressure. 

Pyrolysis  Product Distribution for Jacob’s Ranch Subbituminous Coal as a 
Temperature = 817’C, Residence Time = 0.47 s e c .  

219 



0 CWR 
Q - 

0 

5 9  
K W  a. 
9 

e 

-C2H4 

x x x  

? 
51 0 GRSORY x TRR b 

0 
0 

0 

Dry Gas 

Tar 

9 
N 

9 

E 

9 
5 9  
I 

Y 
9 

C2H2 

0 mo 
x co 
+ c02 

L*H20 

+ 

co 

f 

Figure 5 .  
Function of Pressure. 

Pyrolys is  Product Dis tr ibut ion for Zap. North Dakota Ligni te  a s  a 
Temperature = 817OC. Residence T i m e  = 0.47 sec. 
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Figure 6 .  Comparison of Pyrolys is  Data from One Atmosphere Pressure 
( s o l i d  symbols) and 5 atm pressure (open symbols) Experiments i n  the 
Heated Tube Reactor with Montana Rosebud Coal (200 x 270 mesh). The 
Equilibrium Tube Temperature was 80OOc. 
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