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In the  SRC process, pulverized coal i s  mixed w i t h  an in te rna l ly  generated 
coal-deri,ved solvent. 
preheated t o  780-85OoF through a gas-fired preheater connected t o  a dissolver  
section f o r  fur ther  react ion.  T h e  coal is depolymerized by thermal cracking 
and reacts w i t h  hydrogen t o  produce lower molecular weight mater ia ls .  A t  the  
same time some of  the s u l f u r  contained in  the coal reac ts  w i t h  hydrogen t o  
produce gaseous HpS which is then removed by standard technology. 

In t h i s  paper  an axial  dispersion model f o r  two-phase flow is applied t o  
study the kinet ics  of hydrogenation, desulfur izat ion,  and coal conversion i n  the  
SRC process. I n  applying the model, the Peclet number f o r  the preheater section 
i s  assumed t o  be i n f i n i t e ,  while the Peclet number f o r  the dissolver  will usually 
be around unity. Physically t h i s  means t h a t  the  dissolver  will experience a 
s ignif icant  amount of axial  dispersion. In applying the  dispers ion model t o  the 
SRC process, one needs t o  know reaction kinet ics  r a t e  expressions f o r  the 
pertinent react ions.  Considerable research has been conducted concerning the 
kinet ics  of coal solvat ion and su l fur  removal. Wen and Han (1975) have 
determined ra te  constants u s i n g  coal 1 iquefaction and desulfur izat ion data 
gathered primarily from s tudies  by Pittsburgh and Midway Coal M i n i n g  Co., the  
University of Utah, and the Colorado School of Mines. These researchers were 
ab le  t o  f i t  data from t h e  above sources w i t h  an empirical expression f o r  the 
r a t e  of coal dissolut ion;  
desulfurization and the e f f e c t  of hydrogen par t ia l  pressure on coal dissolut ion 
and sulfur  removal was not firmly established. I t  i s  l i k e l y  t h a t  the d i f fe ren t  
types of reactors  and experimental procedures employed i n  t h e  three  laborator ies  
made the data correlat ion more d i f f i c u l t .  Very recent ly  r a t e  expressions 
describing the hydrogen t ransfer  during. the coal dissolut ion and hydrodesul- 
fur izat ion were determined by Pi t ts  (1976). By performing batch autoclave 
experiments w i t h  Kentucky No. 9/14 coal, hydrogen gas, and creosote  o i l  a s  
solvent, he was able  t o  develop kinet ic  models f o r  r a t e s  of hydrogen consumption, 
coal dissolution and hydrodesulfurization. His r e s u l t s  can be summarized a s  
follows: 

The resulting s lur ry  and hydrogen gas a r e  pumped and 

however, no kinet ic  expression was obtained for  

A. For hydrogenation: (Guin, e t  al., 1976) 
k ,-m/RT 

‘Hp = - HpL C ~ 2 ~  

where kH2L = 1.06 x 105/minute and AH = 21 Kcal/mole 
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B. For hydrodesulfurization: (Guin, e t  a l . ,  1977) 

d i f fe ren t  c lasses  of more spec i f ic  compounds were proposed t o  represent 
hydrodesul fur iza t ion  kinet ics ,  they are: 

Two para l le l  independent f i r s t  order reactions indicat ive of two 

( 2 )  

(3)  rs2 = -k s2L c SpL 
where ks L = 5.939 x 1011 e-40.78 Kcal/RT 

1 
ks2L = 1.664 x 103 e-18.99 Kcal/RT 

and the i n i t i a l  concentration of two su l fur  species a re  
cslo = 1.53 10-3 grams organic sulfur/cm3 

o = 6.51 10-3 grams organic su1fur/crn3 
s2 

C. For coal dissolut ion:  

molecular hydrogen. The model assumed there  a re  two d i f fe ren t ly  react ive 
fract ions of coal present i n  the reaction mixture. 
formulated to  give two independent react ions,  they are: 

Coal l iquefact ion was described by a model incorporating dissolved 

The r a t e  equations were 

2 

2 
rc l  = - ~ C ~ L C C ~ L C H ~ L  (4 )  

rc2 = -kc2LCc2LCH2L ( 5 )  
0 

with i n i t i a l  ra t ion  of the react ive coal species given by =0.771 and 
C 2 O  

kclL = 3.269 106 e-4.01 Kcal/RT ( 6 )  

(7 )  kc2L = 6.988 x 1010 e-21.4 Kcal/RT 

with these ava i lab le  r a t e  expressions, one can now formulate the design 
equations f o r  the SRC reactor .  These equations will be presented below. 

For the preheater sect ion:  

dCSlL + L (1-f') I 
- 9 kSIL CS,L = O 

dX G I  L 
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wi th  the cond i t ions  a t  X = 0: 

For the Dissolver sect ion:  

1 -x1 - 
Pe,g 

1 -x1 - 
Pe,L 

1 -xl - 
Pe,L 

3 
Pe,L 

l-X1 

1 -xl 

- 
Pe,L 

- 
Pe .C 

2 
C C ~ L  C n 2 ~  

= CCYL 

= CC*L 
0 

I1 
kc aL + 

H2L 
C 
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w i t h  the  cond i t ions  a t  X = XI: 

and the  cond i t ions  a t  X = 1, 

(27 a&) 

where X - designates the  pos i t i on  j u s t  i ns ide  the e x i t  o f  the preheater and 
X1+ i s  the pos i t i on  j u s t  i ns ide  the i n l e t  o f  d issolver.  

Numerical So lu t ion  Technique 

f o r  the preheater and t rans fe r  l i n e  sec t ion  o f  SRC reac tor  can be in tegra ted  
numerically from X = 0 t o  X = X Once 
these equations are  solved, we i hen  proceed t o  solve the se t  o f  second order 
d i f f e r e n t i a l  design equations (15)-(20) f o r  the d isso lver  sec t ion  o f  the SRC 
reactor.  
a 4 th  order Runge-Kutta procedure. 
order d i f f e r e n t i a l  equations have t o  be transformed i n t o  a system o f  f i r s t  
order d i f f e r e n t i a l  equations. 
d i f f e r e n t i a l  equations from X = X 1  t o  X = 1, i t  i s  necessary t o  spec i fy  as 
many addi t ional  boundary condi t ions a t  X = X i  as there are cond i t ions  t o  be 
s a t i s f i e $  a t  X = 1, we need s i x  add i t iona l  condi t ions a t  X = X , namely 
cH2g ( X I  1, cH2L (x1+), cC1L (X I+) ,  cC2L (x i+ ) ,  cS1L (X I+) ,  a n i  cS2L (XI+). 

The set o f  f i r s t  order o rd inary  d i f f e r e n t i a l  design equations (8)-(13) 

using a Runge-Kutta 4 th  order method. 

Equations (15)-(20) can a lso  be in tegra ted  f r o m  X = X 1  t o  X = 1 using 
I n  performing the i n teg ra t i on ,  these second 

In order t o  i n teg ra te  the system o f  f i r s t  order 
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These values have t o  be guessed i n i t i a l l y  and successively adjusted to  s a t i s f y  
boundary conditions a t  X = 1. 
t h i s  adjustment. 

In some cases when some of the parameters appearing i n  the governing 
d i f fe ren t ia l  equations (8-13) and (15-20) become very la rge ,  these d i f fe ren t ia l  
equations may suf fer  from a d i f f i c u l t y  known as s t i f f n e s s  when numerical solut ion 
of the equations i s  attempted. In such'cases, the c lass ica l  f o u r t h  order 
Runge-Kutta integrat ion technique may f a i l  t o  in tegra te  the system of s t i f f  
equations due to  numerical i n s t a b i l i t y .  However, i t  has  been found t h a t  Gear's 
method (1971 a ,b)  i s  very, powerful for  solving s t i f f  d i f f e r e n t i a l  equations, and 
therefore ,  i t s  use i s  recomended when the fourth order Runge-Kutta integration 
technique f a i  1 s. 

The Newton-Raphson method is used t o  make 

Results and Conclusions 
In th i s  sect ion,  data  from the Wilsonville SRC p i l o t  plant wil l  be compared 

with resul ts  predicted u s i n g  the model proposed in this paper. The operating 
conditions and reac tor  configuration a t  Wilsonville wil l  be employed in the 
calculation of the ex ten t  of coal dissolut ion,  hydrodesulfurization and hydrogen 
consumption based on the present proposed model. 

the simulation: 
The following operat ing conditions and reactor  configuration were used in 

Coal Type Kentucky 9/14 mixture 
Hydrogen Pressure 1700 psig 
Dissolver Temperature 8200 F 
S1 urry Concentration 2 5% 
Coal Feed Rate 5001 b. / h r .  
Gas Feed Rate 11.7 sc f / lb .  of coal 
Hydrogen Concentration 85% 
Dissolver Diameter 12 in.  
Preheater Diameter 1% in. 
Transfer l i n e  Diameter 1% in.  
Preheater Volume* 1.6 f t . 3  
Transfer 1 i n e  Volume 
Dissolver Volume 18.0 f t .  
Mean Reaction Temperature of 

1.5 f t .33  

700° F Preheater and Transfer l i n e  

* The actual coal conversion reaction i s  i n i t i a t e d  i n  the  preheater co i l .  
The temperature i n  this co i l  increases from 1000 F t o  800° F. Since the r a t e  
of conversion below 600° F i s  expected to  be low, the  reaction volume fo r  the 
preheater was a r b i t r a r i l y  defined as  the volume of t h a t  portion o f  t h e  coi l  i n  
which the temperature exceeds 600' F. 

Based on the above conditions the following data can be obtained from 
l i t e r a t u r e  cor re la t ing  equations, which were needed in order t o  solve the design 
equations: 

Preheater/Transfer Line ,. Oi ssol ver 
GL 21.3 cm/sec !!L 0.335 cmfsec 

1.80 cm/sec 
23 f t .  

0.97 
4.66 
0.06 

;:a 5.53 x 10-2/sec 

102.7 cmisec "9 
253 f t  z2 

1.18 x los b e  ,L 
4.83 x lo2 Npelg 

% 
21 
Npe,L 
NPe,g 
f g 
kCa 

0.44 
3.57 x lo - l / sec  
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Preheater/Transfer Line (cont.) Dissolver (cont.) 
Henry’s g/cc of H? i n  vapor Henry‘s g/c.c of  H 2  i n  vapor 
‘Onstant 
a t  700oF 2’8 g/cc of HZ i n  l iqu id  at  ‘Onstant 8200F 2‘5 g/c.c o f  Hp i n  l i q u i d  

Several cases were studied i n  t h i s  paper, and the parameters chosen f o r  these 
a r e  l i s t e d  i n  Table 1. 
Case A: simulates the  Wilsonville SRC p i l o t  plant. The y ie ld  of coal dissolut ion 
Predicted by the  present proposed mode1.is 92% which is i n  good agreement with 
t h a t  measured under s imi la r  conditions i n  the Wilsonville p i l o t  plant .  The actual 
yield in the p i l o t  plant  was a l so  around 92%. 
Cases B & C: 
two cases the mass t ransfer  coef f ic ien ts  were chosen as  1/10 and 1/50 o f  t h a t  o f  
Case A. The coal dissolut ion i s  reduced from 92% f o r  Case A t o  90.7% f o r  Case B 
and t o  85.5% f o r  Case C. The reason f o r  th i s  i s  obvious because f o r  the  lower 
mass t ransfer  coef f ic ien t ,  kca, the  dissolved hydrogen concentration i n  the 
solvent will a l s o  be lowered. Since the coal dissolut ion r a t e  depends on t h e  
second power of the dissolved hydrogen concentration as can be seen from eqs. 
( 4 )  and (51, the  reduction i n  coal dissolut ion i s  expected. 
reduction of the hydrogen mass t ransfer  coef f ic ien t  does n o t  e f f e c t  t h e  extent  
of hydrodesulfurization, because the  desulfur izat ion r a t e  does not depend on the 
dissolved hydrogen concentration (eqs. 2 and 3). 
Cases D & E: inves t iga te  t h e  e f f e c t  o f  Peclet number i n  the d isso lver  sect ion 
on the yield of coal dissolut ion,  hydrodesulfurization and hydrogen consumption. 
For a given reac tor  and given operating conditions, there  wil l  be a corresponding 
Peclet number. The higher the  value of  the Peclet number, the c loser  a plug flow 
condition will be approached; the lower the value of the  Peclet number, the 
closer  the well-mixed condition wi l l  be approached. 
the  intermediate range, say, 0.1 < N p e . <  20, then nei ther  of the  above mentioned 
idealized s i tua t ions  obtains. In th i s  intermediate region, the  ax ia l  dispersion 
model may be used. In general, the y ie ld  f o r  a reactor  with h i g h e r  Peclet 
number is higher than t h a t  w i t h  lower Peclet number. 
Cases D & E where both the  gas phase and l iquid phase Peclet number i n  the 
dissolver sect ion were chosen as 0.1, and the  mass t ransfer  coef f ic ien ts  were 
chosen respectively a s  equal t o  Cases A and C. The coal l iquefact ion y i e l d  f o r  
Case D i s  89.1%, which i s  about 2.9% lower than t h a t  f o r  Case A; f o r  Case E t h e  
coal dissolution i s  82%, which shows a 3.5% decrease compared t o  Case C. The 
Peclet numbers f o r  both Cases A & C a r e  N 
the  above comparisons, we see t h a t  the e f k k  of Peclet  numb& on coal dissolution 
becomes more s igni f icant  when the  mass t ransfer  coef f ic ien t  i s  low. 

show the hydrogen concentration prof i le  in the  vapor phase and l iqu id  phase, 
respectively, along the  reactor. 
prof i les  are  shown i n  Fig. 3,  and a l so  shown in  Fig. 4 i s  the  organic su?fur 
concentration, cs = The y ie lds  of coal l iquefact ion,  
hydrodesulfurization and hydrogen consumption r a t e  f o r  Cases A t o  E a r e  a l so  
tabulated in Table 2. 

coefficient was twice and ten times t h a t  of Case A were a l so  simulated. The 
resu l t s  showed t h a t  the  hydrogen consumption and coal dissolut ion were n o t  
s ignif icant ly  d i f f e r e n t  from Case A.  
pi lo t  plant i s  a l ready operating i n  a k ine t ica l ly  limited regime and tha t  mass 

inves t iga te  the  e f f e c t  o f  mass t ransfer  on the SRC process. In these 

However, the  

I f  the Peclet  number i s  i n  

This can be seen from 

= 0.97 and Npe = 4.66. From 

The detai led concentration prof i les  a r e  given i n  Figs. 1-4. Figs. 1 and 2 

The coal concentration, cc = + c~ L ,  

t C s 2 L ,  p rof i les .  

In addition t o  the above f i v e  cases, cases f o r  which the  mass t r a n s f e r  

T h i s  implies t h a t  the Wilsonville SRC 
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t ransfer  i s  not the r a t e  control l ing s tep .  
Figs. 1-4 because they were essent ia l ly  indis t inguishable  from Case A. 
r e s u l t  i s  reasonable, s ince  no external c a t a l y s t ,  o ther  than the natural ly  
occuring coal mineral mat ter ,  is present i n  the SRC reactor .  I t  i s  known, 
however, t h a t  coal minerals can and do catalyze both hydrogenation and desul- 
fur izat ion react ions i n  the SRC process (Henley, e t  a l ,  1976; Prather ,  et a l ,  
1976; G u i n ,  e t  a l ,  1977). Under operating conditions near those of Case A 
studied here, the organic  s u l f u r  removal and the  hydrogen consumption a t  the  
Wilsonville SRC p i l o t  p lan t  averaged around 50% and 2% based on. weight of maf 
coal feed, respect ively.  As observed from Table 2, the corresponding values 
from the model a r e  about 50% lower than those determined experimentally in the 
Wilsonville SRC p i l o t  p lan t  under apparently s imi la r  operating conditions. 
There are two reasonable explanations f o r  th i s  deviat ion.  First, i t  should be 
noted t h a t  i n  the present model the hydrogen consumption only includes the 
actual amount of hydrogen chemically reac t ing  i n  the  preheater and dissolver ,  
i . e . ,  no other  losses  such as  from f lash  systems, waste vents, imcomplete 
separations, leaks,  e t c . ,  a r e  included. 
i t  has  been observed t h a t  because of the  vejy low upward l iquid veloci ty ,  an 
accumulation of coal mineral matter occurs i n  the  Wilsonville SRC reactor. 
T h i s  would cause increased desulfur izat ion and hydrogenation because of the 
ca ta ly t ic  nature of these minerals. Recent lower hydrogen consumption with an 
i n i t i a l l y  clean reac tor  a t  Wilsonville tends t o  ver i fy  t h i s  l a t t e r  resu l t .  
Also i t  has recent ly  been shown (Guin, e t  a l ,  1977). t h a t  the  addition of i r o n  
compounds, predominant i n  coal minerals, can increase the  extent of organic 
sulfur removal by around 100%. Final ly ,  i t  should be noted t h a t  the  kinet ics  
r a t e  expressionsusedherein a r e  s t r i c t l y  val id  only f o r  the Kentucky 9/14 coal 
with a creosote o i l  solvent .  For other  coals  and solvents ,  d i f fe ren t  r a t e  
expressions would be required f o r  the most accurate  resu l t s .  

CONCLUSIONS 
I. The mixing and flow pat tern of the multi-phase reactor  is taken into account 

through the axial  dispers ion t.erm, w h i c h  has not been previously uti1 ized 
f o r  the SRC reactor  modeling, 

2. The mass t r a n s f e r  of  hydrogen from the gas phase i n t o  the l iqu id  phase is  
a l s o  accounted for i n  the  model, the  e f f e c t  of hydrogen mass t ransfer  r a t e  
on the hydrogen consumption and coal d i sso lu t ion  r a t e  can be eas i ly  simulated; 
and the influence and ex ten t  of mass t r a n s f e r  control can be assessed. In 
par t icular ,  the Wilsonville SRC reactor  is found t o  operate i n  a k ine t ica l ly ,  
ra ther  than a mass t r a n s f e r  limited regime. 

from l i t e r a t u r e  cor re la t ion ;  these parameters have def in i te  physical 
meanings based upon t h e  flow conditions, therefore ,  by changing the r e l a t i v e  
magnitude of  each parameter, the general trend of the ef fec t  of each operating 
variable on the SRC process can be assessed,  thus providing a be t te r  engineering 
design basis  f o r  simulation and optimization of  the SRC process. 

4. The hydrogen consumption and organic s u l f u r  removal a t  the Wilsonville SRC 
p i l o t  plant  are higher than predicted by the present model, which uses kinet ics  
r a t e  expressions from laboratory experiments. T h i s  i s  probably due t o  the  
accumulation of  c a t a l y t i c  coal minerals i n  the  Wilsonville reac tor ,  giving 
higher r a t e  constants .  

These two cases were not plot ted on 
This 

Se ondly and perhaps more importantly, 

3.  A l l  of the  parameters a r i s i n g  i n  t h e  model a r e  obtainable independently 
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5 a s  p!,ase a x f a l  d i s p c r s f o n  c o e f f i c t c n t  
l i q u i d  p h a s e  r r l a l  d i s p e r s i o n  coefficient 
t w o  phase s l i p  \ e l o c i t y  
bubble  phase  v e l o c i t y .  mlsec  
l i q u i d  p h a s e  velocity, d s e c  
bubble  j:%se su>i.r: icial  v c l c c i t y ,  n./sec 
l j q u i d  p!#?se s u 2 s r f i c i a l  v e l o c i t y  
g a s  holdup 
s p e c i f i c  g z s - l i o g i d  i n t e r i a c i a l  a r e a  

Pe. 9 = . ‘ 5  (L-z;) ’ 

Pe.L = v L ( L - z l )  

, c a s  phase P e c l e t  n d u e r  i n  t h e  d i s s o l v e r  s e c t i o n  

, l i q u i d  phsse P e c i e t  nu-ber i n  t h e  d i s s o l v e r  s e c t i o n  

03 

____ 
m 

l e n g t h  o f  pre!teater p l u s  t r i c s f e r . l i n e  s e c t i o n  
1tnp:h o f  d i s s o l v e r  
d i c e n s i o n l e s s  a x i a l  l e n g t h  of  p r e h e a t e r  p l u s  t r a n s i e r  l i n e  zl/L 
di ,a ;ens ionless  a x i a l  coordir.a:e. z/L 

21 

K- l i o u i d  c h s e  r ’ s s  t r t n s f e r  d 2 t i f i c l e n t  . .  
r;a volu:.r:ric l i c u i d  pkase ~ s s  t r a n s f e r  c c i e i i i c i t n t  
z coordir.a:e i n  :h? a x i a l  d i r r c t i o n  

Hhnry‘s  1 z x  c x s t c n t  o f  hydrogen i n  c r e o s o t e  o i l  
f e e d  conct.ntr?:ion of coei;l jntnt  i i n  phase J HO 

t o t a l  i e n o t h  of  r F a c t o r ,  L = 2 + 2 Llj 
= c .  . / (ZIPr)  d i n i n s i c n l e s s  conten:r%tion f o r  i:h co:?onent i n  t h e  

C .  

C.. 

C . .  c o n c e n t r a t i o n  o f  cozponent  i i n  t h e  j p k s e  
C;J r e f e r e n c e  cordcei.:ration 

’J J’JrC2SB. 

S u p e r s c r i p t :  
0 d e n o t e s  i n i t i a l  c o n d i t i o n  
I i n  ;he p r e h f a t e r  s e c t i o n  
I 1  i n  t h e  disso:\’?r s e c t i o n  
k = 0 f o r  52s p:,sse; = 1 f o r  l i q u i d  phase 

S u k c r i p g  
9 g a s  phase  
L l i q u i d  phase 
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CONTINUOUS LIQUEFACTION O F  LIGNITE I N  A 
PROCESS DEVELOPhlENT UNIT 

D o n a l d  E .  S e v e r s o n ,  A .  Max S o u b y  a n d  Gene  G .  B a k e r  

C h e m i c a l  E n g i n e e r i n g  D e p a r t m e n t ,  U n i v e r s i t y  o f  N o r t h  D a k o t a  
G r a n d  F o r k s ,  N o r t h  D a k o t a  5 8 2 0 2  

INTRODUCTION 

T h e  d e c l i n e  i n  d o m e s t i c  p r o d u c t i o n  a n d  r e s e r v e s  of p e t r o l e u m  
a n d  n a t u r a l  g a s  h a s  h i g h l i g h t e d  t h e  n e c e s s i t y  of s u p p l e m e n t a l  
s o u r c e s .  P r e s e n t l y  n e a r l y  50 p e r c e n t  of o u r  p e t r o l e u m  r e c i u i r e i n e n t s  
are  i m p o r t e d ,  a s i t u a t i o n  w h i c h  is e c o n o m i c a l l y  a n d  p o l i t i c a l l y  
d a n g e r o u s .  A major s o u r c e  of r e p l a c e m e n t  e n e r g y  is o u r  a b u n d a n t  
coal r e s e r v e s .  Direct u t i l i z a t i o n  o f  most coa l s  is e n v i r o n m e n t a l l y  
u n a c c e p t a b l e ,  a n d  i n  many a p p l i c a t i o n s  t h e  s o l i d  f o r m  is n o t  
s u i t a b l e  f o r  u s e  a n d  l i q u i d  o r  g a s e o u s  p h a s e s  a re  r e q u i r e d .  

C o n v e r s i o n  o f  coal t o  l i q u i d  o r  g a s e o u s  f u e l s  c a n  be 
a c c o m p l i s h e d  b y  h y d r o g e n a t i o n  t o  i n c r e a s e  t h e  H t o  C r a t i o .  
Direct l i q u e f a c t i o n  from coal w i t h o u t  g a s i f i c a t i o n  a n d  s y n t h e s i s  
s t e p s  al lows r e d u c e d  h y d r o g e n  r e q u i r e m e n t s ,  f e w e r  p r o c e s s  s t e p s ,  
a n d  c o n s e q u e n t l y ,  lower costs . . l  Ash a n d  s u l f u r  c o n t e n t s  c a n  be 
r e d u c e d  a n d  h e a t i n g  v a l u e  p e r  u n i t  w e i g h t  i n c r e a s e d .  A l o w  
p o l l u t i n g  s o l v e n t  r e f i n e d  coal o r  s y n t h e t i c  f u e l  o i l  c o u l d  b e  
u s e d  i n  s t a t i o n a r y  power  g e n e r a t i n g  f a c i l i t i e s .  L i q u i d  f u e l s  
s u i t a b l e  f o r  u s e  i n  m o b i l e  t r a n s p o r t a t i o n  c a n  b e  p r o d u c e d  b y  
a d d i t i o n e l  h y d r o g e n a t i o n .  

Many h y d r o g e n a t i o n - l i q u e f a c t i o n  p r o c e s s e s  h a v e  b e e n  p r o p o s e d  
f o r  c o a l .  Most s u p p o r t e d  r e s e a r c h  o n  l i q u e f a c t i o n  h a s  h e e n  
d i r e c t e d  t o w a r d  h i g h  r a n k  coal a n d  h a s  b e e n  s u m m a r i z e d  b y  
Friedma.11 e t  a l l .  
o f  low r a n k  coa ls  i s  t h e  u s e  o f  c a r b o n  m o n o x i d e  i n  t h e  p r e s e n c e  
of a h y d r o g e n  d o n o r  s o l v e n t . 2  
low r a n k  coal is more e f f e c t i v e  t h a n  a d d e d  m o i s t u r e .  S y n t h e s i s  
g a s  ( H 2  a n d  CO) a l s o  g i v e s  h i g h  c o n v e r s i o n  a n d  is less e x p e n s i v e  
t h a n  e i t h e r  p u r e  c a r b o n  m o n o x i d e  o r  h y d r o g e n .  A l t h o u g h  n a t u r a l l y  
o c c u r r i n g  a s h  c o n s t i t u e n t s  i n  t h e  l i g n i t e  are known water g a s  
s h i f t  r e a c t i o n  c a t a l y s t s ,  t h e  c o n t r i b u t i o n  o f  c a r b o n  m o n o x i d e  
seems t o  be more c o m p l e x  t h a n  t h i s  a n d  i s  a s h  ~ a t a l y z e d . ~  
m o n o x i d e  a p p e a r s  t o  b e  e f f e c t i v e  b e c a u s e  of r e m o v a l  of a s o u r c e  
of cross l i n k a g e  r a t h e r  t h a n  b y  b o n d  c l e a v a g e .  

A m o d i f i c a t i o n  a p p r o p r i a t e  f o r  h y d r o g e n a t i o n  

N a t u r a l  m o i s t u r e  c o n t e n t  i n  t h e  

C a r b o n  

I n i t i a l  \vorIc on l i q u e f a c t i o n  o f  l i g n i t e  a t  t . h e  U n i v e r s i t y  0 . f  
N o r t h  D a k o t a  w a s  b a t c h  a u t o c l a v e  t e s t s  u n d e r  s p o n s o r s h i p  o f  t h e  
B u r l i n g t o n  N o r t h e r n  R a i l r o a d .  A m a j o r  e x p a n s i o n  o c c u r r e d  i n  
1972 when a f i v e  y e a r ,  r e s e a r c h  c o n t r a c t  was s i g n e d  w i t h  t h e  
U.S.  O f f i c e  of C o a l  R e s e a r c h  (now t h e  E n e r g y  R e s e a r c h  a n d  D e v e l o p m e n t  
A d m i n i s t r a t i o n ) .  E x t e n s i o n  of t h e  c o n t r a c t  i s  b e i n g  n e g o t i a t e d .  
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