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Abstract:
Eastern Montana and the adjacent states are a vast source of untapped hydrocarbon fuel reserves in the
form of coal. The area contains nearly 700 million tons of coal reserves that could provide 300 years of
liquid fuels to the United States if converted.

Present conversion methods being investigated by the Office of Coal Research are tending to aim at
only moderate conversions, around 60 percent, and would not be suitable in the Montana economic
environment unless a use for the char was found other than as a boiler fuel for electrical production.
The process described in this paper leads to a conversion from 75 to 95 percent of the coal and would
not require use of the char as a' boiler fuel for electrical production.

The equipment used in this study is based around a high pressure autoclave operated in batch fashion.
Supporting equipment allows the autoclave to be charged while it is at operating temperature and also
discharged at operating conditions. The gas stream is sampled to determine hydrocarbon gas
percentages, the liquid stream is vacuum distilled into a fraction boiling below 325°C and a heavy
liquid that is reused as a recycle oil, and the sludge is separated by benzene extraction to determine the
amount of coal unconverted.

Data obtained from 94 runs were used to obtain correlations of the various yields with operating
conditions. A suitable correlation using the main effects, the second order interactions, and the third
order interaction of reaction time, temperature, and catalyst concentration was found. Second order
terms were not considered due to the limited scope of the data. An overall yield term based on a linear
combination of the products was defined and an equation determined. The units of dollars per hundred
pounds of moisture and ash free (MAF) lignite were set for the overall yield and the approximate
values of each of the products used as linear multipliers. While all yields were found to vary
considerably for various recycle numbers, a discussion of recycle three appears to have the best merits.

For operation of a commercial plant, the oil boiling below 325°C would be the main product and could
not be withdrawn from the process at a rate greater than the rate of total oil formation from the coal.
Using these criteria, a set of conditions were obtained at which the process could be operated
continuously. For recycle three, operation at 468.9°C for one hour at 4 percent catalyst concentration
would allow 95.8 lbs. of lignite (MAF) and 4.16 lbs. of hydrogen to be processed into: 6.2 lbs.
unconverted char, 13.2 lbs. hydrocarbon gas, 12.2 lbs. of reaction water, and 68.4 lbs. of oil boiling
below 325°C. 
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ABSTRACT

I X

E a s te r n  M ontana and. t h e ' a d ja c e n t  s t a t e s  a r e  a  v a s t  s o u rc e  o f  
u n ta p p e d  h y d ro c a rb o n  f u e l  r e s e r v e s  i n  t h e ' fo rm  o f  c o a l .  . The a r e a  c o n ta in s  
n e a r ly  JOQ m i l l i o n  to n s  o f. c o a l  ,,re se rv es ' t h a t  c o u ld  p r o v id e  300. y e a r s  o f  ; 
l i q u i d  fu e ls , t o  t h e ' U n i te d  S t a t e s  i f  c o n v e r te d .  ... .

P r e s e n t  c o n v e rs io n  m ethods b e in g  i n v e s t i g a t e d  b y  th e  O f f ic e  o f  
C oal R e s e a rc h . 'a re  t e n d in g  t o  aim  a t  o n ly  m o d e ra te  c o n v e r s io n s ,  a ro u n d  60 
p e r c e n t ,  and w ould  n o t  be  s u i t a b l e  i n  t h e  M ontana econom ic e n v iro n m e n t. 
u n le s s  a  u s e  f o r  t h e  c h a r  was f o u n d ■o th e r  th a n  a s  a  b o i l e r -  f u e l  f o r  e le c  
t r i c a l  p r o d u c t io n . ' The p ro cess-, d e s c r i b e d . i n  t h i s  p a p e r  lead s ., t o  a c o n v e r­
s io n  from  75 t o  95 p e r c e n t  o f  t h e  c o a l  and  w ould  rio t r e q u i r e  u s e  o f  th e  
c h a r  as ;a '- b o i le r  f u e l  fo r- e l e c t r i c a l  p r o d u c t io n .  -

The equ ip m en t u se d  i n  t h i s - 's tu d y  i s  b a s e d  a r o u n d . a  h ig h  p r e s s u r e  
a u to c la v e  o p e r a te d  i n  b a t c h  f a s h i o n . ' S u p p o r tin g  equ ip m en t a llo w s  th e  
a u to c la v e  t o  b e  c h a rg e d  w h i le  i t  i s  a t  o p e r a t in g  te m p e ra tu re  and a l s o  
d is c h a r g e d  a t  o p e r a t in g  c o n d i t io n s .  The g a s  s tr e a m  i s  sam p led  t o  d e te rm in e  
h y d ro c a rb o n  g a s  p e r c e n t a g e s , t h e  l i q u i d  "stream  i s  vacuum d i s t i l l e d  i n t o  a  
f r a c t i o n  b o i l i n g  b e lo w  325°C and a  heav y  l i q u i d  t h a t  i s  r e u s e d  as a  r e c y c l e  
-o il ,-  a n d - th e  s lu d g e  i s  s e p a r a te d  b y  b e n z en e  e x t r a c t i o n  t o  d e te rm in e  th e  
- amount o f  c o a l  u n co n v e rted - .

D a ta  o b ta in e d  from  9^ ru n s  wepe u s e d  t o  o b t a i n '. c o r r e l a t i o n s  o f  .th e  
v a r io u s  y i e l d s  w i th  o p e r a t in g  c o n d i t i o n s .  A s u i t a b l e  c o r r e l a t i o n  u s in g  
th e  m ain  e f f e c t s  , t h e  se co n d  o r d e r  i n t e r a c t i o n s . ,  and th e  t h i r d  o r d e r  I r i t e r -  
a c t i o n  o f  r e a c t i o n  t im e ,  t e m p e r a tu r e ,  and c a t a l y s t  c o n c e n t r a t io n  was fo u n d . 
Second o r d e r  te rm s  w ere  n o t  c o n s id e r e d  due t o  t h e  l i m i t e d  sco p e  o f  t h e  d a ta .  
Ari o v e r a l l  y i e l d  te rm  b a s e d  on.,a  l i n e a r  c q m b iria tio n  o f  th e -  p ro d u c t's  w a s ' 
d e f in e d  and  an  e q u a t io n  d e te rm in e d . The u n i t s  o f  d o l l a r s  p e r  'h u n d re d  pounds 
o f - m o is tu r e  and a sh  f r e e  (MAE) l i g n i t e  w ere  s e t  f o r  th e  o v e r a l l  y ie ld -  and - 
t h e  a p p ro x im a te  v a lu e s  o f  e a c h  o f  t h e  p r o d u c ts  u se d  a s , l i n e a r - m u l t i p l i e r s . • 
W hile  a l l  y i e l d s  w ere  fo u n d  t o  v a ry  c o n s id e r a b ly  f o r  v a r io u s  r e c y c le  num- . 
b e r s , a  d i s c u s s io n  o f  r e c y c l e  t h r e e  a p p e a rs  t o  have  th e  b e s t  m e r i t s .

F o r  .o p e r a t io n  o f  a  co m m erc ia l p l a n t ,  t h e  o i l  b o i l i n g  b e lo w  32'50C 
w ould  be  t h e  m ain  p ro d u c t  and c o u ld - n o t  be  w ithdraw n, from  t h e - p r o c e s s  a t  a  ■ 
r a t e  g r e a t e r  th a n  t h e  r a t e  o f  t o t a l  o i l  f o rm a tio n  from  t h e  c o a l .  . U sin g  - 
t h e s e  c r i t e r i a ,  a  s e t  o f  c o n d i t io n s  w ere  o b ta in e d  a t  w h ich  th e  p ro c e s s -  c o u ld  
,b;e o p e r a te d  c o n t in u o u s ly .  F o r r e c y c l 'd  t h r e e ,  o p e r a t io n  a t  U'6 8 .'9°C f t i r ' one  
h o u r  a t  4 p e r c e n t  c a t a l y s t  c o n c e n t r a t io n  w ould  a llo w  9 5 -8  lb 's ,  o f  l i g n i t e '  
(MAF) and 4 .1 6  l b s .  o f  h y d ro g e n " to  b e .p r o c e s s e d  i n t o :  6 .2  l b s u n c o n v e r t e d  
c h a r ,  1 3 .2  lbs-, h y d ro c a rb o n  g a s ,  1 2 .2  l b s . '  o f  r e a c t i o n  w a t e r ,  and  6 8 .4  l b s .  
o f  o i l  b o i l i n g  b e lo w  325° C. ' V "
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T h is  d o c to r a l  t h e s i s  is- W r i t te n  a  l i t t l e  d i f f e r e n t l y  t h a n  ..-most i n ' 

s t y l e  -and, fo rm a t..  The f i r s t  m a jo r  p o r t i o n  i s  d e s ig n e d  t o . p r e s e n t  th e  

p ro b le m , a  p o s s ib l e  s o l t u i o n ,  .and im p o r ta n t  c o n c lu s io n s  fro m  t h e  e x p e r im e h -  

- t a l ,  d a ta .  ' T h is  , f i r s t ,  m ajor- p o r t i o n  i s  k e p t  a s  b r i e f  as  ,p o ss ib le ., and i s  

f a i r l y  v e i l  s e l f - c o n t a i n e d  t o  a l l o v  a  v id e  r e a d e r s h ip  v i t h p u t  b o g g in g  dovn 

i n  t h e  d e t a i l s  o f  t h e  d a t a . B u t ,, t h e  se co n d  p o r t i o n  p resum es t h a t  th e  ' 

f i r s t  h a s  b een  r e a d .

The se co n d  m a jo r  p o r t i o n  i s  c o n ta in e d  i n  th e .a p p e n d ix . .  .Here '-the  ■ 

r e a d e r  s h o u ld  be a b le  t o  f i n d  as  much d e t a i l  a b o u t t h e  e x p e r im e n ta l . ru n  

,.d a ta  as. he  d e s i r e s .  B ackground  l i t e r a t u r e  i s  p o in te d  o u t  t h a t ,  v o j i ld , .a l lo v  

a  r e a d e r  t o  become f a i r l y  e x p e r t  i n  th e  f i e l d  o f  c o a l  h y d r o g e n a t io n . Some . 

o f  t h e  e x p e r im e n ta l  p ro c e d u re s  have  b e e n  expanded  t o  .show v h a t  y e A knesses 

i n  te c h n iq u e  c o u ld  b e  im proved  upon . Two com puter p rog ram s a re  d e s c r ib e d ,  

and '• t h e i r ,  o u tp u t  i s  l i s t e d .  The o u tp u t  from  th e s e  p ro g ram s d e t a i l s  in  

t a b u l a r  fo rm  a l l  t h e  d a ta  c o l l e c t e d ' i n  t h i s -  r e s e a r c h  p r o g ra m ." The se co n d  

p ro g ram  i s  one i n  w hich ' t h e  d a ta  a r e  c o r r e l a t e d  and .-the  o u tp u t  i s  y i e l d  

e q u a t io n s  based- on  th e  A x p e tim e n ta l  d a t a .  A r e s u l t s  s e c t i o n  d i s c u s s e s  th e  

e q u a t io n s ' and-"'graphs draw n from  them  i n  a  d e t a i l  t h a t  i s  n o t  a v a i l a b l e  i n  

t h e  f i r s t  p o r t i o n .- - '. ' ■ ' '



I . INTRODUCTION

M ontana i a  a  la n d  o f  y a s t  c o a l  r e s e r v e s  t h a t  s t r e t c h ,  from  th e  

Wyoming b o r d e r  t o  th e  C an ad ian  b o r d e r  a lm o s t ev ery w h ere  e a s t ,  o f  F o r s y th . . 

The F o r t  U nion c o a l  f o rm a tio n  i n  M ontana and  a d ja c e n t  s t a t e s '  c o n ta in s  an 

e s t im a te d  TOO. b i l l i o n  to n s  o f  coal',"*" o r  p u t t i n g  i t  i n  te rm s  oD l i q u i d  

f u e l s , enough, l i q u i d  f u e l  c o u ld  be p ro d u c e d  t o  supp ly- th e  U nited--iS t a t e s  

f o r  320 y e a r s  a t  t h e 'p r e s e n t  r a t e  o f  12 m i l l i o n  b a r r e l s  p e r  d ay  consump­

t i o n  . C o n s id e rin g "  t h e  d im ls h in g  r a t e  o f  o i l  d i s c o v e r y  c o m p a re d .to  th e  .

co n su m p tio n  r a t e ,  t h e r e  i s  a  p o s s i b i l i t y  o f  t h e  d o m e s tic  s u p p ly  becom ing

2s h o r t e r  th a n  th e  demand som etim e i n  t h e  1 9 o 0 ' s . ' Such an o c c u r ra n c e  w ould  

demand t h a t  f u e l  be  p ro d u c e d  e i t h e r  from  i n c r e a s e d  o i l  im p o r ts  o r  from  one- 

o f  t h e  s y n th e t i c  f u e l  s o u r c e s ,  e . g . ,. c o a l ,  t a r  s a n d s ,  o r  s h a l e .

O i l  com pan ies r e a l i z e  t h a t  th e y  may have  t o  .move i n t o  th e  s y n th e t i c  

f u e l  m a rk e t som etim e i n  t h e  f u t u r e  and  a r e  .a l ig n in g  th e m s e lv e s  th ro u g h  

m e rg e rs  w i th  e x i s t i n g  c o a l  com pan ies o r  a c q u i r in g  c o a l  l e a s e s  o f  t h e i r  own. 

T h u s , C o n t in e n ta l  O i l  Company m erged  with,. .C o n s o l id a t io n  C o a l , .  G u lf  O il  

Company w i th  P i t t s b u r g  and  M idway,' and  S o h io  a c q u ir e d  B e n .Ben Coal." In-

a d d i t i o n  t o  t h e s e ,  S ta n d a rd  o f  New J e r s e y  h a s  s p e n t  n e a r l y , 25 m i l l i o n
' . 3

d o l l a r s  l e a s i n g  la n d s  i n  I l l i n o i s ,  M on tana , and Wyoming. A l l  th e  a f o r e ­

m e n tio n e d  com pan ies a l s o  a r e  en g ag ed  i n  r e s e a r c h  t o  im prove the. te c h n o lo g y  - 

'of. c o a l  r e f i n i n g .  P r o j e c t  C o e d ,P r o j e c t '  G a s o l in e ,  and  H -C oal ar;e y e l l  ,

' known j o i n t  v e n tu r e s  o f  p r i v a t e  com panies w i th  th e  O f f ic e  Of C oal R esearch ... 

O th e r .c o m p a n ie s  a r e  en g ag ed  i n  p r i v a t e  r e s e a r c h  and r e s u l t s  from  th e i r ;w o r k  

a r e  n o t  g e n e r a l l y  a v a i l a b l e .  ■ ' . .
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The D e p a rtm en t o f  C hem ical E n g in e e r in g  a t  M ontana S t a t e  U n iv e r s i ty  

h a s  a lw ays b een  i n t e r e s t e d  i n  d ev e lo p m en t o f  t h e  n a t u r a l  re s o u rc e s , o f  th e  

s b a t e . A s e r i e s  o f  t h e s e s  and a r t i c l e s  h a s  b een  p u b l is h e d  i n  th e  p a s t  

d e c a d e  on lo w  te m p e ra tu re  c a r b o n iz a t io n  o f  c o a l  t o  p ro d u c e  a  low  v o l a t i l e  

c h a r , p o s s i b l y  u s a b le  a s  a  coke ' s u b s t i t u t e  i n  some o f  the.' l o c a l  p h o sp h o ru s  

and m in in g  i n d u s t r i e s , .  B ecause  o f  t h e  p o t e n t i a l  re w a rd s  t h a t  a  s y n th e t i c  

f u e l  c o a l  r e f i n e r y  w ou ld  in v o lv e  f o r  t h e  s t a t e ,  a  d e c i s io n  t o  b e g in  e x p lo r ­

a to r y  r e s e a r c h  i n  c o a l  r e f i n i n g  was made i n  O c to b e r  196k .  G e n e ra l  g o a ls  

o f  su c h  r e s e a r c h  w ere t o  f i n d ,  Cl) i f  c o a l  c o u ld  be  r e f i n e d  i n t o  low m ole­

c u l a r  w e ig h t f u e l s  a t  m o d e ra te  h y d ro g e n a t io n  p r e s s u r e s , ( 2 ) i f  a  c a t a l y s t  

c o u ld  be  fo u n d  t h a t  w ould  g iv e  h ig h  y i e l d s  o f  o i l  w i th  lo w  am ounts o f  gas 

p ro d u c tio n - ,■ (3 ) i f  p r o d u c ts  from  su c h  h y d ro g e n a t io n  w ould  hav e  d e s i r a b l e  

p r o p e r t i e s  ̂ and C^) i f  su c h  p r o d u c ts  c o u ld  com pete w ith  f u e l s  from  p e tro le u m  

c r u d e s .  T h is  a r t i c l e  i s  d i r e c t e d  a t  a n sw e rin g  th e s e  q u e s t i o n s .

Presumably, our goals are similar to those of Project Gasoline, 

Project Coed, and H-Coal-. Because of basic differences in technique we 

shall briefly describe these processes.

P r o j e c t  G a s o lin e  i s  a  tw o - s te p  p r o c e s s  w h e re in  c o a l  i s  d i s s o lv e d  a t  

low  p r e s s u r e  i n  a  s o lv e n t  w h ich  i s  th e n  f i l t e r e d  t o  rem ove a sh  and s o l i d  

c o a l  and  th e n  h y d ro g e n a te d  i n  a- c a t a l y s t  b e d  a t  p r e s s u r e s  a ro u n d  3000-5000 

p s ig '.  C o n v e rs io n  i s  e x p e c te d  t o  be a b o u t 60%. b a se d  on th e  MAP (m o is tu re  and  

a s h  f r e e )  c o a l .  The s o l i d  r e s id u e  w ould  be u s e d  as a  b o i l e r  f e e d  f o r

4e l e c t r i c  pow er p r o d u c t io n .

P r o j e c t  Coed u s e s  a  low  p r e s s u r e  c a rb o n iz a t io n -  o f  t h e  c o a l  i n  a 

m u l t i - s t a g e  b e d  t o  rem ove a l l  v o l a t i l e  m a t t e r . The re m a in in g  c h a r  i s  th e n
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u s e d  as  a  b o i l e r  f e e d  and  the. v o l a t i l e  m a t te r  -Is p r o c e s s e d  b y  h y d ro g e n a tio n  

a t  m o d e ra te , p r e s s u r e s  i n t o  l i q u i d  f u e l s ' .  • C o n v e rs io n  Is . s l i g h t l y  lo w er 

t h a n - t h a t  o f  P r o j e c t  G a s o l in e  and p r o b a b ly  i s  h ig h ly  d e p e n d e n t on t h e  ty p e  

o f  c o a l  u s e d .

H.-rCoal..is a. p r o j e c t  u s in g  a  s i n g l e - s t a g e  e b u l l a t e d  b e d  w i th  c o a l  

s lu r r y ,  p a s s e d  upw ards th ro u g h , t h e ' b e d . R e a c tio n  t a k e s  p l a c e  oh th e  c a t a l y s t  

s u r f a c e  t o  a  c o n v e rs io n  o f  a b o u t $0# w i t h  b i tu m in o u s  c o a l .  • T o ta l  l i q u i d  

y i e l d  i s  70% f o r  b i tu m in o u s  c o a l .  The p r o c e s s  p ro d u c e s  a  w ide  ra n g e  o f  

d i s t i l l a t e s  t h a t  w ou ld  h a v e  t o  b e  f u r t h e r  p r o c e s s e d  i n t o  u s a b le  f u e l s . ^

E conom ics f o r  t h e  f i r s t  two o f  t h e  above p r o j e c t s  r e q u i r e  a  re a d y  

s a l e  o f  t h e  r e s i d u a l  c h a r  a s  a . b o i l e r  f e e d .  .C o n s id e r a t io n . o f  a s h  i n  th e  

c h a r  as w e l l  as t h e  . p o t e n t i a l  o f  a  g r e a t e r  s u p p ly  o f  c h a r  from  one l a r g e  . 

c o a l  r e f i n e r y  th a n  c o u ld  b e  u s e d  b y  th e  p r e s e n t l y  e x i s t i n g  180 m egaw att 

pow er p l a n t  i n  B i l l i n g s , M on tana , f o r c e s  a  r e - e v a l u a t i o n - i n  te rm s  o f  c o n v e r ­

s io n .  The p r o c e s s .d e s c r ib e d  i n  t h i s  a r t i c l e  a t t a i n s  c o n v e rs io n s ' be tw een  

-75 and 97% -and h e n c e  w o u ld .n o t  r e q u i r e  b e in g  o p e r a t e d . In  c o n ju n c t io n  w ith  

a  pow er p l a n t .  Use o f . ,a  s i n g l e  s te p  p r o c e s s  w ould  lo w e r t h e  c o s t  o f  b u i l d ­

in g  a  p la p t .  and s im p l i f y ,  i t s  m a in te n a n c e . Such a  s a v in g s  a p p e a rs  t o  be 

o f f s e t  by  o th e r .a d v a n ta g e s  o f ' t h e  t w o-st e p  p ro c e s s - , as  w i l l  be shown l a t e r . ,  

and  so  m ay-no t be  r e a l i s t i c .

The c o s t  '.o f  h y d ro g e n  i s  a  v e r y  l a r g e , f a c t o r  i n  .the: econom ics o f  ;

c o a l .h y d r o g e n a t io n .  W hile , th e ,d e v e lo p m e n t-  o f  p r e s s u r e ,  c o a l , , g a s i f i c a t i o n  by.

T exaco  D evelopm ent C o rp o ra t io n  w i l l  lo w e r  the. c o s t s  w e l l  be low  t h a t  f o r

n a t u r a l  g a s  r e fo rm in g ,-  f u r t h e r  r e s e a r c h  work, w i l l  n eed  t o  lo w e r th e  c o s t

10 ' - -even  m ore .



II. EQUIPMENT M D  PROCEDURE

The a v a i l a b i l i t y  o f  e q u ip m e n t, s p e c i f i e d  t o  a  l a r g e  d e g r e e ,  th e  

p r o c e d u r e s .  S in c e  o n ly  l i m i t e d  fu n d s  w ere a v a i l a b l e ,  th e  p r o c e s s  u se s  

s a lv a g e  equ ip m en t d o n a te d  by M onsanto C h em ica l Company and Dow C hem ical 

Company. Shown be low  i s  a  s i m p l i f i e d  f lo w  d iag ram  o f  t h e  sy s te m  w hich  i s  

b a s i c a l l y  a  b a tc h  a u to c la v e  w ith  a u x i l i a r y  equ ipm en t n e c e s s a r y  t o  a llo w  

e f f i c i e n t  o p e r a t io n .  The e n t i r e  p r o j e c t  I s  p la c e d  in  an  e n c lo s u r e  e ig h t  by 

t e n  f e e t  w i th  an L s h a p e d , s i x  f o o t  h ig h ,  c o n c re te  w a l l  b u i l t  f o r  f i r e  

p r o t e c t i o n .  I n s t r u m e n ta t io n  and  rem o te  c o n t r o l s  a l lo w  c o m p le te  o p e r a t io n  

from  o u t s id e  th e  e n c lo s u r e  d u r in g  th e  t im e  th e  equ ipm en t i s  p r e s s u r i z e d .

F ig u re  I .  E x p e r im e n ta l  E quipm ent L ayout

L ig n i t e  c o a l  u se d  i n  t h i s  s tu d y  was o b ta in e d  g ro u n d  and p a r t i a l l y  

d r i e d  from  th e  L ew is & C la rk  g e n e r a t i n g  s t a t i o n  o f  M o n tan a-D ak o ta  U t i l i t i e s .  

The c o a l  was f e d  s lo w ly  i n t o  130°C r e c y c le  o i l  In  t h e  s l u r r y  ta n k  l a b e l e d  

R 3 , u n t i l  a  20% by w e ig h t o f  raw  c o a l  s l u r r y  had  been  r e a c h e d .  The



■5-

m ix tu re  was th e n  k e p t  s t i r r e d ,  and m ixed  by a  s t i r r e r  and  r e c i r c u l a t i n g  

pump. A p o r t i o n  o f  t h e  f i x t u r e  w ould  th e n  be  in t r o d u c e d  i n t o . t h e  m e a su r in g ' 

u n i t .  (MU i n  f ig u r e ) ,  w hich, a llo w e d ' a p p ro x im a te ly  1475 m l- to  be. p r e s s u r e d  

i n t o  t h e  h o t  m ain  r e a c t o r  (R l ) . T S ith in  s i x  m in u te s  o f  t h e ' t i m e  th e  s l u r r y  

was i n t r o d u c e d  t o  t h e  m ain  r e a c t o r ,  h y d ro g en  and  c a t a l y s t  d u s t  w ere i n j e c t ­

ed  u n t i l  .th e  p r e s s u r e  r e a c h e d  2500 p s i g .  At t h e ' end o f " th e ' r e a c t i o n  tim e  

( o n e , tw o , o r  f o u r  h o u r s ) t h e ' s l u r r y  was r e l e a s e d  th ro u g h , t h e  b o tto m  dump 

v a lv e  i n t o  a n o th e r  prew arm ed p r e s s u r e  r e a c t o r  . (R 2 ) .  A v e n t  v a lv e  r e l e a s ­

ed  th e  u n u se d  h y d ro g en  and h y d ro c a rb o n  gases- th ro u g h  a  c o n d e n se r  and o u t 

t h e  r o o f .  W hile  t h e  g as  was b e in g  r e l e a s e d ,  a  sam ple was ta k e n  from  th e  

v e n t  l i n e  beyond  t h e  c o n d e n se r , t o  d e te r m in e . th e  c o m p o s itio n  .o f th e  h y d ro s  

c a rb o n  g a s e s . • When th e  s l u r r y  in ' R 2 d ro p p ed  t o  a p p ro x im a te ly  24o°C, i t  

was' p r e s s u r e d  by n i t r o g e n  i n t o  a  s p in n in g  c e n t r i f u g e  bow l w here i t  re m a in e d  

f o r  a b o u t t e n  m in u te s . The m ea su red  q u a n t i t i e s  o f  s o l f d s ,  r e c y c le  l i q u i d s ,  

o i l s , b o i l i n g  b e lo w  325°C, r e a c t i o n  w a t e r , and h y d ro c a rb o n  g a s e s  w ere u se d  

t o  d e te rm in e  m ass b a l a n c e , c o n v e r s io n ,  and  v a r io u s  y i e l d s .

>.



III. DISCUSSION AND RESULTS.

A . - P r e l im in a r y  R ese a rc h , '

A y e a r  o f  r e s e a r c h ,  Vas s p e n t  u s in g  a  s m a l l '. r o c k in g  "bomh a u to ­

c la v e  e x p e r im e n tin g  w ith , v a r io u s  . s lu r r y  o i l s  and c a t a l y s t s .  C o n v e rs io n  o f  

t h e  c o a l  t o  a  b e n z e n e  s o lu b le  m a t e r i a l  was: fo und  t o  be v e r y  d e p e n d en t on 

th e  s l u r r y  o i l  m ed ia  and c a t a l y s t  t y p e .  Lew b o i l i n g  s l u r r y  m ed ia  showed 

a lm o s t no c o n v e rs io n . A l s o , d ry  c o a l  w i t h  im p re g n a te d  m olybdenum o r  tu n g ­

s t e n  c a t a l y s t  -showed l i t t l e  c o n v e rs io n . T e t r a l i n  w orked  w e l l  as a  s o lv e n t  

w i th  tu n g s te n  c a t a l y s t s ,  b u t  t e t r a l i n  te n d s  t o  r e v e r t  t o  n a p h th a le n e  i n  th e  

p r e s e n c e  o f  m olybdenum . The b e s t  s l u r r y  m ed ia  found  was Dowtherm. A. b u t  

l a t e r  e x p e r im e n ts  p ro v e d  t h a t  t h e  Dowtherm was u n s ta b l e  a t  t h e  h y d ro g en a ­

t i o n  c o n d i t io n s  and  b ro k e  down i n t o  a  tw o l a y e r  l i g u i d . S in c e  th e  s i z e  o f  

c h a rg e  i n  th e  ro c k in g  bomb and l a c k  o f . a  good s t i r r i n g  m echanism  p r e v e n te d  

any p ro d u c t  i d e n t i f i c a t i o n , , 'we d e c id e d  t o  b u i l d  t h e  p r e s e n t  ..p ro ce ss  sy s te m .

B . R e a c t io n  M odel

C o n s id e r in g  th e  p ro b le m  o f  c o a l  h y d ro g e n a t io n  from  a  com m erc ia l 

v ie w p o in t ,  we can  d e f in e  c e r t a i n  p a ra m e te r s  t h a t  may a f f e c t  y i e l d s  and 

h e n ce  s h o u ld  be w e l l  known b e f o r e  a  p l a n t  i s  d e s ig n e d . T h u s , y i e l d  w ould  

b e :  Y = F ( te m p e r a tu r e , p r e s s u r e , ,  c a t a l y s t  t y p e ,  c a t a l y s t  a m o u n t, r e c y c le  

nu m b er, c o a l  p a r t i c l e  s i z e ,  s l u r r y  o i l  t y p e ,  s l u r r y  c o n c e n t r a t io n . . , . 'r e a c t io n  

t im e ,  and  o t h e r  v a r i a b l e s  n e e d ed  t o  s p e c i f y  equ ipm en t d e s i g n ) ; . T h is  a r t i c l e  

w i l l  n o t  s p e c i f y  a l l  th e . r e q u i r e d  d a t a ,  b u t  some o f  th e .  p a ra m e te r s  have  

b e e n  th o ro u g h ly  s tu d i e d .

The c o a l  p a r t i c l e  s i z e  was found, i n  p r e l i m i n a r y  r e s e a rc h , t o  

have  a  d e f i n i t e  i n v e r s e  a f f e c t  on c o n v e rs io n ..  I t  was found  t h a t  by  g r in d in g
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up a  .b a tc h ..o f  c o a l  and s c r e e n i n g . i t  i n t o  v a r io u s  s i z e  f r a c t i o n s  t h a t  con­

v e r s io n  vas. b e t t e r  (by 6  t o  7$ ) i n  t h e  -1 5 0  + 200 . mesh; s i z e  th a n  i n  th e  

-200 . +325. m esh s i z e .  The r e a s o n  f o r  t h i s  i s  in v o lv e d  i n  t h e ' b r i t t l e n e s s  

o f  th e  f u s a i n  c o n s t i t u e n t s . o f  c o a l  com pared t o  t h e 'o t h e r  p e t r o g r a p h ic  com­

p o n e n ts .  T h e r e f o r e ,  t h e 's m a l l e r ' . . c o a l  p a r t i c l e s  a r e  e n r ic h e d  i n  fu s a in . ,  a  

v e r y  d i f f i c u l t  t o  h y d ro g e n a te  c o n s t i t u e n t ,  com pared t o  t h e  l a r g e r  c o a l  

p a r t i c l e s .  A p p ly in g  th e ' co m m erc ia l c r i t e r i a  t h a t  a l l  c o a l  w ould  be g ro u n d  • 

s m a l l  enough  t o  r e a c t  s u f f i c i e n t l y  and th e n  th e  f i n e r  d u s t  m ust a l s o  be 

c a r r i e d  i n t o  t h e  r e a c t i o n ,  i t  i s  n e c e s s a r y  o n ly  t o  i d e n t i f y  a  s u i t a b l e  s i z e  

c o a l  p a r t i c l e  w h ich  i s  s m a l l  enough t o  e a s i l y  r e a c t  and y e t  can  be p ro d u c e d  

w ith o u t  e x c e s s iv e  g r in d in g  c o s t s . The c o a l  g r in d in g  t h a t  i s  s ta n d a r d  p r o ­

c e d u re  w i th  t h e  Lew is and C la rk  S t a t i o n  (80%' -2 0 0  m esh) was found  to  be 

v e r y  s a t i s f a c t o r y .  L a rg e r  p a r t i c l e  s i z e s  may a l s o  be  s a t i s f a c t o r y ,  b u t  

w ere  n o t  i n v e s t i g a t e d .

Above s l u r r y  c o n c e n t r a t io n s  o f  33%, t h e  o n e - f o u r th  in c h  i n l e t  l i n e s

t o  t h e  r e a c t o r  w ere  fo u n d  t o  f r e q u e n t l y  p lu g  u p . To s a f e g u a r d  th e  e q u i p - .

m e n t , we w ere  f o r c e d  t o  u s e  o n ly  a  20% s l u r r y  and th u s  w ere  u n a b le  t o

d e te rm in e  th e  e f f e c t  o f  s l u r r y  c o n c e n t r a t i o n .  O th e r  l i t e r a t u r e  s o u rc e s

i n d i c a t e  t h a t  a  60%. c o a l  s l u r r y  i s  m an ag eab le  i n  s p e c i a l  p a s t e  pum ps. I n

a  .p r o je c t  fo r, t h e  O f f ic e  o f  C o a l R e s e a rc h , S p e n c e r  C hem ica l Company h a s  s •

s h o w n .th a t  a n th r a c e n e  o i l  o u tp e r fo rm s  a  num ber o f  o th e r  p o s s ib l e  s l u r r y  m ed ia

7
m ed ia  as, a  c o a l  d i s s o l v e r  a t  low  p r e s s u r e s .  S in c e  t h i s  a n th ra c e n e  o i l .  i s  

a  coke oven b y -p ro d u c t  i t  p r o b a b ly  i m i t a t e s ,  as c l o s e l y  a s  a n y th in g  e l s e ,

.our r e c y c le  o i l .  T h is  b r in g s  up a  p ro b le m  t h a t  was o f  p r im a ry  c o n c e rn  .. 

th ro u g h o u t  o u r  i n v e s t i g a t i o n s . A co m m erc ia l p l a n t  m ust' o b v io u s ly  u se  some
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ty p e  o f  heavy  p r o d u c t  o i l  from  th e  c o a l  t h a t  i s  r e g e n e r a t e d  as f a s t  as i t  

i s  consum ed b y  th e ' h y d ro g e n a t io n  p r o c e s s :  S in c e  t h i s  o i l  i s  n o t . a v a i l a b l e  '

t o  s t a r t  t h e ' r e s e a r c h , 'w e  m ust somehow p ro d u c e  i t  and show t h a t  i t  w ould  

be  u s a b le  a s . th e  r e c y c le ,  o i l  f o r  a n o th e r  b a tc h , o f  c o a l .  T h is  i s  th e  b a s i s  

o f  th e  r e c y c le  num ber, i . e .  , how many t im e s  h a s  t h e  s l u r r y  o i l  been  r e c y c l ­

e d .

A f t e r  c o n c e rn in g  o u r s e lv e s  w ith , t h e  p ro b lem  o f  show ing th e  p r o ­

c e s s  t o  be  c o n tin u o u s  th ro u g h  s e v e r a l  r e c y c l e s ,  we .d id  n o t  have  tim e  t o  

in c lu d e  s t u d i e s  o f  m ore th a n  one c a t a l y s t  sy s te m . The c a t a l y s t  chosen  was 

H arshaw 1s U401 E 1 /1 0  in c h  c a t a l y s t ,  a  6% n i c k e l  and 19% tu n g s t e n  c a t a l y s t . 

on a - s i l i c a - a l u m i n a  b a s e . The c a t a l y s t  was b a l l - m i l l e d  i n  an a rg o n  a tm o s­

p h e re  t o  p r e v e n t  o x id a t io n  o f  th e  n i c k e l  and tu n g s te n ,  s u l f i d e s . . - -A ll h an d ­

l i n g  o f  t h e  c a t a l y s t  was done i n  an a rg o n  a tm o sp h e re  e x c e p t  f o r  .a s h o r t  

t im e  d u r in g  w h ich  th e  c a t a l y s t  b ed  was b e in g  a t t a c h e d  t o  t h e  h y d ro g en  i n l e t  

l i n e  t o  th e  r e a c t o r .  Ho a t ta m p t  was made t o  m easu re  v i s c o s i t y ,  f i l t e r i n g ,  

o r  c e n t r i f u g in g  r a t e s  o f  t h e  c ru d e  p r o d u c t  o i l s .  P r e s s u r e  l i m i t a t i o n s  on 

th e  a v a i l a b l e  eq u ip m en t r e q u i r e d  a l l  work, t o  be  c a r r i e d  o u t be low  3000 p s i g ,  

and  we f e l t  t h a t  t h e  d a ta  on th e  h y d ro g e n a t io n  b e lo w  2500 p s ig  t o  be o f  

s e c o n d a ry  im p o r ta n c e .

The r e a c t i o n  m odel h a s  now b e e n  trim m ed  t o  a  f u n c t io n ,  o f  te m p e r ­

a t u r e , r e a c t i o n  t im e ,  c a t a l y s t  am oun t, and  r e c y c le  num ber. P re v io u s  r e ­

s e a r c h  r e c o r d e d . i n  th e  l i t e r a t u r e  as w e l l  a s  equ ipm en t l i m i t a t i o n s  p ro v id e  

l i m i t s  f o r  t h e  f i r s t  t h r e e  p a r a m e te r s . T e m p e ra tu re s  b e lo w  425°C p ro d u c e  

lo w e r  th a n  70% c o n v e rs io n  and  th u s  a r e  u n a c c e p ta b le .  On th e  o th e r  h a n d .
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te m p e ra tu re s  above U75°C m ust be- u se d  x i t h .  s h o r t  r e a c t i o n  t im e  o r  t h e y  

p ro d u c e  an u n a c c e p ta b le  h ig h , g a s  p r o d u c t io n .  R e a c tio n  t im e s  o f  l e s s  th a n  

one h o u r  a r e  h o t  f e a s i b l e  i n  o u r  e q u ip m e n t, s in c e  th e  o i l . r e q u i r e s ,  from  

f i f t e e n  t o  f o r ty ,  m in u te s  t o  h e a t  up t o  t h e  r e a c t i o n  te m p e r a tu r e .  R e a c t io n  

t im e s  o v e r  f o u r  h o u rs  ■ .would u n d o u b te d ly  he v e ry  e x p e n s iv e  I n  term s, o.f 

equ ip m en t s i z i n g  i n  a. co m m erc ia l o p e r a t io n  com pared t o  th e  s m a l l  a d d i t i o n a l  

y i e l d  t h e y  may g iv e .  The' am ount o f  c a t a l y s t  s tu d i e d  was b e tw e e n .z e ro  and 

4% b a s e d  on th e  MAF c o a l  i n  t h e  c h a rg e . The r e c y c le  o i l  was' c a r r i e d  th ro u g h  

two c y c le s  a f t e r  t h e  i n i t i a l  a n th ra c e n e  o i l  s t a r t .

C. E m p ir ic a l  M odel

I n  p r e s e n t in g  th e  d a ta  i t  i s  w e l l  t o  em p h asize  t h a t  th e  a p p l i - .  

c a b le  m odel i s  .Y '- F ( te m p e r a tu r e ,  t im e ,  . c a t a ly s t  amount and r e c y c le  num ber) , 

and t h e r e f o r e ,  s h o u ld  be v iew ed  as a  f i v e  d im e n s io n a l  e q u a t io n .  A r ig o ro u s -  

m a th e m a tic a l  m odel c o u ld  be u s e d  t o  d e s c r ib e  th e  y i e l d  i n  te rm s  o f  th e  

e f f e c t s  and t h e i r  i n t e r a c t i o n s .  More p r a c t i c a l l y , a  m odel e x p re s s in g  y i e l d  

i n  te rm s  o f  a  p o ly n o m ia l f u n c t io n  o f  t h e  v a r i a b l e s  c o u ld  be u s e d  t o  e x p re s s  

an a p p ro x im a te  , r e l a t i o n . '

E x p e r im e n ta l  w ork  was d e s ig n e d  t o  u s e  a  s e r i e s  o f  ru n s  t o  d e t e r ­

m ine th e  e f f e c t s  o f  t e m p e r a tu r e ,  t im e ,  and  c a t a l y s t  am ount e a ch  a t  t h r e e  

l e v e l s .  T h is  r e q u i r e s  a  3 x  3 x  3 f a c o r i a l  ,e x p e rim e n t.; b u t  b e c a u s e  th e  

s l u r r y  o i l  f o r  a  " s e r ie s  m ust be p ro d u c e d  i n  the. p r e v io u s  s e r i e s  ,. th e  num ber 

o f  ru n s  p e r  s e r i e s  v a r i e s .  The f i r s t  s e r i e s  c o n ta in e d  38 ru n s  u s in g  a n th r a ­

cene  o i l  a s  th e  s l u r r y  m e d ia . The n e x t  s e r i e s  c o n ta in e d  23 r u n s ,  and th e  

t h i r d  s e r i e s  21 r u n s . The m odel t o  w h ic h  Ve th e n  f i t  t h e  r e s u l t i n g  d a t a  i s

o f  t h e  fo rm :
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Y = + "bI x I  + b 2X3 + b 3X3 + b 12XXX2 + b 13Xl X3 + b 23X2X3 + b 123Xl X2X3

w here i s  t h e 'n a t u r a l  lo g a r i th m  o f  t im e  i n  h o u r s ,  i s  te m p e ra tu re  0C5

and is .  t h e ' n a t u r a l  lo g a r i th m  o f  t h e  c a t a l y s t  c o n c e n t r a t io n  p lu s  o r e .  The

lo g a r i th m s  o f  t im e  and  c a t a l y s t  c o n c e n t r a t io n  a r e  ta k e n  s in c e  th e  y i e l d  i s

e x p e c te d  t o  f l a t t e n  o u t  a t  h ig h  V a lu es  o f  e i t h e r  v a r i a b l e .

D. D a t a , I n t e r p r e t a t i o n

A f t e r  a  ru n  h a s  b e e n  c o m p le te d , t h e r e  a r e  t h r e e  p la c e s  from  . 

w h ic h  p ro d u c t  m ust be  c o l l e c t e d .a n d  a n a ly z e d . The v e n te d  g as  s tre a m  i s  

, a n a ly z e d  f o r  h y d ro c a rb o n  g a s e s  by ch ro m a to g rap h y  t o  o b t a in  m ole p e r c e n ts  o f  

m e th a n e , e th a n e ,  p ro p a n e , i s o - b u t a n e ,  and n - b u ta n e .  The l i q u i d  i s  s e p a r a te d  

from  th e  s o l i d s  i n  t h e  c e n t r i f u g e .  An a ssu m p tio n  i s  made t h a t  th e  l i q u i d s  

adm ixed w i t h . t h e  c e n t r i f u g e  s o l i d  r e s id u e  have  th e  same c h a r a c t e r i s t i c s  a s  

t h e  l i q u i d  from  th e  c e n t r i f u g e .  The c e n t r i f u g e  s lu d g e  i s  e x t r a c t e d  w ith  

b e n zen e  i n  a  S o x h le t  e x t r a c t o r  f o r  a b o u t 2b h o u rs  t o  d e te rm in e  th e  f r a c t i o n  

o f  s o l i d s .  ■ A f t e r  rem o v a l o f  r e a c t i o n  w a te r  from  th e  l i q u i d ,  t h e  re m a in d e r  

was' d i s t i l l e d  a t  an  a b s o lu te  p r e s s u r e  o f  20 mm Hg- t o  a  c u t  o f f  p o in t  o f  

197°C , w h ic h  c o rre s p o n d s  t o  3'250C a t  a tm o s p h e r ic  p r e s s u r e . ^

Due .to  t h e  v a r i a b i l i t y  i n  t h e  am ount o f  s l u r r y  t r a n s f e r r e d  t o  t h e

r e a c t o r  a t  t h e  s t a r t  o f  t h e  r u n , a  m ass b a la n c e  was p e rfo rm e d  a ro u n d  each  
,}

ru n  t o  d e te rm in e  th e  amount o f  m a t e r i a l  t h a t  c o u ld  be assum ed as the- in p u t  

am ount. W hile  t h i s  f o r c e s  any ' t r u e  l o s s e s  t o  be  c o n s id e r e d  as  an in p u t  

V a r i a t i o n , i t  does h e lp  i n  n o rm a l iz in g  th e  d a t a .

P ro d u c t  o i l  i s  d e f in e d  th ro u g h  t h i s  m ass b a la n c e  as. b e in g  th e  amount 

o f  - o i l  com ing o u t o f  th e  r e a c t o r  m inus t h e  amount assum ed to .  h av e  e n te r e d  

th e  r e a c t o r  i n  th e  s l u r r y  o i l .  T h is  p ro d u c t  o i l  c o n ta in s  no l i m i t a t i o n  i n
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te ra ls  o f  . t o l l i n g  p o i n t s  and can  be . b ro k e n . I n to ,  a  .heavy- and l i g h t  p o r t i o n  

by s u b t r a c t i n g  th e  am ount o f  o i l  b o i l i n g  below- 197°C a t  tw en ty- mm Hg t h a t - 

was fo und  ,e x p e r im e n ta l ly .  U nder some c o n d i t i o n s ,  th is .. 'w o u ld , fo rc e , th e  

h e a v y  o i l  t o  be n e g a t i v e , ' i . e , ,  jnore  l i g h t  o i l  was p ro d u c e d  from  th e  s l u r r y  

th a n  h e a v y  o i l  was p ro d u c e d  from  th e ' c o a l ,

- The d a t a  g e n e r a te d  b y  th e  t o t a l "  o f  gh run's- a r e  to o  vo lum inous - 

t o  be  p r e s e n te d  h e r e .  V a r ia t io n s  due t o  s c a t t e r i n g ,  a s  w e l l - a s  th e  i n a b i l ­

i t y  o f  th e  m odel t o  e n t i r e l y  f i t  t h e  r e a l  d a ta  make, g r a p h i c a l  p r e s e n t a t i o n  ■■ 

o f  th e  o r i g i n a l  d a ta  d i f f i c u l t .  - T h e re fo re ,-  th e  run. d a ta  h a s  been  c o r r e l a t —■ 

ed  u s in g - t h e  m ethod  o f  m u l t i p l e  l i n e a r  r e g r e s s i o n  t o  d e te rm in e  th e  y i e l d s ' 

a s  f u n c t io n s  o f  t h e  o p e r a t in g  c o n d i t io n 's .  S p e c i f i c a l l y  t h e  d a ta  w ere f i t ­

t e d  t o  t h e  p ro p o se d  m ddel as  d i s c u s s e d  e a r l i e r .  -

I n  o r d e r  t o  a r r i v e  a t  a  g r a p h ic  e q u a t io n  we s h a l l  d e f in e  a  new 

y i e l d  t h a t  i s  a  l i n e a r  c o m b in a tio n  o f  t h e  s i x  e x p e r im e n ta l - y ie ld  f u n c t i o n s .  

To make t h i s  new f u n c t io n  a  m e a n in g fu l co m b in a tio n -, a. s e t  o f  v a lu e s  i s  

t a k e n .a s  t h e  c o e f f i c i e n t s  t h a t  r e l a t e s  t h e  v a lu e  o f  e a c h  p r o d u c t  t o  th e  

o th e r  p r o d u c t s . A r b i t r a r y  u n i t s  o f  d o l l a r s  p e r  pound a re  assum ed' f o r  t h e  ■ 

c o e f f i c i e n t  v a lu e s .  One h u n d re d  pounds o f  MAF l i g n i t e -  i s  t a k e n  a s  th e  

b a s i s .  A s e t  o f  v a lu e s  t h a t  w ould  be  v a l i d - f o r - t h e - e a s t e r n - h a l f - o f  M ontana. 

..has b een  ..used w i th  t h e  know ledge th a t ,  e v e ry  o th e r  l o c a l i t y  wo.uld..need. .a. • 

d i f f e r e n t  s e t  of- v a lu e s .  ' Raw c o a l  c o s t  i s  t a k e n  as $ 1 .5 0  per" to n , ,  a  v a lu e  

t h a t  I s  v a l i d  f o r  lo w  o v e rb u rd e n  r a t i o s  and m o d era te  seam t h ic k n e s s e s  su c h  - 

a s  o c c u r  i n  t h e  S a v a g e , M ontana a r e a .  The r e s i d u a l  u n r e a c te d  c h a r  I s  assum ­

ed. t o  b e  u s a b le - o n ly  a s  a  b o i l e r  f e e d  s t o c k  and  t h e r e f o r e  i s  v a lu e d  a t ' h a l f ,  

t h e  c o s t  'o f  t h e  raw  c o a l . '  Heavy r e c y c le  o i l '  b o i l i n g  above 325 C -could- be  . -



u se d  as a  fe e d s to c k , f o r  f u r t h e r  h y d r o c r a c k in g ,  o r  e s s e n t i a l l y  a  h eav y  sy n ­

t h e t i c  c ru d e  o i l .  A v a lu e  o f  $ 2 .5 2  p e r  b a r r e l , ,  c o r re s p o n d in g  to .  90$. o f  th e  

v a lu e  o f  t h e 'c r u d e  o i l ,  i s  t a k e n  f o r  t h i s  a n a l y s i s .  The' l i g h t '  d i s t i l l a t e  

b o i l i n g  b e lo w  325°C is , assum ed t o . b e  w o r th  n in e  c e n ts  p e r  g a l l o n  ( $ 3 .7 8 p e r  

b a r r e l ) . T h is  v a lu e  w ou ld  a l lo w  a b o u t one and o n e - h a l f  c e n ts ,  p e r  g a l lo n  f o r  

f i n a l  p r o c e s s in g  i n t o  g a s o l i n e .  H y drocarbon  g a s  i s  a  v e r y  v a lu a b le  b y - p ro ­

d u c t i n  some a r e a s  n e a r  c e n t e r s  o f  p o p u l a t io n .  We, assum e i t  t o  be  w o r th

i 4 . 1  c e n ts  p e r  th o u sa n d  s ta n d a r d  c u b ic  f e e t , w hich, w as t h e  a v e ra g e  v a l u e . i n

Qt h e  f i e l d  f o r  t h e  g e n e r a l  r e g io n  o f  t h e  D ak o tas '. H ydrogen i s  assum ed t o  be- 

p ro d u c e d  from  a  p r e s s u r e  g a s i f i c a t i o n  o f  c h a r  o r  c o a l  i n  a  p r o c e s s  w hich  ' 

l e a d s  t o  a  c o s t  o f  2 5 .5  c e n t s  p e r  th o u s a n d  s ta n d a r d  c u b ic  f e e t

The o v e r a l l  y i e l d  e q u a t io n  Can now be w r i t t e n  i n  t h e  fo l lo w in g

form :

Y ie ld  = .- .1 1 5 2  + .0005761  + .OOSO(Y0-Y c ) + .003l62Y _ + .01384Y-- -  .O lp lY r

w h e re : y i e l d  i s  d o l l a r s  p e r  h u n d red  pounds MAF l i g n i t e  .

Y^ = p e r c e n t  u n c o n v e r te d  c o a l  

Yg = p e r c e n t  p ro d u c t  o il"  •

Y^ = p e r c e n t  gas

Y^ =. p e r c e n t  o i l  b o i l i n g  below  3 25°C 

Yg = g ram s 'Hg u s e d  p e r  ru n

Si,nce t h e  y i e l d s 'Y^ th ro u g h  Yg w ere  o b ta in e d  i n  e q u a t io n  fo rm ' 

b y  u s e  o f  t h e  m u l t ip l e  l i n e a r  r e g r e s s i o n . . a n a l y s i s ,  th e  o v e r a l l  y i e l d  e q u a t io n  

can  a l s o  b e  d e te rm in e d  as  a  f u n c t io n  o f  t h e  o p e r a t in g  c o n d i t i o n s . The c o r ­

r e l a t i o n  c o e f f i c i e n t s  f o r  t h e  o v e r a l l  y i e l d  a r e  shown i n  T a b le  I . I t  m ust
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be n o te d  t h a t  th e  o v e r a l l  y i e l d  m akes no p r o v i s io n  f o r  t h e ' c o s t  o f  c a t a l y s t  

o r  o p e r a t in g  c o n d i t io n s .  N e i th e r  do es  i t  t a k e  i n t o  a c c o u n t c a p i t a l  c o s ts  

and  so  m ust h e  c o n s id e r e d  a s  j u s t  an o v e r a l l  y i e l d  f u n c t io n  d e r iv e d  f o r  

t h e  p u rp o se  o f  d e s c r ib in g  th e  r e a c t i o n  s u r f a c e .

TABLE I. Coefficients for Overall Yield Equations

Uc y c le ______

1 2 .7 3 0 3

2 0 .1 0 8 1  

3 . -1 .3 0 8 7

b I ..V . . b3 . ' b 12 . . . . b 13 . . b 23

- 0 .3 0 4 4  - 0 .0 0 4 6  - 1 .1 9 4 0  ' 0 .0 0 0 3  1 .1 7 2 4  0 .0 0 2 7

' 0 .3 0 6 2  0 .0 0 1 0  -0 .3 9 7 G  - 0 . 0007 . 0 .3 9 8 5  ' 0 ,0 0 1 0

2 .2 6 1 0  '■■0.0044 ' 0 .4 8 1 0  - 0 .0 0 5 5  - 0 .1 5 5 9  - 0 .0 0 1 1

. b 123.

-0 .0 0 2 5

- 0 .0 0 1 0

o.ooo4

G raphs d e p ic t in g  th e  e f f e c t  o f  t h e  v a r io u s  o p e r a t in g  c o n d i t io n s  

.on th e  o v e r a l l  y i e l d  a r e  shown i n  t h e  s e r i e s  o f  F ig u re s  2 th ro u g h  7 . W hile 

t h i s  new y i e l d  g iv e s  us t h e  a b i l i t y  t o  sp e a k  o f  .the  e f f e c t s  o f  th e  o p e r a t ­

in g  c o n d i t i o n s ,  i t  m ust b e  rem em bered t h a t  th e  e q u a t io n  i s  d e s c r ib in g  a  f i v e  

d im e n s io n a l  s u r f a c e .  The g ra p h s  have  b e e n  draw n w ith  t h e  d e p e n d en t y i e l d  

as  a  f u n c t io n  o f  tw o o r  t h r e e  o f  t h e  p a ra m e te r s  and t h e  o th e r  one o r  two 

p a ra m e te r s  m ust be com pared  by v ie w in g  tw o o r  m ore s e t s  o f  g r a p h s .

.C o n s id e r  F ig u r e s ; '2 th ro u g h  5- w h ic h  show t h e  e f f e c t  o f  r e c y c le  

num ber o n  th e -■'y ie ld " . The m ost o b v io u s  f a c t  t h a t  can  be o b ta in e d  from  th e s e  

g ra p h s  i s  t h a t  t h e  r e c y c l e  num ber has- a  f a i r l y  l a r g e  .e f f e c t  on d e te rm in in g  

•what o p e r a t in g  c o n d i t io n s  w i l l  m axim ize t h e  y i e l d .  W hatever t h e  ca u se  o f  

t h i s  e f f e c t , i t  d e m o n s tra te s  th e  n eed  t o  p i l o t  p l a n t  a  p r o c e s s  th o ro u g h ly  

b e f o r e  s c a l in g ,  i t  u p  i n t o  a  com m erc ia l p l a n t .  A p p a r e n t ly  a  s m a ll  change 

i n  th e  o p e r a t in g  c o n d i t io n s  o f  a  c o n tin u o u s  p l a n t  c o u ld  p ro d u c e  a  change



i n  t h e ' r e c y c le  o i l  t h a t  i n  t u r n  c o u ld  l e a d  t o  a  c o n d i t io n  .o f  i n s u f f i c i e n t  

r e c y c le  o i l  t o  c o n tin u e  th e  c y c le . :  T h is  c o u ld  he a  r e a l  p ro b le m , e s p e c i a l  

I y  x i th ..  l i g n i t e .  w.hich„ r e q u i r e s  . a t  l e a s t  a  p a r t i a l  c o k in g  o f  .th e  h eav y  

a s p h a l te n e  p o r t i o n  o f  t h e  r e c y c le  o i l  t o  k eep  th e  v i s c o s i t y  I o x . fro m  a 

t h e o r e t i c a l  s t a n d p o i n t , t h e  e f f e c t  o f  t h e  r e c y c l e  o i l  m ay be  e x p la in e d  on 

t h e - b a s i s  o f  th e  amount o f  h y d ro g en  h e ld  b y  th e  o i l  t h a t  i s  t r a n s - f e n a b le . 

I t  h a s  b e e n  shown i n  t h e ' l i t e r a t u r e  t h a t  t e t r a l i n  w i l l  g iv e  up fo u r  h y d ro ­

gen  atom s t o  l a r g e r  c o n d en sed  r i n g  s t r u c t u r e s  and i n  th e ' p r o c e s s  change 

i n t o  n a p h th a le n e .  H y d ro g e n a tio n  o f  th e  c o a l  i s  p resum ed  t o  be  c a r r i e d  o u t  

by a  t r a n s f e r  o f  t h e  h y d ro g en  atom s o f  some o i l s  t o  t h e  c o a l  and th e n  a 

r e h y d r o g e n a t io n  o f  th e  d e p le t e d  o i l  b a c k  t o  i t s  o r i g i n a l  s t a t e .  Assum ing 

a  num ber o f  t h e  s u b s t i t u t e d  tw o and t h r e e  r i n g  o i l s  a r e  p r e s e n t  i n  th e  

r e c y c le  o i l ,  t h e  p r e v io u s  .c o n d it io n s  u n d e r  w h ich  th e y  w ere  fo rm ed  s h o u ld  

g r e a t l y  a f f e c t  t h e i r  r e l a t i v e  h y d ro g en  t r a n s f e r a b i l i t y . ' B a s ic  s tu d y  i n t o  

t h e  r e a c t i o n  r a t e s  o f  t h e  p u re  c h e m ic a l s p e c ie s  l i k e l y  t o  be  fo u n d  i n  th e

r e c y c le  o i l  w ould  h e lp  t o  p r e d i c t  t h i s  s o r t  o f  b e h a v io r .  I n  summ ary, th e  
.

r e c y c le  num ber e f f e c t  on t h e  y i e l d s  i s  e s s e n t 'a i l l y  due t o  t h e  h i s t o r y  o f  

t h e  r e c y c le  o i l .  ' •
• . • S

■ R e c y c le  number- t h r e e  h a s  b e e n  ch o sen  as t h e  r e c y c le  t o  show 
A '

t h e  e f f e c t s  o f  c a t a l y s t  •, t e m p e r a t u r e , and tim e  on th e  y i e l d s ,  s in c e  i t  i s  

m ost n e a r l y  r e p r e s e n t a t i v e  o f  th e  c o a l .  F ig u re s  6 and 7 show a l l  t h r e e  

p a ra m e te r s  g ra p h e d  on d i f f e r e n t  a x e s . The f i g u r e s  show  t h a t  y i e l d  may i n  

g e n e r a l  b e  m ax im ized  a t  low  r e a c t i o n  t im e s  and  h ig h  t e m p e r a tu r e s .  The 

n e g a t iv e  e f f e c t  o f  c a t a l y s t  i n  t h i s  ra n g e  i s  an i n d i c a t i o n  t h a t  a t  th e  

s h o r t  t im e s  and h ig h  te m p e r a tu r e s  m ore g as  i s  p ro d u c e d  when a  c a t a l y s t  i s



p r e s e n t .  S p e c i f i c a l l y ,  f o r  one h o u r  a t  475°C , t h e ' y i e l d  o f  g as  i s  i n c r e a s ­

ed. hy 250%. -with.. b% c a t a l y s t  o v e r ' no c a t a l y s t .  F u r t h e r ,  w h i le  th e  y i e l d  o f  

p ro d u c t  o i l  d e c r e a s e s 'b y ' l W ,  t h e 'y i e l d  o f  o i l  b o i l i n g  be I  die 32 5° C i n c r e a s ­

e s  b y  180# f o r  t h e  change  i n  c a t a l y s t .  S i m i l a r l y ,  t h e  h y d ro g en  co n su m p tio n  

a t  t h e  h ig h e r  c a t a l y s t  c o n c e n t r a t io n  i s  i n c r e a s e d  n e a r l y  tw e n ty - f o ld .  T h is  

p o i n t s  o u t . t h a t  o u r  c a t a l y s t  i s  a  good g a s i f i e r  as w e l l  a s  a  good l i q u i f i e r , 

and u n d e r t h e  assum ed v a lu e s , o f  gas and h y d ro g en  i t  i s  p o s s ib l e  t o  r e a c t  th e  

c o a l  t o  su c h  an e x te n t  t h a t  th e  d o l l a r  y i e l d  p a s s e s  a  maximum.

A s e c o n d a ry  e f f e c t  o f  c a t a l y s t  t h a t  i s  n o t  shown on t h i s  g ra p h  

i s  t h a t  t h e  r e c y c l e  o i l  q u a l i t y  may v a r y  d e p e n d in g  on t h e  c a t a l y s t  co n cen ­

t r a t i o n .  . T h u s , o p e r a t io n  a t  low  c a t a l y s t  c o n c e n t r a t io n s  may n o t  a llo w  th e  

r e c y c le  o i l  f r a c t i o n  t o  p i c k  up enough  e x c e s s  h y d ro g en  t o  a llow , th e  p r o c e s s  

t o  c o n tin u e  th ro u g h  s u b s e q u e n t  r e c y c l e s .  F u r th e r  c o n s id e r a t io n  s h o u ld  be 

g iv e n  t o  keep  th e  c o n v e rs io n  p e r  p a s s  o f  t h e  r e c y c le  o i l  as h ig h  as p o s s ib l e  

i n  o r d e r  t o  keep  eq u ip m en t r e q u ir e m e n ts  lo w .

E . ■ C om m ercial C o n s id e ra t io n s

■ Thus f a r  t h e  d i s c u s s io n  h a s  b e e n  c o n c e rn e d  w i th  d e s c r i p t i o n  o f

t h e  s u r f a c e ,  d e s c r ib e d  .b y .th e  e x p e r im e n ta l  d a t a .  F u r th e r  d i s c u s s io n  o f  t h e

s u r f a c e s  i n  te rm s  o f  t h e  i n d i v i d u a l  y i e l d s  o f  p ro d u c t  o i l ,  g a s , r e a c t i o n  
- . .

w a t e r , c o n v e r s io n ,  and  o i l  b o i l i n g  b e lo w  325°C w ill"  be  fo u n d  i n  th e  appen­

d ix  . ■ . .

From, a  co m m erc ia l v ie w , i t  i s  o b v io u s  t h a t  we c a n n o t p ro d u ce  

m ore o i l  b o i l i n g  b e lo w  325°C and ' rem ove i t  from  th e  p r o c e s s  th a n  we make 

a s  p ro d u c t  o i l .  T h is  i s  e q u iv a l e n t  t o  r e q u i r i n g  th e  in p u t  r e c y c le  o i l  t o  

be  l e s s  th a n  o r  e q u a l  t o  t h e  r e c y c l e  o i l '  com ing from  th e  p r o c e s s .  T h u s ,
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w h e th e r  t h e  low  b o i l i n g  p ro d u c t  was p ro d u c e d  from  th e  c o a l  d i r e c t l y  o r  from  

th e  s l u r r y  o i l  i s  a  m o o t .p o in t  a s  lo n g  a s  enough s l u r r y  o i l  i s  p ro d u ce d  

from  th e  c o a l  t o  r e p l a c e  i n  a l l  r e s p e c t s  th e  s l u r r y  o i l  t h a t  was used. u p .

The e q u a t io n s  o f  y i e ld .w e r e  s o lv e d  f o r  th e  t e m p e r a tu r e , c a t a l ­

y s t ,  and t im e  r e q u i r e d  f o r  t h e  p ro d u c t  o i l  t o  e q u a l  t h e  o i l  b o i l i n g  be low  

325°C . . S in c e  t h e  te m p e r a tu r e  i s  t h e  e a s i e s t  t o  c h a n g e , t h e  o th e r  "two o p e r ­

a t i n g  c o n d it io n s -  a r e  s te p p e d  th ro u g h  t h e ’ r e g io n  in  w h ic h  th e  r e s e a r c h  was 

c o n d u c te d  and t h e ' t e m p e r a tu r e  r e q u i r e d  was d e te rm in e d . F o r r e c y c le  number 

t h r e e ,  t h e r e  a r e  t h r e e  c o m b in a tio n s  t h a t  c o u ld  be  u s e d  t o  make a  continuous-= 

sy s te m . O p e ra tio n  a t  ^ T l0C w i th  no c a t a l y s t '  f o r  two h o u rs  w ould  l e a d  t o  an 

o v e r a l l  y i e l d  o f  5 1 .4  c e n ts  p e r  h u n d re d  pounds MAF l i g n i t e  a s  t h e  p o t e n t i a l  

incom e. S i m i l a r l y ,  o p e r a t io n  a t  0.5% c a t a l y s t  a t  464°C. and. two h o u rs ' l e a d s  

t o  a  p o t e n t i a l  o f  51*7 ; and  o p e r a t io n  a t  4% c a t a l y s t  a t  469°C f o r  one h o u r 

l e a d s  t o  a . p o t e n t i a l  o f  6 8 .6  c e n ts  p e r  h u n d red  pounds MAF. l i g n i t e .

The b e s t  c h o ic e  from  a  co m m erc ia l v iew  o f  t h e  p r o c e s s  w ould be 

o p e r a t io n  a t  469°C and  4% c a t a l y s t .  A t t h e s e  c o n d i t i o n s ,  a  95•8 lb .-  c h a rg e  

o f  MAF l i g n i t e  p lu s  4 .l6  l b s . h y d ro g en  w ould  be  p r o c e s s e d  i n t o :  6 . l6  l b s .  

u n c o n v e r te d  c o a l ,  1 3 .2 4  l b s .  o f  n a t u r a l  g a s ,  1 2 .1 5  l b s .  o f  w a te r ,  and 68.44
. ' '  ”  ■ ’ V--:' •

l b s .  o f  o i l  b o i l i n g  b e lo w  325°C .. S in c e  no a tte m p t  was made in - - c o r r e la t i n g
’ ' . ' •- . . 

t h e  y i e l d  .f u n c t io n s  t o  . f o r c e  t h e  t o t a l  y i e l d  t o  e q u a l  10.0%, t h e  m ass b a l ­

an ce  i s  e x tre m e ly  good . '' - .

O p e ra t io n  a t '  t h e s e  c o n d i t io n s  f o r  th e  o th e r  r e c y c l e  num bers 

w ould  n o t  i n  g e n e r a l  p ro d u c e  o i l  b o i l i n g  b e lo w  325°C i n  e q u a l  q u a n t i t i e s -  

w i th  t h e  t o t a l  p r o d u c t  o i l .  The e q u i l ib r iu m  p o in t  a t  w h ich  r e c y c le  o i l  i s  

p ro d u c e d  i n  q u a n t i t y  e q u a l  t o  t h a t  u s e d ,  f o r  4%' c a t a l y s t  and one h o u r i s



^42°C f o r  . r e c y c le  'one . T h is  lo w er .te m p e ra tu re  i s  ■■ e x p e c te d  s in c e  th e  a n th r a ­

cen e  o i l  u s e d  a s  a  s l u r r y  o i l  f o r  r e c y c le  o n e - i s  much m ore e a s i l y  "broken 

i n t o  o i l  b o i l i n g  b e lo w  .325°C th a n  th e  l a t e r  r e c y c le  o i l  p ro d u c e d  from  th e  

l i g n i t e .  The s i m i l a r  e q u i l ib r iu m  p o in t  f o r  s e r i e s  two i s  U90°C. w hich  i s  

s l i g h t l y  o u t s id e  o u r  o p e r a t in g  c o n d i t io n s .  The and tw o .h o u r  e q u i l ib r iu m  

...p o in t.fo r . . r e c y c le  t w o . i s  450°C . T h e 'e v id e n c e - .is "  t h a t  -a .c o n tin u o u s ,-sy s te m  

c o u ld  b e  o p e r a te d  a t  te m p e r a tu r e s  n e a r  468°C. and r e a c t io n ,  t im e  b e tw een  one 

and  two h o u r s ,  -w ith  c a t a l y s t . ,  s in c e ',  a t  t h e s e  c o n d i t io n s  r e c y c le  o i l  i s  

p ro d u c e d  i n  a m o u n ts . e q u a l  t o  t h e  co n su m p tio n  o f  th e  in c o m in g  r e c y c le  o i l .

F . .L iq u id A n a ly s is

'.The o i l  b o i l i n g  b e lo w  325°C' a t  a tm o s p h e r ic  .p r e s s u r e  was. a n a ly z e d  

by  a ' s e r i e s . o f  t e s t s "  oh 31 o f  t h e  e a r l y ' r u n s .- ' R e f r a c t iv e  in d e x  o f  a l l  p r o ­

d u c ts  i s  i n  t h e  neighborhood" o f  1 .6  and .shows no c o r r e l a t i o n  w ith  ru n  c o n d i- -  

t i o n s .  R e id  v a p o r  p r e s s u r e s ,  f l a s h  p o i n t s ,' v i s c o s i t i e s , p o u r  p o i n t s , .b rom ine  

n u m b ers , a n i l i n e  p o i n t s , and  t o t a l  s u l f u r  w ere  fo u n d  t o  hav e  nO c o r r e l a t i o n  

w i th  ru n  c o n d i t i o n s .  V alues' f o r  t h e  f i r s t  p o r t i o n  o f  t h e  f i r s t  r e c y c le  are- 

shown i n  T a b le  I I .  , P ro b a b ly  th e  s m a ll  v a r i a t i o n s  fo u n d  in  t h e s e  t e n t s  w ere 

m ore a  fu n c t io n , o f - s m a l l  e r r o r s  i n  t h e  o p e r a t io n  o f  th e  vacuum  d i s t i l l a t i o n  

eq u ip m en t t o  p ro d u c e  th e  f r a c t i o n s . API g ra v ity ..w a s  found, t o  ,! ,e c re a n e  .w ith  

i n c r e a s e d  ru n  t im e . ' ASTM d i s t i l l a t i o n  d a ta  and a v e ra g e  m o le c u la r  w e ig h ts  

t e n d  t o  i n d i c a t e  t h a t  in c r e a s e d  r e a c t i o n  tim e  d e c re a s e s  t h e  a v e ra g e  m o lecu ­

l a r  w e ig h ts .  ' ASTM d i s t i l l a t i o n  d a ta  a r e  p r e s e n te d  in  T a b le  I I I , and F ig u re s  
' ' - . ■" .

8 and  .9 show t h e  v a r i a t i o n - o f  t h e  ASTM c u rv e s  w ith  c a t a l y s t  c o n c e n t r a t io n  

and  o p e r a t in g  t im e .  I n c r e a s i n g  ru n  l e n g th  and  c a t a l y s t  c o n c e n t r a t io n  te n d s  

t o  s l i g h t l y  i n c r e a s e  th e '.a v e r a g e  m o le c u la r  w e ig h ts .  A verage  m o le c u la r
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w e ig h t s r a n g e d  from  1^3 t o . 1 6 7 . ■

The c o n c lu s io n s  o f  t h e  t e s t s . o n  p ro d u c t  q u a l i t y  a r e  t h a t  t h e  ' 

p ro d u c t  i s  h ig h ly  a r o m a t i c , a s  i n d i c a t e d  by  th e  p o u r  p o i n t s , a n i l i n e  p o i n t s ,  

and  r e f r a c t i v e  i n d i c e s ,  and  ch an g es l i t t l e  w i th  ru n  c o n d i t io n s  o r  r e c y c le  

n u m b ers . The l a c k  o f  change  w ith  r e c y c l e  number i s  an  i n d i c a t i o n  t h a t  th e  

p r o d u c ts  o f  l i g n i t e  c o a l  l i q u i f a c t i o n  a r e  v e ry  s i m i l a r  t o  th o s e  f ro m . th e  

d e g r a d a t io n  of. c o a l  t a r  o b ta in e d  from  b itu m in o u s  c o a l s ,  as- r e p r e s e n te d  i n  ' 

t h e  a n th r a c e n e  s l u r r y  o i l  u s e d  t o  s t a r t  t h e  p r o c e s s .  P ro b a b ly  m ost c o a ls  

c o n ta in  v e r y . s i m i l a r  condensed , r i n g  s t r u c t u r e s  w i th  th e  num ber o f  n i t r o g e n  

and oxygen atom s- a c t i n g  a s  b r id g e s  b e tw e en  clum ps o f  r i n g  s t r u c t u r e s  i n ­

c r e a s i n g  w i th  d e c r e a s in g 'r a n k .  The l i g n i t e  c o a l  u s e d  i n  t h i s  r e s e a r c h ' 

c o n ta in e d  20.9%' oxygen on. a ' MAF b a s i s . '



IV. CONCLUSIONS

The r e s e a r c h  r e s u l t s  shown i n . t h i s  p a p e r  i n d i c a t e  t h a t  t h e  h y d ro ­

g e n a t io n  o f  c o a l  i_s a  com plex  r e a c t i o n  t h a t  can  be  d e s c r ib e d  by  c e r t a i n  

e m p i r ic a l  m o d e ls . The m odels  d e s c r ib e d  by  t h e  d a ta  ig n o re  some v e ry  

im p o r ta n t  v a r i a b l e s  s h o u ld  co m m erc ia l o p e r a t io n  be  th e  o b j e c t i v e .  T hese 

ig n o re d  v a r i a b l e s  a r e  c a t a l y s t ' t y p e , p r e s s u r e , c o a l  p a r t i c l e  s iz e ,-  s l u r r y  

c o n c e n t r a t i o n ,  and th e  m y ria d  p h y s i c a l  p r o p e r t i e s  o f  each  r e a c t i o n  p ro d u c t  

s tr e a m  n e e d ed  t o  d e s ig n  t h e  h a n d l in g  e q u ip m e n t. .

The r e s e a r c h  r e s u l t s  show a  l a r g e  d e g re e  o f  i n t e r a c t i o n  be tw een  

r e a c t i o n  c o n d i t io n s  on th e  y i e l d s .  W hile  t h e s e  i n t e r a c t i o n s  make a  d e s c r ip  

■tion o f  t h e  r e a c t i o n  d i f f i c u l t , th e y  a l s o  s e rv e  t o  fo rm  a  w a rn in g  a b o u t 

q u ic k  jum p ing  t o  c o n c lu s io n s  b a s e d  on a  few  r u n s . D e s p i te  a  f a i r l y  l a r g e  

■ recycle  num ber and r e a c t i o n  c o n d i t io n s  i n t e r a c t i o n , t h e  d a ta  i n d i c a t e  t h a t  

a  c o n tin u o u s  p r o c e s s  c o u ld  b e  o p e r a te d  a t  -a te m p e ra tu re  n e a r  468°C a t  

c a t a l y s t  c o n c e n t r a t io n  and  r e a c t i o n  t im e s  b e tw een  one and two h o u r s .  The 

p o t e n t i a l  incom e f o r  o p e r a t io n  a t  t h e s e  c o n d i t io n s ' w ould  b e  b e tw een  56 and 

74 c e n ts  p e r  h u n d re d  pounds MAF l i g n i t e  p ro c e s s e d ..  Remember t h a t  t h i s  num­

b e r  do es  n o t  in c lu d e  c a p i t a l  c o s t s  o r  c a t a l y s t  c o s t s , n o r  su ch  o p e r a t in g  

c o s t s  a s  h e a t i n g ,  c o o l in g ,  e t c .



V. RECOMMENDATIONS

(1 )  F u r th e r  r e s e a r c h  s h o u ld . s tu d y  th e  e f f e c t s 'o f  v a r io u s  c a t a l y s t s  

u s in g  some ty p e  o f  p r o c e s s  sy s tem ' t h a t  w i l l  l e n d  i t s e l f  e a s i l y  t o  r e c o v e ry  

o f  t h e  c a t a l y s t .

(2 ) F u r th e r  r e s e a r c h  em phasis  s h o u ld  be  on q u ic k ly  d e te rm in in g  th e  

b e s t  c a t a l y s t  sy s te m  from  a  n u m b e r 'o f  p o s s ib l e s  by  o p e r a t in g  in  a r e g io n  

w here  p ro d u c t  o i l  i s  e q u a l  t o  t h e ' o i l  rem oved by  d i s t i l l a t i o n  t o  325°C . I f  

t h e  c a t a l y s t  sy s te m  i s  o f  t h e  same m ag n itu d e  o f  a c t i v i t y  a s  t h a t  d e s c r ib e d  

i n  t h i s  p a p e r , ■ t h e  c o n d i t io n s  o f  1+65°C and one t o  tw o h o u rs  r e a c t i o n  t im e  

w ould  b e  a  good f i r s t  g u e s s .

(3 ) F u r th e r  r e s e a r c h  sh o u ld  a tte m p t  t o  m easu re  t h e  am ounts o f  CO 

and  COg g a s  e v o lv e d  and  a t te m p t  t o  make an oxygen b a la n c e .  T h is  f a c t o r  was 

ig n o re d  i n  t h i s  r e s e a r c h  b u t  a p p a r e n t ly  a ro u n d  se v en  t o  t e n  p e r c e n t  o f  th e  

c o a l  w e ig h t l e a v e s  as  CO and COg•

(U) F u r th e r  r e s e a r c h  s h o u ld  c o n s id e r  u s in g  a  f lo w  ty p e  r e a c t o r  in  

w h ich  a  s p a c e  v e l o c i t y  d e f in e d  i n  pounds o f  c o a l  p e r  c u b ic  f o o t  o f  c a t a l y s t  

can  be  u s e d  as  a  s i n g l e  f lo w  p a ra m e te r  i n s t e a d  o f  th e  tw o p a ra m e te r  r e a c t i o n  

t im e  and c a t a l y s t  c o n c e n t r a t io n  m odel n e c e s s a r y  i n  t h e  p r e s e n t  r e a c t o r  

s e t  u p .

( 5 ) F i n a l  e x p e r im e n ta t io n  on t h e  c o a l  h y d ro g e n a t io n  sy s tem  a f t e r  

t h e  b e s t  c a t a l y s t  o f  a  num ber h a s  b e e n ■s e l e c t e d  sh o u ld  b e  d i r e c t e d  a t  

d e s c r ib in g ' t h e  r e a c t i o n  s u r f a c e  w ith  t h e  q u a d r a t ic  te rm s  a s  w e l l  a s  th e '

i n t e r a c t i o n s .



TABLE I!.. Test Results .for Recycle Number One

Run Number P ro d u c t
(g ram s)

R e id  
V apor 
P r e s s u r e  

' ( p s i a )

R e f r a c t i v e  G ra v ity  
In d e x  ( 0A P I)

F la s h
P o in t
(°F ).

V is c o s i ty
(c s t ) :

L -N T -J -I .186.9 0.40- ' 1 .5 9 4 8 T .40 5 .3 2
L -N T -J-2 3 1 5 .2 0 .4 5  - 1 .5 9 8 0 8.T5 105 3 . IT
L-NTtJ - 3 1 T 0 .9 . 0 .4 5 1 .5 9 4 1 8.20 160 4 .9 4
'LtNTtJ - 1I- 255,8 0 .8 0 1 .6 0 1 6 8.30 115 3.29
LtN T -J- 5 ' -3 0 1 .T 0.2% 1.5893 1 0 .0 0 . 100 ' 4 .0 0
L -N T -j-6 1 3 3 .8 ' . 0 .4 5 ' 1 .5 9 4 4 . 8.50 150 4.88 -
L -N T-J-T 2 1 6 .0 o,4b 1 .6 0 1 3 T .50 ' 1 5 0  ' 3.T5
LtN T -J-8 24T .3 o.6b 1.6093 6.25 125 3.4T  .
LtN T -J-9 2 5 1 .1 o.6o I .6086 6 .1 0 155 ' ■ 4 .0 9
L -N T -J-10 28T.5 . 0 .4 5 1 .6 0 5 8 6.50 125 . ■. 2.86
L - N T - J - I l 3 4 2 .3 0 .8 5 1.5996 8 .8 0 130 2.89
L -N T -Jt 1 2 - -

i
241.2 0.65 ■ 1 .6 0 3 0 6.90 155 4 .0 9

Run Number T o t a l P o u r B rom ine ■Aniline. A v erage  . .C a lc u la te d
S u l f u r P o in t Number P o in t M o le c u la r C etane

' (-wt%) (°c) - (°c) W eight In d ex

L t N T - J - I  ' 0 .0 5 1  ' - b e lo w  -20°C 34.9 b e lo w  - IO 0C ' 16T -2 3 .5
L—NT—J - 2 ■ o.OTti b e lo w  t 2 0 °C 22,5 b e lo w  TlO0O . 151 - 4 . T
L -N T -J-3 0 .08T b e lo w  -20°C I T . T ■ b e lo w  - IO 0C - 158 - 4 .3
L t N T - J - 1)- 0,125 " below  - 2 O0C. 20.8 b e Iqw .-IO 0C l 4 8 ;  ' - 6 . 4  '
L -N T -J-5' 0-.OT2- b e lo w  t 2 0 o C ii.6 -below  - IO 0C 150 . -3.9
L -N T -J-6 Qi 084: b e lo w  -20°C 3 5 ^ . . b e lo w  - IO 0C 150 ' -4 .8 .
L-N T-J-T ; 9 .1 9 1 ■ b e lo w  -20°C 1 0 . 2 ' ' . b e lo w '- IO 0C ' 152 • -6.6
'L.-NT-J-8' / 0.108 b e lo w  -PO0C . 1T .0  ' b e lo w  TlO0C ' 1 H? . -T.9. '
L -N T -J - 9 /  ■ " " -below  -2,0°C 23.0 below  - IO 0C . 1 5 4 -T • 3' ■
L t N T - J - I O •/ . .-below -20°C 2 6 .1  ' b e low  - IO 6C 146 - 1 0 .0  •
L - N T -J - I l 0 .0 2 8  . b e lo w  -20°C 2 0 .4 below . - IO 0C ■ 143 - 6 .1
L -N T -J-12 - 0 ,0 3 3 ' b e lo w  -20°C - 2 0 .2 ' b e lo w  -IO0C. . . l4 8 ■' - 6 .1  '



TABLE III. ASTM Distillation Data
■ % R e c o v e re d

ASTM IBP 5 10 20 30 4o 50 60 70 .80 90 95 EP

J - I 331 . 392 4l4 449 478 506 530 548 561 587 ■ 618 636 636
2 • 170 301 360 4oo 431 463 484 506 534 564 585 — 636
3 l80 347 380 422 451 469 494 510 536 562 616 628 634
4 '  — 291 349 390 425 449 '475 496 520 546 606 - 6i4
5 ' — 297 354 394 427 459 475 514 532 550 573 587 612 .
6 - 329 355 40,0 433 459 486 506 528 552 571 597 589
7 170 327 368 406 435 463 486 572 536 558 583 — 632
8 — 254 348 4oo 433 459 488 508 532 556 626 __ 644
9 190 398 376 4io 44l 469 496 518 540 566 597 — 64o

10 170 . 276 346 390 421 437 470 496 526 558 587 — 636
11 246 331 384 4io 443 471 494 518 542 568 585 628
12 170 291 366 402 437 469 496 522 538 556 583 599 630

K -I 190 368 402 443 480 518 532 560 573 587 607 623 644
2 170 376 398 421 443 465 475 510 532 560 583 — 618
3 190 341 374 . 400 429 459 471 506 528 550 573 579 609
4 170 317 366 402 44i 476 502 518 . 540 558 585 6o4 618
5 170 30 4 358 398 425 ' 449 474 496 522 554 589 — 626
6 170 331 368 402 435 465 496 522 540 560 577 581 593
8 ■ - 305 346 384 4io ' 435 459 482 504 542 573 - 618

L-I 170 305 352 386 410 437 463 484 514 552 587 - 626
2 190 301 368 396 427 457 484 506 534 552 585 597 610
3 — 307 348 386 415 443 461 506 528 552 573 - 630
4 196 298 356 388 412 437 465 490 . 512 ■ 540 560 583 620
5 196 333 - 378 425 46l 490 514 ; 534 550 '564 591 612 632
6 186 319 358 394 419 443 463 488 512 536 568 593 624
7 196 344 382 408 437 473 492 516 534 554 587 598 60 4

0-2 210 340 378 423 465 494 520 540 556 583 606 — 664
5
7
8a

170 / 348 . 378 406 44l 475 506 542 556 575 589 599 605
190 317 LO
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1 h o u r  ru n  tim e

1% C a ta ly s t

F ig u re  2 . E f f e c t  o f  C a t a ly s t  and R e c y c le  Number on O v e r a l l  Y ie ld
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Figure 3- Effect of Catalyst and Recycle Number on Overall Yield
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1 h o u r ru n  tim e  
0% C a ta ly s t

E f f e c t  o f  T e m p e ra tu re  and R e c y c le  Number on O v e r a l l  Y ie ld

0.5% C a ta ly s t

4 h o u rsI  h o u r 2 h o u rs

Figure 5• Effect of Time and Recycle Number on Overall Yield
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1% C a ta ly s t

O v e r a l l  Y ie ld  V ersu s  C a t a ly s t  f o r  R e c y c le  No. 3.

0% C a ta ly s t  
0.5% C a ta ly s t  

C a ta ly s t

Figure 7• Overall Yield Versus Temperature for Recycle No. 3.
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P e r  C ent D i s t i l l e d

F ig u re  8 . ASTM D i s t i l l a t i o n s  f o r  R e c y c le  Number One P ro d u c ts  a t  
3 .6  wt% C a t a ly s t  C o n c e n t r a t io n .
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R e a c tio n  C o n d i t io n s : 

T e m p e ra tu re : U75°C

C a t a ly s t  C o n c e n t r a t io n :

I  h o u r

2 h o u rs  

k h o u rs

P e r  C ent D i s t i l l e d

F ig u re  9* E f f e c t  o f  Run L en g th  on ASTM D i s t i l l a t i o n  o f  R e a c tio n  
P r o d u c t s .



APPENDIX



APPENDEX A.

I . BACKGROUND LITERATURE

The' German Army d u r in g  m ost o f .W o rld  War I I .  was o p e r a te d  on l i q u i d  

f u e l s  p ro d u c e d  from  c o a l .  T w o 'p ro c e s se s  f o r  t h e  l i q u i f a c t i o n  o f  c o a l  w ere  

d e v e lo p e d  and o p e r a te d  i n  t h e  1 9 3 0 ’ s .  The F is c h e r -T ro p s c h  p r o c e s s  g a s i f i e d . 

c o a l  i n t o  CO and and th e n  r e a c t e d  t h e  tw o g a s e s  o v e r  a  c a t a l y s t  t o  p r o ­

duce  l i q u i d s .  The B e rg iu s  p r o c e s s  r e a c t e d  c o a l  i n  a  r e c y c l e  o i l  s l u r r y  a t  

h y d ro g en  p r e s s u r e s  r a n g in g  t o  1 0 ,0 0 0 .p s i g .  A fte r"  th e  w a r , m ost o f  th e  

German docum ents and p r o c e s s  d e s c r i p t i o n s  w ere  u se d  t o  d e s ig n  a  c o a l  h y d ro ­

g e n a t io n  p i l o t  p l a n t  in  L o u i s ia n a ,  M is s o u r i . D a ta  and comments ab o u t th e  

o p e r a t io n  o f  t h i s  p i l o t  p l a n t  f a c i l i t y  fo rm  a  m a jo r  p o r t i o n  o f  t h e  B ureau  

o f  M ines p u b l i c a t i o n s  on- c o a l  h y d r o g e n a t io n  from  I 9U9 t o  1953 . A f te r  t e r ­

m in a t io n  o f  t h e  d e m o n s t ra t io n  p l a n t  i n  1953', w ork was c o n tin u e d  i n  l a b o r a ­

t o r y  and  p i l o t - p l a n t  s c a l e  o p e r a t io n s  by  th e  B ureau  o f  M in es . F u r th e r  ■ 

d e t a i l e d  in f o r m a t io n  on t h e s e  p r o c e s s e s  can  b e s t  be  o b ta in e d  by r e a d in g  th e
I  "I

v e ry  e x c e l l e n t  c h a p te r  on H y d ro g e n a tio n  o f  C oal and T a r b y  E .E . D o n a th .

The R u s s ia n  c o a l  h y d ro g e n a t io n  p r o c e s s e s  w ere p r i m a r i l y  an o u tg ro w th  

o f  m oving e x i s t i n g  p l a n t s  i n  Germany t o  new l o c a t io n s  i n  S i b e r i a  f o r  p ro d u c ­

t i o n  o f  a v i a t i o n  f u e l s . C h e m is try  and T ech n o lo g y  o f  S y n th e t i c  L iq u id  F u e ls  

by  I .  B. R a p o p o rt i s  a  t e x tb o o k  'd e t a i l i n g  t h e  S o v ie t  e x p e r ie n c e s  in  c o a l
I p

h y d r o t r e a t i n g .  A l a r g e  num ber o f  a r t i c l e s  on c o a l  h y d ro g e n a t io n  i s  p r o ­

duced  e v e ry  y e a r  i n  R u s s ia  a s  th e y  c o n t in u e  t h e i r  s t u d i e s  i n t o  c o a l  l i q u i f a c ­

t i o n .

The m a jo r  p ro b le m  w i th  t h e ' b ac k g ro u n d  l i t e r a t u r e  in  t h e  g e n e r a l  f i e l d  

o f  h y d ro g e n a t io n  o f  c o a l  i s  n o t  a  l a c k  o f  l i t e r a t u r e , b u t  m ore a  s o r t i n g  o u t



o f  t h e  m e a n in g fu l  p o r t i o n s  a n d . com paring  from  one s o u rc e  t o  a n o th e r .

N e a r ly  1 0 ,0 0 0  a r t i c l e s ,  p a p e r s ,  o r  b o o k s ' hav e  b een  made a v a i l a b l e  on th e  

h y d ro g e n a t io n  o f  l i q u i d  f u e l s . C om parison  o f  r e s u l t s  i s  o f t e n  c o n fu s in g ,  

p ro b a b ly  b e c a u s e  o f  t h e ' com plex n a tu r e  o f  t h e  r e a c t i o n .  As e x p la in e d  i n  

t h e  body o f  t h i s  t h e s i s ,  t h e  i n t e r a c t i o n  o f  r e a c t i o n  c o n d i t io n s  w ith  e ach  

o th e r  i s  v e ry  s i g n i f i c a n t .  C om parison  o f  r e s u l t s  b e tw een  r e s e a r c h e r s  i s  

d i f f i c u l t  p r im a r i l y  b e c a u s e  t h i s  i n t e r a c t i o n  te rm  i s  n o t  o f t e n  r e p o r t e d .

One o f  t h e  i n t e r e s t i n g  f a c t s  d e r iv e d  from  th e  l i t e r a t u r e  i s  th e  

p ro p o se d  c o a l  s t r u c t u r e .  , F ig u re s  10 and  1 1 . show two p ro p o se d  c o a l  m odels ^ 5 

^  and co m p a riso n  o f  t h e  m odel f o r  f u s a i n  w ith  th e  m odel f o r  a  t y p i c a l  h ig h  

v o l a t i l e  c o a l  i n d i c a t e s  t h e  p r o b a b le  d i f f i c u l t i e s  e n c o u n te re d  i n  b r e a k in g  

up f u s a i n  com pared t o  t h e  t o t a l  h ig h  v o l a t i l e  c o a l .  T his- i s  n o t  t o  sa y  t h a t  

t h e  f u s a i n  i s  u n c o n v e r t ib l e  ;• i t  was shown many y e a r s  ago t h a t  n e a r ly  a l l  

fo rm s o f  c a rb o n  t h a t  o c c u r  i n  a  n a t u r a l  p r o c e s s  from  c a rb o h y d r a te  m a t e r i a l  

may b e  h y d ro g e n a te d  and  b ro k e n  i n t o  l i q u i d  h y d ro c a rb o n s . .  O xygen, s u l f u r ,  

and  n i t r o g e n  bonds a p p e a r  t o  be  t h e  e a s i e s t  p o in t s  a t  w h ich  t o  b re a k  th e  

c o a l  m a c r o m o l e c u l e a n d  th u s  t h e  f u s a i n  w i th  v e ry  few  p o i n t s  f o r  h y d ro g en  

t o  a t t a c h  i s  d i f f i c u l t  t o  b r e a k .

I n  a d d i t i o n . t o  a  " g re a t  amount o f  r e s e a r c h  d i r e c t e d  a t  im p ro v in g  t h e

B e rg iu s  p r o c e s s ,  a  num ber .of o th e r  c o a l  h y d ro g e n a tio n .m e th o d s  have  b e e n  

i n v e s t i g a t e d .  The c o ro n a  h y d ro g e n a t io n  o f  c o a l  w a s ,s tu d ie d  by  G e n e ra l  

E l e c t r i c  and  p ro m is e s  o p e r a t io n  a t  p r e s s u r e s  n e a r  a tm o s p h e r ic . ^  E l e c t r i c  

a r c  p r o c e s s in g  l e a d s  t o  a c e ty le n e  and h y d ro g en  from  h ig h  v o l a t i l e  c o a l s . ^  . 

U nderg ro u n d  m ethods . f o r  h y d ro g e n a t io n  t h a t  w ould  w ork f o r  d eep  m ines have  

b e e n  p a r t i a l l y  s t u d i e d . U s e  o f  c o a l  a s  a  s o l i d  f u e l  f o r  d i r e c t  e l e c t r i c a l
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l8p r o d u c t io n  i n  a  f u e l  c e l l  i s  a l s o - b e i n g . s t u d i e d .

A B ib l io g r a p h y  d e t a i l i n g  a b o u t l6 0 0  a r t i c l e s  t h a t  hav e  b e e n  p u b l i s h ­

ed  from  i 960 t o  1967 i s  a v a i l a b l e  from  th e  O f f ic e  o f  C oal R e s e a rc h . 19 The 

v a s t  amount o f  r e s e a r c h  i n  t h i s  f i e l d  i s  an  i n d i c a t i o n  t h a t  a  p r o c e s s  w i l l  

b e  a v a i l a b l e  t o  p ro d u c e  l i q u i d s  from  c o a l  a t  a  c o m p e t i t iv e  p r i c e  w ith  p e t ­

ro le u m  i n  t h e  n e a r  f u t u r e .

The p r o j e c t e d  f u e l  u s a g e s  and o i l  d i s c o v e r i e s  i n d i c a t e  t h a t  some

ty p e  o f  s y n th e t i c  f u e l  w i l l  p ro b a b ly  b e  n e e d ed  by  1 9 8 0 .

G eorge Fum ich J r . . ,  d i r e c t o r ,  O f f ic e  o f  C oal R e s e a rc h , i n  rem ark s  
t o  t h e  U n i te d  M ine W orkers C o n v en tio n , i n  D enver l a s t  m o n th , ( i n  
N ovem ber, 1 9 6 8 ) p r o j e c t e d  p o s s i b l e  u s e  f o r  c o a l  i n  t h e  l i q u i d  f u e l  
m a rk e ts  t o t a l i n g .  200 m i l l i o n  a n n u a l  to n s  by 1980 . The f u tu r e  
f o r e c a s t  w ould  be  HOO t o  500 m i l l i o n  to n s  by 2 0 0 0 .^

C.G. H e r r in g to n ,  V ice  P r e s i d e n t  and D i r e c t o r  o f  Humble O i l  and R e f in in g  

Company f e e l s , "The f u t u r e  o f  c o a l  a s  a  s y n t h e t i c s  s o u rc e  p r o b a b ly  depends 

m ore on e n e rg y  econom ics and  e n e rg y  p o l i t i c s  th a n  on t e c h n o l o g ic a l  c a p a b i l ­

i t y  f o r  c a r r y in g  o u t t h e  c o n v e rs io n  s t e p . " ^ 1 W hile  t h i s  w i l l  hav e  a  l a r g e  

b e a r in g  on when' t h e  p l a n t s  w i l l  be  b u i l t ,  t h i s  a u th o r  f e e l s  t h a t  t h e  demon­

s t r a t i o n  o f  a d e q u a te  te c h n o lo g y  f o r  a  g iv e n  ty p e  o f  c o a l  w i l l  h av e  a 

d e f i n i t e  a f f e c t  on p l a n t  l o c a t i o n .  F r e ig h t  c o s t s  f o r  h a u l in g  c o a l  t o  a  

p l a n t  a r e  c o n s id e r a b ly  l a r g e r  th a n  t h e  c o s t s  o f  s h ip p in g  a  l i q u i d  f u e l  to  

m a r k e t ,  e s p e c i a l l y  f o r  l i g n i t e  c o a ls  t h a t  h av e  a  3 0 ' t o  m o is tu re  c o n te n t .  

A ls o ,  l i g n i t e  i s  v e ry  in e x p e n s iv e ' t o  m ine i n  M ontana and  t h e  D ako tas and. 

a p p e a rs  t o  b e  e a s i e r  t o  h y d ro g e n a te  th a n  b i tu m in o u s  c o a l s . .  The w a te r  i n  • 

t h e  l i g n i t e  may ev en  be  u s a b le  t o  p ro d u c e  th e  h y d ro g en  r e q u i r e d  t o  c a r r y  o u t 

t h e  h y d ro g e n a t io n  and  th u s  c u t  down on th e  w a te r  r e q u ir e m e n ts  o f  a  p l a n t .



I I .  EQUIPMENT AND PROCEDURES EXPANDED■

The eq u ip m en t u s e d  in  th e  r e s e a r c h  w ork h a s  b e e n  a d e q u a te ly
pp

d e s c r ib e d  by  G. R. H aab . The o n ly  eq u ip m en t changes made h av e  b e e n  t o  

u s e  a  De L a v a l l a b o r a t o r y  d i s k  and bow l c e n t r i f u g e  i n  p la c e  o f  a  p r e s s u r e  

f i l t e r .

O p e r a t io n a l  p ro c e d u re s  grew  from  a  c o n s id e r a t io n  o f  s a f e t y  and 

g e t t i n g  th e  maximum num ber o f  ru n s  th ro u g h  th e  equ ipm en t i n  a  g iv e n  t i m e . 

P u lv e r i z e d  c o a l  was add ed  t o  t h e ' h o t  r e c y c le  s l u r r y  o i l  v e ry  s lo w ly  o v e r  a  

p e r io d  o f  a b o u t f o u r  h o u r s . The p a r t i a l l y  d r i e d  l i g n i t e  c o n ta in e d  a p p ro x i ­

m a te ly  15% w a te r  and  c a u se d  e x te n s iv e  foam ing  o f  t h e  s l u r r y  o i l  u n t i l  t h e  

w a te r  h ad  b e e n  v a p o r iz e d  o u t .  A co m m erc ia l p l a n t  w ould  hav e  t o  d ry  th e  

c o a l  t o  5$ o r  l e s s  m o is tu r e  i n  o r d e r  t o  a l lo w  r e a s o n a b ly  f a s t  c o a l  s l u r r y  

m ix in g .

At t h e  s t a r t  o f  a  r u n ,  c o a l  s l u r r y  was pumped i n t o  t h e  m e a su r in g  

u n i t  by t h e  r e c i r c u l a t i n g  pump- u n t i l  t h e  o i l  f lo w ed  o v e r  t h e  to p  o f  t h e  

s ta n d p ip e  and b a c k  i n t o  t h e  s l u r r y  r e s e r v o i r .  A f te r  b lo w in g  t h e  r e t u r n  

l i n e  f r e e  o f  o i l  w i th  n i t r o g e n ,  t h e  m e a s u r in g  u n i t  was p r e s s u r i z e d  and th e  

e n c lo s u r e  p o s te d  as  o f f  l i m i t s  f o r  a l l  p e r s o n n e l .  The o i l  was th e n  p r e s s u r ­

ed  i n t o  t h e  m ain  r e a c t o r , h y d ro g en  and  c a t a l y s t  a d d e d , and  t h e  p r e s s u r e  

n o te d  a t  i n t e r v a l s .  When p r e s s u r e •d ro p p ed  t o  2200 t o  2350 p s i g ,  a d d i t i o n a l  

h y d ro g e n ’was add ed  t o  b r in g  th e  p r e s s u r e  b a c k  to . 2550 o r  2600 p s i g .  B e fo re  

t h e  end o f  a  r u n ,  t h e  se co n d  r e a c t o r  was p r e h e a te d  by  a  g a s  b u r n e r  t o  a b o u t 

180°C and  th e  b u r n e r  s h u t  o f f . The h o t  o i l  and gas was th e n  dumped th ro u g h  

th e  b o tto m  v a lv e  i n t o  t h e  se co n d  r e a c t o r  and a llo w e d  t o  c o o l  s l i g h t l y  b e f o r e  

th e  h y d ro g e n  and w a s te  g a s e s  w ere  v e n te d . ' ' The g a s ' was v e n te d  th ro u g h  a
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c o n d e n se r  j t h e  c o n d e n s a te  t r a p p e d  i n  a  r e s e r v o i r ,  a  g as  sam p le  was ta k e n  

f o r  c h ro m a to g ra p h ic  a n a ly s i s  (done im m e d ia te ly  t o  p r e v e n t  d i f f u s i o n  from  

s i g n i f i c a n t l y  c h a n g in g  th e  c o m p o s i t io n ) .

A p p ro x im a te ly  f o u r  m in u te s  a f t e r  t h e  dump o f  t h e  r e a c t i o n  p r o d u c t s , 

th e y  w ere  c o o le d  down t o  220° t o  2Uo°C. They w ere  th e n  p r e s s u r e d  by low 

n i t r o g e n  p r e s s u r e  ( l e s s  th a n  20 p s ig )  th ro u g h  a  t h r e e - e i g h t s  in c h  d ip  tu b e  

i n t o  t h e  s p in n in g  c e n t r i f u g e .  N i t ro g e n  was s lo w ly  added  u n t i l  a  sm a ll  

am o u n t•o f  o i l  v a p o r  smoke was se e n  t o  le a v e  t h e  to p  o f  t h e  c e n t r i f u g e .  The 

c e n t r i f u g e  was l e f t  s p in n in g  u n d e r  pow er f o r  a b o u t n in e  m in u t e s , a f t e r  w h ich  

t h e  pow er was c u t  and  t h e  bow l a llo w e d  t o  slow  t o  a  s to p .  The bow l h o ld s  

n e a r ly  a l l  o f  t h e  r e a c t i o n  p r o d u c ts  and  h ad  t o  be  d is a s s e m b le d  a f t e r  each  

r u n .  The l i q u i d  p o r t i o n  was rem oved by  i n v e r t i n g  th e  bow l o v e r  a  s t a i n l e s s  

s t e e l  b e a k e r  f o r  f o u r  t o '  f i v e  m in u te s ; and th e n  a f t e r  rem ov ing  a  one gram 

sam p le  f o r  S o x h le t  a n a l y s i s ,  t h e  s o l i d s  w ere  rem oved from  th e  s id e  o f  t h e  

bow l by s c r a p in g  w i th  a  s p a t u l a .

A n a ly s is  o f  t h e  l i q u i d  p o r t i o n  was c a r r i e d  o u t w h i le  t h e  n e x t  ru n  

was b e in g  m ade. F i r s t  t h e  c o n d e n s a te  was d i s t i l l e d  t o ' s e p a r a t e  t h e  w a te r  

f r a c t i o n .  The re m a in in g  o i l  i n  th e  c o n d e n s a te  was com bined w i th  t h e  c e n t r i ­

fu g e  l i q u i d  and th e y  w ere  vacuum  d i s t i l l e d  a t  20 mm Hg u n t i l  t h e  c u to f f  

p o i n t  o f  197°C h ad  b e e n  r e a c h e d .  The l i g h t  o i l  was sa v e d  f o r  f u r t h e r  a n a ly ­

s i s  i f  d e s i r e d ,  b u t  th e  r e c y c l e  o i l  was com bined w ith  t h e  o th e r  r e c y c le  o i l

from  p r e v io u s  ru n s  i n  t h e  s e r i e s .  Upon c o m p le tio n  o f  a  s e r i e s ,  th e  com bined 
.

r e c y c l e  o i l s  w ere  c le a n e d  up by  vacuum  d i s t i l l a t i o n  a t  2 -5  mm Hg t o  a 

t e m p e ra tu re  i n  e x c e s s  o f  1000°F . The r e s i d u a l  coke c o m p rise d  a b o u t 30% a s h .  

P a r t  o f  t h e  f o u r  h o u r  run ' d a ta  f o r  . r e c y c le  num bers tw o and t h r e e  was •



o b ta in e d  w ith  raw  r e c y c l e  o i l  t h a t  was n o t  coked  f r e e  o f  a s p h a l t e n e s .  T h is  

c a u se d  c o n fo u n d in g  o f  some r e c y c l e  e f f e c t s  w i th  th e  f o u r  h o u r  e f f e c t s  b u t  

was n e c e s s a ry  t o  p r o v id e  t h e  num ber o f  ru n s  n eed ed  f o r  r e g r e s s i o n  a n a l y s i s .

Due t o  a  c h ro m a to g ra p h  m a l f u n c t io n ,  some o f  t h e 'd a t a  on th e  f i r s t  

r e c y c l e  g a s  s tr e a m  w ere  l o s t . .  A bout h a l f  o f  t h e  m is s in g  d a ta  w ere e s t im a te d  

from  s i m i l a r , r u n s  i n  t h e ' same r e c y c l e  s e t ,  and th e  r e s t  w ere  e s t im a te d  from  

th e  t r e n d s  shown i n  t h e  f i r s t  p o r t i o n  o f  t h e  s e r i e s .  G e n e r a l ly ,  th e  m ethod 

f o r  a n a ly s i s  o f  t h e ' g a s  was t o  i n j e c t  a  sam ple  i n t o  a  P o ra p a k  Q colum n (o n e -  

e ig h th  in c h  by  t e n  f e e t ) a t  IOO0C and d e t e c t i n g  t h e  h y d ro c a rb o n  g a s e s  by  a 

h y d ro g en  f la m e  i o n i z a t i o n  d e t e c t o r .  At f i r s t ,  a  c a l i b r a t i o n  c u rv e  was . 

d e te rm in e d  f o r  t h e  g a s e s  b y  i n j e c t i o n  o f  a  s e r i e s  o f  s ta n d a r d  g as  sam p les o f  

known c o n c e n t r a t io n s .  L a t e r , i t  was fo u n d  t h a t  th e  r e s u l t s  w ere  v e ry  d ep en ­

d e n t  upon c a r r i e r  g as  f lo w  r a t e  w h ich  was v e ry  d i f f i c u l t  t o  r e s e t  a t  th e  

same p o i n t .  The c a l i b r a t i o n  p ro c e d u re  was th e n  changed  t o  r e q u i r e  ru n n in g  

o f  a  c o u p le  s ta n d a r d  g as  sam p les  d u r in g  th e  same h o u r as t h e  unknown sam ple 

was r u n . ' S a m p le " s iz e s  o f  t h e  s ta n d a r d  g a s  w ere  ta k e n  t h a t  made th e  peak  

h e ig h t s  o f  t h e  s ta n d a r d  n e a r l y  t h e  same a s  t h e  unknown. C a lc u la t i o n  was 

th e n  b a s e d  on . l i n e a r  - i n t e r p o l a t i o n .



I I I .  MASS BALMCE PROGRAM DESCRIPTION .

The m ass b a la n c e  program - i s  shown on p a g e s ' 59 t h r u  62 . B a s i c a l ly  

i t  ch an g es  t h e  m ole p e r c e n t  d a ta  o b ta in e d  from  th e  c h ro m a to g ra p h  i n t o  

a b s o lu te  w e ig h ts  o f  e a ch  h y d ro c a rb o n  g as  by  assum ing  t h a t  t h e  i d e a l  gas 

law  h o ld s .  P r e s s u r e  and te m p e ra tu re  d a ta  was ta k e n  as  t h e  l a s t  o b s e r v a t io n  

b e f o r e  dum ping t h e  r e a c t o r .  An a s su m p tio n  o f  no b u i l d  up  o f  coke in  t h e  1 

r e a c t o r  h ad  t o  b e  m ade, a l th o u g h  e v id e n c e  p o i n t s  t o  a  f a i r l y  l a r g e  b u i ld u p .  

A f te r  t h e ' t o t a l  o u tp u t  was d e te rm in e d , a  l o s s  was c a l c u l a t e d  b a s e d  on an 

a s s u m e d -in p u t c h a rg e  o f  1^75 m l a t  1 .1 3  gram s p e r  m l. O u tp u t d a ta  th e n  i s  

n o rm a liz e d  by  b a s in g  th e  p e r c e n ta g e  o f  o u tp u t  s tre a m s  fo rm ed  on th e  t o t a l  

o u tp u t  w e ig h t .

The ru n  by  ru n  p r i n t o u t  o f  th e  p ro g ram  r e s u l t s  i s  p r e t t y  much s e l f  

e x p la n a to r y  and c o v e rs  p a g e s  63 th ro u g h  179*' I t  s h o u ld  b e  n o te d  t h a t  th e  

p r e s s u r e  o f  th e ' ru n  i s  t h e  p r e s s u r e  a t. t h e  end o f  t h e  r u n ;  a l l  r u n s ' can  be 

c o n s id e r e d  t o  b e  a t  a  n o m in a l 2500 p s ig  e x c e p t  ru n  L -N T -0 -8 , w h ich  was a t  

1500 p s i g .  T h is  r u n ,  n o t  c o n s id e r e d  i n  t h e  r e g r e s s i o n  a n a l y s i s , . r e s u l t e d  

from  e x c e s s iv e  le a k a g e  th ro u g h  th e  m ain  s e a l  o f  th e  r e a c t o r .  Two t a b l e s  

f o r  each  s e r ie s -  sum m arize t h e  m ain  d a ta - f r o m  .th e  - ru n s  ■ i n  te rm s  o f  p e r c e n ts
' - . ■ " "  . -i - ,

o r  g ram s. • The d a t a  from  t h e s e  t a b l e s  w ere  com bined t o  fo rm  th e  in p u t  d a ta
. - ■ ' ' - , ’ . - 

t o  t h e  m u l t ip l e  l i n e a r  r e g r e s s i o n  p ro g ram . The ru n s  a l l  u s e  t h e  code L-NT

a s  a  p r e f i x  s ta n d in g  f o r ' l i g n i t e  c o a l  and th e  H arshaw  n i c k e l - t u n g s t e n  c a t ­

a l y s t .  The l e t t e r  p o r t i o n  o f  t h e  ru n  num ber i s  i t s  s e r i e s  d e s ig n a t io n .  

S e r i e s  J ,  K, -and L w ere  ru n  a t  f o u r  h o u rs  and c o rre s p o n d  t o  r e c y c le s  I ,  2 ,  

and  3 r e s p e c t i v e l y .  T h is  s e t  o f  s e r i e s  d id  n o t u se  a  c o k in g  o p e r a t io n  on



t h e  r e c y c l e  o i l .  S e r i e s  M5 O5 P 5 and Q w ere ru n  w ith  m o s t .p o in t s  a t  one 

o r  two h o u rs  5 w i th  j u s t  a  few', a t  f o u r  h o u r s .



IV . MULTIPLE LINEAR REGRESSION PROGRAM DESCRIPTION

T h is  p ro g ram  was w r i t t e n  by'. D r. G lenn  Ing ram  and o th e r s  on th e  

com pu ter s t a f f  a t.M o n ta n a  S t a t e . U n i v e r s i t y . I t  i s  a v a i l a b l e  i n  an u n d a te d  

v e r s io n  t o  a l l  u s e r s  o f  M ontana S t a t e  U n i v e r s i t y 's  Sigma 7 sy s te m  .and 

in f o r m a t io n  a b o u t i t  c an  b e  o b ta in e d  from  th e  Com puter D e p a r tm e n t . The 

p ro g ram  i s  n o t  l i s t e d  i n  t h i s  t h e s i s ,  b u t  t h e  o u tp u t  f o r  t h e  r e g r e s s i o n  

a n a ly s i s  o f  o u r  d a ta  i s  l i s t e d  in  f u l l .  -

I n p u t  d a ta  f o r  t h i s  p ro g ram  was o b ta in e d  by  co m bin ing  ru n  s e r i e s  

J  w i th  M, K w i th  0 ,  L w i th  P , and l e a v in g  Q by  i t s e l f ,  t o  fo rm  r e c y c le  

num bers one th ro u g h  f o u r  r e s p e c t i v e l y .  S ix  ru n s  w ere  fo u n d  t o  b e  g r e a t I n ­

v a r i a b l e ,  com pared  t o  t h e  o t h e r  ru n s  i n  t h e i r  s e r i e s ,. and  w ere  rem oved 

from  c o n s id e r a t i o n  b e f o r e  t h e  r e g r e s s i o n  was m ade. T h ese  ru n s  w ere K -T , 

M -IO3- 0 - 7 ,  0 - 8 , 0 - 9 s and  P-7* The t h r e e  ru n s  in  0 w ere  p ro b a b ly  b a d  due 

t o  t h e  le a k a g e  p ro b le m  e x p e r ie n c e d  a b o u t t h a t  t im e .

A t o t a l  o f  n i n e t y - f o u r  ru n s  w ere  l e f t -  f o r  r e g r e s s i o n  a n a l y s i s .  They 

a r e  s p re a d  th r o u g h . t h e  f o u r  r e c y c le s  su ch  t h a t  r e c y c le  o n e ,.(fro m  com bined, 

s e r i e s  J  and  M ), h a s  t h i r t y - e i g h t  r u n s . R e c y c le  two (fro m  com bined K and 

0 s e r i e s ) ,  h a s  tw e n ty - th r e e  r u n s . ■ R e c y c le  t h r e e  (fro m  com bined  L and P 

s e r i e s ) ,  h a s  tw e n ty -o n e  r u n s . R e c y c le  f o u r  (fro m  s e r i e s  Q o n l y ) ,  has 

tw e lv e  r u n s .  ■'

O u tp u t d a ta . f r o m  t h e  r e g r e s s i o n  p ro g ram  a r e  l i s t e d ,  on p a g e s  180 

th ro u g h  199 *■ B a s i c a l l y  i t  c o n s i s t s  o f  t h r e e  s e t s  o f  t a b l e s  f o r  each  o f .  

t h e  f o u r  r e c y c l e  n u m b ers . .  The f i r s t  t a b l e  g iv e s  th e  m ean, s ta n d a r d  d e v ia ­

t i o n , '  v a r i a n c e  and  sum o f  s q u a re s  f o r  e a c h ' o f  t h e ' t h i r t e e n  V a r i a b l e s .



I

V a r ia b le  one i s  d e f i n e d ' a s  t h e  n a t u r a l  lo g a r i th m  o f  t h e  r e a c t i o n  t im e .  

V a r ia b le  tw o i s  t h e  te m p e ra tu re  i n  0C. ' V a r ia b le  t h r e e  i s  d e f in e d  as  t h e  

n a tu r a l . ,  l o g a r i th m  o f  one p lu s  t h e 'c a t a l y s t  c o n c e n t r a t io n  i n  p e r c e n t  ( i . e . ,  

i t  v a r i e s  from  I n  ( l .O )  t o  I n  (5 -0 )  a s  c a t a l y s t  goes from  0 t o  4% b a s e d  

on MAF c o a l ) .  V a r ia b le  f o u r  i s  a  .y i e l d  v a r i a b l e  d e f in e d  as  t h e .p e r c e n t  

u n c o n v e r te d  c o a l .  V a r ia b le  f i v e  i s  p e r c e n t  p ro d u c t-  o i l  a s  d e f in e d  by  th e  

m ass b a la n c e  p ro g ra m . V a r ia b le  s i x  i s  p e r c e n t  g as  a n d - v a r i a b l e  se v en  i s  

p e r c e n t  r e a c t i o n  w a te r .  V a r ia b le  e i g h t  i s  p e r c e n t  o i l  b o i l i n g  be low  32’50C. 

V a r ia b le  n in e  i s  t h e  gram s o f  h y d ro g en  u s e d  p e r  r u n .  V a r ia b le  t e n  i s . t h e  

p ro d u c t  o f  v a r i a b l e  one w i th  two w i th  t h r e e .  V a r ia b le  e le v e n  i s  t h e  p r o ­

d u c t  o f  one and  tw o ; tw e lv e  i s  th e . .p r o d u c t  o f  one and t h r e e ;  and  t h i r t e e n  

i s  t h e  p ro d u c t  o f  tw o and t h r e e .  ‘

The se c o n d  t a b l e  i s  a  t a b l e  o f  c o r r e l a t i o n s  o f  t h e  e n t i r e  s e t  o f  

v a r i a b l e s  w i th  e a c h  o t h e r .  The t h i r d  s e t  o f. t a b l e s  i s  t h e  m ost im p o r ta n t ,  

a s  i t  g iv e s  t h e  e q u a t io n s  f o r  th e  m u l t i p l e  l i n e a r  r e g r e s s i o n  o f  t h e  y i e l d  . 

v a r i a b l e s  w i th  t h e  s i x  in d e p e n d e n t v a r i a b l e s  o n e , tw o , t h r e e ,  t e n ,  e le v e n ,  

tw e lv e , ,  and  t h i r t e e n .  C e r ta in  s t a t i s t i c a l  t e s t s ,  f o r  t h e  goo d n ess  o f  f i t

o f  t h e  r e g r e s s e d  • e q u a t io n s  t o  t h e  d a ta  a r e  g iven .. The F t e s t s  a r e  a l l

' - V  " "  ' . . 
s i g n i f i c a n t  t o  95'%'. i n  t h e  f i r s t  t h r e e  r e c y c le s  w i th  t h e  w o rs t  d e g re e  o f  f i t

b e in g  t h a t  o f  r e a c t i o n  w a t e r , v a r i a b l e  s e v e n , t o  t h e  r e a c t i o n  c o n d i t io n s .

R e c y c le  f o u r  j u s t  does n o t  h av e  .enough sa m p le s ’ t o  a d e q u a te ly  s p e c i f y  t h e  .■•

e q u a t io n s  f o r  c o n v e rs io n  ( v a r i a b l e  f o u r ) ,  p ro d u c t  o i l  ( v a r i a b l e . f i v e ) ,  o r

r e a c t i o n  w a te r .  The o th e r  y i e l d s . a r e  f i t t e d  q u i t e  w e l l .

. - 38-:
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V. DISCUSSION OF RESULTS.

The' d i s c u s s io n  i n  t h e  .body o f  t h e  t h e s i s  - c e n te r e d 'a r o u n d  t h e 'p r e ­

s e n t a t i o n  o f  an  o v e r a l l  y i e l d  f u n c t io n  t h a t  c o u ld  b e  u s e d  t o . d e s c r i b e  t h e  

r e a c t i o n  s u r f a c e .  A t o t a l  o f  s i x  y i e l d s  can  b e ' i d e n t i f i e d  and c o r r e l a t e d  

w i th  t h e  o p e r a t in g  c o n d i t i o n s .  T h e .p e rc e n t  c o a l  t h a t  re m a in e d  a s  an u n ­

c o n v e r te d  s o l i d  w i l l  b e  c o n s id e r e d  a  q u a s i  y i e l d  f o r  t h i s  d i s c u s s io n .

Second  i s  t h e  y i e l d  o f  p ro d u c t  o i l  d e f in e d  by  th e  m easu re  o f  o i l  l e a v in g  

th e . r e a c t o r  m inus t h e  assum ed amount e n t e r in g  th e  r e a c t o r .  The t o t a l  

y i e l d  o f  g a s , a s  fo u n d  by  c h ro m a to g ra p h ic  m e th o d s , i s  c o n s id e r e d  th e  t h i r d  

y i e l d .  O i l  b o i l i n g  b e lo w  197°C a t  20 mm Hg, and  t h e  p e r c e n t  r e a c t i o n  w a te r  

a r e  t h e  f o u r t h  and  f i f t h . y i e l d s ' r e s p e c t i v e l y . • T h e 's ix t h  i s  a n o th e r  q u a s i  

y i e l d  d e f in e d  as t h e  am ount o f  h y d ro g en  r e q u i r e d  p e r  ru n  i n  g ram s.

. T hese  s i x  y i e l d s  w ere  f i t t e d  by  m u l t i p l e  l i n e a r  r e g r e s s i o n  t o  t h e  

e q u a t io n  a r r i v e d  a t  e a r l i e r :  _ ' '

Y = Uq-..+ L3X1 + U3X2 + P 3X3 + ^ 12X1X3 + P13X3X3 + Ii23X3X3 + l I 2SxI 5̂ 3S

T a b le  IV l i s t s  t h e  b ' s  f o r  e a ch  o f  t h e  f o u r  s e r i e s  and  e a ch  o f  th e  s ix

y i e l d  f u n c t i o n s .  F u r t h e r . d a ta  r e l a t i n g  t h e  d e g re e  o f  f i t  and th e  v a r io u s

s t a t i s t i c a l  p a ra m e te r s  can  b e  fo u n d  i n  t h e  o u tp u t  o f  t h e  m u l t i p l e  l i n e a r

r e g r e s s i o n  program - s t a r t i n g  on page  l 8 0 .  I t  i s  im p o r ta n t  t o  n o te  h e re  
' ' ' ' ,

t h a t  t h e  i n t e r a c t i o n  te rm s  a r e  d e f i n i t e l y  a  la r g e ' f a c t o r  i n  d e s c r ib in g  th e  

e f f e c t  o f  t h e  o p e r a t in g  c o n d i t io n s  on t h e  y i e l d .

G ra p h s .o f  t h e  e q u a t io n s  can  Pe draw n i f  two p a ra m e te r s  a r e  h e ld  

f i x e d ,  one p a ra m e te r  i s  t a k e n  as  th e ' in d e p e n d e n t  a x i s ,  and  th e  f o u r t h  p a r a ­

m e te r  p l o t t e d  a s  a  c o n to u r .  T h is  h a s  b e e n  done on F ig u re s  12 th ro u g h  1 7 , 

w h ich  show t h e ' e f f e c t  o f  r e c y c l e  num ber on th e  s i x 'y i e l d s  a t  th e



i n t e r m e d ia t e  c o n d i t io n s  o f  te m p e ra tu re  (U50°C ) and c a t a l y s t  c o n c e n t r a t io n  

(O .5%)• I n  g e n e r a l , t h e ' f i g u r e s  show t h a t  t h e ' r e c y c l e  num ber a f f e c t s  th e  

y i e l d .  An a p p a re n t  e x c e p t io n  t o . t h i s  i s  s e e n  i n  F ig u re  l 6 w here  r e c y c le  

num bers tw o , t h r e e  and f o u r  i n d i c a t e : t h e  same y i e l d s  a t  t h e  same tim e  

s lo p e  as  r e c y c l e  num ber o n e . '.'.This , a p p e a rs  t o  b e 'a n  i n d i c a t i o n  t h a t  t h e  

a n th r a c e n e  o i l  p ro d u c e s  a  c o n s id e r a b ly  l a r g e r  amount o f  o i l  b o i l i n g  b e lo w  

325°C th a n  does t h e ' l a t e r  r e c y c l e  o i l ; h o w e v e r, t h e  r e a c t i o n  tim e  a f f e c t s '  

t h e  am ount p ro d u c e d  i n  t h e ' same m anner f o r  a l l  r e c y c l e s .  . E x a m in a tio n  o f  

j u s t  one  f i g u r e  w ou ld  l e a d  t o  th e  e r ro n e o u s  c o n c lu s io n  t h a t  t h e  r e c y c le  

num ber e f f e c t  h a d  s t a b i l i z e d .  T h a t t h i s  c o n c lu s io n  i s  e r ro n e o u s  i s  o b v io u s  

from  t h e  o t h e r  f i v e  f i g u r e s  i n  t h i s  s e t .

A n o th e r  o b s e r v a t io n  t h a t  i s  a p p a re n t  from  t h e . s e t  o f  f i g u r e s  i s  

t h a t  r e c y c l e  num ber t h r e e  i s  u s u a l l y  i n  th e  m id d le  p o r t i o n  o f  t h e  v a r i a t i o n  

due t o  r e c y c l e  num ber. P a r t l y  b e c a u s e  o f  t h i s  and  p a r t l y  b e c a u s e  t h e  

t h i r d  r e c y c l e  s h o u ld  b e  e x p e c te d  t o  hav e  l i t t l e  r e s i d u a l  a n th ra c e n e  o i l  

r e m a in in g ,  t h e  t h i r d  r e c y c l e  w a s .c h o s e n 't o  d i s c u s s  t h e  e f f e c t  o f  th e  o p e ra ­

t i n g  c o n d i t io n s  on t h e  y i e l d s .  The f o u r t h  r e c y c le  i s  n o t  u s e d  s in c e  i t  

c o n ta in e d  o n ly  tw e lv e  ru n s  w h ich  c a n n o t a d e q u a te ly  d e f in e  t h e  r e a c t i o n  

s u rfa c e s - .

B e g in n in g  w i th  F ig u re  1 8 , a  s e t  o f  g ra p h s  i s  p r e s e n t e d  t h a t  show 

t h e  e f f e c t  o f  o p e r a t in g  c o n d i t io n s  on th e  s i x  y i e l d s .  The even  num bered 

f i g u r e s  h av e  th e  r e a c t i o n  t im e  as t h e  in d e p e n d e n t a x is  on a  lo g  s c a l e ,  and  

show t h e  r e a c t i o n  s u r f a c e  by  c o n to u r  l i n e s  a t  t h e  e x tre m e s  o f  te m p e ra tu re  

and c a t a l y s t  c o n c e n t r a t io n .  The odd num bered f i g u r e s  h av e  t h e  r e a c t i o n  

te m p e ra tu re  as  t h e  in d e p e n d e n t  a x is  and  show th e  s u r f a c e  by  c o n to u r  l i n e s
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a t  t h e ' e x tre m e s  o f  t im e  and c a t a l y s t  c o n c e n t r a t io n .

C a t a l y s t ' i s  s e e n  i n  F ig u re s .  18 and  19 t o  d e c r e a s e . t h e  amount o f  

c o a l  t h a t  i s  u n c o n v e r te d .  I n c r e a s e d  ru n  t im e  a t  Ioyr t e m p e ra tu re  v a lu e s  

a l s o  d e c re a s e s  t h e  am ount u n c o n v e r te d  b u t  n o t  a t  h ig h  t e m p e r a tu r e s .  The 

p ro p o se d  r e a s o n  f o r  t h i s  s l i g h t  i n c r e a s e  in 'u n c o n v e r te d  c o a l  a t  h ig h  tem p­

e r a t u r e  and lo n g  r e a c t i o n  tim e  i s  t h a t  t h e  - d is s o lv e d  c o a l  m u st b e  r e p o l y - - 

m e r iz in g  and  c o k in g . A good t e s t  f o r . t h i s  h y p o th e s i s  w ould  be  t o  t r e a t  

e x t r a c t e d  c o a l  o i l  a t  a  h ig h  te m p e r a tu r e  and lo n g  r e a c t i o n  t im e  t o  s e e  i f  

some coke w ould  b e  fo rm ed .

'■ P ro d u c t  o i l  f o rm a t io n  can  b e  s e e n  i n  F i g u r e s '20 and  21 to . be  a t  i t s  

maximum a t  e i th e r -  l a r g e  c a t a l y s t  c o n c e n t r a t io n s  and low  t e m p e r a t u r e s , w i th  

lo n g . t im e s  o r  a t  s h o r t  t im e s ',  w i th  low  c a t a l y s t  c o n c e n t r a t io n  and h ig h  

te m p e r a tu r e .  T h is  i s  c a u se d  by  a  num ber o f  i n t e r a c t i n g  e f f e c t s .  I t  w i l l  

b e  s e e n  i n  F ig u re s  22 and  23 t h a t  gas p r o d u c t io n  in c r e a s e s  g r e a t l y  w i th  

i n c r e a s e d  t im e  a t  t h e  h ig h  te m p e ra tu re s  b u t  n o t  a t  t h e  low  te m p e r a tu r e s .

T h is  rem oves some o f  t h e  p ro d u c t  o i l  t h a t  was fo rm ed  a t  t h e  s t a r t  o f  t h e  

r e a c t i o n  t im e  and c a u s e s  t h e  amount o f  p ro d u c t  o i l  a t  t h e  end  o f  th e  

r e a c t i o n  t o  d e c r e a s e .  On th e  o th e r  h a n d , a t  s h o r t ,  r e a c t i o n  t im e  and no 

c a t a l y s t  t h e  p r o d u c t  o i l  i s  n o t  fo rm ed  soon  enough f o r  t h e  te m p e ra tu re  t o  

g r e a t l y  b r e a k  i t  down i n t o  g a s e s .  A n o th e r  c a u se  i s ' t h a t ,  t h e 'h e a t u p  t im e  

t o  b r in g  th e  o i l  t o  r e a c t i o n  te m p e ra tu re  i s  a  s i g n i f i c a n t  p o r t i o n  o f  th e  

one h o u r  r u n  t im e  a t  h ig h  te m p e ra tu re s ,  s in c e  t h e  r e a c t o r  i s  o p e r a t in g  

f a i r l y  n e a r  i t s  u p p e r  t e m p e ra tu re  l i m i t .

R e a c t io n  w a te r  was n o t  c o r r e l a t e d  v e ry  w e l l  w i th  r e a c t i o n . c o n d i t i o n s ,  

so  c o n c lu s io n s  draw n from  t h e  i n d i c a t e d  e q u a t io n s  may n o t  b e  o f  g r e a t . v a l u e .



The mean o f  a l l  c o n d i t io n s  i s . a b o u t  10.5% c o a l  e n d in g  up a s  w a te r  w i th  t h e  

maximum v a r i a t i o n s  i n  t h e  o r d e r  o f  3% o f  t h e  c o a l  w e ig h t . .  T h is  w ould  

c o r re s p o n d  t o  v a r i a t i o n s  i n . t h e  o r i g i n a l  d a ta  o f  a b o u t 8 gram s o f  w a te r .

V ery p o s s ib l y  o u r  t e c h n iq u e  o f  s e p a r a t i n g  w a te r  from  l i g h t  o i l  i n  t h e  

c o n d e n s a te  c o u ld  l e a d  t o  m easu rem en t v a r i a t i o n s  o f  2 -3  g ra m s , w hich  w ould  

.e x p la in  t h e  p o o r d e g re e  o f  f i t . "  N e v e r th e le s s ,  F ig u re s  2k  .and 25 . I n d ic a te  

t h a t  r e a c t i o n  w a te r  i s  i n c r e a s e d  s l i g h t l y  w i th  t im e  and te m p e ra tu re .

T h ere  i s  a  p o s s i b i l i t y  o f  a  l a r g e  t h i r d  o r d e r  i n t e r a c t i o n  te rm  w hich 

c o u n te r a c t s  t h e  o th e r  e f f e c t s .

The t h i r d ,  m ost e a s i l y  o b t a in e d ,  q u a n t i t y  i n  o p e r a t io n  o f  th e  

eq u ip m en t i s  t h a t  o f  o i l  b o i l i n g  b e lo w  325°C . . The m ost e a s i l y  o b ta in e d  

( th o u g h  n o t  e a sy  t o  c a l c u l a t e  by  h an d ) i s  t h e  p e r c e n t  c o a l  t h a t  i s  c o n v e r t ­

ed i n t o  g a s .  P ro b lem s o f  c a l i b r a t i o n  on th e  c h ro m a to g ra p h  h av e  g iv e n  some 

c o n c e rn  f o r  e r r o r  i n  t h i s  num ber. The se co n d  m ost e a s i l y  o b ta in e d  i s  t h a t  

o f  p e r c e n t  u n c o n v e r te d  c o a l .  H ow ever, t h i s  was fo und  t o  h av e  an i n t e r a c t i o n  

b e tw e en  te m p e r a tu r e  an d  t im e .  From F ig u re  l 6  i t  can  b e  s e e n  t h a t  t h e  p e r ­

c e n t  o f  o i l  b o i l i n g  b e lo w  325°C h a s  l i t t l e  v a r i a t i o n  due t o  r e c y c le  num ber

a f t e r  t h e  f i r s t  r e c y c l e ;  ''' The e v id e n c e  i n  F ig u re s  26 and- 27 p o in t s  to . a
- ■

m in im a l of. i n t e r a c t i o n  e f f e c t s  f o r  t h e  r e a c t i o n  c o n d i t io n s  on t h i s  y i e l d .  

T h is  y i e l d  i s  i n c r e a s e d  g r e a t l y  by  c a t a l y s t ,  t e m p e r a tu r e ,  and  r e a c t i o n  t im e .  

■Thus, i t  a p p e a rs  t h a t  a.maximum o f  in fo rm a t io n -m ig h t  w e l l  b e  o b ta in e d  by 

e x a m in a tio n  o f  j u s t  t h i s  one v a r i a b l e  when t r y i n g  t o  d e te rm in e  th e  b e s t  

c a t a l y s t s  t o  b e  u s e d  i n  t h e  sy s te m . T h is  c o n c lu s io n  i s  f u r t h e r  s t r e n g th e n -  

ed  by  th e  f a c t  t h a t  t h i s  p ro d u c t  w ould  be  t h e  m ost' s a l a b l e  and h en ce  i s  a 

ro u g h  d e te rm in a n t  o f  o v e r a l l  y i e l d .  I t  s h o u ld  b e  n o te d  h o w e v e r , t h a t  t h e  -



maximum o b ta in a b le  o v e r a l l '  y i e l d  i s . n o t  c o n s i s t e n t  w i t h . t h e  maximum o b t a i n ­

a b le  p r o d u c t  b o i l i n g  b e lo w  3 2 5 °C .' .N e v e r th e le s s ,  f o r  o b t a i n i n g . t h e  in fo rm a ­

t i o n  a b o u t w h ich  c a t a l y s t  o f  many i s  t h e  b e s t ,  t h e  y i e l d  o f  o i l  b o i l i n g  

be low  325°C s h o u ld  b e  g iv e n  h ig h e s t  p r i o r i t y ,  u n le s s  t h e  fu n d s  a r e  a v a i l ­

a b le  t o  c a r r y  o u t a  c o m p le te  s tu d y  o f  e a c h .

H ydrogen u s e d  to - p r o d u c e  th e ' g a s e s  and  l i q u i d s  from  th e  c o a l  can  be  

s e e n  i n  F ig u re s  28 and  29 t o  b e .m o s t  a f f e c t e d  by  th e  l e n g t h  o f  r u n .  The 

e f f e c t  o f  t e m p e ra tu re  on h y d ro g en  u s a g e  a p p e a rs  t o  be  m ore due t o  th e  

i n t e r a c t i o n  te rm  o f  t im e  and t e m p e r a tu r e .  C a ta ly s t  a l s o  h a s  a  l a r g e  e f f e c t  

on th e ' h y d ro g en  u s a g e  as  w ou ld  b e  e x p e c te d .

The d a ta  a n a ly z e d  and  shown i n  t h e  g ra p h s  g iv e  a  f a i r l y  co m p le te  

p i c t u r e  o f  c o a l  h y d r o g e n a t io n .  The o b v io u s  w ea k n e sse s  and l i m i t a t i o n s  due 

t o  t h e  l a r g e  e f f e c t s  o f  r e c y c l e  o i l  w ould  r e q u i r e  a  v e ry  e x te n s iv e  p rog ram  

t o  c o r r e c t  i n  t h e  p r e s e n t  e q u ip m e n t. S in c e  t h e  p r e l im in a r y  econom ic e v a l ­

u a t io n s  i n d i c a t e  t h e  l a r g e s t  c o s t  f a c t o r  i n  o p e r a t io n  w i l l  b e  t h a t  o f

s u p p ly in g  c a t a l y s t  u n d e r  t h e  p r e s e n t  p r o c e s s ,  i t  a p p e a rs  t h a t  f u r t h e r  
• . / '

r e s e a r c h  s h o u ld  c e n t e r  on f i n d i n g  a  p r o c e s s  and c a t a l y s t  sy s te m  t h a t  can

b e  e a s i l y  r e g e n e r a t e d .  The o n ly  a l t e r n a t e  t o  a  r e g e n e r a t a b l e  c a t a l y s t  
. '  - -

sy s te m  c a n  b e  p ie c e d ' o u t  from  th e  d a t a  and  f i g u r e s  p r e s e n te d  by  assum ing  

t h e  u s e  o f  ho c a t a l y s t ' i n  t h e  p r im a ry  r e a c t o r  and u s in g  a  c a t a l y t i c  se co n d  

s ta g e  t o  t r e a t  w hat w ou ld  e s s e n t i a l l y  b e  an  a s h - f r e e  d e p o ly m e riz e d  c o a l .

F o r no c a t a l y s t  t h i s  p r im a ry  r e a c t o r  s h o u ld  o p e r a te  a t  h ig h  te m p e ra tu re s  

and  low  t im e s ,  and  t h e  r e c y c l e  o i l  p r o b a b ly  s h o u ld  b e  a  heav y  f r a c t i o n  o f  

t h e  p r o d u c t  from  t h e  se c o n d a ry  r e a c t o r  o p e r a t in g  a t  m o d e ra te  te m p e ra tu re ' 

and m o d e ra te  r e a c t i o n  tim e '.



APPENDIX 3 .

Summary o f  E x p e r im e n ta l  D a ta

The' d a t a . f o r  t h e 'p r o d u c t i o n .o f  l i q u i d s  and g a s e s ,  from  S av a g e , ■ 

M ontana l i g n i t e  by  h y d ro g e n a t io n  w i th  a  n i c k e l  tu n g s te n  c a t a l y s t  i s  p r e  

s e n te d  i n  f i g u r e s  and t a b l e s  i n  t h e  body, o f  t h i s  t h e s i s  and  on th e  

fo l lo w in g  p a g e s .



TABLE IV . C o r r e l a t i o n  C o e f f i c i e n t s

R e c y c le  Tdq bI ' b 2 b 3 b 12 b 13 b 23 b 123
Y ie ld

I
o f  U n c o n v e r te d  C oal
-76.2298 49.8876 0.19871 99.3487 -0.18398 -83.0717 -0.22839 0 .1 8 0 0 2

■ 2 228.7664 -173.3031 -0 .4 6 1 3 1 -58.6548 ' 0.36458 4.9832 0 .1 1 0 9 3 0 .00 2 0 2
.3 246.5610 -207.6150 -0.50478 -7 9 -8 2 4 3 0 .44 4 3 8 62.7541 0.16531 -0.13644
4 73.0136 1 6 .6 9 5 0 -0 .1 3 6 8 6 41.5186 -0.05133 -82.6024 -0.10133 0 .18 9 2 4

Y ie ld  
• I

o f  P ro d u c t 
3 6 7 .0 1 1 2

O i l
32.6911 -0.66249 -93.2437 -0.10953 127.0477 0.20916 -0.27106

2 13.6935 1 8 6 .9 9 6 1 0 .1 1 1 5 2 30 .0 7 7 9 -0 .4 0 7 3 3 28.1540 -0.05223 -0 .0 8 0 2 2
3 -90.7450 410.2590 0.35642 125.4877 -0.93428 -118.7959 -0 .2 7 8 1 4 0.26839
4 113.1289 1 3 1 .4 1 7 6 - 0 .0 8 7 1 6 - 2 0 .6 7 1 1 -0.29355 -50.3067 0.05607 0 .10749

Y ie ld
I

o f  G ases
-193.835 -5 7 .2 7 4 7 0 .4 5 0 1 4 -4.7861 0.15984 -38.5660 ' 0.01536 0 .08180

2 -125.053 1 1 .7 1 3 0 0 .2 9 4 0 2 2 1 .1 6 0 6 -0 .0 1 9 1 4 -52.2407 -0.04526 0.12083
' 3- ■■ -4 3 .3 9 6 -177.2635 0.10345 -4 1 .3 9 7 7 0.42388 22.0322 0.09907 - 0 .0 5 2 1 2

4 ■-1 0 0 .0 2 2 -136.6690 0.23769 1 3 .6 0 8 1 0.31655 9 1 .6 6 2 0 -0.03208 - 0 .20187

Y ie ld
I

o f  R e a c tio n  W ater 
4 .5 0 4 1 .  -23.0855 0.00990 0.0791 0.05819 - 8 .6 6 1 0 0.00055 0 .0 1 6 3 4

2 -16.5032 -23;62l6 0.05373 8.3655 0.05667 1 5 .0 4 7 1 -0.01577 -0.03359
3 -1 0 .0 0 3 9 -1 0 .7 4 5 7 0.03951 -6.7457 0 .03 0 9 4 30.8955 0 .0 1 9 2 0 -O .07293
4 10.7746 -4 .1 4 5 5 -0.00759 -29.6988 0 .01 1 4 6 ■ 3 0 .7 8 2 4 " 0.06685 -0.07090



TABLE IV. Correlation Coefficients - Cont.

R e c y c le  "b̂
• b I  . - b 2 ' . b 3 ■

CXJ
H O

j
H LO b 23 b 123 ■

Y ield. o f  O i l  B o i l in g  B elow  325°C
I - 7 3 .1 9 8 - 1 3 6 .6 3 5 o \ 2 7 6 0 5 ' '- 1 9 .9 9 0 4 0 .3 5 4 7 6 ■ 4 0 .9 1 8 1 0.07956 -0.09090
2 , -■147.109 - 9 4 .1 5 8 0 .3 9 3 1 4 -7 4 .7 7 0 0 0 .2 5 1 8 8 1 2 ,8 8 9 1 0 .1 9 0 9 1 -0 .0 1 4 7 6
3 -■150.447 -1 4 2 .4 0 3 . 0 .4 0 3 9 1 -1 0 0 .5 5 3 2 0.35380 67.8295 0.25356 -0 .1 4 5 3 8
U  -■107.569 -2 5 4 .5 8 2 '■ 0 .3 1 2 7 0 -1 1 1 .4 3 9 3 0 .6 0 8 5 3 156.0379 ' 0.26284 -0.33569

H ydrogen C onsnm ntion \  _

I  - -5 2 .0 4 9 5 ' -2 0 .1 2 7 4 .. 0 .1 2 7 2 0 1 9 .5 4 7 2 0.07065 -4-. 5449 -0 .0 3 1 0 1 0.00955
2 -6 4 .7 3 8 0 3 0 .2 1 7 2 0 .1 4 8 8 4  ; 1 2 .2 8 7 8 -0.04786 - 1 3 .6 2 6 2 -o .o i8 4 o 0.03297

. 3 2̂1.2686. -25.6895 0 .0 4 5 8 0 -12.6309 0.08963 -1 5 .3 1 8 4 0.03993 0.03350
4 -5 2 .6 2 4 6 -97.5637 0 .1 2 2 3 1 7 4 .7 0 7 5 0 .2 2 7 3 0 33.5353 - 0 .1 5 8 1 6 ' - 0 .06918

O v e ra l  Y ie ld  i n ' $  P e r  H undred Pounds M A P 'L ig n ite
I .2 .7 3 0 7 4 -0 .3 0 4 3 6 - 0 .0 0 4 5 8 -1 .1 9 3 9 5 0.00029 1 .1 7 2 3 6 0 .00265 - 0 .00 2 5 2
2 0 .1 0 8 0 8 0 .3 0 6 1 5 0 .0 0 1 0 1 - O .39761 - 0 .0 0 0 7 2 0 .3 9 8 4 5 0 .00 0 9 7 - 0 .00097
3 \  ■ -1 .3 0 8 7 4 . 2 .2 6 1 0 1 0 .0 0 4 3 7 0 .4 8 1 0 4 -0 .0 0 5 5 2 -0 .1 5 5 8 5 - 0 .00109 0 .00 0 4 2
4 0.89254 1 .0 0 2 9 7 -0 .0 0 0 5 3 -2 .1 7 6 1 4 -0 .00 2 1 7 0 .1 1 0 5 4 0 .00485 - 0 .0 0 0 3 1
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Figure 2Q. Macromolecular Model for Fusain from Angrenski CoalCl3)
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Figure 19. Effect of Temperature on Conversion in Recycle Humber 3



P
er

ce
n

t 
P

ro
d

u
ct

 
O

il
 

w
 

P
er

ce
n

t 
P

ro
d

u
ct

 
O

il

& 0% C a t a ly s t
-O C a t a ly s t

U h o u rsI  h o u r 2 h o u rs

2 0 . E f f e c t  o f  Time on P ro d u c t  O i l  Y ie ld  f o r  R e c y c le  Number 3

0% C a ta ly s t
4% C a ta ly s t

Figure 21. Effect of Temperature on Product Oil Yield for Recycle 3



P
er

ce
n

t 
G

as
 

P
ro

du
ce

d 
^

 
P

er
ce

n
t 

G
as

 
P

ro
du

ce
d

0# C a ta ly s t  
C a ta ly s t

Figure 23. Effect of Temperature on Gas Yield for Recycle Number 3



P
er

ce
n

t 
R

ea
ct

io
n

 W
at

er
 

Hd
 

P
er

ce
n

t 
R

ea
ct

io
n

 W
at

er
-55-

0% C a ta ly s t
C a ta ly s t

I  h o u r h h o u rs2 h o u rs

E f f e c t  o f  Time on R e a c t io n  W ater Y ie ld  f o r  R e c y c le  Number 3

C a ta ly s t
C a ta ly s t

Figure 25. Effect of Temperature on Reaction Water for Recycle Number 3



-56-

lSO - ►— > 0% C a ta ly s t  
M-----a 4% C a ta ly s t

F ig u re  26 . E f f e c t  o f  Time on O i l  B o i l in g  Below 325°C , R e c y c le  Number 3

> O l C a ta ly s t
W C a ta ly s t

Figure 27. Effect of Temperature on Oil Boiling Below 325°C, Recycle 3
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Figure 29. Effect of Temperature on Hydrogen Consumption, Recycle 3



APPENDIX C. 

Comput e r O u tp u t



TABLE V. Computer Listing of Mass Balance Program

c  t h i s  program i s - d e s i g n e d  to make a mass  bal ance  around n coal 
C HYDROGENATION runs  

IMPLICIT REAL . ( M  )
INTEGER RUNl (30), PUN2.( 30) ,RUNS C30) ,DATElzDATEEif T I ME (30)

.DIMENSION 'T (-30) z 6 R L 3 2 5 ( 3 0 ) , H 2 U S E D ( 3 0 ) , D I F F ( S O ) , PR8D6L ( 3 0 ) , PERGLOO 
I ) / RERUN ( 3 0 ) ,  PERH2G ( 3'o ) ,  PERGA'S ( 30') , CATCN ( 30 ) , GRPER (30 )

DATA L/ 'L-N T' /
? READ I , NUM " ‘

• I FORMAT (12)
I = I .. L

■ IF (NLIM) 4,4,999 .
4 READ 5 , RUNl( I )>RUN2(I )vRUN3( I ) , DATE I , DATE2,T( I ) , P,T I ME( I ) , PASTE, 

IDENS 11, CBLPE.R, COL, ASHES
5 FORMAT ( • 3 A 4 , 2 A 4 , F 6 « l , p 7 « l , A 4 , F 7 * l , 4 p 6 * 3 )

I F t R U N l ( I ) .NE.U GO TO 399
READ .30, PRESS 

30 FORMAT (pIOO)
READ 4o,MMETH,METH,MPROP,MBUr,CAT,GRG325,GRL325(I ),WTBOWL,WTSOX, 

IWTt E S , WTH2B
40 FORMAT ( 4 F 7 « 4 ,  7 F 6 » I ) ■ ■.

C OBTAINING GRAMS OF MAF COAL
'CAL = COLPER*( ASHES.+ COL)
c o a l o a s t e * d e n s i t * c o l p e R .
WATER = OO"  ' «
ASH=COAL^ASHES
MAF-=COALM-COL '
re:c y g =p -a s t e * d e n s i t ^C0a l * ( a s h e s +c o d

C CALCULATIONS TO FIND HYDRqGe N ADDED AND GaS SyREAM WgIGHTS
C ASSUMING IDEAL GAS LAW ' ' '

TK = T ( T)+ 2 7 3 * 
q = 6 0 4 / (  I . 20S*TK)
H2=PRESS*0*2,
MPTHAN=Q*MMETH*16.*P
E.THANE=Q*METH*30.*P



TABLE V. Computer Listing of Mass Balance Program - Cont.

PRePAN = Q*MPRftP*4-4. *P 
BUTANE ='-Q*MBUT*58'.*p 
GAS=mETHAN+ETWANE+PR0PAN+BUTANE 
MHgsl«OprMMETH-METH-MPRQP-MBUT'
ZHYD-n*MH2*2.*P 
HEUSED( I ) =HE-ZHYD 

C CALCULATE,QUTPUT STREAMS
ASCAC5 = WTBSWL*WTLES / WTSBx CEN9IL=WTBdWL-ASCACQ
BI I eUTs-GRG325 + GRr 325 ( I )+CENQ I L RrAHEO-WTHHQ-WATCR
PASS=PASTE*D£NSIT+H2 USED(I )
PUTT = WTB0-WL-CAT + GPG325 + GRL325( I )+REAH20 + GAS 
DlFF(I )= ((PASS-PUTT)/PASS)*100.
CF=PUTTZPASS
MAFC =MAF*CF + HEUSED'( I )
PPQDSL ( I ) =QILRUT«-(RECYC*CF)
A S HI = A S H * C F 
RECYCfiBGRG325+CEN0lL
PERQU (.I ) = ( PRQDOL ( I ) / maPC)*100*
GPPERII)=(6RL325(I)/maFC)*100.
UNc9n = ASCACQ-ASH I-CAT
PERUN ( I ) = (UNCQN/MAFC-)*10o, . '
PFRHPQ ( I )s(REAH20/MAFC)HoO* 
PFRMETs(NETHANZMAFC)*100. 1
PERETH=(ETHANEZMAFC)*100.
PfrPRQp (PROPANZMAFC) *1 00.,
PFRBUT=(BUTANEZMAFC)*100,
PERGAS( I )-PERMeT+PeRETH+PeRPRQ+PERBUT 
CATCNd)=(CATZ(MAFC-H2USED(I ))>*100.
WAT=I.-ASHES-CQL

.C FORMAT ,FOR PRINTING THE RESULTS'
IF(NUM) SlCi ISO.180



TABLE V. Com puter L i s t i n g  o f  Mass B a la n c e  P rogram  -  C o n t.

I" 80 PRINT 200,RUNl ( I ) , RUNS ( I ) , RUNS ( I ) , DATEl,DATES,P
200 FApMAT(1H1,36X,'COAL HYDRAGENATIBN MASS BALANCE',//,13X,'RUN NUMSE 

1R',2X,3A4,10X, 'CANDITIONs AF RUN ',/,13X,'DATE AF RUN',2X,2A4,
?1?X,'PRESSURE • , F7» I, IX, 1 PSI ' )

■ PRINT 210,T(I ) , TIME( I ),CAL,CAT,CATCN(I)
210 FORMAT (46X, 'TEMPERATURE, r - - r ~ ' , F6» I ,  ' C' , / ,46X, 'TIME

1 -  - - , - - ' - - , ,  ' , A4, ' HR'S JM'I N ' , /  , 46X, ' CS AL CANCENTRATISN
2- - - ' , F6 »3, ' ' , / ,46X, 'CATALYST CONCENTRATION - ' ,F4«l, ' GR
3 ; ' , F 7 , 3 , '% MAF', /)

PRINT 2 2 0 , MAF,UNCAN,PERUNcn
220 FARMATt 13X,' JNPUT IN I «■ - ~',2X,F6*1, 5X, GRAMS ' ,33X, 'OUTPUT IN GRAMS',/ / ,  13X,'MAF CO1AL UNREACTED COAL' , 2X,F5. I , 6 X,F6 »2,'% OF MAF CBA-
. ' 2L AND H2' )

PRINT R30,PRODOLt I ) , PEROLc I ) , GRL325(I ), GRPER( I )
230 FORMAT ( 40X,.f PRODUCT OIL - ' , 3X, F5» I, 6X, F6,2, '% AF MAF CAAL AND HE' 
. 1,/ ,44X, 'OIL < 325C',2X,F5,l,6X,F6*2,'% OF MAF COAL AND H2')

PRINT 240,GAS,PERGASt I VMETHAN,PERMET,ETHANE,PERETH,PROPAN,PERPRO, 
!BUTANE,PFRBUT • . ,

240 FORMAT (40X,'GAS - ',2X,F6'1,6X,F6,2,'% OF MAF COAL AND H?'
' I , / ,  44X,'METHANE 2X, F6. 1, ' t FS» 2 , '%)' , / ,  44X, •'ETHANE- ,',2X,F6»1

' 2 , ' ( ' , F 5 ' 2 , '% )' , / ,44X, 'PROPANE -»,2X,F6»1,' ( ' , f5*2 , '% ) ' , / ,44X, 'BUTA 
3NE- , ' ,2X,F6.1,  I ( ' . ,F5.2,’%) ' )

PRINT 245,REAH20,PERHge(I )
245 FORMAT (4QX, 'REACTION WATER ' , 2X,F5. I , 6X,F6.2/ '% OF MAF CAAL AND HP 

I ' , / I

- ',2X,F6» I , 2IX, 'ASH - -
- i,2X,F6«I , 2IX, 'WATER -

, 2X, F6 »I, /  } 
- ■' , 2X,F6 • I , /)

PRINT 250,ASH,ASHl 
250 FORMATt13X, 'ASH,

PRINT 2.60, WATER, WATER.
260 FORMATt 1.3X, 'WATER, - - 

PRINT 270, RECYC/ RECYC-O
270 FSRMAT(13X,'RECYCLE OIL - ' , 3X,F6•1, 2 1X, 'RECYCLE O IL"'^3X,F6• I, / )  

PRINT 290,H2,H2USEDtI ),ZHYD -
290 FORMAT ( 13X, 'HYDROGEN- - - 3X, F6« V  2lX, ' HYDROGEN' , / ,  56X, 'CONSUMED

I- - ' ,3X, .F6' l - , / ,56X, 'UNUSED - - » ', 3X, F6 • I, /  )



PRINT 280,[AT,CAT
280 FORMAT(13X,'CATALYST- - - r , 3X,F6 . 1 , 2 1 X , ’CATALYST - ■*' ,3 x , F 6 » I , / / )  

PRINT 3 0 0 , PASS,PUTT,DIFF( I )
300 FORMAT < 13 Xz TOTAL MASS BALANCE 1 , I OX, 'GRAMS IN - - > , F6 . 1, / ,  AIX, i

' I GRAMS QuT- - ' 1, p6 •I , A lx, ’% DlFF - - " !,F6»1)
310 1*1+1

GD TD 4 '
329 PR.I NTAOO
400 FORMAT ( I H l , / / / ,

I' /'//•, 13X, 'RUN',9X,'TlMEi,5X,'TEMP',8X,'CATCN',5X,'% UNC0N',4X,
2 ' % OTl ' , 6 X , '% GASi , 6 X , '% H P S ' , / / )

19=1-1
DD 451 K = l , 19
PRINT 4 5 0 , RUNl( K ) , RUN2(K),RUN3(K),TI ME(K) , T( K) , CATCN(K),PERUN(K), 

IPERSL(K),PERGAS(K),PERHSO(K)
450 FORMAT ( 1 3 X , 4 A 4 , 4 x , F 7 , 2 , 5 ( 3 X ' F 8 , 3 ) )
451 CONTINUE '

I y  PRINT 480
480 FORMAT ( I H l , / / / ,

• I .  / / / , 1 3 X, ' RUN' , DX, ' TIME' , 5X, ' TEMP' , gX, ' CATCN' , 4X, ' PRODUCT' , 4X,
2 ' < 3 2 5 c '> 7X, ' H2l jSED' ,6X,  t LS S S W/ / )

DP 49.1 K = I ,  1.9
PR I NT 450,  RUN,! ( K ) , RUN2 (K),  RUN3 ( K.) , TI ME ( K I ,  T ( K ) , CATCN (K) , PRoDOL (K),  

10RL325(K),HEUSEb(K),DlFF(K)
PUNCH 5 .1 0 , T ImE (K),T(K), CATCN(K),PERuN(K),PEROf(K), PERGAS ( K ) , PERHEQ 

I (K)  ,GPPER ( K ) , H2USED ( K ) , D IF-F ( K )•
5 1 0 . FORMAT (A1, 2X, 9F8, 3)  '
4Ql CONTINUE 

. GO TO 2 
999 END FILE 106

END FILE 106  '
CALL/EXIT ■
END

TABLE V. Computer Listing of Mass Balance Program - Cont.
-62'



TABLE V I. C oal E y d ro g e n a tio n  M ass' B a la n c e  ■

I .  I n d iv id u a l ,O u tp u t  B a la n c e ' S h e e ts S e r ie s  I .



.CQAU M Y D R e G E N A T i e N  M A S S  BALANCE

RUN NUMBER L-NT-J-I 
DATE QF RUN 03-18-.68

■input in grams

C0NPITIQNS. OF run
PRESSURE - T -  - T 3 - -  2250» O PS I
TEMPERATURE- - r T - - - 425,0 C
Ti me - - - I - - r p - - 4 : 0 4  hrsjmin
CQAL CONCENTRATION - - - 0,17Q
CATALYST CONCENTRATION - 8*9 SR; '4*000% MAF

OUTPUT IN GRAMS
MAF COAL - - - 247,7

ASH- - - - - -  3 5 . 3

WATER- " " * ■ « * .  0» O

U N R E A C T E D  C O A L 4 . 1
p r o d u c t  o i l  - 2Q6 ♦ 4

O I L  < : 3 2 5 c 1 8 6 . 9
gas 20,2

METHANE - 5»6 ( 2«
e t h a n e .  - 3,5 ( I,
PROPANE - 2,6 ( I.
butane- - 8 • 6 ( 3«

r e a c t i o n  w a t e r 12*9
ASH

water - -

1,68% OF MAF COAL AND Hg 
83.89% OF MaF .CoaL AND H2 
75,96% OF MAF COAL AND H2 

8 . 2 1 % OF maf coal and he26%)
4 3 %)
04%)
48%)

5,24% OF MAF COAL AMD

- - 31-7

- - 0» O

RECYCLE OIL - 1383,7 RECYCLE OIL? 1262,6
hydrogen- - - 54.4 \ HYDROGEN 

CONSUMED - - 23.5
UNUSED - - - 30.9

catalyst- - - 8,9 CATALYST ? - 8*9

T O T A L  M A S S  B A L A N C E  g r a m s  I N  -  -  1 6 9 0 . 3
G - R A M S  O U T -  -  1 5 1 8 . 5
%  O I F F  "  -  -  1 0 , 2



RUN NUMBER L-NT-J-S CONDITIONS OF RlJN
DATE O F RUN 03-1.8-68 PrESSUrL' - - =

TEMPERATURE- - - - r - -
T l  ME -  - -  - -  - -  - -  -
CBAL CONCENTRATION 
CATALYST CONCENTRATION -

C0AI H Y D R B G E N A T i e M  MA SS BALANCE

INPUT IN GRAMS
MAE COAL ?47,7 UNREACTED COAL

PRODUCT OIL - 
■ OIL <' 325C

Gas - - - - -
METHANE - ' 
ETHANE- - 
PROPANE - 
b u t a n e -  -  

reaction water

A S H - - . - - - -  35*3

WATER- - - - - 0*0

RECYCLE OIL - 1383.7'
HYDGEN- - - 50*8

CATALYST - - - S'* 5

T O T A L  M A S S  B A L A N C E  G R A M S  I N  -  -
' ' G R A M S  O U T -  -

% D I F F  "  -  -

2350*0 PSI 
475*0 C 

4:06 HRSiMIN 
0*170
8*5 'GR; 3*666% MAF

OUTPUT IN GRAMS

14 *5 5,46% OF MAF CQAL AND Hg
53*7 20,29% OF MaF COAL AND Hg

315.2 119*03% OF MaF COAL. AND H2
154.5 58,35% OF MaF COAL AND Hg
70*6(26*67%)
47*. 1( 17*80%)
27.6(10,44%)

9* K 3,44%)
40,0 15.10% OF MaF CoaL and Hg

ASH - - - - - 33.1

WATER - - - - 00

recycle oil- 1034,0
HYDROGEN 
consumed - - 32*9
UNUSED 17.9

catalyst - - 8 ,5

1699.7
1591.3

6*4



ceal HydrqgenAtIQn mass -baUMCe

run NUMBER 
DATE QF RUN

r-»NT-J-3 
03” 19» 6;5

INPUT IN GRAMS

MAF CQAL

ASH1 
WATER" " » "

CATALYST" "
'  '  ' /  -

247.7

35,3

0 » 0

RECYCLE QTL « ■1383.7
HYDROGEN" - - 56,9

1 . 9

T  ' 3  TT

CONDITIONS OF RUN 
PRESSURE - T 
TEMpppA I'UrE" " - " " " -
T I ME- T .  ~  -  =  " T  T  TT -  T  

COAl, CONCENTRATION - - " 
CATALYST CONCENTRATION -

2400.0 PSI
425.0 C

4! 02 HRSJMIN 
0»'170
1*9 OR; 0,820% MAF

UN-REACTED CQAL 
PRODUCT OIL - 

OIL < 32.5C
GAS

methane' -■ 
e t h a n e .  - 
PROPANE - 
BUTANE" -  

REACTION WATER

OUTPUT IN GRAMS

l5«4
180*3
170-9

3 5 . 2  
ll-OI
7.8( 
7,0(  
9 » 4  (

2 4 . 2  •

5,99% 
70,25% 
66.58% 
1 3 , 7 0 %  

4,29%).
3..05%) 
2.71%) 
3,65%)

9,43%

OF MAF CQAL AND Hg 
OF MAF ..COAL AND H2 
OF MAF COAL AND Hg 
OF MAF COAL AND Hg

OF MAF COAL AND Hg
ASH

WATER " - " -
33,0

0*0

RECYCLE OIL- ■ 1303,6
HYDROGEN 
CONSUMED "
UNUSED - -
CATALYST "

25,0
31*8

1.9

iCA
r

total mass balance grams in - - 
grams OUT" - 
% DIFF - - -

1691-8
1582-3

6-5.



C 9 A L  M V D R e G E N A T i e N  M A S S  B A L A N C E
RUN NUMBER L-NT-J-A 
DATE 5F RUN 03-21-68

CONDITIONS GE RUN 
PRESSURE - - -  - T T - " '
TEMPERATURE? - ? ? - ? -
T l M p  T - - K - T - - - -

COAL CONCENTRATION - - - 
CATALYSf CONCENTRATION -

2250.0 PSI
475.0 C 

4:04 HRSsMIN
0* 170
1*9 GRj 0.895% MAF

INPUT IN GRAMS
MAF CQAL 247*7 UNREACTED CGAL

PRODUCT OIL - 
OIL < 325C

Gas - « - - «
. methane -

ETHANE- - 
PRgPANF - 
butane- -

, REACTIQN WATER

ASH? - - ■ ? - ?  35 «3 '

WATER- -  -  • * -  0 * 0

RECYCLE OIL'- . 1383,. 7 

HYDROGEN- - - 54,1

CATALYST- - - 1*9

T O T A L  M A S S  B A L A N C E  G R A M S  I N * *
G R A M S  G U T -  -
% D I F F  ?  -  -

OUTPUT IN GRAMS

4.2 1.74% QF MAF CQAL AND Hg
134.3 55,51% QF MaF COAL AND H2
255,8 105,69% QF MAF COAL AND Hg
63,4 26,18% GF MaF CqaL AND H2

.31,0(12*83%)
1.5,3 ( 6,34%)
I I •9( 4.92%)
5»I ( 2*09%)

35,g 14,83% QF- MAF CQAL AND Hg

ASH 30,3
WATER - - - - 00

RECYCLE OIL- 1064»9

HYDROGEN 
CONSUMED - -
unused' - - -

29*7
24,5

CATALYST - - 1«9

1696« 4 
1454.5

14*3



C Q A L  H Y D R O G E N A j i e N  M A S S  B a L a N C f '
RUN NUMBER L-NT-J-5 
DATE OF RUN 03-28-68

CONDITIONS OF RUN 
PRESSURE
TEMPERATURE-? -  % r  e -  ? 
TIME - - - r - r r - r -
COAL CONCENTRATION 
catalyst CONCENTRATION -

2240.0 P'S I 
'450*0 C 
4:01 HRSlMIN 

0*170
9-5 GRj 4*152% MAF

input IN GRAMS OUTPUT IN GRAMS
MAF COAL 247*7 unreacted COAL

product oil -
OIL < 325C

Gas - - - -
'methane -
ETHANf„ _ 
PROPANF - 
BUTANE- -  

REACTION WATER

-6*2 -2*37% OF MAF COAL AND Hg
170*9 65.73% OF MaF CqaL aND H2
301*7 116.06% OF MAF COAL AND HS

63.0 24.22% OF MAF COAL AND HS
31*7(12,20%)
16,6( 6.40%)
10 » 6( 4.06%)
4.0( 1*56%)

29*9 ' 11,50% OF MAF COAL AND HS
ASH- - - - - - ■ 3 5 . 3 ASH - - - - - . 32*6
water- - - - - OO

water - - - - 0 * 0

RECYCLE OIL - 1383 ,7 RECYCLE oil- 1147*5
■HYDROGEN- - 56*4 HYDROGEN 

CONSUMED - *■ 31 .1
UNUSED - - - 25 ,3

CATALYST- - - - 9*5 CATALYST t *■ 9*5

total mass balance grams in L - 1 6 9 7 * 9
GRAMS OUT- - 1568*6
% DIFF » - - 7*6



CBA L H Y D R O G E N A T I O N  M A SS B A L A N C E

RUN NUMBER L-NT-J- 6  
DATE OF RUN 03-28-68

INPUT IN GRAMS

CONDITIONS OF RUN 
PRESSURE s - ".I * -
TEMPERA TUrE ~ - O B T -  
T i Me *• — — —
COAe CONCENTRATION - - 
CATALYST concentration

2200,0 PSI 
4 2 5 « Q c 

4:04 HRs;M IN 
0*170
0*0 GR; 0*000% MAF

OUTPUT IN GRAMS
MAF COAL -' - *• ?47*7 UNREACTEO COAL 24*9 10*02% OF MAP coal AND H2

product oil - 174*6 ■ 70*11% QF MaF CoaL AND H2
OIL < 325C 133*8 53*73% OF MAF COAL AND H2

gas - - - - - 24*9 10,00% OF MAF COAL AND H2
METHANE - 12 * 6 ( 5 * 06%)

, ETHANE. 6«6 ( 2.66%)
propane - 4 • 0 ( 1*61%)
butane- - I »6 ( 0*66%)

reaction water 23*7 9.52% OF map COAL AND Ha
ASH- ASH - -

water- ■- - - - 0*0 ■ WATER - - 0*0
RECYCLE OIL - 1383*7 > RECYCLE oil - ■ 1345*0
.HYDROGEN* - ■’* 44*8 HYDROGEN 

CONSUMED - 15*6
UNUSED •* " 29*3

CATALYST-. - 0*0 CATALYST - - 0*0

TOTAL MASS BALANCE grams in. . 1682*3
GRAMS OUT- - 1585*7
% DIFF ” - 5*7



C B A L  H Y D R o g e N a t 1 QN MA SS B a L a N C e

RUN NUMBER L-NT-J-7 
DATE BF RUN 04"06-68

CONDITIONS OF RUN 
PRESSURF 9, - "? ? ?
t e m p e r a t u r e ^ -  = ?
T i me -
COAL CONCENTRATION

2310,0  PSI
450«0 C 

4:06 MRS IMIN-
0 » 170

CATALYST CONCENTRATION r '0*0 GR; 0.000% MAF

INPUT IN GRAMS OUTPUT IN GRAMS

MAF COAL - - - P4?'7 : • UNREACTED COAL 29*8 11,62% OF MAF CGAL AND H2
s PRODUCT OIL - 107,5' 41.95% OF MAF CBAL AND H2

. OIL < 325C 2 1 6 , 0  84.33% OF MAF CBAL AND HS
Gas - - r „ « 79,1 30,89% OF MaF CBAL and HS

methane - .' 44«7(17.46%)
ETHANE- - 1 8 . 2( 7.11%)
propane - 12.7( 4,94%)
BufANE- - 3 » 5( 1*37%)

. reaction Water 38,7 15,11% OF Maf CBAL AND HS
A S H "* m  m  ■ m  w ” 35*3 ASH - - - - - 33,5
WATER- > - - - 0 , 0 water - - o»o

RECYCLE BIL - 1383.7 RECYCLE OIL- 1203*3

HYDROGEN* - - 45*8 \ HYDROGEN
CONSUMED - - 21.3,

. UNUSED - - 24,4

CATALYSTr -  - 0 *0 catalyst r - o . o

TOTAL MASS BALANCE "grams in 1 6 8 8 « I
GRAMS' OUT- - 1600*3
% DIFF " - - 5,2

01



C O A U  H Y D R O G E N A T I O N  M A S S  B a L a N C e

RUN NUMBER U-NT-J-S 
DATE OF RUN 04-08,68

• . i

INPUT ' IN GRAMS O' .

• conditions OF run 
PRESSURE " n - ? ? ,  - 
TEMPERATURE,
T I M E - , -

. goal concentration ,  - 
CATALYST concentration

2340*0 PSI 
475,0 C 

4? 0 2 - HRs : MIN 
0 » 17o
0*0 GR; 0.000% MAF

OUTPUT IN GRAMS
MAF COAL - - 247*7\. - UNREACTED COAL

product oil -
• V  ; OIL < 325C

GAS
METHANE ,
ETHANE.  - 
PROPANE - 
butane- - 

REACTION WATER

ASH* 35*3
WATER- 0*0

RECYCLE OIL *■ - 1383*7

HYDROGEN-- - 44*0

CATALYST- - - O*-0

total mass balance. grams in -
GRAMS OUt- 
% DIFF - -

32-5 12*75% OF MAF COAL AND Hg
' 45*7 17.93% OF MAF CoaL AND H2
247*3 96.96% OF MAF CQAL AND H2
128.-7 50,45% OF MAF COAL AND H2
70*6(27.67%)
31.9(12,51%)
2 0 , 6 ( 8 * 1 0 %)
5.5c  2*17%)

46,4 18,19% OF MAF COAL AND Hg
ASH - 32-9
water - - » - 0 0

RECYCLE OIL" 1084*9
' HYDROGEN 

CONSUMED - - 
UNUSED - - - '

24.8
19.2

CATALYST -  T , 0 . 0

1691.5
1572.7

7.0



C Q A U  H Y D R O G E N A T I O N  M A S S  B a U A N C E  

R U N  N U M B E R  L ^ N T - J - 9  C O N D I T I O N S  OF R U N
D A T E  QF R U N  0 4 " 0 9 - 6 8  P R E S S U R E  2 1 5 0 ' 0  P S I

T E M r f r a  ! ' U R E -  ^ *  4 5 o  ♦ O C
t i m e  T - - T - - T T - -  4 : 0 4  h r s i m i n
C O A U  C O N C E N T R A T I O N  -  -  -  0 , 1 7 0
C A T A L Y S T  C O N C E N T R A T I O N  " 1 , 5  C R ;  0 . 6 4 8 %  MAF

I N P U T  I N  G R A M S  O U T P U T  I N  G R A M S

MAF COAU - - - ?47«7 UNREACTED CO.AU 13.7 5» 4Q% OF MAF COAL AND H 2
PRODUCT'OIL - 123,7 48,56% OF MaF COAL AND H2

OIL < 325C 237 .7 93.32% BP MAF COAL AND H2
Gas ■ "* w. ■» - 82 .4 32,33% OF MAF CQAL AND H2

methane - 47,6(18.68%)ETHANe- - 17,8( 7,00%)
PROPANE - 12*1( 4.75%)
BUTANE- - 4 * 8 ( 1*90%)

Reaction water 33 .4 13.11% QF MAF COAL AND H2

ASH" * • - - - * 35»3 ASH

WATER- - 0*0 WATER - - - OOr

RECYCUE QIU - 1383.7 RECYCLE OIL- H 7 8 . 6

HYDROGEN* - ‘ 45*2 ' HYDROGEN
CONSUMED r 23.3
UNUSED " " 21 .9

catalyst- - - 1*5 CATALYST.- - 1-5

TOTAL MASS BALANCE GRAMS IN U „ 1690,1
' GRAMS OUT- - 1578.9

% DIFF - - - 6*6



CRal  Hy d r o g e n At i q n mass  b a l a n c e

RUN NUMBER L - N T - J - I O  CONDITIONS OF RUN
DATE OF RUN OAt10-68 PRESSURE - a - ? ? r - -' . 2250*0 PSI

TEMPrRAfURE- - r a *  - r  475oO C
T I me -  5  -  t? -  •? -  -  4 » o i  HRs i m i n

.CQAL CONCENTRATION - -  * 0 ,1 7 0CO>_i
<H<U CONCENTRATION -  1,7 CR; 0,724% MAF

input in grams OUTPUT in grams

maf coal -  -  - 247*7 UNREACTED COAL 16,2 . 5,99% OF MAF COAL AND H2PRODUCT Oil - 72«8 26.94% OF MAF COAL AND Ha
OIL < 325C 287, 5 1 0 6 , 44% OF MAF COAL AND HS

GaS - -  -  ■ - 1 4 3 . g 53,26% OF maf coal AND HS
■ METHANE - 79*4(29.40%)

ethane- - 35,6(13,20%)
propane - ■ 2 1 * 8 ( 8*08%)
BUTANE- - 7 * 0 (  2 * 5 8 % )

Reaction water 35.5 13.14% OF maf

-JCCDO AND HS
ASH- -  -  -  -  - 35,3 ASH -  -  -  - - 3 3 » 5
water- -  -  -  - 0 - 0 W1ATER - - - - -O« O
RECYCLE OIL - 1383*7 RECYCLE OIL- 1097.7
HYDROGEN- -  - 51,7 - HYDROGEN

CONSUMED -  -  35.2
UNUSED -  -  -  1-6,5

CATALYST- -  - 1.7 catalyst " - 1.7

total mass balance grams in - - 1701.9
GRAMS out- - ' 1614.3
% DIF F. * - - 5.2



CBAU H Y D R O G E N A T I O N  MA SS BA LA N C E
RUN NUMBER L-rMT-J-11 
rjAjE 9F RUN 04*11-68

CONDITIONS OF RUN 
PRESSURE - T -  R P = ' - -  
temrera FURE=
TT M E - T -  S - C P - - -  
COAL CONCENTRATION - - -
CATALYST CONCENTRATION -

2300.0 PSI
475.0 C 

4:01 HRSiM IN
0 « 1,70
947 SR; 4'185% MAF

INPUT in grams OUTPUT IN GRAMS

MAF COAL 247,7 UNREACTED COAL 
PRODUCT O I L - 

OIL < 325C
GAS - - - - -

methane  -
ETHANE- -
p r o p a n e  -
BUTANE- -

r e a c t i o n  water

8 . 8  3,27% OF MAF COAL AND He
69.6 25.81% OF MaF CqaL AND HE

342.3 126.97% OF MAF COAL AND HE
154.2' 57.19% OF MAF COAL AND HP
73,3(27.19%)
46.1(17,11%) ,
26.7C 9'91%) ■

8 » O ( 2 •■98%) ' ?
34 ,'6 12,83% OF MAF COAL AND He

ASH- - - - ASH - - - - - 33,1
water- - - - - 0*0 WATER - - - - 0 » 0

RECYCLE OIL W 1383,7 ■ RECYCLE OIL-, 1022.3
hydrogen- - 54,8 : hydrogen

CONSUMED - - 37,8
UNUSED 17,0

CATALYST- »
-

- 9,7 CATALYST T - 9,7
I

TOTAL MASS balance grams in - - 1704.5 .
GRAMS OUT- - 1595,3
% DIFF " - - 6 , 4

Z--*



CBAL HYDR0GENATI0N MASS BALANCE

RUN NUMBER L-NT-J-12 
OATE BF RUN ■ 04-12-68

input in grams

CONDITIONS BF RUN 
PRESSURE
TEMPeraFURE- - - - - - 
T I ME -
COAL CONCENTRATION - r 
CATALYST CONCENTRATION

2300,0 PSI 
45q,0 C 

4:03 HRSiMIN 
■ 0 «170

I »8 CR; O, 8Q3% MAF
OUTPUT IN GRAMS

MAF COAL " .  ,  247.7 UNREACTED COAL
PRODUCT Oil b 

OIL < 325C 
GAS - - B - B

METHANE - 
ETHANE.  - 
PRBPANe - 
BUTANE- - 

REACTION WATER’

ASH" - - B  “ ” B 3 5 « 3

15.9 6,37% OF MAF CBAL AND Hg
121.8 48,77% OF MAF. COAL aND H2
241*2 96.58% OF MAF CBAL AND Hg

76*6 30,69% OF MAF CBAL AND HS
44,8(17,93%)
17.7( 7.07%)
10.5( 4,20%)
3.7( 1.48%)

33»O 13,21% BF MAF CBAL AND Hg

ASH.................  32*0
WATER- - - - - Q, 0 WATER - ~ - - O. O
RECYCLE BIL - 1383*7 ' ‘ RECYCLE OIL- ,1133.4
hydrogen- - - 49*9 HYDROGEN

CONSUMED - - 25,5
UNUSED - B - 24.4

CATALYST-. - - I » 8 CATALYST - - 1.8

TOTAL MASS BALANCE GRAMS IN - -■ 1692*2
GRAMS BUT- - 1532 ,1
% DIFF » - -  9»5



II. Master Summary - Series J.

Summary of Experimental Results in Percent

RUN TIM? TEMP CATCN

L*NT-J-I 4:04 425,00 4,000
U-NT-J-S 4:06 475*00 3*666 .
L"NT-J-3 4:0? 4?5.00 0 * 8 2 0
LnNT-J-4 4:Q4 475*00 0 * 8 9 5
L - NT-J-5 4: Ol 450.00 4.152
LnNT-J-S 4 :o4 425 .'00 0 * 0 0 0
LnNT-J-T 4 !O6 450*00 0 * 0 0 0L"NT-J - 8 4:Q2 475*00 0 * 0 0 0L-NT-J-9 4 ;o4 450,00 0*648
L-NT-J-Io 4 :0l ■ 475*00 •0*724
L-NT-J-II 4:ol 475*00 4*185
L-NT-J-1 2 4:o3 4-50*00 01*03

Summary of Experimental Results in Grams of

RUN t i m e ' TEMP CATcn
(%)

L-NT-J-I 4 :o4 425*00 4* 0Q0
L-NT-J-2 4:Q6 475.oo 3*666
L-NjT-J-R 4:-02 425.00 - 0 . 8 2 0
I. ” N T - J - 4 4 : o 4 475*00 0 * 895
LrNTr J — B 4: ol 45o«00 4*152
LnNT-J-S 4 : q 4. 425*00 0*000 '

' LnNT-J-T j 4! 06 450,00 0*000
LnNT-J-S' 4:02 475.00 0*000
L-NT-J-9 4 : q 4 ’450*00 0*648
L-NT-J - i Q 4: Qi 4 75 - 00 0*724
L - N T r> J -I l 4 : 0 1 , 4 7 5 . 0 0 4 . 1 8 5

. L-NT-JnI?. 4: o 3 4 5 0 * 0 0 0 * 8  Q 3

of Coal Going to Each. Product

%  UNC9N % 8 1 L % GAS % H2Q

1*678 83,895 8 , 2 1 2 5*243
5*465 20*291 58*347 15*105
5»990 70*247 13*704 9'428
1*735 55*507 26,176 14*833-2,366 65,728 ■ 24,223 11*502

10*018 7q• 1 1 0 9*9-96 9.53,7
11*615 41*954 . . 3o*8.88 15»1q912*747 17*932 5q * 446 18*192
5,398 48.556 . 32.331 13.112
5*986 26*936 53*264 .13*143
3*265 25♦8 15 57«187  ' 12*834
6*370 48*765 3q* 685 13 • 2 14

Product Found and Loss Variation

PRGDUCT <325c hsused LGSS
(gm) (gm) (gm) ( % )

206*427 186*900 23*549 10el63
53*734 3 l5«200 32*926 6*376

ISO.3q9 170.900 25 ,030 .6.473
134*345 255*800 29*683 .14*264
17 0 * 8 6 6 301«700 31*144 7*617174*596 133*800 15*581 5*744
107*460 216.000 21.333 5 ,199

45 .735 247*300 24 ,779 7*027
123*682 237*700 23*345 6*582
72*759 287 ,500 35*194 5 * l 5 1
6 9 »5g5 . 342,300 37,7g3 6 , 4 l o

121*789 241*200 ■ 25*499 9*462
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C O A L  H Y D R O G E N A T I O N  M A S S  B A L A N C E

run NUMBER L-NT-K-I 
DATE OF run 04-17-68

input in grams

conditions of run
PRESSURE - - -  TTT- - . T
TEMPERATURE- - - - - - -
T I M E  -  - - T  - T T  T T -  - T *

COAL CONCENTRATION - - - 
CATALYST CONCENTRATION -

23oO>0 PSI 
425,0 C

4:04 HRS :MTN .
0« 1.70
I »7 CR; 0.791% MAF

OUTPUT IN GRAMS
•MAF COAL - - - 247*7

ASH- - - - •■ - 35., 3

water- OO

RECYCLE OIL - 1383,7

Hydrogen- - - 43,8

catalyst - - * 1 = 7

UNREACTED COAL 12»7 5 , 6 q % OF MAF COAL AND H 2
product oil - 183.4 80*81% OF MAF CoaL AND H2OIL < 325C 129,5 57 * 06% OF MaF coal AND HR
Gas - - " - - 14 ,2 6.28% OF MAF COAL AND H2

■ METHANE - 5,5 ( 2*42%)
ETHANE- - 3,7 ( 1,61%)

' PROPANE - 3 • 5 ( 1,53%)
. BUTANE- - 1,6 ( 0,72%)

reaction water 15.0 ■ 6,61% OF MAF COAL AND H 2
A S H - T - - -  30*7

WAT ER - - - - 0 , 0

RECYCLE OIL- 1254,7

hydrogen
CONSUMED - - 12,0
UNUSED - - - 31»8

CATALYST - - . 1.7

T O T A L  M A S S  BA L A N C E G R A M S  I N  -  -  1 6 7 8 , 8
G R A M S  O U t L -  1 . 4 5 6 , 8
% D I F F  *  -  -  • 1 3 , 2



C O A L  H Y D R O G E N A T I O N  M A S S  B A L A N C E

.RUN NUMBER L-NT 
,DATE OF R.UN 04-18-6$

■input in grams

CONDITIONS of run 
PRESSURE - = -

■JEMPe RA I U R E -  -  t 3 -  r. -
TIME T - - T - - T - T -
CQAL CONCENTRATION 
CATALYST CONCENTRATION -

OUTPUT IN

2350*0 PSI
475,0 C .

4;03 HRS;MIN 
0» 170
9*3 CR; 4.096% MAF 

GRAMS
MAF COAL - . T - ■247,7., , UNREACTED COAL 41 »6 16,39% OF MAF- COAL AND he

product o n  - 102*1. 40,27% OF MAF coal AND H2
- '  ■ ;  OIL < 325C 272.4 107,43% OF MAF COAL AND H2gas t -  - - - 75.0 29.57% OF MAF COAL AND H2METHANE - 38.5(15.17%)

ETHANE- - ■ 17.8( 7.01%) i

PROPANE - ■ 13.5( 5.32%) —4
NO

butane- - . 5*3( 2*08%) I

reaction water 32.* 7 - 12.90% OF MAF COAL AND Hg
ASHt  »  ,  -  -  - 35 ,3 ■ ASH - - - - -  32,4.
WATER- m  ■ m  m  *■'. O O water -  -  -  -  0 , 0

RECYCLE OIL - 1383*7 ‘ RECYCLE OIL- 1098.3
HYDROGEN-• -  - 51*1 hydrogen

■ CONSUMED -  -  26.5
UNUSED 24,6

CATALYST- -  - 9*3 CATALYST -  -  9 , 3

total mass balance G R A M S  I N  -  1 6 9 3 . 3
G R A M S  O U T -  -  1 5 5 2 . 3
% O I F F - T .  _  .  8 . 3



CBAL HYDROGENATION mass.BALANCE
RUN NUMBER LmNT-K-3 
DATE OF RUN 04-1S-68

CONDITIONS OF RUN 
PRESSURE - <■ - r s m m 
TEMR^ra  TUREt -  -  T ? .  
TIME ? m -  e -  -•? ? ? r  
COAL CONCENTRATION - - 
CATALYST CONCENTRATION

2260*0 PSI
450»O C 

3:58 HRS jM IN 
0» 170
I •6 SR; 0,708% MAF

INPUT in grams ■ OUTPUT IN grams

MAF COAL ?47»7 VNREACTED COAL
product oil -

OIL < 325C 
GAS - - -

METHANE'- 
ETHANEr -
propane - 
butane- - 

REACTION Water

9»I 3.7o%
179.6 73,44%
176.6 72,23%
29.9 12,22%
15,0( 6*14%)
6,8( 2,80%)
5,5( 2.25%)
2,5( 1,04%)

24»4 ‘ 9*98%

OF MAF COAL AND Hg 
OF MAF COAL- AND H2 
OF Maf COAL AND HS 
OF MAF. COAL AND H2

k ': J
of Maf coal and Hs

ASH* m - - - - 35*3

water.  .  .  .  . O O

RECYCLE OIL . 1383*7

HYDROGENm . - 47*0

CATALYST. .  - 1*6

ASH - - - - - 32*3
water - «■- » O O

RECYCLE oil* 1266.0
HYDROGEN 
CONSUMED - - 18,4
UNUSED . . . 28*6

catalyst .  - 1*6

total mass balance grams IN - - : 1685.2 
GRAMS-OUT- - 1538*2 
% DlFF - - - 8,7



C9AU HYDROGENATION MASS BALANCE 

RU'n NUMBER -,L-NT-K-Jf CONDITIONS OF RUN
DATE OF RUN 0 4 - 1 9 - 6 8  ■ , PRESSURE - 2220» O PSI

TE-MPERAfURE- - rr .* - 425 * O C
. ' < 11M-E 4 i 09 HRS !MlN

' - COAL CONCENTRATION T - - Q» 170
catalyst

INPUT IN GRAMS

MAF COAL - 247*7R UNREACTED COAL
v PRODUCT OIL - 

- ' ' OIL < 325C
g a s  -  -  -  -  -

methane - 
ethane- - 
propane - 

, Butane- -
REACTION WATER

ASH- - - - - - 3 5 ,3

WATER-'- ” - - OO

RECYCLE 0 IL •' 1383,7

HYDROGEN- - - 53.1

CATALYST” - - 3 * {

total mass balance grams in - -
grams out- -
% DlFF f - «

CONCENTRATION , 9«I GR; 4,310% MAF

OUTPUT IN GRAMS

5*8 4.22% OF MAF COAL AND HE
181.3 . 77,68% OF MAF COAL AND H2
129»5 55,50% OF MAF COAL AND H2

10.8 4.61% OF MAF COAL AND H2
4 »8( 2.07%)
2 , 6 (  1 . 1 0 % )  I
2,2( 0.96%) H
1.1( 0.47%)

28,2 12.09% OF MAF COAL AND H2
ASH - - - - - 30.1
Water - -■- ■ 0.0
RECYCLE OIL* 1231,4

HYDROGEN
CONSUMED ” ” 
UNUSED - - -

22»2 
30.9

CATALYST ” ” 9=1

1688.9
1439.9 

14,-7.



C 6 A U  H Y D R O G E N A T I O N  M A S S  B A L A N C E .

RUN NUMBER L-NT-K*5  
DATE 9F RUN 04*20-68

INPUT IN GRAMS'

MAF CSAL - - - - -  ?/f7»7

ASH" - - - - - 35*3

WATER.................. 0,0

RECYCLE SIL - 1383.7

HYdRSGEN- - ? 46.8

CATALYST-

CONDITIONS OF RUN 
PRESSURE - s - p p

.temperature* -
T I me it -  -  .- -  -
COAL CONCENTRATION - 
CATALYST CONCENTRATION

? ? "
rr v -

2210-0 PSI 
...475,0 C 
4 J 06 HRSiMIN 
.0*170
1*7 GR; 0.774% MAF

UNREACTED COAL
product OIL -

OIL < 325C
GAS

METHANE - 
ETHANE- - 
PROPANE -
butane- - 

reaction water

OUTPUT IN GRAMS

2 2 * 0  
127.6 
2 2 1 . 0  
58*1 
30.0(12.40%)

9,lo% 9P' MAF COAL AND 
52,70% OF MaF CSA1- AND 
91.30%. OF MAF COAL AND 
24,00% OF MAF CO-AL AND

h e
H2 
H 2. 
HE

13.8( 
1 0 , 4 ( 

3 * 9 ( 
31,8

5 1 
4'  
I-

71%)
30%)
59%)

13.14% OF MAF COAL AND Hs
ASH

WATER - -

31*3

0 = 0

1*7

RECYCLE oil- 1133,1

HYDROGEN
CONSUMED * - 22,5
UNUSED - - * 24,3

CATALYST - ' -  1.7

I
C OM
I

T O T A L  M A S S '  B A L A N C E GRAMS IN - - 
GRAMS OUT- - 
% DIFF * - -

1689.3
1497-3

11.4



CSAL HYDROGENATION mass BALANCE

RUn NUMBER L-NT-K-6 
DATE OF RUN 04-20-68

INPUT IN GRAMS

' CONDITIONS OF RUN 
PRESSURE - - - B -> - - B
TEMPERATURE? - ? ? - - ?
T I M E -  ■ -  -  • — -  -  rr s  -  -
COAL CONCENTRATION 
CATALYST CONCENTRATION -

2100,0 PSI 
. 425,0 -C 
4:07 HRSiMIN 
0*170
0*0 CR; 0.000% -MAF

"OUTPUT IN GRAMS
MAF COAL - - - 247*7

ASH- - - " - - 35*3

WATER- - - - - 0*0

RECYCLE OIL - 1383,7
HYDROGEN- - 45*4

CATALYST- - - ' 0*0
\

T O T A L  M A S S  B A L A N C E

UNREACTED COAL 19*7 8,35% OF MAF COAL
product oil - 184*4 78,34% OF MAF coal

OIL < 325C 84 * O 35*69% OF MAF COAL
GAS - - - - - 10.3 4.39% OF MAF COAL

METHANE - 5 • 0 ( 2.13%)
ethane- - 2,4 ( 1*04%)
propane - I *9 ( 0.79%)
BUTANP- - 1*0( 0,44%)

reaction water 19*1 8,11% OF- MAF COAL
ASH -

WATER O01 I SI

H2
HS
Hg
Hg

RECYCLE OIL’ 1324*7
HYDROGEN
CONSUMED - - 16.2
UNUSED 29*2

CATALYST. ? - 0 , 0

GRAMS IN m  <• 1,633« O 
SRAMS OUT- - 1489*0 
% DIFF ” - - 11*5



Ce, A L

RUN NUMBER U-NT-K-7 L 
DATE BE RUN 04*-22-68

HYDROGENATION MASS BALANCE 

CONDITIONS OF RUN
P RE S S URE  “ = -  ? .? p -  r
TEMPERATURE-. - - - - - -
TIME - - - - - I- - - - - 
COAL CONCENTRATION - - - 
CATALYST CONCENTRATION -

2100*0 PSiI 
475,0 C 

1:21 HRSjMIN 
0*.170
0,0 GR; 0.000% MAF

INPUT IN GRAMS OUTPUT IN GRAMS
MAF COAL - - - 247'7 UNREACTED COAL

' PRODUCT OIL - 
OIL < 325C 

gas
METHANE - 
ETHANr- - 

, P-R O P A N E - 
butane- - 

• reaction water

: ASH*' - " - ** 35*3

11"5 4,9i% OF MAF COAL AND Hg
198*1 84,19% OF MAF CoaL AND HS
105*6 44*87% OF MAF COAL AND HS
24,4 10*37% OF MAF COAL AND HS
14 « 3( 6,08%)
4 # s ( 2,02%)
3,7(. 1,57%)
I *6( 0.69%)
0,0 0,00% OF MAP COAL AND H2

A S H - - - - -  .31*8
: W A T E R- - - - - - 0*0

RECYCLE OIL - 1383*7

HYDROGEN- - - 38*4

catalyst- - - 0#6
/

T O T A L  M A S S  B A L A N C E

water - -. - - QO

RECYCLE OIL- 1336*8

HYDROGEN
CONSUMED - - 12.6
unused 25.7
catalyst O O

G R A M S  I N  L  -  1 6 7 9 * 4
G R A M S  0 U T 4  L  1 5 1 0 * 1
% D I F F  "  -  -  1 0 * 1

)
C O



C 9 A L  M Y D R e G E N A T I Q N  M A S S  B A L A N C E

RUN NUMBER L-NT*K-8 
DATE 'SE RUN 04-2P-6B

JNPUT IN GRAMS

CONDITIONS,QF RUN 
PRESSURE - r  " TT TT T TT T 

TEMPERATUREt. - r -  ̂ - 
TIME
CQAL CONCENTRATION - - - 
CATALYST CONCENTRATIBN -

2310*0 PSI 
.475,0 C 
4:02 HRs:MIN 
0.170
0,0 GRj 0,000% MAF

OUTPUT IN GRAMS
MAP CQAL - - - 247,7 VNREACTED CQAL 

PRODUCT OIL -
OIL < 325C 

Gas - - - - -
methane - 
ethane- - 
PrqPANe - 
BUTANE- -

Reaction water

25*9 11.26% GE MAF C6AL AND H2
122*6 53.36% GF MaF CGAL AND HP
178.9 77,86% GF MAF CQAL AND Hp
45,1 19,63% GF MaF CBAL AND H2
24, I ( 10.48%)
9 , O( 3,93%)
8,5( 3,70%)
3,5( 1.52%: '

33.6 ' 14,62% BF MaF CBAL AND HE
a s h -  -  " » "i » 3 5 , 3 ■ASH -  -  -  -  - 3 0 , 2
w a t e r -  -  -  -  - O O water  - -  -  - O O

RECYCLE OIL - 1 3 8 3 * 7 RECYCLE O I L- 1 1 2 7 . 5
h y d r o g e n -  -  - ■44.7' HYDROGEN 

CONSUMED -  -  
UNUSED -  -  -

1 7 , 9
2 6 , 8

CATALYST- -  - 0*0 c a t a l y s t  -  - O O

i
CO

V l
I

T O T A L  M A S S  B A L A N C E G R A M S  I N  L  -  ■ 1 6 8 4 , 6
G R A M S  G U T -  -  1 4 4 1 * 2
% D l F F  ”  -  -  ’ 1 4 . 5



IV . M a ste r  Summary -  S e r i e s  K.

Summary o f  E x p e r im e n ta l  R e s u l t s  i n  P e r c e n t  o f  C o a l G oing t o  Each P ro d u c t

RUN time TEMP CATCN % UNCON % 8iL % GAS % H20

L"NT-K-1 ^: 04 425.00 0*791 5*599 80*815 6*276 6 * 6Q9
L"NT~K"2 4:03 475*00 4*096 .16*388 40*273 29.572 12*896
L-NlT--KfS 3:58 450*00 0*708 3*701 ■ 73*438 12,224 9*979
L"*Nt"K-4 4 : q9 425*00 4 * 31 q 4*220 77*682 4 * 610 12*085
L ■* NT -K -5 4 :o6 475,00 0*774 9*098 52 .704 24.003 13.137
L-NT-K-6 4:0? 425*00 0*000 8*355 78*341 4*394 8*115
L-NT-K-7 L 1:21 475*00 o*ooo 4*9o6 84*186 10*368 0*000LwNT-K-S ■ 4; 02 475*00 • 0*000 11 * 259 . 53*363 19,631 14*623

Summary o f  E x p e r im e n ta l  R e s u l t s  i n  Grams o f  P ro d u c t  Found and L oss V a r ia t io n

RUN ... TIME TEMP CATCN PRODUCT ' <325C H2USED LOSS
(%) (gm) (gm) (gm) ()g)

L-NT-K-I 4 ! 04 425*00 0*791' 183*423 129,500 1-2*032 13*220
L-'NT-K-2 4:03 • 475*00 4*096 . 102*119 272*400 26 * 505 8*325
L-NT-K-3 3:58 . 450*00 0 * 7OS 179*563 176*600 18*437 8*723
L-NT-K.-4 4:09 425,00 4.3io 181*266 129,500 • 22,191 14.748
L-NT-K-S 4: o& 475*00 0 * 77 4 127*574 2 2 1 * 0 0 0 22.526 11*364
L-NT-K- 6 4: o7 425*00 .,0 * 0 0 0 184*396 . 84*000 16.238 11*524
L-NT-K-7 L 1:21 4 7 5  * 00 0*000 198*121 105*600 1:2*624 -1 0 * 0 8 0
L-NT-K-S 4 :o2 475,00 0 * 0 0 0 122.616 178.900 17,890 14 * 4 5 Q

i
CD
CT\I



TABLE Y I . C o a l H y d ro g e n a tio n  .Mass B a la n c e

y. I n d iv i d u a l  O u tp u t B a la n c e  S h e e ts

-87-

S e r ie s  L.



C8 AU HYDROGENATION MASS BALANCE 
RUn NUMBER L-NT-L., I • ' CONDITIONS OF RUN
DATE OF RlJN 05-07-68 PRESSURE - * -  ■ * * - -  2320# O PSI

• TE'MPeraFURE- - s - - - - 475#O-C
TIME - 4:03 HRSsMIN
COAU CONCENTRATION - - 0« 1.70
CATALYST CONCENTRATION - 0*0 GR; 0.000% MAF

INPUT IN GRAMS OUTPUT IN GRAMS

MAF COAL - - - 247*7 UNREACTED COAL 35*6 17* 8 8 % RF MAF COAL AND H 2
PRODUCT OIL - 47,7 2 1 , 52% OF maf CoaL and HE

OIL < 325C 172,9 78, 00% OF MAF COAL AND HE
GAS 97*2 43. 83% SF MAF COAL AND HE

METHANE - 62*0(27*98%)
ETHANE- - 18 * 6 ( 8*40%)
propane - 13*6 ( 6.16%)
BUTANE- - 2 «9 ( 1*30%)‘

REACTION WATER 32*3 14, 57% OF MAF COAL AND HE

ASH" ASH - - 28,2

water* - - - 0 *0 WATER * - - - 0 *0

RECYCLE OIL * 1383*7 - RECYCLE OIL* 979*1

hydrogen- - ' -  " 45 ,3 HYDROGEN 
CONSUMED * - 24*0
UNUSED , - - 21*3

CATALYST- - * 0 *0 ■ CATALYST - - 0 *0

total mass BALANCE grams in - - 1690*8
grams out- * 1349*3
% DlFF * - - 2 0 * 2



C O A L  H Y D R O G E N A T I O N  M A SS B A L A N C E

RUN NUMBER . L-NTfL-2 
DATE OF RUN 05-08.-68

INPUT IN GRAMS

MAF CBAU - - *• 247*7

A S H« — - *■ - - 35,3

water- O O

RECYCLE OIL - 1383*7

hydrogen- - ' 55*2

catalyst- - - 1*5

T O T A L  M A S S  B A L A N C E

C O N D I T I O N S  O F  R U N  .
PRESSURE f s - r s w - . - .  2 2 6 0 * 0  P S I  
T E M P E R A T U R E ' S  -  *• r  -  ■? -  4 2 5 » O C
T I M f  •» -  r  -  L *• r  -  r.  4 ; O S  - M R S ! M I N
C O A L  C O N C E N T R A T I O N  0 * 1 7 0
C A T A L Y S T  C O N C E N T R A T I O N  - 1*5 Q R i  0 * 6 6 1 %  MAF

OUTPUT IN GRAMS

UNREACTED COAL 
PRODUCT OIL - 

OIL < 325C 
gas - - - - -

M E  :
PROPANE - 
BUTANE- - 

Reaction water

14*1
199*0'
86*5
13 ,* 6 

2*9 (
2 » 7  ( 
0 * 8 (

22,3

5*63% OF MAF COAL AND H2 
79*26% OF MAF COAL AND H2 
3 4 , 4 5 % OF maf coal and H2 

5.43% OF Maf COAL AND H2
2*89%)
I «16%)
1*08%)
0*31%)

8,88% OF MAF COAL AND H2

ASH - - - - -
WATER - - - - 

RECYCLE OIL-

32*4

0*0

1381*1

\ HYDROGEN 
CONSUMED - T 
UNUSED ** - -

24*0
31*1

catalyst - - 1*5

grams IN ; - 1690*8
grams OUT- - 1550*0
■% PIFF  ̂ w ■ 8*3



• CS.AL H Y D R O G E N A T I O N  MASS BALANCE

RUN NUMBER L-NT-L-3 
DATE OF RUN ' 05-08-68

INPUT IN GRAMS

MAE CBAL - - * 247*7

•ASĤ  35,3

WATER- -  -  -  -  0 * 0

RECYCLE OIL - 1383*7

HYDROGEN- - » 55*3

CATALYST- - - 8*7
/

TOTAL MASS ba la nce

CONDITIONS OF RUN 
PRESSURE -
temperature- - - - - - -
time - - - - - - - - - -
COAL CONCENTRATION -
CATALYST CONCENTRATION -

2260*0 PSI 
475*0 C 

4:03 HRS ;MIN 
0*170
8 * 7  C R ;  3 . 8 5 4 %  MAF

OUTPUT IN GRAMS

unreacted coal 
product oil -

OIL < 325C
GAS - - * - -

■methane -
ETHANE- - 
PROPANE -
butane- - 

reaction water

13 * 6 5*21%
106*0 40,51%
238*8 91*30%
113*2 43,28%
63*6(24*30%) 
26,3(10,05%)
1 8 , 6 ( 7.12%)

OF MAF COAL AND H2
OF maf coal and H2
OF MAF COAL AND H2
OF MAF COAL AND H2

'4.7 < 1*81%) •
25*6 9.79% OF MAF COAL AND HE

ASH - - - - -  32*2

Water - - - - o*o

RECYCLE.OIL- 1128*2

HYDROGEN
CONSUMED - - 35.8
UNUSED - - - . 19*5
\
CATALYST - - 8.7

G R A M S  I N  -  -  1 . 7 0 2 * 6
G R A M S  O U T -  -  1 5 5 1 * 6
% D I F F  -  -  -  8 * 9



C 9 A L  H Y D R B G E N A T I d N  M A S S  B A L A N C E

RUN NUMBER L-NT-L-A 
DATE BF RUN 05-09-68

CONDITIONS OF- RUN 
PRESSURE - - - - « T  n  - 
TEMPERATURE- - - s r  
T I ME - - -  I r - S T - - -  
COAL CONCENTRATION - -
CATALYST CONCENTRATION - 1*5

INPUT IN GRAMS OUTPUT IN GRAMS

MAF COAL - - - 247*7 UNREACTED COAL
product oil -

OIL < 325C
gas - - .- - -

METHANE - 
ETHANE- - 
PROPANE - 
butane- - 

reaction water

5-6 2,25% OF
161*3 64,29% OF
144*5 57,61% OF

43*4 17.32% OF
24•5( 9*75%)
9 * 6 ( 3*84%)
7*1 ( 2 *8 ,1%)
2 * 3( 0*92%)

38.7 15.43% OF

ASH- - - - - - 35*3 ASH - - - - - -  32*5

water................. O O WAt ER - - - - 0*0

RECYCLE OIL - 1383*7 \ RECYCLE OIL- 1290*9
hydrogen- - - 49.2 . HYDROGEN

CONSUMED - - 22 ,8
UNUSED - - - 26 .5

catalyst- - - 1.5 CATALYST - - 1*5

2210.0 PSI 
.-4 5 o«0 C 
4:03 HRStMIN 
0,170

?; 0.658% MAF

MAF COAL AND 
MAF COAL AND

Hg
HS
HS
Hg

MAF COAL AND Hg

vLMI

T O T A L  M A S S  B A L A N C E G R A M S  I N  -
G R A M S  O U T -
% D I F F  -  -

1689,5
1555.7

7.9



C B A L  H Y D R O G E N A T I O N  M A S S  B A L A N C E

RUN NUMBER L**NT-L-S 
DATE QF RUN 05*09-68

CONDITIONS-OF RUN .
PRESSURE -
temperature-
t i m e  S - - -
CBAL CONCENTRATION - - * 
CATALYST CONCENTRATION -

9.300*0 PSI 
425*0 C 

3:59 HRSjMIN 
0*170
9,2 OR; 4,309% MAF ■

INPUT IN GRAMS.

MAF COAL - - ■ 247', 7

OUTPUT IN GRAMS
unreacted COAL 0 . 5 O
PRODUCT OIL - • 187.9 79

OIL < 325C 145.1 61
gas - I - » ~ . 15«8 6

■ METHANE - 7 , 0 ( 2,96%)
ETHANE- - 4 «I ( 1.74%)
PROPANE - 3 • S ( 1,36%)
butane- - 1,5( 0,65%)

reaction water 27,9 11

23% OF MAF COAL AND Hs 
79,92% gF MAF C9AL AND H2 

71% OF MAF CSAL AND H2 
■71% OF MAF CGAL AND H2

OF MAF CGAL AND HS
ASH- -  -  -  -- * 3 5 * 3 ' A S H ................. 30*5

WATER- — -  i» -  0 * 0 water  -  -  -  - OO

RECYCLE OIL -  1 3 8 3 * 7 ' ■ RECYCLE O I L - 1 2 3 5 . 6

HYDROGEN- -  -  5 3 . 2 \ HYDROGEN 
CONSUMED -  -  
UNUSED -  -  -

2 1 , 6
3 1 * 6

CATALYST- -  ' 9 * 2 c a t a l y s t  -  - 9,2

TOTAL MASS BALANCE GRAMS IN * -•
g r a ms  o u t -  v  
% DIFF * -  -

1 6 8 8 * 4
1 4 5 5 » 4  

1 3 . 8

-3
6'



CQAL H Y D R O G E N A T I O N  MASS BALANCE

RUN NUMBER L-NT»L-6 
DATE QF RUN 05«10-68

CQNDITIQNS QF RUN 
PRESSURE -  * ■ -  = r  P -  w 
TEMPERATURE  ̂ - « « « -
T i me -  1« -  f  ~ 5 T «
CBAL CONCENTRATION -

« K*
r  wS

. / CATALYST CONCENTRATION - '1,8

INPUT IN GRAMS - ■ OUTPUT IN GRAMS

MAF COAL » - '« 247.7 UNREACTED COAL 
PRODUCT OIL - 

OIL < 325C
GAS - - - - -

methane - 
ethane,  - 
PROPANE -
butane- -

REACTION WATER

IS.Q 7.69% OF
60,8 • . 31,27% OF

175.-3 90,16% QF
86,0' 44,25% SF
49.6(25,48%) 
20,4(10.49%)
1,3.3 ( 6.84%)
2•8( 1.44%)

. 19.6 10,08% OF

ASH- - - “ - «, 35.3 ASH - - - - -  22,6

WATER- - - - - 0,0 • WATER - - - - 0,0

RECYCLE OIL - 1383,7. ' RECYCLE OIL- 770*0

HYDROGEN- - - 58,1 \ HYDROGEN
CONSUMED - - 36.1
UNUSED - - ' 22.0

catalyst- - -
■ I

I * 8 CATALYST - - ' 1,8

TOTAL MASS BALANCE GRAMS in „ -
grams .out- -
% DIFF - - -

1702*9
1088,4 

36 ,1

2260,0 PSI 
.475«0 C 
4 ? 00 HRS;Ml N

0*17 0
i 1.137% MAF

MAF COAL AND Hg 
MaF CBAL AND H2 
MAF COAL AND H2 
MAF- COAL AND H2

MAF COAL AND H2-'

.-
£

6'



CB A L  H Y D R G G E N A T I G N  M A S S  BA L A N C E

R U N  N U M B E R  L ' N T - L - 7 .  
D A T E  ' B E RUN' .  0 5 - 1 0 - 6 8

i n p u t  i n  G r a m s

MAF C D A L  -  -  -  2 4 7 * 7

A S H "  3 5  * 3  

W A T E R -  -  -  -  -  0 , 0  

R E C Y C L E  G T L  -  1383*7 

H Y D R O G E N , . ?  -  4 5 , 1

C A T A L Y S T -  -  -  0 * 0

T B T A L  M A S S  B A L A N C E

C O N D I T I B N S  O F  R U N
P R E S S U R E  -  . " t - s - r r ?  2 3 5 0 * 0  P S I
T E M P E R A T U R E -  4 2 5 * 0  C
T I M E  - T - - T -  4 : 0 1  H R S j M I N
C B A l  C O N C E N T R A T I O N  -  -  -  0 * 1 7 0
C A T A L Y S T  C O N C E N T R A T I O N  -  0 * 0  G R ; 0 . 0 0 0 %  MAF

O U T P U T  I N  G R A M S

U N R E A C T E D  C O A L  
P R O D U C T  O I L  -  

O I L  < 3 2 5 C
Gas  — — — —

■ M E T H A N E  -  
e t h a n e -  -  
PROPANE -
b u t a n e -  -  

R e a c t i o n  w a t e r

1 4 * 1  
1 8 1 * 9  

8 8 . 0  
1 6 , 0  

S  * 2  ( 
3»8  ( 

3  o O (

5 , 9 3 %  OE MAF C O A L  A N D H 2  
7 6 * 4 4 %  GE MAE C O A L  A N D  H S  
3 6 . 9 8 %  B E  MAE C O A L  A N D  H 2  

6 , 7 1 %  O F  Ma E'  C O A L  A N D H 2
3 . 4 4 % )
1 * 6 1 % )
1 * 2 4 % )

1*0( 0*41%)
2 4 , 8 .  1 0 , 4 2 %  O F  MAF C O A L  A ND  H 2

A S H .. . . . . . . . . . . . . . . . . . . . .  32*1

WA T E R  - - - - -  0 * 0

R E C Y C L E -  O I L -  1 3 - 5 1 * 5

h y d r o g e n
C O N S U M E D  -  T 1 2 . 9
U N U S E D  -  -  -  3 2 * 2

C A T A L Y S T  r -  0 * 0

G R A M S  I N  L  -  1 6 7 9 . 7
G R A M S  O U T -  -  1 5 2 6 . 5
% D I F E  "  -  -  9 . 1



VI .  M a s te r  Summary -  S e r i e s  L.

Summary o f  E x p e r im e n ta l  R e s u l t s  i n  P e r c e n t  o f  C oal Going t o  E ach  P ro d u c t

RUN TIME TEMP CATCN % UNC0N % 8iL % Ga s % H20

LmNT-L-I 4:03 . 475 .00 •0*Qqq 17*883 21*524 • 43*834 14 «5 7 1LbNT-L-S 4:03 425 ,00 0'&6l 5*631 79*257 5 ,434 8*881L"NT-L-3 4:03 4 7 5 . 00 3*854 5*207 40*511 43,279 9*788L-NT-L-4 - 4:03 450.. 00 0*653 2*246. 64 * 286 17*321 15*428L-NT-L-5 3:59 425.Q0 4 » 3q9 0*23o 79*923 6*712 '11* 867 .L-NT-L-6 4:00 . 475 .00 1*137 7*690 31*273 44*252 10*QSqL-NT-L-V 4:01 ' 425 .00 0*000 5*934 76*443 6 ,708 10*420

Summary o f  E x p e r im e n ta l  R e s u l t s i n  Grams o f P ro d u c t  Found and Loss V a r ia t io n
i

Vl
I

RUN T IME- TEMP CATCN PRQDUCT <325C H2USED Less
' I * ) (gm). .CgmL. Cgml C%)

L-NT-L-I 4 : 03 475 .00 0*000 ■ 47*712 172*900 24*01,9 20*198L-NT-L-S 4 : n3 425 .00 , 0*661 199*010 86*500 24.* 030 8*324
L“NT-L-3 4 ;o3 475*00 3*854 105*958 238*800 35*842 8 «868
L b N T - L - A 4 : 03 450»00 0*658 161*254 144*500 22*771 7*918b" N T-L -'5 ■ 3:59 4 2 5 , QO . 4» 3 q9 187*910 145*100 21*613 13*799L-NT-L-6 4 :oo • 475 ,oo '■ 1*137 6 q * 8 o 3 ■ 175*300 36*129 36*08?L-NT-L - 7. 4 ! o  I 4 25 , oo Q-OOO 181*932 8 8 »000 12,909 9*120



I

- 9 6 -

TABLE V I. C oal H y d ro g e n a tio n  M ass ' B a la n c e

V I I .  I n d iv i d u a l  :O n tpu t B a la n c e  S h e e ts  S e r i e s  M.,



COAL HYDROGENATION MASS BALANCE

RUN NUMBER L-NT-M-I A CONDITIONS OF RUN
-DATE OF RUN 07-02-68 . , PRESSURE - s -  s r * * *  2250*0 PSI

TEMPERATURE*' 475*0 .C
' 's ■ TIME -  -  -  r -  - r  ? r  - , I-J 06 HRS JMIN

COAL CONCENTRATION 0*170
CATALYST CONCENTRATION •» 0*0 GR; 0.000% MAF

INPUT IN GRAMS ' .. OUTPUT IN GRAMS

MAF COAL 247* 7  ■ UNREACTED COAL"i' product oil -
'■ OIL < 325C

ASH- - - - - - 35*3 .

GAS « - - - -
METHANE - 
ETHANE- - 
PROPANE - 
butane- - 

reaction water

WATER- - - - ' - 0*0

RECYCLE OIL - 1383*7

'HvDROGEN- - - ' 33*4

catalyst- - - 0*0

43*6 18,53% OF MAF COAL AND Hg
112*6 47.82% OF MAF COAL AND H2
140*7 59.74% OF MAF COAL AND H2
54.9 ' 23,33% OF MAF COAL AND. Hg
42*1(17*88%)

• 8,6( 3.64%)
3.6( 1*55%)
0*6( 0.26%)

23*5 9,98% OF MAF COAL AND Hg
ASH - - - - -  Sg,3

water -  -  - -•  0 , 0

RECYCLE OIL- '1235.4 

HYDROGEN
CONSUMED - - 9,4
UNUSED - - - 24,1

CATALYST - -  ' 0 *0

TOTAL MASS BALANCE GRAMS IN -  -  1676*1
GRAMS OUT- -  1530*4
% DTprp -  -  -  8 *7

\

.-
16

'



C B A L  H Y D R O G E N A T I O N  M A S S  B A L A N C E

R1JN NUMBER L-NT-M.,? 
DATE OF RUN ' 07-02-68

INRUT IN GRAMS

conditions BF run  
PRESSURE -
TEMPERATURE- ' - b -s - b *. 
TI ME - . - S - S T WB - S - "  
COAL CONCENTRATION 
CATALYST CONCENTRATION -

2350.0 P-SI 
425-*0. C 

2:07 KRSiMIN 
Of 170
0*0 GR; 0.000% MAF

OUTPUT IN GRAMS

MAF COAL - - 247.7 ■ UNREACTED COAL
' product oil -

. ; OIL < 325C
GAS

■ METHANE - 
e t h a n e -  - 
propane -
butane- - 

reaction water

ASH- - - - " w 35.3

WATER- - t - OO

RECYCLE OIL "t 1383.7

hydrogen- - t 39,5

catalyst- - ■*• OO

total mass BALANCE GRAMS IN - -
GRAMS OUT"

i ■ % DIFF -

35.5 14.66% OF MAF COAL AND Ha
171*4 70.84% OF MaF COaU AND H2
136.0 56,23% OF MAF COAL AND H2

8.4 3.49% OF MaF COAL AND H2
3 # 2 ( V34%) ■
3 »2( 1.34%)
I .6( 0.67%)
0*3( 0.14%)

26.3 10.87% OF MAF COAL AND H2
■ ASH -  -  T  - 33*6

WATER - - - - O O

RECYCLE OILt 1350.0

HYDROGEN
consumed - -
UNUSED - - -

catalyst t "

6.6
33,0

OO

1673.3
1589,7

5.0



C Q A L  H Y D R O G E N A T I O N  M A S S  B A L A N C E

RUn NUMBER L-NT-M.3 
DATE OF RUN 07-03-68

CONDITIONS OF RUN
PRESSURE - n  - s 7» - -
TEMPERATURE- - . . .  -
time
COAL CONCENTRATION - -■ 
CATALYST CONCENTRATION

2280-0 PSI
450*0 C

- 4:08 HRSlMIN
0*170

- 9*0 GRj 3.625% MAP
INPUT IN GRAMS OUTPUT IN GRAMS
MAF CQAL * - - 247,7

ASH- - - r -_- . 35.3

WATER- - - - * OO

RECYCLE OIL - 1383.7

HYDROGEN- - - 52.0

CATALYST- - - 9*0

T O T A L  MASS B A L A N C E

UNREACTED CBAL
product oil -

OIL < 3.25C
gas ■ * « " « »

METHANE - 
ETHANE.  -  
PROPANE - 
butane- - 

reaction water

a s h  . ■ -  -  -

WATER - - - 

RECYCLE OIL-

' hydrogen
CONSUMED - ,  
UNUSED .  -

CATALYST * -

G R A M S  I N  ,  m- 1 6 9 3 . 9
G R A M S  O U T .  -  1 6 9 8 , 2
% D I F F  ?  O * 3

4.27% OF MAF COAL AND Hg 
56,27% OF MaF COAL AND H2 

121,20% OF MAF COAL AND H2 
24.35% OF MAF COAL AND Hg

15,14% OF MAF COAL AND Hg

35,4

0 , 0

1208,3

27*2 
24. S

9,0

1 1 ' 8  
155-0 
333.9 

67-1 
42-4(15,38%) 
14,9( 5.41%) 
8 » O( 2*90%) 
1 . 8 (  0 , 6 6 % )  

41"7



C O A L  H Y D R O G E N A T I O N  M A S S  B A L A N C E

RUN NUMBER L-NT-M-4 
DATE OF RUN 07-03-68.

• .

CONDITIONS OF RUN _
PRESSURE - 2330-0  PSI

.TEMPERATURE-'- 450*0 C
TIME - - - - - - - - - - -  2 :06  HRS-MIN
COAL CONCENTRATION 0-17Q
CATALYST CONCENTRATION - 0 , 6  OR; 0-000% MAF

INPUT I7N GRAMS OUTPUT IN GRAMS

MAP COAL ' 247' ;7 .. UNREACTED COAL
■ product o i l  -

■ '■ ■ OIL < 325C
GAS

methane -
ETHANE- - 
PROPANE. ”

■ butane- •- 
REACTION WATER

ASh- - - - - -  35 ,3

WATER- - - - - 0*0

RECYCLE OIL . 1383-7

HYDROGEN- - - 38-7

CATALYST - - - 0-0

19-6 8,24% OF MAF COAL AND Hg
149-3 62-75% OF Ma F COAL aND H2
202-2  85,00% OF MAF COAL AND H2

35-1 . 14-75% OF MAF COAL AND Hg
. 23-8(10-02%)

7 • 3( 3,05%)
3-3(  1-40%)
0 »7( 0-27%)

33-1 13.91% OF-MAF COAL AND Hg

ASH - - - - - 32-5

WATER - - - - OO

RECYCLE o i l - 1219-5

HYDROGEN 
CONSUMED - * 
UNUSED * - »■

.. 10-1 
28 ,6

CATALYST * - '0*0

T O T A L  M A S S  B A L A N C E grams i n  - - — 1676-9
GRAMS OUT- - 1542-0
% DIFF " - "■ 8,-0

O
O

T-



C B A L  H Y D R O G E N A T I O N  M A S S  B A L A N C E

R U N  N U M B f - R  ' L - N T - M . 5
D A T E  B F  R U N  O 7 " 0 4 - 6 8

INPUT IN GRAMS

MAF CBAL - - - 247*7

ASH" m  m  m  W  h  35*3 

WATER" 0*0

.CONDITIONS OF RUN
PRESSURE *0 PSI
temperature- - - O -C
time * - -*■ OT - - s ■* - - 2:07 HRSrMIN
COAL CONCENTRATION 0*170
catalyst CONCENTRATION - 1*7 GRj- 0.730% MAF

OUTPUT IN GRAMS

unreacted coal 1.8*2 7.53% OF MAF COAL AND HS
product oil - 190*3 78,65% OF MaF coal AND HS

OIL < 325C 158*5 65»52% OF MAF COAL AND HS
gas * « " • » » 11*6 4,7.8% OF MAF COAL AND HS

METHANE - 6* 9.( 2*83%)
ETHANE- - 3«0 ( 1.23%) .
propane - I «4 ( 0*60%)
butane- - 0,3( 0*13%)

reaction WATER 21*3 8,80% OF• MAF COAL AND HS
ASH - ■

water - - - - 0*0

RECYCLE OIL - 1383*7
HYDROGEN* * * 41*0

CATALYST- - - 1*7

RECYCLE OIL- 1332.2

hydrogen
CBNSUMED - - 9*2
UNUSED - - - .31*8
C A T A L Y S T  ?  -  1 * 7

grams OUT- - 1575*0
% DIFF - - - 6*0

T O T A L  m a s s  b a l a n c e  g r a m s  i n  -  *  1 6 7 5 . 9

iT
O

T^



RUN NUMBER L-NT-M-6 
date SE RUN 07*05-68

INPUT IN grams

C O A L  H Y D R O G E N A T I O N  M A SS B A L A N C E

, CONDITIONS OF RUN 
PRESSURE - - - - - r - ,  
TEMpgRAIURE-
TIME.  -  -  -  r  -  -  -  9 -  ?
COAL CONCENTRATION - - - 
CATALYST CONCENTRATION -

2360*0 PSI 
425,Q C 

I :05 HRS :MIN 
O • T 7 o
0,0 OR; 0.000% MAF

OUTPUT IN GRAM'S
MAF COAL - * - 247.7

ASH- " - ■ * * -  35.3

UNREACTEb COAL 
PRODUCT OIL - 

OIL < 325C
Gas * * - « -

methane -ETHANg- - 
PRPPANE - 
butane- - 

reacti-oN water

V+"3 6,30% OF MAF COAL' AND H?
186*5 81*83% OF MAF COAL AND HS
89*1 39,11% OF MaF COAL AND HS

4*9 2,14% OF MaF CqaL AND HS
2 « 7( 1.19%)
I . 2(0.53%)
0.8( 0.36%)
O, I ( 0,06%)

21*8 9,57% OF MAF CQAL AND HS

I 

j

A S H - - - - -  31*9
WATER*. - - - - 0«0 WATER - * - - 0,0
RECYCLE oil - 1383.7 RECYCLE OIL* 1348.5
HYDROGEN- -■- 37,2 ' HYDROGEN 

CONSUMED - - 3.9
UNUSED - - - • 33.4

CATALYST- - - - OO

CATALYST - - OO

T O T A L  MASS B A L A N C E grams I N m » 1670.6
grams OUT - - 1510.6
% DlFF 9»6

•S
OT

’



C 6 A U  H Y D R O G E N A T I O N  M A S S  B A L A N C E

r u n  n u m b e r  L - N T - M - 7
D A T E  9 F  R U N  0 7 - 0 6 - 6 8

INPUT IN GRAMS

. CONDITIONS OF RUN 
PRESSURE -
TEMPERATURE- - ■» ? - n ?
time
COAL CONCENTRATION - - - 
CATALYST CONCENTRATION ■»

2250.0 PSI
450.0 C 

1:05 HRSiMIN
0.17Q
0*0 GR; 0,000% MAF

OUTPUT IN GRAMS

-MAF COAL - -  -  .247*7  UNREACTED COAL
PRODUCT OIL -  

OIL < 325C
gas - - - » -

methane - 
ethane- -

' propane - 
butane-

- reaction water

ASH- - - - - • 35*3

WATER- -  -  -  -■ 0 * 0

RECYCLE OIL ** 1383*7

HYDROGEN- - -  36*4 '

catalyst- - - 0*0

grams out- -
% D I F F  * -  -

T O T A L  m a s s  b a l a n c e  g r a m s  i n  -  -

32*1 14,04% OF MAF CeAL AND HS
166*9 73,03% OF MAF COAL AND HS
125*7 55,00% OF MAF COAL AND HE

16.5 7,23% OF MaF COAL AND HS
10*51 4,57%)3 • 8( 1,67%)
I*9( 0*84%)
0« 3( 0*14%)

1-2.3 5,3g% OF MAF COAL AND HS
ASH - - - - -  31.6

WATER - - - - -  0,0

RECYCLE OIL- 1279*5
HYDROGEN
CONSUMED - - 6*9
UNUSED. 29-5

C A T A L Y S T  «  -  '  0 . 0

1673*7
1497*7

10,5

^E
O

T'



C 9 A L  H Y D R O G E N A T I O N  M A S S  B A L A N C E

RUn number l- nt- n- s 
DATE OF run 07-07-68

CONDITIONS 8F RUN. 
PRESSURE - *i - ■* T 
TEMPERATURE- - T T  
T i Mp » ? - - - - - 
COAL CONCENTRATION

T - T  
■f •• r?

v -  T!

2250*0 PSI 
425,-0 C 

I ; 06 HRSiMIN 
Q.» 170

CATALYST CONCENTRATION - 9*3 GRi 3.789% MAF

input in grams OUTPUT IN GRAMS

MAr CQAL - 247*7 UNREACTED COAL 35*6 13« 8 q %  OF MAF COAL AND Hg
PRODUCT OIL - 192*9 74.77% OF MaF CoaL and H 2

OIL < 325C 139*3 54.00% OF MAF coal AND HS
GAS - - ”  ' m - 6*8 2,63% OF MAF COAL AND Hg

methane 3 • 5 ( 1*35%)
ethane- I *  8  ( 0 *6 9 %)
propane - I «3 ( 0,49%)
butane- * O * 2 ( 0,09%)

REACTION WATER. 22*6 8,76% OF MAF COAL AND H 2
ASH-- T - » - - 35*3 ASH

WATER- - - - - 0*0 water - OOIII

RECYCLE OIL - 1383*7 RECYCLE GIL- 1424.9
hydrogen- - - 44*1 - HYDROGEN

CONSUMED - T  12,5
UNUSED T T T  31 «6

CATALYST- - 9*3 CATALYST -"- 9*3

TOTAL MASS BALANCE grams in „ 1679*3
GRAMS OUT- 1664*2
% DIFF - - 0*9

IO
T

-



CS AL HYDROGENATION: MASS BALANCE

RUn NUMBER L-NT-M-S
GATE 'BE RUN 0 7 - I ? - 68'

INPUT IN GRAMS ' ■ 

MAF COAL - - - 2 47 . 7

A S H r  3 5 . 3 .

CONDITIONS of RUN 
PRESSURE - s - s f r R n 
TEMPERA F U R E - ? r - r r
TIME R - - R - R T T T -
COAL CONCENTRATION - - T  
CATALYST CONCENTRATION -

2350* O PSI 
45.0*0 C 

1 :06  HRS!MIN 
0*170.
1*6 GRj 0*686% MAF

OUTPUT IN GRAMS

UNREACTED COAL 29*1. 12*03% OF MAF COAL AND H2
product Oi l - 172*2 71,19% OF MAF COAL AND H2
'■ . OIL < 325C 122*2 50,52% OF MAF COAL AND H2

gas 20 .4 8,42% OF MAF COAL AND H 2
methane - 5 * 6 ( 2.32%)
E THA Ne- - 3 , 6  ( 1,47%)
PROPANE - 2 * 6 { 1.06%)
butane- - 8 * 6 ( 3*57%) •

REACTION WATER . 19.7 B i  14% OF MAF COAL AND H2

ASH 33*3

WATER- - - - - . 0*0 WATER - - OO

RECYCLE-OIL - 1383*7 RECYCLE OIL- 1352*1

hydrogen- ■* - 40*0 HYDROGEN 
CONSUMED - - 8 . 8
UNUSED T T -

\
. 9 1 . 1

CATALYST- - - I • 6 CATALYST - - 1*6

TOTAL MASS BALANCE GRAMS IN L -  1675*6
GRAMS OUT- -  1576*8
% -DIFF -  -  5 *9



CPAL HYDRgGENATieN MASS BALANCE

RUN NUMBER L"NT-M̂  10' 
DATE OF RlJN 07-12-68

TNPUT IN GRAMS

CONDITIONS OF RUN 
PRESSURE - - - - *? -
t e m p e r a t u r e * -  -  -  -  -
TI  Me * * -  -  -  T! 5? -  -
CBAL CONCENTRATION - - 
CATALYST.CONCENTRATION

2350*0 PSI
425,0 C ■'

2:08 HRSrMIN 
0,170
1.5 GRi 0.635% MAF

OUTPUT IN GRAMS
MAF COAL - - T 247*7 ; UNREACTED COAL 49*5 20*44% OF MAF COAL AND he

product■oil - 164*2 67*79% OF maf coal AND H2- OIL < 325C 84*4 34,84% OF maf COAL AND H2
gas - - - - - 11*8 4.88% OF MAF COAL AND HE

methane ” 7 * 0 ( 2.89%)
ETHANÊ - - 3 * O (. 1.25%)
propane I »5 ( 0.61%)
butane- O • 3 ( 0.13%)

REACTION WATER 16*4 6.77% OF MAF COAL AND" HE
ASH- - - - - - 35*3. ASH - *

7

WATER- - - water - - - 0,0
RECYCLE OIL - 1383*7 RECYCLE OIL- 1399*1
HYDROGEN- - - • 38*6 \ HYDROGEN

CONSUMED - - 6*1
UNUSED - - - 32«5

catalyst* - - 1*5 CATALYST * - 1*5

TOTAL MASS BALANCE GRAMS IN - 1672*8
GRAMS OUT- - 1594*9
% vDlFF - - - 4*7



C O A L  H Y D R O G E N A T I O N  M A S S  B A L A N C E

R U N  N U M B E R  L-N T-M 1- I I
D A T E  O f  R U N  0 7 * 1 5 - 6 8

INPUT IN, GRAMS

MAF COAL - -'  - 247 ,7

ASh" - - - - - ,35«3 

WATER- - - - O-O 

RECYCLE OIL - 1383,7  

HYDROGEN- - - 44«O

CATALYST- - - 9«6

CONDITIONS OF RUN
PRESSURE 256 0 , 0  PSI

• TEMPERATURE*;- 475 .0  C
TIME - - - S  - r S S -  - 0 :59  HRS!M IN
COAL CONCENTRATION 0*170
CATALYST CONCENTRATION - 9*6 GR; 4*243% MAF

OUTPUT IN GRAMS

UNREAcTED C0AL 2 , 8  1,16% OF MAF COAL AND HS
PRODUCT OIL - 159 .0  65.52% OF MAF COAL AND H2

OIL < 325C 201*0 82,80% OF- MAF COAL AND HS
GAS - - - - - 70*3 28.94% OF MAF COAL AND H2

METHANE - 41*1(16*92%)
ETHANE- - 16', 2 ( 6*6,6%)
propane - 9 . 6 (  3 , 9 7 %)
butane- - 3*4( 1 , 3 9 %)

Reaction  water 9 , 2  ■ 3 , 7 9 % of maf coal and hs

ASH - - - - -  32*3

- water - - - - 0 * 0

RECYCLE OIL- 1222*0

HYDROGEN
CONSUMED - - 16 .5
UNUSED - - - 27 ,5

C A T A L Y S T  -  -  ‘ 9 , 6

T O T A L  M A S S  B A L A N C E G R A M S  I N  -  -  1 6 8 3 * 3
G R A M S  . O U T -  -  1 5 3 7 * 6
% D I F F  *  -  -  8 * 7

iO
T’



C Q A U  H Y D R O G E N A T I O N  M A S S  B A L A N C E

R U N  N U M B E R  U - N T - M - i i  A
D A T E  O F  R U N  0 7 - 1 0 - 6 8

INPUT IN GRAMS

CONDITIONS OF'RUN
PRESSURE - . s - s y r r - T :  BSOOO PSI
TEMPERATURE- 475,0 C
TI ME - - -  - -  - -  - -  - 2;05 HRSjMIN
coal CONCENTRATION 0,170
CATALYST CONCENTRATION - 9,3 OR; 4*047% MAF

OUTPUT IN GRAMS

MAF COAL - - - 247,7 UNREACTED COAL
PRODUCT 6 IL - 

OIL < 325C
gas - - - - -

methane - 
ethanf- - 
propane -
BUTANE- -

. . reaction water

ASH- - - - - - ' 35,3

water- - - - - 0*0

RECYCLE OIL - ' 1383*7

HYDROGEN- - - '44,1

CATALYST- - - 9,3

T O T A L  M A S S  B A L A N C E  G R A M S  I N  ,
• . G R A M S  O U T -  -

% D I F F  *  -  -

22.5 9.03% OF MAF CQAL AND H2
126*8 50,79% OF MAF COAL AND HE
258.3 103.45% OF' MAF COAL AND H2
67.9 27.19% OF MaF COAL AND H2
39*6(15.86%)
15,7( 6,28%)
9•3( 3.74%)
3 • 3 ( 1,31%). '

31.0 . 12,42% OF MAF COAL AND H2
ASH.................  32*8

WATER - - - - 0.0'

RECYCLE OIL- 1152,3

HYDROGEN
CONSUMED - - 19.9
UNUSED - - - 24,2
CATALYST - - 9,3

1686.7
1564.8 
■ 7 . 2

■9
01“



C 9 A L  H Y D R O G E N A T I O N  M A S S  B A L A N C E

RUN NUMBER L*NT-M_12 . . CONDITIONS OF RUN
DATE BE RUN 07"18-65 ■PRESSURE - i r - e s r - -  2160 *0 PSI

TEMPERATURE*- 475* O C
time - - - s - r - r - 7 ” I J-O 5 HRszMIN
COAL CONCENTRATION - - - .0*170
CATALYST CONCENTRATION- - 9*5 OR; '4*225% MAF

INPUT IN GRAMS ■■ OUTPUT IN GRAMS'

MAF COAL - "s * • 247*7 ■ UNREACTED COAL l5 »6 6,43% OF MAF COAl AND H2
■ PRODUCT OIL.- 135*1 55,85% OF MAF COAL AND H2

OIL < 325C- 177*6 73,41% OF MAF COAL. AND H 2'
GAS » -» - - - • 59.3 24,50% OF MAF COAL AND H2

■• 'methane - 34*7(14*32%)
ethane- - .■13,6( 5*64%)
PROPANE - 8 , I ( 3*36%)
butane- - 2*9 ( -I * 18%)

reaction Water 30.4 ' 12.57% OF MAF coal AND H2
ASH - - - - - 3 2 , 1

W ATER- “ m ? - 0*0 WATER - - - - 0*0

RECYCLE OIL -- 1383*7 , \ RECYCLE OIL- 1213*8
HYDROGEN- - - " 40*2 hydrogen

CONSUMED - - 17*1
UNUSED - - - 23*2

CATALYST* - - 9*5 'CATALYST - - 9*5

TOTAL MASS BALANCE grams in - - 1683*8
GRAMS OUT- - •1525*7
% DIFF - - 9*2

60
Tw



C O A L  H Y D R e G E N A T I Q N  M A S S  B A L A N C E

RUM NUMBER L-NT-M̂ 13 
DATE SE RUN 07-19-68

input in grams 

MAF CfiAL - - - 247.7

ASH". - * - - 35,3

WATER- - - - - - 0 0

RECYCLE OIL - 1383.7

HYDRfiGEN- - - CU0-$■

CATALYST- - - 1*6

T S T A L  M A S S  B A L A N C E  •

CONDITIONS SF RUN 
PRESSURE -  ^ -  r  -  w -  n
TEMRer’a FUREt - r r «r % -
T I ME f  -
CQAL CSNCENTRATISN - - r 
CATALYST CONCENTRATION -

2270,0 PSI 
475*0 C 

2:06 HRSjMIN 
0'170 '
1,6 GRj 0*704% MAF

SUTpUT IN GRAMS
35. 

. .90' 
193. 
94.

UNREACTED COAL 
PRODUCT SlL - 

OIL < 325C
■ Gas - - - - -

■ METHANE - ETHANE- - 
PRfiPANE -
Butane- - 

Reaction water 2 2 . 9

14.
36.
7 9 .
38,

38.6(15.79%) 
15*2( 6.22%) 
9♦0( 3.69%) 

31,8(12,99%)

47%
89%
19%
69%

SE
SF
SF
SF

MAF
MAF
Maf
maf

CSAL AND 
C0AL AND 
CSAL AND 
CfiAL AND

HS
HS
HS
HS

9,37% SF MAF COAL AND HS

ASH

WATER - - - •

RECYCLE SIL-
HYDRfiGEN 
CONSUMED - - 
UNUSED r - ^
CATALYST b -

32,4

0 , 0

1166,2,

17.2
23,0

1 , 6

G R A M S  I N  - ■
G R A M S  S U T - ■
% DIFF - -

1684.0
1545.1

8 . 2

‘12.0



CSAL HYDRSGENATISN MASS BALANCE 

RUN NUMBER L-NT-M-15 CONDITIONS OF RUN
DATE OF RUN 07-22-68 PRESSURE - , -  s , - , - -  1950» O PSI

' TEMPERATURE-, H 5 0 * 0  C
TIME r - - r - T - * r  ̂ I'OS HRSiMIN 
COAL CONCENTRATION - - - 0.1-70
CATALYST CONCENTRATION - 9.0 GRJ '3.900% MAF

INPUT IN GRAMS OUTPUT IN GRAMS

MAR COAL * - " 247.7 ■ UNREACTED COAL 14.5 5.92% OF MAF COAL AND H2
■ PRODUCT OIL - 184.8 75,52% OF MAF COAL AND H2

OIL < 325C 216.1 88.30% OF MAF COAL AND H2
Gas - — — 19.5 7.96% OF MAF COAL AND H2

METHANE - . 6.9( 2.84%)
ethane- - 5 . 1( 2,07%)
propane - 4» 8( 1.96%)
butane- - 2.7( 1.09%)

Reaction water 25.0 10,22% OF Maf COAL AND H2
ASH- - - - - - 35,3 ASH - - - - - 32«9

WATER— — — — # 0.0 WATER - - - - 0.0
RECYCLE OIL - 1383,7 \ RECYCLE OIL- 1258,0
HYDROGEN- - - 39,4 \ hydrogen

. . . CONSUMED - - 14,0
UNUSED 25.5

CATALYST- - - 9*0 CATALYST - - ' 9.0

TOTAL MASS BALANCE GRAMS IN - - 1680.7 ■
GRAMS OUf- - 1566.0
% DIFF " - - 6*8

. 'x -

»
ii

r



C S A L  H Y D R e G E N A T I S N  M A S S  B A L A N C E

RUN NUMBER L-NT-N-14 A 
DATE SF RUN 07-23-68

INPUT IN GRAMS

CONDITIONS SF RUN 
PRESSURE - s - f f B - * -  
TEMRERAfURE- - r - n r 
TIME - ? - T - r  r  - - 
COAL CONCENTRATION - - 
CATALYST CONCENTRATION

2250,0 PSI 
450*0 C

2:06 HRS-MIN 
0*170
1,5 OR; ■ 0,647% MAF

OUTPUT IN GRAMS
MAF CSAL - - - 247,7 UNREACTED COAL

PRODUCT OIL - 
OIL < 325C 

GAS - - - - -
. methane - 

ETHANE- - 
PROPANE -
butane- -

REACTION WATER

28.6 11,61% OF MAF COAL AND H2
154-1 62.47% OF MAF COAL AND H2
178*2 72,24% ©F; MAF COAL AND H2
35.5 14.40% OF MaF COAL'AND H2
11-1 I 4.50%)
7.9( 3,22%)
7,21 2,91%)
9,3( 3.77%)

27-5 11,15% OF MAF COAL AND H2
ASH- - - - 35.3 ASH 33.1
WATER- - - ' ■ 0,0 WATER - - - - O O

RECYCLE OIL - ■ •1383.7 RECYCLE.OIL- 1272.I
HYDROGEN- - «* 43,2 HYDROGEN 

CONSUMED - - 
UNUSED

14.7
28,6

CATALYST- - - 1*5 . CATALYST - - 1*5

TOTAL MASS BALANCE GRAMS IN- ,  - 
GRAMS OUT- - 
% DIFF - - -

1681.4
1575-0

6-3

-S
IT
-



C 0 A L  H Y D R O G E N A T I O N  M A S S  B A L A N C E

RUN NUMBER L*NTtM-i6 
DATE OF RLJN 07-24-68

CONDITIONS OF RUN 
PRESSURE -'* 7 a 5 t - 
TEMPERAFUREb - s r r r -  

T l M F - - - B - T r r -
COAL concentration' - - 
CATALYST concentration

2300.0 PSI 
425»Q C 

2:05 HRSiMIN 
'0.170
8*9 UR;.: 3*907% MAP

INPUT IN GRAMS

MAF COAL - 247*7 UNREACTED COAL
product oil -

OIL < 3250
, GAS - - - - -

METHANE - 
ETHANE- -
propane - 
butane- - 

reaction water

ASH-r - - - ■ 35*3 

WATER- 0*0 

RECYCLE OIL - 1383*7 

HYDROGEN- - -■ 49*9

CATALYST- - - 8*9

OUTPUT IN GRAMS

13*0 5,30% OF MAF COAL AND HE
192*0 78.16% OF MaF coal AND H2
222*5 90.60% OF MAF coal AND H2

11*0 4,47% OF- MAF COAL AND H 2
4 • 3 ( 1*76%).
3 • 2 ( 1,32%)
2 * 6 ( 1*04%)
O«9 ( 0*35%)

28*2 11*48% OF MAF COAL AND H2
ASH - - - - - 32*5

WATER - - - 0*0

RECYCLE OIL- 1242*1

HYDROGEN
CONSUMED - - 17*8
UNUSED - - - 32*0

C A T A L Y S T  r  -  8 * 9

t o t a l  m a s s  b a l a n c e G R A M S  I N  -  -  1 6 8 4 * 6
G R A M S  O U T -  -  1 5 4 9 * 3
% D I F F  "  -  -  8 * 0

C
ET

T



C9AL HYDROGENATION MASS BALANCE 

RUN NUMBER L-NT-M-17 conditions.OF RUN
BATE QF RUN 07*24-68 PRESSURE - s w - s 2360*O PSI

temperature.- - - - - - * 4.5o o O C
T I HF' 2:06 WRS ’MIN
COA-L--CONCENTRATION - - - 0* 170
catalys r

input in grams

MAF COAL - - - 247*7 UNREACTED COAL

I
I

ASH- - - - - - 35,3

PRODUCT 91-L - 
OIL < 325C

gas - - - - -
METHANE - 
ETHANE- - 
PROPANE -
butane- -

REACTION WATER

WATER- - - - 0*0 .

CONCENTRATION - 9.6 GR;. 4.021% MAF

OUTPUT IN GRAMS

3.2 1.23% OF MAF COAL AND Hg
194-2 74.06% QF MaF CeAL aNO H2
247.0 - 94,20% QF MAF CQAL AND H2

50*1 19,09% QF'MAF COAL AND H2
24.2( 9.21%)
14,6( 5,56%)
8.8( 3.34%)
2» 6.( 0«97%)

13.9 5,30% OF MAF COAL AND H2
ASH - - - - -  34.1

. w a t e r  -  -  -  -  o . o

RECYCLE OIL * 1383.7

HYDROGEN- -  -  5 1 « 6

CATALYST,- - * 9.6

RECYCLE OIL*, 1281.1

HYDROGEN
CONSUMED - - 23.4
UNUSED * - - 28.2

C A T A L Y S T  *■ -  9 . 6

T O T A L  m a s s  b a l a n c e -- G R A M S  I N  -  -  1 6 9 0 * 2
G R A M S  O U T -  -  1 6 2 9 , 4
% D I F F  *  -  -  3 , 6



C B A L  H Y D R B G E N A T I B N  M A S S  B A L A N C E

RUN NUMBER l- nt- m- is 
d a t e  OF r u n  0 7 - 2 5 - 6 8

INPUT IN GRAMS

MAF COAL - - - 247,7

A S H -  -  -  -  -  -  3 5 , 3

W A T E R -  -  -  -  -  0 . 0

CONDITIONS. OF RUN 
PRESSURE - T - r v  r - -
temperature-
t i m e
COAL CONCENTRATION'S - - 
CATALYST CONCENTRATION -

2290•O PSI 
475,'0 C 

2 ’.05 HRSJMIN 
0,17:0
0,0 OR; 0.000% MAF

OUTPUT IN GRAMS

UNREACTED COAL 
PRODUCT OIL - 

OIL < 325C
g a s  -  -  -  -  -

m e t h a n e  -  
e t h a n e -  -
PROPANE -
b u t a n e -  -

REACTION WATER

39.4 16,61% OF MAF COAL AND H2
102,9 43,40% OF MaF COAL AND H2
194.4 ■ 82,02% OF MAF COAL AND H2
62»9 26,52% OF MAF COAL AND HP
36,7(15,50%)
14.5( 6,10%)
8,6(3,64%)
3 » O( 1.28%)

30.4 12,83% OF MAF COAL AND H2

ASH.................  31#7

w a t e r  -  -  -  -  0 ,0

RECYCLE OIL - 1383,7

HYDROGEN- - - 39,4

CATALYST- - T, 0 . 0

RECYCLE OIL- 1149.5

HYDROGEN
CONSUMED - - 14,9
UNUSED - - - 24 .6

C A T A L Y S T  -  -  0 , 0

t o t a l  m a s s  b a l a n c e G R A M S  I N ■  -  1 6 8 1 , 6
G R A M S  . O U T -  -  1 5 0 8 . 3
% : D " I F F  -  -  -  1 0 . 3

^
i

r



C f t A L  H Y D R f t G E N A T I f t N  M A S S  B A L A N C E

RUN NUMBER L-NT-M̂ 19 CftNDITIftNS ftF RUN
DATE ftF RUN 07*25-68 PRESSURE - 2290*0 PSI

TEMPERAfUREr  ̂ 475» Q C'
T I M E r - - r - B ? ,  - - -  1:06 HRSjMIN
CftAL CONCENTRATION - - - Q»17o
CATALYST CQNCENTRATIftN r 1*6 CR; ' 0,682% MAP

INPUT IN GRAMS

MA P  C f t A L  -  -  -  2 4 7 , 7  ' U N R E A C T E D  C f t A L
P R O D U C T  5 I L  -

8 I L  <  3 2 5 C  
G A S  -  -  -  -  -

M E T H A N E  -  
E T H A N E -  -  
P R O P A N E  -
butane- - 

reaction water

•ABh- -- - - - - 35,3
WATER- - - - - O O

RECYCLE OIL - ' 1383,7
hydrogen- - - 37.6

catalyst- - - 1.6

output in grams

29*4 11,88% OF MAP CftAL AND Hg
128*2 51,87% ftF MAF CftAL AND HE
152,6 61.74% ftp MaP CftAL AND HE
62.2 25.17% OF MAP CftAL AND HE
31,3(12,68%)
16.4 ( 6,65%).
10.4( 4.22%)
4 * Q( 1.62%)

26,7 10,80% ftp Map CftAL AND H2
ASH................. . 33,5

water - - - - 0,0
RECYCLE ftIL- 1286.3
HYDROGEN ' 
CONSUMED - - 
UNUSED - - -

12.6
25.0

catalyst - - I «6

T O T A L  M A S S  B A L A N C E G R A M S  I N  -  -  1 6 7 9 . 3
G R a M S  O U T -  -  1 5 9 0 . 6
% L l F P  -  -  -  5 . 3



C 9 A L  H Y D R g G E N A T i a N  M A S S  B A L A N C E

RUN NUMBER L-NT-Mwgo 
DATE QF RUN 07-26-68

INPUT IN' GRAMS

MAF CQAL - ■ 247,7

ASH- - - - - . -  35,3 

WATER- - - - - 0,0 

RECYCLE-OIL -» 1383*7 

HYDROGEN- - ' -  48.5

CATALYST- - - 1,5

CONDITIONS QF RUN 
PRESSURE

.TEMPERA FUREs - - - - - -
TI Mg -  - w  J1 -  w s w - s
CQAL CONCENTRATION 
CATALYST CONCENTRATION -

2300,0 PSI
450*0 C 

4:07 HRSlMIN 
0'170.
1,5 GR; 0.646% MAF

UNREACTED COAL 
PRODUCT OIL - 
■ ‘ OIL < 325C
Gas - - - - -

METHANE - 
ETHANE- -
propane - 
butane- - 

reaction water

OUTPUT IN GRAMS

17.9 
126,0 
225,9 

83.0
47,8(18,62%) 
18,4( 7.15%) 
12,4( 4,82%)
4» 4( 1,72%) 

28,5 -Il

6,95% OF MAF COAL AND Hs 
49,05% QF MaF Coal and H2 
87.91% OF MAF- COAL AND. HS 
32.31% QF MAF COAL AND HS

ASH - - - - <

WATER - - - -

RECYCLE OIL*
HYDROGEN 
CONSUMED " - 
UNUSED - - -

'catalyst - -

09% OF MAF COAL AND HS 

■ 33.1
0 , 0

1198.0 -

2 4 , 7
23,9

,L

1'5

t o t a l  m a s s  b a l a n c e grams I N - ct 
GRAMS OUT- - 
% DIFF - - -

1691.4
1586.4

6 , 2



C S A l  H Y D R O G E N A T I O N  M A S S  B A L A N C E

RUN NUMBER L-NT-M-12 A CONDITIONS OF RUN .
date OF run -.07- 31-68 PRESSURE 2240 -O PSI

TEMPERATURE- 475-0 C
time - - - S * - - - ? -  - I ; 05 IHRS ;MIN
COAL CONCENTRATION - - - 0-170
CATALYST CONCENTRATION - 9-0 G.R; 3.908% MAF

INPUT in grams OUTPUT IN GRAMS

MAF CSAL - - - 247.7 UNREACTED COAL 1-8 0-74% OF MAF COAL AND H2
PRODUCT O IL - 149-0 60.11% OF maf COAl and H2

OIL < 325C 261-7 105,60% OF Maf COAL AND H2
GAS - - - - - ■ 61-5 24,81% OF MAF COAL AND H2

METHANE - 35,9(14.50%)
ETHANE- - 14,1( 5,71%)
PROPANE - 8,4( 3,40%)
butane- - 3 «O( 1-19%)

reaction 'water 34-3 13,84% OF MAF COAL AND H2
ASH- - - ° - - 35,3 ASH - - - - - 32,9

water- - - - - ' O-O WATER - - - - O, O

RECYCLE SIL - 1383.7 RECYCLE OIL- 1173.8
HYDROGEN- - - 41-6 HYDROGEN

CONSUMED - - 17.6
UNUSED - - - 24,0

catalyst? - -
/

9-0 CATALYST - ? ' 9,0

TOTAL MASS BALANCE grams in - - 1684,3
■ GRAMS OUT- - 1566.0

%  DIFF - - 7-0



C 9 A L  N Y D R 8 G E N A T I 8 N  M A S S  B A L A N C E  

R U N  N U M B E R  L » N T - M , 2 1  C O N D I T I O N S  S F  R U N
DATE OF RUN 07"31-68 PRESSURE ■* v  . m r m T - p 2250,0 PSI

TEMPERATUREr - n r - p ,450,0 C
TIME " - * !T r? r? v " -■ 4:05 HRS; M IN
CRAL CONCENTRATION - P  P 0,170
CATALYST CONCENTRATION - 0«0 GR; 0,000% MAF

INPUT IN GRAM'S OUTPUT IN GRAMS

MAF COAL - - *■ ? 4 7 • 7 . UNREACTED COAL 22,5 8.67% OF MAF COAL AND H2
product oil - 124.6 48,08% QF MaF CraL AND H2

OIL < 325C 257.3 99,30% OF map coal AND H2
GAS " * -w ■■ "f 77.1 29,74% OF MAF COAL AND H2

METHANE - 43.6(16.81%)
ethane- - 17.7 ( 6,85%)
propane - 12,3( 4.76%)
butane- - ■ 3 , 4 ( 1.32%) ■

REACTION WATER 33,7 • 13.01% OF MAF COAL AND H2

35,3 ASH - - - -

WATER" - p " " 0»0 WATER " - - - O«O

RECYCLE OIL- - ’1383,7 RECYCLE OIL" 1177.5

HYDROGEN" * " 48*4 \ HYDROGEN 
CONSUMED " 24,6
UNUSED r - - 23,8

CATALYST- - - 0»0 'catalyst - - OpO

TOTAL MASS BALANCE grams IN - - 1691.3
grams .out- - 1601-5
% DIFF * - - 5,3

6T
T>



C 9 A L  H Y D R B G E N A T I d N  M A S S  B A L A N C E

RUN NUMBER L-NT-M-If A 
DATE BE RUN OSi*05-63

CONDITIONS BF RUN 
PRESSURE - ™ “ r  s - 
TEMPERAfURE=* - - - <5 
T i m e  v - - ? -■ n - - 
CfiAL CONCENTRATION -

2350-0 PSI 
45O', O C 

2 :07 H'RS:M IN 
.0-170

CATALYST CONCENTRATION -  0 - 0 SR; 0 . 0 0 0 %  MAF

.INPUT IN GRAMS - b u t p u t  i n  grams

MAF C8 A L "  -  - 247*7 UNREACTED COAL 2 1 * 5  9 - 04% BF MAF COAL AND H2
PRODUCT OIL 1 5 1 , 8  6 3 . 7 1 %  BF MaF coal AND H2

BIL < . 325C 1 5 9 . 8  6 7 , 0 9 %  OF maf coal AND HS
Gas  -  -  - - 3 5 . 4  1 4 , 8 6 %  fiF MAF coal AND HS

■ METHANE - 24;. 1 ( 1 0 - 1 0 % )
ETHANe - 7 , 3 (  3 , 0 7 % )
p r o p a n e - 3 • 4 (  1- 41%)
b u t a n e - - 0 . 7 ( 0-28%) •

r e a c t i o n  water 2 8 . 2  ' 1 1 . 8 4 %  8 'F MAF coal AND H2

A S H " ... . . . . . . . . . . . . . . .. 3 5 . 3 ■■ A S H .................  32,0

WATER- -  -  -  ™ 0 0 WATER -  -  -  -  0 - 0

RECYCLE BIL - 1 3 8 3 - 7 RECYCLE 6 I L -  1 2 4 5 , 1 -

h y d r o g e n -  -  - 4 2 - 7 HYDROGEN
CONSUMED " ■ -  1 3 , 9
UNUSED r  -  •!* ' 2 8 * 8

c a t a l y s t -  -  - 0 0 CATALYST * -  ■ 0 .0

TOTAL-MASS BALANCE GRAMS IN - 1680.7
GRAM'S BUT- - 1 5 2 2 , 0
% DIFF " - • * 9 , 4

-0
51

'



C S A U  H Y D R e G E N A T I S N  M A S S  B A L A N C E

RUN NUMBER L ” N T - M - 2 t . A ' CONDITIONS OF RUN
DATE OF RUN 0 8 * 0 6 - 6 8 PRESSURE 2 3 5 0 * 0  PSI

‘ ' " ‘ TEMPERATURE"- -  r » -  -  i 4 5 0 , 0  C
TIME 4 : 0 8  HRS I M IN

- ■ < - COAL CONCENTRATION - -  - 
CATALYST CONCENTRATION -

■ . 0 . 1 7 Q
0*0  SR;.  0 .000% MAF

INPUT IN GRAMS ■ OUTPUT IN GRAMS

MAF COAL -- » 24.7>,7- UNREACTED COAL
■■ .PRODUCT OIL -

OIL < 325C 
GAS . -  -  p -

METHANE - 
e t h a n e -  - 
p r o p a n e  -  .

1 " BUTAN-E- -  
r e a c t i o n  water

2 7 * 2  10*57% OF MAF CeAL AND HE
1 1 6 . 3  4 5 . 2 0 %  OF MAF CeAL AND H2
2 2 5 . 4  8 7 , 6 3 %  OF MAF COAL AND M2

8 0 , 5  ■ 3 1 , 2 9 %  BF MAF COAL AND H2
4 5 , 5 ( 1 7 , 6 9 % )
1 8 , 5 (  7 . 2 0 % )
1 2 . 9 (  5*00%)

3 , 6 (  1 . 3 9 %)
3 2 . 1  1 2 , 4 8 %  8 F MAF COAL AND H2  ' '

a s h -  -  -  -  -  - 3 5 . 3 A S H ........................ . 33.5

w a t e r -  -  -  -  -

OO

WATER -  -  -  - 0 0

RECYCLE O I L - - 1383.7 RECYCLE 6 I L » 1 2 0 2 , 5

HY.DR-5GEN- -  - 47,3 HYDROGEN 
CONSUMED - -
UNUSED -  -  -

2 2 s* 4 
24,9

CATALYST" -  - 0 0 ' c a t a l y s t  = - ■ 0 :,  0

T O T A L  M A S S  B A L A N C E  G R A M S  I N  -  -  . 1 6 8 9 . 2
G R A M S  Q U T -  -  1 6 0 1 , 2
% D I F F  ~  ~  -  5 . 2

0
.21

.



CSAL HYDRQGENATION mass BALANCE

RUN NUMBER L-NT-M-22 
DATE QF RUN ' 08-07-65

I-NPUt IN GRAMS

CONDITIONS QF RlJN 
PRESSURE -  5 V TT T TT -  ?! 
TEMPERATUREm - ! ? ? ? • - -
TIME t- -  - V -  -  -  -  -  -
CQAL CONCENTRATION. -  -  -  
CATALYST CBNCENTRATIQN •»

2320'O PSI 
.4 7 B a O C 

4:05 HRS:min 
0*170
0«0 OR; 0,000% MAF

OUTPUT IN GRAMS
MAF COAL * -  * 247*7 UNREACTED CQAL

PRODUCT OIL - 
OIL < 325C

gas - - * - -
methane - 
ethane- ?! 
propane - 
butane- - 

REACTION water

53*4 20*71% QF MAF CQAL AND He
40*6 15,74% QF Ma F COaL AND H2

254*6, 98.75% BF MAF CQAL AND H2
127*6 49,48% QF MAF CQAL AND Hp
70*0(27*14%)
31.6 (12,27%)
20•5( 7.94%)
5.5( 2*13%)

34*5 13,38% BF MAF CBAL AND H2
A S H -  • -  T -  - 35*3

W A T E R -  - - *> •

OO

R E C Y C L E  Q I L  - " 1383*7

hydrogen- - - 45*7

C A T A L Y S T -  -  -

OO

ASH................. 33*0
WATER ” - - - OO

RECYCLE BIL- 1077*3

HYDROGEN 
CONSUMED - - 2 6 , 7
UNUSED - - - 19*0
CATALYST - - 0 . 0

TOTAL MASS.BALANCE G R A M S  I N  -  -  1 6 9 3 * 4
G R A M S  B U T -  -  1 5 8 0 * 4
% D I F F  "  -  -  6 * 7



COAL HYDROGENATION MASS BALANCE

RUN NUMBER L -N T-M -23  
DATE OF RIJN 0 8 - 0 8 - 6 8

• CONDITIONS GF RUN 
PRESSURE -  -  -  .T r ?
temperature  ̂ - ,  r -
T I M E -  -  -  -  -  i- -  -

. COAL CONCENTRATION - -

2 2 6 0 ,0  PSI
4 2 5 , $  c  

4:05  HRS:M IN 
0*170

CATALYST CONCENTRATION 0 ,0 GR; 0,000.%' MAF

INPUT IN GRAMS ■ OUTPUT IN GRAMS

MAF CQAL m  . m  m • 2 4 7 ,7 UNREACTED COAL 31 »0 12.58% OF MAF COAL AND H2
*: PRODUCT OIL - 162 ■ 2 65,86% QF MaF coal AND H2

- s _ . O I L  < 325C 1 4 5 ,8 59.19% OF maf COAL AND H2
gas 2 5 ,6 10.38% OF MAF COAL AND H2

metha ne  - 1 3 , 0( 5 .26%) .
e t h a n e -  - 6 , 8 (  2,76%)
propane  - 4 - 1 (  1,68%)
BUTANE- - I « 7( 0 ,69%)

REACTION WATER 26«8 . 10.88% OF MAF COAL • AND H2

ASH..................... - 3 5 ,3 ' ASH -  -  -  -

W A TER - * -  -  • O
 

O
 .

water -  -  - • O O

RECYCLE .O IL- - 1383 .7 RECYCLE OIL -  1321 .2 ,

HYDROGEN- -

OOCU HYDROGEN
. CONSUMED - -  12 .8

UNUSED f - 30 .1

CATALYST- -  - O O ' c a t a l y s t  T I O O

TOTAL MASS BALANCE GRAMS in » 1679 ,5
GRAMS OUT- - 1583 .7
% DIFF - -  - 5 . 7

-E
5T



V I I I .  M a s te r  Summary -  S e r i e s  M.

Summary o f  E x p e r im e n ta l  B e s u l t s  i n  P e r c e n t  o f  C oal G oing t o  Each. P ro d u c t

RUN time TEMP CATCN % UNCQN % BiL % GAS % H29

LwNt^M"I A 1 : 0 6 475.00 0-000 18*527 47*824 ' 2 3 ,3 2 6 9*978L- NT-Mvp 2 : o7 425.00 o°ooo 14* 664 70*840 3*48,7 10*873
LwNT-M-B 4:o% 450*00 3*625 4*269 5 6 , p 6 6 24,354 ■15*137L- N1T -M "4 P ;o6 450*00 0*000 8*241 62*754 14,748 .13*914
L- NT-M-5■ 2 :o7 425,00 0*73o 7*533 78,650' 4 ,7 8 5 8,805
LwNT-M-6 I :o5 425.00 0-000 6*298 81*834 2*136 9-568
L-NT-M-7 I :o5 450*00 0*000 14*042 73*031 7*227 5*382
L- NT-M-S I'! 0 6 425.Q0 3-789 • 13*796 74*772. 2 ,6 2 8 . 8 ,7 6 1
L- NT-M-9 I : Q 6 450*00 0*6.86 12*032 . 7 1 ,1 8 6 8 ,4 2 3 8-144
L- NT-M-Io 2:o'8 425,00 0*635 ■ 20*444 67*786 4*882 6*77oLwNT-M-Il o;59 475*00 4*243 1*163 65*516 28*943 3 ,7 9 o
L- NT-M-II A P:o5 475.00 4*047 9*029 50*788 2 7 ,1 9 2 -12*416
LwNT-M-IP I :o5 475.00 4*225 6*434. 55*846 24*504 12*566
L- NT-M-IB 2 : 0 6 475.00 0-7Q4 14*473 36*890 .38*689 9*367
L-NT-M-15 I : o5 450-00 3*9 0 0 5*917 75*522 7*956 10*215
L-NT-M-14 A 2 :0 6 450*00 ' 0*647 11*607 62*467 14*401 11-148L- NT-M-IG P:o5 425.00 3-907 5*303 .78*164 4 ,4 6 9 11.-482
L- NT-M-17 p :o6 450*00 4*021 I * 226 74 * O5S '19*094 5-301
L"NT-M-IK P: o5 475,00 0*000 16,612 43*398 . 2.6*518 12*826
LwNT-M-19 1 : 06. 475,00 0*682 11*882 51*873 25*174 .1 0 * 8 0 2
L- NT-M-Po 4: q7 450-00 0*646 6*948 49*053 32*313 11-091L-NT-M-IP A I :o5 475.00 3*908 ■ 0*744 60*111 24,807 . 13*840L- N1T-M-P I, 4: o5 450*00 0*000 8*671 48*078 29,740 13*006L”N T-M-4 A '2:07 450-00 0 * 000 9*041 63*714 14,856 11-839
L-NT-M-Pl A 4 ; o% 450*00 0 * 0 0 0 10*571 45*203 31*292 12*480LwNT-M-Pp. 4 : o5 475*00 0 * 0 0 0 20*714 15*736 4 9 ,4 7 8 13*381
L- NT-M-PS'' 4 ’ o5 425,00 0 * 0 0 0  . 12.578 65»864 ' 10 ,3 8 2 1 0* 8 8 0



V I I I . M a s te r  Summary -  S e r i e s  M ., C orit.

Summary o f  E x p e r im e n ta l  R e s u l t s  i n  Grams

RUN TIME TEMP c a t c n
(*)

L, "NT 1 A 1 : 0 6 4 7 5 * 0 0 0 * 0 0 0
L -fNT - M- S 2 1 0 7 4 2 5 * 0 0 0 * 0 0 0
L v NT -Mi-  3 4 : 0 % 4 5 0 * 0 0 3 * 6 2 5
L ^ N T - M - 4 2 : 0 6 • 4 5 0 * 0 0 0 * 0 0 0
L - N T - M - B 2 : 0 7 4 2 5 . - 0 0 ' 0 * 7 3 0
L - N T - M - 6 l : o 5 . 4 2 5 * 0 0  ' 0 * 0 0 0
L - N T - M - 7 U 0 5 4 5 0 * 0 0  ' o » 0 o o
L - N T - M - B ■ I I 06 4 2 5 * 0 0 3 * 7 8 9
L 1 NT- M- S 11 06 4 5 0 * 0 0 q . 6 S 6
L-N1T- M-  I o 2 : o 8 4 2 5 * 0 0 0 * 6 3 5
L - N T - M - I l 0 : 5 9 4 7 5 * 0 0 4 * 2 4 3
L " NT . - M - I l A 2 : 0 5 4 7 5 * 0 0 4 * 0 4 7
L - N J - M - 1 2 I : o5  • 4 7 5 * 0 0  ■ 4 * 2 2 5
L - N T - M -  1 3 2 : 0 6 4 7 5 * 0 0 0 * 7  04
L - N T - M - 15 T : o 5 4 5 0 * 0 0 3 * 9 0 0
L - N T - M -  14 A 2 : 0 4 4 5 0 * 0 0  ■ 0 * 6 4 7
L -  NT -  M - 1 6 2 : 0 5  • 4 2 5 .0 0 - : 3 * 9 0 7
L - N T - M - 17 2 : 0 6 4 5 0 * 0 ,0 4 * 0 2 1
L - N T - M - T B 2 : 0 5 4 7 5 * 0 0 0 * 0 0 0
L - N T - M - I S I  : o 6 4 7 5 * 0 0 ' '■0*682
L- N T - M- B Q 4 : o 7 4 5 0 * 0 0  ‘ ■ 0 * 6 4 6
L - N T - M - 1 2 A I : o 5 4 7 5 * 0 0 3 * 9 0 8
L - N T - M - S l 4 ; o S 4 5 0 * 0 0 0 * 0 0 0
L - N T - M- 4 A 2 :  07 4 5 0 * 0 0 0 * 0 0 0
L - N T - M - 2  I A 4  i OS 4 5 0 * 0 0 0 * 0 0 0
L - N T - M - 2 2 4 • 05 4 7 5 . oo 0 * 0 0 0
L " N T - M - 2 3 4 : o5 4 2 5 , 0 0 0 * 0 0 0

P ro d u c t  Found and Loss V a r ia t io n

PRODUCT < 3 2 5 c  .
( g m )  ■ ' ( g m )

1 1 2 * 6 3 3 1 4 0 * 7 0 0
1 7 1 * 3 5 2 1 3 6 * 0 0 0
1 5 5 * 0 0 6 3 3 3  * 9 0 0
1 . 4 9 * 2 8 8 202*200
1 9 0 * 2 6 8 1 5 8 * 5 0 0
1 8 6 * 4 5 6 8 9 * 1 0 0
1 6 6 * 9 1 . 8 .. 1 2 5 * 7 0 0
1 9 2 * 8 8 5 1 3 9 * 3 0 0
1 7 2 * 1 9 8 1 2 2 * 2 0 0
1 6 4 * 2 0 5 8 4 * 4 0 0
1 5 9 * 0 4 8 2 0 1 * 0 0 0
1 2 - 6 * 8 1 0 2 5 8 * 3 0 0
1 3 5 * 1 1 0 1 7 7 * 6 0 0

9 0 * 1 9 1 1 9 3 * 6 0 0
1 8 4 * 8 2 9 • 2 1 6 * 1 0 0
1 5 4 * 0 9 0 1 7 8 * 2 0 0
1 9 1 * 9 6 7 2 2 2 * 5 0 0
1 9 4 , 1 7 5 2 4 7 * 0 0 0
1 0 2 * 8 6 1 . 1 9 4 * 4 0 0
1 2 8 * 2 1 7 1 5 2 * 6 0 0
1 2 6 * 0 4 9 - 2 2 5 * 9 0 0

' 1 4 8 * 9 7 4  . 2 6 1 * 7 0 0
1 2 4 * 5 7 6 2 5 7 * 3 0 0
1 5 1 * 7 6 6 1 5 9 * 8 0 0
1 1 6 * 2 6 5 2 2 5 * 4 0 0

4 0 * 5 7 0 2 5 4 * 6 0 0
1 6 2 * 2 3 7  - 1 4 5 * 8 0 0

H 2 U S E D L G S S
'• ( g m ) ( %)

9 , 3 6 4  . 8 * 6 9 1
6 * 5 7 9 4 * 9 9 6

' 2 7 * 1 . 8 7
• 1 0 * 1 3 9 - 8 * 0 4 5

9 * 1 5 4 6 * 0 2 2
3 * 8 9 9 9 * 5 8 2
6 , 9 1 6 1 0 * 5 1 3

1 2 * 5 1 2 0 * 8 9 8
8 , 8 2 3 5 * 8 9 6
6 . Q 9 8 ' 4 * 6 5 8

1 6 , 5 2 6 8 « 6 5 6
1 9 * 9 0 2 7 * 2 2 5
1 . 7 * 0 7 3 9 * 2 1 3
1 7 * 2 3 7 8 * 2 4 8
1 3 * 9 6 4 6 * 8 2 7
1 , 4 * 6 6 7 6 , 3 2 7
1 7 * 8 0 8 8 * 0 3 1
2 3 , 4 2 7 3 * 5 9 8
1 4 , 8 7 6 1 0 * 3 1 0
1 2 * 5 7 9 5 * 2 8 2
2 - 4 * 6 5 7 6 * 2 0 6
1 7 . 5 5 2 7 * 0 2 5
2 4 * 5 9 6 5 * 3 1 4
1 3 , 9 0 5 9 * 4 4 1
2 2 , 4 3 1 5 * 2 0 9
2 6  * 6 8 1 6 * 6 7 7

' 1 2 . 7 7 7 5 * 7 0 7

i
Hru

V l
I
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CPAU HYDReGENATION MASS BALANCE 
RUN NUMBER LwNT- O- I  ■ CONDITIONS OF RUN
DATE OF RUN 0 9 - 0 4 - 6 8 ' . .  . PRESSURE -  * -  * = * * « •  2350*0 PSI  .

t e m p e r a t u r e  ̂ -  T -  -  9 4 7 5 , 0  c
i TIME -  -  TT'- ,T r  T ? # 1 : 0 6  H R s ; MI N

- ■ ■ COAU CONCENTRATION -  » -  . 0 , 1 7 0
CATALYST CONCENTRATION * 0 * 0  GR; 0 , 0 0 0 %  MAF

INPUT IN GRAMS . OUTPUT IN GRAMS

MAF COAL *■ - - 2474 7: UNREACTED COAL 2 2 * 4 8,89% OF MAF COAL AND H2
■■ V PRODUCT GlL - 165.0 65.34% OF MaF CoaU and H2

' -OIL < 325C 133*8 52.99% OF MAF COAL AND H2
■ gas - - - - - 40,8 16,15% OF MAF- COAL AND. HE

‘ METHANE - 19,1 ( 7,56%)
ETHANE- - ■ ‘ 11*7( 4.63%) .
PROPANE - 7 * 6 ( 3.01%)

■ BUTANE- - ' 2 * 4 ( 0.95%)
REACTION WATER. 24.2 9.58% OF MAF COAL AND H2

ASH- - - - - " . 35*3 ASH - -
WATER- - ” O01I WATER - 001 I1

RECYCLE OIL - 1383*7 recycle OIL- 1399.5
hydrogen- - - 35 * 4 \ HYDROGEN

CONSUMED - - 7.6
UNUSED - - - 27.8

CATALYST- - - 0*0 CATALYST - - 0*0

TOJAL MASS BALANCE GRAMS in - 1674,4
GRAMS OUT- 1655*7
% DIFF - - - 1*1

■1
ST

-



• C S A L  H Y D R Q G E N A T i a N  MASS B A L A N C E

R U N  N U M B E R  L " N T - Q - 2  
D A T E  QF  R U N  0 9 . - 0 5 - 6 8

I N P U T  I N  G R A M S

CONDITIBNS QF RUN 
PRESSURE " T- " r  r  •? -  -  
TEMPERATURE?
T I  M E -  -  -  i? -  ■ r  -  ? r  — 
C O A L  C O N C E N T R A T I O N  -  ? -  
C A T A L Y S T  C O N C E N T R A T I O N  -

2 2 4 0 « O P S I  
475,0 C

2:09 HRS:M IN “■
0 «  1 7 0
9» 4 CR; 4 « 05g% MAF

O U T P U T  I N  G R A MS

MAF COAL - T -  247«7

a s h 3 5 . 3

u n r e a c t e d  c o a l 9 . 4 3 , 7 5 % QF MAF C O A L AND H 2
p r o d u c t " o i l , - 1 5 8 . 4 6 3 . 2 0 % GF Ma F C O A L AND H 2

O I L  <  3 2 5 C 2 6 7 . 0 1 0 6 . 5 1 % OF MAF COA L AND H 2
g a s  -  -  -  » 5 1 , 8 2 0 , 6 5 % OF MAF COA L AND H 2

■ M E T H A N E  - ' 2 0 . 3 ( 8 . 1 0 % )
E T H A N E -  - 1 5 . 9 ( 6 . 3 3 % )
p r o p a n e  - 1 1 ' 5  ( 4 . 5 7 % )  . .

. b u t a n e -  - 4 . 1 ( 1 . 6 5 % )
R E A C T I O N  w a t e r 2 9 . 9 1 1 . 9 3 % OF. MAF C Q A L AND" H 2

A S H  - - - - -  ' 3 3 , 1

WATER- - - - - 0 . 0 WATER - - - - 0 . 0

RECYCLE OIL - 1383.7 RECYCLE OIL- 1187.5

hydrogen- - -
V

44.4 HYDRO GE N 
CONSUMED - - 
UNUSED -

1 8 . 7
25.7

CATALYST- - - 9.4 CATALYST - - 9.4

TOTAL mass  ba lance GRAMS i n  L -  1 685 .4
1 GRAMS OUT- -  1 57 8 . 7

% DTFF " ? -  6 . 3

■8S
.T-



C O A L  H Y D R e G E N A T I O N  M A S S  B A L A N C E

RUN NUMBER L"NT-0-3 
DATE OF RUN 09-06-68

input in grams

CONDITIONS OF RUN
PRESSURE - B -  _e s w- s B  2210».O PSI
TEMPERATURE- - r ? r - - 45q »O C
TIME - - - T - P T * - 1:07 HRSfMIN
COAL CONCENTRATION - - r 0»170
CATALYST CONCENTRATION - 9« I CR; 4.-023% MAF

OUTPUT IN GRAMS

MAF COAL - - - 247•7 unreacted COAL 8 e 4 3.53% OF MAF COAL AND H2
product oil 184,2 77,57% OF MAF COAL AND H2

OIL < 325C 138*1 58,15% BF MaF COAL AND H 2
Gas - — - - - 21,4 9.01% OF Maf COAL AND H2

METHANE - 10.. 7 ( 4.49%)ETHANE- SB 5.4( 2.26%)
PROPANE - 4 * O ( 1.67%)
butane- 1 ,4 ( 0.59%)

• Reaction water 22,5 9.47% OF MAF COAL AND H2
ASH- • ASH - - I I I -OJ ru CO

WATER- - - water - Oo.IIr

recycle oil - 1383.7 recycle OIL- 1309.7
hydrogen- - OOI HYDROGEN

CONSUMED - - 11,3
UNUSED - - - 28.6

CATALYST- - - 9 . 1 CATALYST r - 9,1

TOTAL mass balance grams in - 1678 • I
■ grams out- - 1532.4

% DIFF - - - 8.7

-6
51

'



C 0 A L  H Y D R O G E N A T I O N  M A S S  B A L A N C E

RUN NUMBER L-NTfO-A 
DATE OF RUN 09-06-68

INPUT IN GRAMS

CONDITIONS OF RUN 
PRESSURE - w - n  - ? - -
TEMPERATURE-: - - T T - T
TIME T. -  _  _  _  r  -  -

c o a l  c o n c e n t r a t i o n  -  t  tj
CATALYST CONCENTRATION -

2290* O PSI 
425,0 C 

2! 05 .HRSIMIN 
0,170
S,5 CR; 3.675% MAF

OUTPUT IN GRAMS
MAF COAL - - - 247*7 UNREACTED egAL

PRODUCT OIL - 
OIL < 325C

Gas - -
methane - 
ethane- - 
propane - 
butane- - 

reaction water

ASh- - - « - - 35*3

WATER- 0"0

RECYCLE GIL - 1383*7

HYDROGEN? - - 43*4

CATALYST- 8*5
■ /

TOTAL MASS BALANCE- grams- in - -
GRAMS OUT- - 
% DI FF ~ -

15*3 6,28% OF MAF COAL AND H2
187*0 76.88% OF MaF COAL AND HS
155*7 64,00% OF MAF CGAL AND H2

17*1 7,02% OF MAF COAL AND H2
6 *8 ( 2*80%)
4 »9( 2.00%) 
3 * 8 ( 1*54%) 
I » 6 ( 0*67%)

23.1 g,4g% OF MAF COAL AND HE
ASH - - - - - 33,0
water - - - - OO

RECYCLE OIL- 1323*5
HYDROGEN
CONSUMED - - 1 2 , 0
UNUSED - - - 31,4

CATALYST ? ?. 8 ,5

1678.8
1567*7

6 * 6

”129 cl“



C O  A L  H Y D R O G E N A T I O N  M A S S  B A L A N C E

RUN NUMBER L-NT-9"5 
.DATE OF RUN 09*07-68

CONDITIONS OF RUN
PRESSURE - v  - T ? - - %
temperature- - T - - - . ,
TIME -  - -  S -  T 1T T t -

COAL CONCENTRATION - t t 
CATALYST CONCENTRATION -

230-0*0 PSI 
425,Q C 

2 ; 04 HRSjMIN ■
0,170
1,6 GRj O•696%- MAF

input in Grams 

MAF COAL - - 247,7 ' UNREACTED COAL
PRODUCT Oil - 

OIL < 325C
gas - - - - -

methane - 
ethane- -
PROPANE “
butane- - 

reaction water

OUTPUT IN GRAMS

27,6 11,37% OF MAF COAL AND HS
180,6 74,36% OF MAF COAL AND HP
80*7 33,23% OF MAF COAL AND H2
12,2 ' 5,04% OF MAF COAL AND H2
4 * 4( 1.80%)
3,3( 1,34%)
3 « 4( 1.40%)
I • 2 ( .0,50%)

21,5 8.85% OF MAF COAL AND H2

ASH-. - - - - - 35,3 ASH 32,8

WATER- - - -  - 0*0

RECYCLE OIL - 1383-7

WATER - - - - O*'0

RECYCLE OIL- 1384*9

HYDROGEN- - - " 43'4 \ HYDROGEN
CONSUMED - - 1 2 - 8
UNUSED T - T 30.;6

CATALYST- - - 1«6 catalyst - - 1.-6

T O T A L  M A S S  B A L A N C E G R A M S  I N  L  -  1 6 7 9 , 6
G R A M S  O U T -  -  1 5 5 9 . 7
% D I F F  -  T  - -  7 . 1

'.O
ET



C 8 A L  H Y D R O G E N A T I O N  M A S S  B A L A N C E

RUN.NUMBER L-NT-P- 6  
DATE OF RUN 09*09*68

INPUT IN GRAMS

CONDITIONS OF RUN 
PRESSURE - r - ? r  r  - * 
TEMPERA FURE- - - r r - *
T I M E v - - I - ^ s r - -  
CBAL CONCENTRATION - - - 
CATALYST CONCENTRATION -

215.0?-O PSI 
,475,0 C 
11 02 HRs:M IN ■
0,170
.1,2 GR,- 0.511% MAF

OUTPUT IN GRAMS
MAF COAL » - - 247*7 UNREACTED COAL

. PRODUCT OIL - 
OIL < 325C 

GAS - - ** - -
METHANE *

, ' ETHANc-  - 
PROPANE -
butane- - 

■ reaction water

ash* 35*3

23.5 9*59% OF MAF COAL AND H2
151*8 6i,9i% oF maf coal and hs
111*0 45,27% OF MAF COAL AND H2 ‘
46*6 18.99% OF MAF COAL AND H2
2 2- * 4 ( 9*15%)
13.5( 5,52%)

8 ,2( 3*33%)
'2 * 4 ( 0.99%)

22*8 9,30% OF MAP COAL AND H2
ASH ' 33*5

water- - - - . O O WATER - - - - O O

RECYCLE OIL - ' 1 3 8 3 * 7 - recycle oil- 1 3 5 4 . 0

hydrogen-. - - 3 4 * 8 ' hydrogen
• CONSUMED - - 

UNUSED - - -
1 0 . 2
2 4 . 6

catalyst- - - PO catalyst - 1 * 2

TOTAL mass BALANCE grams in - - 
grams out- -
% DlFF ” - -

1 6 7 6 * 9  
1 5 9 .1  * 4  

. 5 * 1

-131-



C O A L  H Y D R Q Q E N A T i e N  M A S S  B A L A N C E

RUN NUMBER L-NT-Q-7
DA-TE QF RUN 09-10-68

.A

S

INPUt IN GRAMS

MAF COAL - - - 247*7

-

ASH- - - - - - 35*3

water- - - - - 0 *0

RECYCLE QIL-  1383*7

HYDROGEN- - - 37*2

CATALYST- - - 1*5

T B T A L  , M A S S  B A L A N C E

■CONDITIONS GE RUN 
PRESSURE - T -  = TTr - ?  
TEMPERA TURE= - s t t - . t 
TIME - T - T - T' r T TT 
CBAL CONCENTRATION 
CATALYST CONCENTRATION -

OUTPUT IN'

UNREACTED CGAL 53*9 23
product gil - 156*0 67

• -GTL < 325C 38,5 16
GAS - - - - - ' . 4*8 2

methane - 2 • 3 ( 1 *0 2 %)
ethane- - ■ I • 6 ( 0 , 6 9 %)
propane - O»7 ( 0.29%)
BUTANE- - 0 * 2 ( 0.07%)

REACTION water 15*2 6

ASH

water - -- -

RECYCLE GIL-

HYDROGEN 
CONSUMED - -
UNUSED - r -

CATALYST - -

G R A M ' S  I N  „  .  1 6 7 0 * 3
G R A M S  . G U T -  -  1 5 2 8 * 4
% D I F F  *  -  -  8 . 5

23.80*6 PSI 
425*0 C 

1:05 HRSiMIN 
0*170
1*5 GRj 0 *6 6 2 % MAP

43% GE MAF COAL AND Hg 
77% BE- maf coal and H2 
72% BE MaF CQAL AND Hg 
07% GE MAE CQAL AND H2 ■

60% GE MAE CQAL AND Hg ■ r 
32*3

0*0

1383*6

• 3*6
33.7

1.5



COAL HYDROGENATION MASS BALANCE

RUN NUMBER LfNT-O-S 
DATE OE RUN 09"11-68

INPUT IN GRAMS

CONDITIONS OF run 
PRESSURE - « - ™ n  ? - T 
TEMPrra TURE-? - - r r - t
TI Me S - - T - B  -  L -  , -  -
coal concentration - - -
CATALYST CONCENTRATION -

13-80» O PSI 
475*0 C 

1:06 HRS;MIN 
O ” 170
8.4 SR; 3*635% MAE

OUTPUT IN GRAMS

MAE COAL * - - ■ ?47»7 UNREACTED COAL
product oil -

OIL < 325C
gas - - * - -

methane " 
ethane- - 
propane -
BUTANE- - 

REACTION WATER

ASH- ' 35*3

WATER-. -  " -  -  0 * 0
■; " '

RECYCLE OIL ■» ' 1383*7 -

HYDROGEN- - - 21*4

CATALYST- ■ 8*4

TOTAL MASS balance' grams in -
' ? GRAMS OUT- -

% D I F F  * -  -

l9"3 8 . 1 2%OF MAF COAL AND H 2
149,2 62,76% OF MaF coal AND H 2
82.2 34.59% OF MAF COAL AND H2
40,7 17,12% BE MAF COAL AND H 2
2 0 . 4( 8*57%)
10*5 ( 4 e 4 O % )
7 * 5 ( 3,14%)
2 * 4 ( 1 *0 0 %) .

2 8 * 1 11,82% U
_

CD MAE COAL AND H 2
ASH - - - - - 33.0
WATER - - - - O O

RECYCLE BIL̂ 1357,8

HYDROGEN 
CONSUMED - - 
UNUSED - - -

6*6
14,8

CATALYST - CO S
r

1673,4 
1561.1 

6*7 •



C9AL HYDROGENATION MASS BALANCE

RUN NUMBER L-NT-0-8A 
DATE OF RUN 09-26-68

CONDITIONS OF RUN 
. PRESSURE - 
TEMPera FUREr
TIME t -  -  4 -  -  s -  -  -
CBAL CONCENTRATION

2210*0 PSI 
<75,0 C .. 

1:06 HRSiMIN
0 * 1 7 0

CATALYST CONCENTRATION ** 9 . 8 GR; 4«242% MAF
INPUT IN GRAMS OUTPUT IN GRAMS

MAF COAL » - * 247.7 unreacted COAL 7.3 3*0 0 % OF MAF COAL AND H 2
product oil *■ 175.7 72 ,62% OF maf CoaL AND H2

OIL < 325C 138,4  57 ,21% OF MAF COAL AND Hg
• GAS - ** - - 33,4 13.82% QF MAF COAL AND H2

methane - 1 6 «5( 6,82%)
ETHANE* - 9,3( 3.85%)
PROPANE - 5.9( .2,43%)
BUTANE- - I •7 < 0,72%)

reaction water 24.8 10 .25% OF- MAF COAL AND H2

ASH** - - T - 35,3 ASH - - - - - 33 .0

WATER** ** *" - - . 0 * 0  ' WATER - - - - 0 .0

RECYCLE OIL - 1383*7 ’ RECYCLE OIL.- 1328,0

HYDROGEN* - - 37.4 hydrogen
CONSUMED - - 10 .9
UNUSED 26,5

CATALYST* - *
I

9 . 8 CATALYST * - 9,8

TOTAL MASS BALANCE GRAMS IN * - 1677*6
GRAMS OUT* - 1564.8
% DIFF - - 6 .7



RUN NUMBER L-NT-P-S 
DATE GE RUN. 09-25-68

C P A L  H Y D R e G E N A T I Q N  M A S S  B A L A N C E

CONDITIONS QF RUN 
PRESSURE - ~ - - - - - - 
TEMPERATURE- - - - - - -
TIME - - - - - - - - - -
CQAL CONCENTRATION 
CATALYST CONCENTRATION -

219.0*0 PSI 
450*0 C 

2:06 HRSiMIN 
■0*170
I «5 GR; 0,634% MAF

OUTPUT IN GRAMSINPUT IN GRAMS

MAF COAL - 247*7 UNREACTED COAL
PRODUCT Ql L-  

OIL < 325C 
GAS - - - - - 

METHANE - 
ETHAME- - 
PROPANE -
butane- - 

reaction water.

ASH- - - - - - 35*3

WATER- - - - - 0*0

RECYCLE OIL - 1383*7

HYDROGEN*; - - 36*4

CATALYST- - - 1*5

TOTAL MASS BALANCE GRAMS IN - -
" " GRAMS BUT- -

%  DIFF-  -

14*4 5,88% SF MAF COAL AND HE
170*7 - 69,91% Of. MaF COAL AND HH
239*4 98.03% OF MAF COAL AND HE

21*9 8,95% QF MAP CBAL AND HE
7 *8 ( 3.20%)
5.7( 2.33%)
5 •  4 (  2 * 2 1 % )
3*0( 1 *2 2 %)

36,9 15,11% OF Maf COAL AND HE

ASH................. 33*7

WATER - - - - OO

RECYCLE OIL- 1252*1

HYDROGEN 
CONSUMED - - 7*8
UNUSED - - - 2 8 * 6

catalyst - - 1*5

1674*5
1598*4

4*5

-S
E

T



■C9AL HYDR6GENATI9N MASS BALANCE

RUN NUMBER L^NT-e-10 CONDITIONS OF RUN
DATE QF;. RUN 09*30-68 PRESSURE

TEMPERA fURE” - - n c T - s T
T I ME T - - T - H C - T T

COAL CONCENTRATION - C -  
CATALYS r CONCENTRATION r

INPUT IN Grams

MAF COAL - - - 247*7 VNREACTED COAL
PRODUCT 0IL - 

OIL < 325C 
GAS - - - - -

METHANE - 
ETHANE- - 
PROPANE - 
BtJTANE- -

reaction water.

ASH- - - - - - 35*3

WATER- - T -.T 0*0
RECYCLE OIL - 1383.7

HYDROGEN- 34*1

CATALYST- - 0,0

total mass balance grams in - -
GRAMS OUT- - 
% D I FF ? .  _

2270*0 PSI 
,475*0 C 
2 : 0 6  HRS JM I N 

0*170
0?0 GR; 0,000% MAP

OUTPUT IN GRAMS

24*7 10*77% OF MAF COAL AND Hg
147*9 64,42% OF MaF COaL AND H2
113*7 49*54% OF MAF COAL AND HS
31*6 13,77% OF MAF COAL. AND H2
13.51 5*88%)
9.1 ( 3,97%)
6 , 6 ( 2*89%)

■ 2* 4( 1,04%) -
24*7 ' 10,76% OF MAF COAL AND H2

ASH - - - - - 31*8

WATER - -  - - 00

RECYCLE OIL- 1280*7

HYDROGEN 
CONSUMED T - 
UNUSED - - -

6*4
27.7

'catalyst - - 0*0

1673*2
1507,2

9*9



CBAL HYDRGGENATION MASS BALANCE 
RUN NUMBER L-NTt-O-H ' CONDITIONS OF RUN
DATE OF-RUN I O 4 0 7-

* 1 O Co PRESSURE - T - T T - - T  254Q« 0 PSI ■ .

TEMPera FURE- - T T - r - r  425*0 C
time - - - T  — - t . t  - -  -  2 ' 06 HRS JMlN
CQAL CONCENTRATION - - -  ,0*170
catalyst CONCENTRATION -  0.0 'GRj 0,000% MAF

INPUT IN GRAMS OUTPUT IN GRAMS

MAF COAL - - - 247.7 UNREACTED COAL 53.6 . 22,72% OF' MAF COAL AND HP
PRODUCT Ql L- 158,9 67,29% OF maf .coal AND H2

'  ■ ■ OIL. < 325C 59.5 25,20% OF MAF COAL AND HP
GAS - - -  - - 7,7 3,25% OF MAF COAL AND HP

methane - 2 , 3 (  0»96%)
ETHANE- - 3 . 6 (  1.52%)

■ PROPANE - I • 3 I 0.54%)
butane-  - O« 5,( 0.23%) '

REACTION water 15 «  8 6.69% OF MAF CCD
W AND HP

ASH- « ■  -  - 35.3 . ASH. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  33,4

water- ■ O .,O ‘ r water - - - - 0 , 0

RECYCLE OIL - . *-
»■ W QO GJ .RECYCLE OIL- 1406,2

hydrogen«» - - OOOCO

>
HYDROGEN
CONSUMED 2.2
UNUSED - 35.8

catalyst- - - OO

catalyst - - o.o
*

/

TOTAL MASS BALANCE grams in L t 1668.9
GRAMS OUT- - 1576,2
% DI FE. - - - 5,6

.-.
ZC

U
-



C O A l  H Y D R O G E N A T I O N  m a s s  B A L A N C E

RUn NUMBER L-NT-0-12 
DATE OF RUN 10-01-68

INPUT in grams

CONDITIONS OF RUN
PRESSURE - 2180*,O PSI
TEMPERATURE-- » r 5̂o*Q- C
TI Me. T w - s - r r - f - - ?  2 ! Q5 H'R S ; M IN 
COAl CONCENTRATION - - - 0*170'
CATALYST CONCENTRATION - ' 9*8 G R ;  4 . 1 6 5 %  MAF

OUTPUT IN GRAMS
MAF COAL - - - 247.7

ASH= - - • - '35*3.

UNREACTED COAL
product oil =

OIL < 325C
g a s  -  -  = -  -

methane - 
ethane-
PROPANE -
butane- -

REACTION WATER

12.6 5« q6 % OF MAF COAL AND Hg
175-8 70.57% OF MaF COaL aND H2
136.9' 54.97% OF MAF COAL AND H2
30,8 12.37% OF MAF COAL AND HP
II*9( 4.79%)
9,1( 3.67%)
7 , O( 2,82%)
2 # 7 (  1 , 08 %)

29*2 11,73% OF MAF COAL AND H2
ASH - - - - -  - 3 3 . 6

WATER- - - - - 0,0 

RECYCLE OIL = 1383.7 

HYDROGEN* - - 41*4

CATALYST- - 9*8

water - - - - o»o

RECYCLE OIL- 1353,5

HYDROGEN
CONSUMED - * 13,7
UNUSED 27,6

CATALYST * » 9.-S

T O T A L  M A S S  B A L A N C E G R A M S  I N  >  -  1 6 8 0 . 5
G R A M S  O U T -  -  1 5 9 6 . 6
% D I F F  -  -  -  5 , 0

■S
ET



. C S A L  H Y D R Q G E N A T I t i N  M A S S  B A L A N C E

RUn NUMBER L-NT"0-13 
DAJE QF RUN 10-02-68

INPUT IN GRAMS

CQNDITIQNS QF RUN 
PRESSURE - s - T - r 
TEMPERATURE- - - - - 
T I Me - - -  - -  - -  - 
CQAL CONCENTRATION  ̂
CATALYST CONCENTRATIQN -

? f 2400,0 .PSI
- -  45.0«O C

1:06 HRS IM IN 
0,170
I «3 OR; 0.570% MAF

OUTPUT IN. GRAMS

MAF COAL -  - - 247*7 UNREACTED COAL 36 • 0 15* 59% OF MAF COAL AND HS
PRODUCT OIL - 1 6 4 * 7 71, 35% OF MaF CQAL AND HS

OIL < 325C 65.1 28, 20% OF MAF CQAL AND H2
GAS - - - - - 9 * 8 4, 25% QF MAF CQAL AND HS

METHANE - 4 * 6 ( 1.98%)
ETHANE- - 2 * 9 ( 1,25%)
PROPANE - I * 8 ( 0*79%)
BUTANE- - O * 5 ( 0*23%)

REACTION.WATER 2 0 . 1 8 . 71% QF MAF COAL AND HS

ASH" - - - - - 35*3 ASH -  - 32,5

WATER- -  -  -  - 0 *0 - WATER - -  " 0 , 0

RECYCLE OIL - 1383.7 RECYCLE OIL- 1372*8

HYDROGEN- -  - 35*3 . HYDROGEN
CONSUMED -  - ' 2.9
UNUSED -  * * 32*3

c a t a l y s t - '  -  - 1*3 CATALYST r  - ■ 1*3

total mass balance grams in - - i669,7
GRAMS OUT- - 1536,3
% DIFF " - - 8»0

'-.6
ET



C O A L  H Y D R B G E N A T I O N  M A S S  B A L A N C E

run -number L-NT-e-n
DATE OF RUN 10-02-68

CONDITIONS OF RUN 
PRESSURE - r  -  rr a  r t  i  e
TEMPERATURE, - - - - - -
T I Mf  - - -  - T - f f ! ? - - -  
CGAU CONCENTRATION - ^ - 
CATALYST CONCENTRATION -

.2350*0 PSI 
425*0 C 

I :Q5 H-RSjMIN 
0*170
8 . 8  CR; 3.756% MAF

INPUT IN GRAMS OUTPUT IN GRAMS
MAF COAL - - - 247.7 UNREACTED COAL 

PRODUCT OTL - 
. OIL < 325C

45.6 
168.4 
51.0

19.07% OF 
70,35% OF
21,31% BF

Gas - - - ■ -
, METHANE - 

ETHANE- -
propane - 
Butane- -

4.3 
1.6 ( 
I .3 ( 
I . I ( 
-0 * 3 (

1,78% BF
0.67%)
0.52%)
0.46%)
0.13%) • •

reaction water 20*8 8,69% OF
ASH” -■- - - - 35.3 ASH - - COCOIII

WATER- - - - - 00 WATER - 0011 I

RECYCLE OIL * '1383.7 \ RECYCLE OIL- 1426.2
hydrogen - - - ■ 3 S« 4 HYDROGEN

MAF COAL AND Hg
maf CoaL and he 
MAF COAL.AND HR 
MAF COAL AND H2

MAF COAL AND Hg

CATALYST* 8.3

CONSUMED - 
UNUSED - -

CATALYST »

5.1
33.3

8 . 8

T O fT A L '  M A S S  B A L A N C E GRAMS IN L. 
GRAMS OUT- 
% DIFF - -

1671.8 
1 5 8 1 . 4  

5 » 4

i,

O
TT

-



C D A L  H Y D R p Q E N A T I O N  M A S S  B A L A N C E

RUN NUMBER L-NT-D’-15 
DATE 9F RUN 10-03-68

INPUT IN GRAMS

CONDITIONS OF RUN 
PRESSURE-: - n -  s T P i - p
temperature- - - - - - -
T i me - - - - - - - - - -
COAL CONCENTRATION - - ' -  
CATALYST CONCENTRATION -

2460,0 PSI .
450*0 C 

1:05 HR.SIMIN,
0*170
0*0 GRi 0.000% MAF

OUTPUT IN GRAMS

MAF COAL - - - 247*7.'. UNREACTED coal 44*4 19*00% OF MAF COAL AND H 2
PRODUCT OIL - 161*9 69*31% OF maf ■Coal AND H2

OIL <■325C 50*2 21.5Q% OF MAF COAL AND H2
QAS - - - - - 9*6 4,11% OF MAF COAL AND H2

methane - 3 • 8 ( 1*61%)
■ ethane- - . 3,0( 1*27%)

propane . 2 • 2 ( 0*94%)
butane- 0*7(. 0.29%)

reaction water 17*5 7,49% OF MAF COAL AND H2
ASH- .ASH - - 'I
water- - - water - OOII<

RECYCLE OIL -- 1383*7 \ ■ RECYCLE OIL" 1401*2
hydrogen- - . - 36*0 hydrogen\ CONSUMED - - 2,7

UNUSED . 33.2

catalyst- . - - 0*0 CATALYST - - 0,0

total mass balance grams in - _ 1669 * 5
grams out- 1555*8
% DIFF - - - 6*8

'T
i]

!-



RUn NUMBER L-NT-EM6 
DATE 9F RUN 10*03-68

INPUT IN GRAMS

COAL HYDReGENATION MASS BALANCE
CONDITIONS OF RUN 

PRESSURE r - - - ? - - 
TEMPERATUREt , - t t t - t 
TlME - T  -
CQAL CONCENTRATION - ,- - 
CATALYSf CONCENTRATION -

2450.0 PSI 
.425*0 C 
2:06 HRSiMIN 

0*170.
I *’5 CR; 0*698%' MAF -

OUTPUT IN GRAMS
. MAF COAL - 247*7 UNREACTED COAL 37.5

PRODUCT O IL - 155.5
OIL < 325C 63*2

G A S - - T i - -  6 • 0
METHANE - 2.Q(
ETHANE- - I * 7 (
PROPANE -  I » 6 (
butane» o *6 (

reaction water 1 9 . 7

17*12% OF MAF COAL AND He 
70,91% BF MaF CQaL AND HE 
28.83% OF. MAF COAL AND HE 

2.73% OF MAF COAL AND H2
0.93%)
0*79%)
0.75%)
0*26%)

8.99% OF MAF COAL AND H2
ASH- t — — — — 35.3 ASH................. 30.7
WATER- * - - '« 0*0 WATER t - - t OO

RECYCLE OIL » 1383.7 RECYCLE oil- 1293.6
HYDROGEN? - - 38.8 . HYDROGEN 

CONSUMED - - 
UNUSED t T - .

4*2
34*6

catalyst- - - 1.5 ■ CATALYST - t 1.5-

T O T A L  M A SS B A L A N C E  G R A M S  I N  -  -  1 6 7 0 * 9
G R A M S  O U T -  -  1 4 5 0 * 7
% D I F F  -  T -  1 3 * 2



C9AL HYDROGENATION MASS BALANCE

R-UN NUMBER L-NT-R"!? '■ DATE OF .RUN 10-04-68 CONDITION'S QF RUN PRESSURE r s " r r
TEMPERATURE" t * - r  - 
T I Mr T - - ? " =  - ? " " "  
coal-’concentration - -
CATALYST CONCENTRATION "

2600"O PSI 
42-5-e O C 

1:06 HRS IMIN 
0*170
0,0 CR; 0.000% MAF

INPUT IN GRAMS ■ • \
MAF COAL - - -V ■ ?47»-7 ■ UNREACTED COAL 

PRODUCT OIL - 
" OIL < 325C

Gas
methane -
ETHANE- - 
PROPANE - 
BUTANE- - 

reaction water

OUTPUT IN GRAMS

80*6 33.99% QF MAF CBAL AND HE
136.? 57.66% BF MaF CgAL AND HE
78,6 33.16% BF MAP CQAL AND HE
5.9 2,51% OF MAF CQAL AND HE
I . K 0.46%)

. I . 1( 0.45%)
1*0( 0.40%)
2 * 8 {  1 . 2 0 % )

13.8 5.82% OF MAF CBAL AND HE

ASH- 35.3 ASH - - - - - 33.7

WATER- - - - - 0«0 

RECYCLE QIL - 1383.7 

HYDROGEN- - - 38,0

catalyst- - - 0-0

WATER - - - - OO

RECYCLE OIL- 1376.3

HYDROGEN
CONSUMED. - - I ,.I
UNUSED - - - 36.9

'CATALYST * - o.:o

T O T A L  M A S S  B A L A N C E G R A M S  I N  -  -  1 6 6 7 . 8
G R A M S  O U T -  -  1 5 8 8 , 8
% D I F F  -  -  -  4 , 7



C O A L  H Y D R O G E N A T I O N  M A S S  B A L A N C E

RUN NUMBER L-NT-O-IR 
DATE OF RUN 10-04-68

CONDITIONS OF RUN 
PRESSURE -  T -  n r  r  -  r  
TEMPERATURE*
T I M E - - - * - - - - .  - - 
COAL CONCENTRATION - - - 
CATALYST CONCENTRATION -

2360*0 PSI 
45o»0 C 

2:08 HRSjMIN 
0*170
0*0 GRj 0.000% MAF

INPUT IN GRAMS

MAF COAL - - - 247*7
OUTPUT IN GRAMS

UNREACTED COAL 26.9
PRODUCT OIL - 123.8

OIL < 325C 58.4
GAb — — — — — 1 0 . 9

15,23% OF MAF CoAL AND 
70,25% OF MAF COAL AND 
33,13% OF MAF COAL AND 

6,17% OF MAF COAL AND

HS
HS
HS
HS

METHANE - ETHANE- -
4 * -3 ( 2 . 4 3 % )  
3 «.2 ( 1 , 8 2 % )

PROPANE - 
butane- -

2 « 5 ( 1 , 4 4 %)  
O * 8( 0 , 4 8 % ) I

reaction water 1 3 . 7  7, 77% OF MAF COAL AND HS I

ash- - - ■ - - 3 5 , 3 • ASH - - - - - 2 4 , 7

WATER- - - — - 0 , 0 water - - - - . 0.0
RECYCLE OIL - 1383*7 RECYCLE OIL- 1 0 3 1 , 5

hydrogen- - - 3 5 . 1 \ HYDROGEN 
CONSUMED - - 3 , 4
unused - - - 31,7

catalyst- - - 0 . 0 -• catalyst - - 0,0
i

T O T A L  M A S S  B A L A N C E GRAMS IN - 
GRAMS' BUT- 
% DIFF - -

1670.1
1166.Q

30,2



X. Master Summary Series 0.

Summary of Experimental Results in Percent of

run TIME TEMP CATCN

LwNTfiQ"! 1:06 4 7 5 . 0 0 0 *000
LwNTwQwH 2:09 4 7 5 , 0 0 4*052
Le NTwQ r 3 I : o 7 450 ,00 4 *023
L f NT-Q i ^ 2:  OS 4 2 5 . 0 0 3*67.5
L wNT-Q-S 2:04 4 2 5 , 0 0 0*690
L "NT- R -'6 I i 02 475 - 00 0*511
L-NTwQ-? . I J OS 4 2 5 , 0 0 0*662
Le NT-Q-S 1.2 06 4 7 5 . Q 0 3*635
LwNT-Q-SA I : o 6 4 7 5 . 0 0 4 • 242
L " NT -  Q - 9 2 : 0 6 4 5 0 *0 0 0 * 6 3 4

L wN T - R - I q 2 : o 6 ' 4 7 5 . 0 0 0 * 000
L - N T - R - I l 2 2 06 425 .00 0 * 000
LwN T - Q - 12 2.:o5 4 5 0 * 0 0 4* 165
Le N T - B - 13 •1  2 0 6 450 *0 0 0 * 570
LwNT-R-IA 1:05 ' 4 2 5 . 0 0 3*756
LwNT-Rris I : OS 4 5 0 * 0 0 0 * 000
Le N T - R - I 6 2 2 Q6 4 2 5* 0 0 . , 0* 6 3 8
Le NTwRwI ? 12 06 4 2 5 . 0 0 0*000
L” N T- Q- IS  . 2 2 OS 4 5 0* 0 0 0 * 000

Coal Going to Each Product

%  UNCRN % SlL % gas % H29

8*888 65*343 16*152 9*583
3*746 63 «.200 20*655 11*927
3*532 77*568 9*012 9*474
6*281 76*875 7*023 9.495

11*373 74*360 5 ,035 '8*853
9*590' 61*915 18*985 9*298

23*425 67*766 2*074 6«6Q2
8 * IT? 62*756 . 17*1.18 11*823
2*998 72*625 13*323 10*251.
5*880 69*910 8*954 .15*111

10*769 64 * 424 13*768 10*761
22*717 67*294 3*246 6*692
5*057 70*575 12*368 11*725

15*591 71*345 4*254 8*708
19*067 - 70*349 1*779 8*690
19*003 69*314 4*110 7.493
•17*119 70*913 2*729 8*986
33*992 ■57*657 2*507 5*822
15*235 ■ 70*248 6*167 7 * 771

fvn
I



X .  Master Summary - Series 0. , Cont.

Summary of Experimental Results in Grams of Product Found and Loss Variation

RUN TIME TEMP CATCN
( %)

PRftDUCT
( g m )  ■ I S c

HaUSED
( g m )

LftSS
(%)

L- NTffi-V 1 : 06 475» 00 0 * 0 0 0 165 * 006 133*800 7*606 1*115
L -  N'T -  fi - 2 2 I 0-9 475*00 4*052 158*434 267« 000 18*699 6*335
L-NT-9-3 I !O7 45Q.O0 4*023 184*227 138*100 11*325 8 «6 8 1
L- NT-R-4 2:05 425*00 3*675 187*037 155*700 12*007 6 * 6 1 6
L- NT-R-S 2:o4 425*00 0*696 l3n« 586 80  * 700 12«85n 7*137
L- NT-R- 6 I I 02 475 * oo 0 • 911 . 151*826 1 1 1 * 0 0 0 10*178■ 5*103
L-NT-fi-7 I : o5 '425*00 0 * 6 6 2 156*007 38*500 3*587 • 8*499
L " N1T-ft - S I :o6 475*00 3*635 149*15n 82*200 6 *6  Q6 6*709
L - N T - R - S a 1 : 0 6 475.Q0 4*242 ■ 175*696 138*400 10*898 6*724
L- NT-R-S 2 : 0 6 45o*00 0*634 170*721 . • 239*400 7*788 4 • 549
L - N T - R - I q 2 ! 06 475..0 0 . 0 * 0 0 0 147*874 113*700 6«42l 9*919
I. -NT-R-Il 2 :o6 425*00 0 * 0 0 0 ■ 158*872 '59*500 2,175 5*558
L“NT- 0 - 1 2 2:o5 . 450*00 4*165 175*756 136*900 13*717 4*991
L ~ NT ** ft - 13 'I :o6 450*00 0*970 164*690 65*100 2*94o 7*988
L-NT-ft"14 l :o5 425*00 3*756 168*379 51*000 5*072 5*411
L- NT-R-I5 I J 05 ■ 450*00 0 * 0 0 0 161*876 50*200 2*727 6*809L-NT-R-IR 2 : 0 6 425 * 00 '0*698 . 155*456 63*200 4 * 19Q 13*182
L-NT-R -17 I ?06 425*00 0 * 0 0 0 136*6.57 ' 78*600 I «064 4*735
L - N T - R - 18 2 ! os 450*00 '0*000 123*844 55*400 3*383 30*18?
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CfrAL HYPRfrGENATIfrN MASS BALANCE

RUN NUMBER L-NT-P^l 
PATE QF RUN. 10-15-68

INPUT IN GRAMS

CONDITIONS frF RUN 
PRESSURE - R - r p T  T- r 
TEMPERATURE- - - - - - -

'T I  ME -  - -  -  - -  - -  - -  
CQAL CfrNCENTRATIQN 
CATALYST CONCENTRATION

23 50 .0  PSI
42 5 .0  C

1:07 HRSiMIN '
0,170
9«6 GR1; 4,1-84% MAF

OUTPUT IN GRAMS

MAP CfrAL - - >' ■ 247,7
■ '

UNREACTED COAL 
PRODUCT OIL -  

OIL < 325C 
Gas - - * > , » ■  

methane - 
ethane- - 

.PRfrPANE -
butane- -

Reacti bn water

ASn- - *. - - - 35-3

water- - - - - O O

RECYCLE OIL - 1383-7

HYDROGEN̂  - - 39-1 >

CATALYST- - - 9»6

38-3 16,28% frF MAF COAL AND HE
169-9 72,20% BF MAF COAL AND H2

9 0 ,3 38.38% ST­ MAF CfrAL AND HS
4.9 2,08% OP MAF CfrAL AND HS
I • 7 ( 0-72%)
l-4( 0,60%)
I »3( 0.57%)
O * 4 ( 0-19%)

21*8 9,27% frF maf CfrAL AND HS

ASH................. 32*7
water - - - - 0 , 0

RECYCLE. 51L- 1361,4

HYDROGEN
CONSUMED - - 5 , 8
UNUSED - - - ■ 33,3

CATALYST - - 9,6

TfrJAL MASS BALANCE GRAMS IN - - 1672-6
GRAMS QUT- - 1549.4
% DIFF * - - 7,4



C Q A U  H Y D R O G E N A T I O N  M A S S  B A L A N C E

RUN NUMBER L-NT-P<*2 
DATE 8F RUN 10-16-68

INPUT IN GRAMS

CONDITIONS OF RUN 
PRR-SSURE “ T - s - - t - 
TEMPERATURES- - r -
TIME T - - T - P - - - -
CQAL CONCENTRATION - - - 
CATALYST CONCENTRATION -

2420*0 PSI 
,450*0 C .

2:06 HRSiMIN .
0» 170
0*0 GRj 0,000% MAF

OUTPUT IN GRAMS
MAF COAL - -  -  247,7 unreacted coal 27,0 11,60% QF MAF CqAL AND HE

PRODUCT OIL - 161*3 69,33% OF maf COAL AND H 2'-• " OIL < 325C 95.2 40,91% OF Maf COAL AND H2
gas - - - - - 20,1 8,64% OF maf COAL AND H 2

methane - 7 * 8  ( 3,35%)
ethane- - 6*1 ( 2,63%)
PRgPANE - 4 • 3 < 1*84%)
butane- - I* 9 ( 0,81%) -

Reaction water 23.g 10,27% OF maf COAL AND H2
ASH- w - - - - 35,3 ASH •- - - - 32*5
WATER- - -• WATER - - - - O«O
RECYCLE OIL - '1383-7 recycle OIL- 1339.I
hydrogen- - - 36*7 hydrogen

CONSUMED - - 4,8
UNUSED w  M a* 31*8

catalyst- - - O»O catalyst - - 0.0

TOTAL MASS balance grams in - - 1671,6
grams out- - 1537.8
% DIFF - - - 8.Q



COAL hydrogenation MASS BALANCE

RUN NUMBER L-NT-P-3 
date OF RUN 10-17-68

INPUT IN GRAMS

MAF COAL - - - 247.7

ASH- - - - - - -  35*3

WATER- - - 0*0

RECYCLE OIL - 1383.7
HYDROGEN- - - 36.4

CATALYST- - - I.?

TOTAL MASS BALANCE
' -V

CONDITIONS, of run
PRESSURE - - -  3 T - T -  246.0*0 PSI
TEMPERATURE- - - - - - T 475,0 C 
T I ME - - -  - -  - -  - -  - 1:05 HRSiMIN
COAL.CONCENTRATION - - - 0*170
CATALYST CONCENTRATION - 1*7 OR; 0-735% MAF

OUTPUT IN GRAMS
UNiREACTED COAL 12*3 5* 17% OF MAF COAL AND H-2
PRODUCT OIL - 171.5 72.28% OF MAF coal AND HS

OIL < 325C lll-E. 46,87% OF MAF COAL AND H2
gas - - - - - 2.7,3 11,52% OF MAF COAL AND HS

methane - . U* SI 5*04%)
ethane- - 8.4 ( 3,54%)
propane - 5 * 9 ( 2,48%) .
butane- - 1*1 ( 0,47%)

reaction water 25.8 10,88% OF MAF O CD > r~ AND HS
ASH - - - - - 33.0

WATER » - - - 0.0

RECYCLE OIL- 1353*0
HYDROGEN
CONSUMED - - . 5.8
UNUSED - - - 30,5

CATALYST - - 1.7

G R A M S  I N  m  -  1 6 7 2  * 6
G R A M S  O U T -  -  1 5 6 2 , 6
% D I F F  -  -  -  6 * 6



C S A L  H Y D R O G E N A T I O N  M A S S  B A L A N C E

RUN NUMBER L-NT-RfA G 
DATE BF RUN 10-19-68 CONDITIONS OF RUN 

PRESSURE - s - T ? f r f 
TEMPERAFUREf  ^
TIME................. ? ? - - -
COAL CONCENTRATION - T T, 
CATALYST CONCENTRATION f

2440*0 PS I 
475.0 C 

2:07 HRS;MIN 
O»-17 O .
0»0 GR; 0.000% MAF

INPUT IN GRAMS OUTPUT IN GRAMS
MAF CSAL - - 247.7 UNREACTED CSAL

product oil -
' OIL < 325C 

GAS - - - - -
METHANE - 
ETHANE- - 
PROPANE - 
BUTANE- -  

REACTION WATER
ASH- - -■<• - - 35.3
■ .-K
WATER- - - - - O O

RECYCLE OIL - ' 1383.7
HYDROGEN- - - 38*2

CATALYST- - •- ■ OO

TOTAL mass balance grams in ,  .
. ■ .GRAMS' OUT- -

% DIFF - - -

9'1 3,90% OF MAF' COAL AND Hg
161.4 69,61% OF MaF COaL aND H2
143*9 62,06% OF MAF COAL AND H2
34.0 14.65% OF MAF COAL AND H2
14,5( 6.26%)
9 . SC 4,22%)
7. K 3.07%)
E * 6(.  1 , 1 0 % )

2 6 * 6  11.47% OF MAF COAL AND H2
ASH - - - - -  31*9

' WATER ' o»0

RECYCLE OIL- 1265.4
HYDROGEN
CONSUMED - - 8.5
UNUSED - - - 29,7

CATALYST * # 0.0

1675-2
1510.8

9.8

■T
£r



C9AL HYDROGENATION MASS BALANCE

R-UN number L-NT-P-5DAJE RF RUN 10-21-68’

CATALYST" - -

4

input in grams

MAF COAL « - T ' 247*7

ASH* •»<•••»•«« 35*3 

WATER- 0*0 

RECYCLE OIL * 1383*7 
HYDROGEN-- - - 37*1

CONDITIONS OF RUN 
PRESSURE - T -  Ht-TT-.
TEMPeRAFUREt •- - - H
T i me -  - -  T - - H  = T -  -
COAL CONCENTRATION - - - 
CATALYST CONCENTRATION -

2420*0 PSI 
425*0 C 

1:05 HRSrHlN 
O * 170"
1*5 GRj 0*651% MAF

UNREACTED COAL
product oil -

OIL < 325C
gas i* » * *

METHANE - 
ETHANE- - 
PROPANE - 
BUTANE- - 

REACTION WATER

■OUTPUT IN GRAMS

58*2
152*7
59*7

4 * 6
2 * O (

24,94%
65.42%

■ '  I  

I ,  
0'  

17'

ASH

4 ( 
2 ( 

0 ( 

7

25
I

,87%)
,59%)
,51%)
, 0 0 % )

7,

59%
97%

OF
OF
OF
OF

MAF COAL AND He 
MaF CraL AND H2 
MAF COAL AND 
MAF COAL AND

H2
H2
H2

1 * 5

Water « - - -

RECYCLE OIL-

HYDROGEN 
CONSUMED - - 
UNUSED T - - '

C A T A L Y S T  t  -

-59% .OF MAF COAL AND H2 

32*9 

. 0 * 0  

1380*7

2*8
34*3

1 * 5

T O T A L  M A S S  B A L A N C E G R A M S  I N  -  -  1 6 6 9 * 6
G R A M S  O U T -  -  1 5 5 3 * 8
% D I F F  "  -  -  6 * 9



C9AL HYDROGENATION MASS BALANCE

RUN NUMBER L-NT-P-O 
DATE OF RUN 10-22-68

INPUT IN grams

CONDITIONS GF RUN 
PRESSURE - s " .1 T - - -
TEMPERATURE" -  " r  -  -  "
TIME n  - - - - ? r T - -
CBAL CONCENTRATION - - -
CATALYST CONCENTRATION -

2350,0 PSI
475/O C

1 : 0 5  HRs ; MI N ;
O' 1 7 0
9,7 CR; 4,159% MAF

OUTPUT IN GRAMS
MAF C0AL - - 247*7

ASM- - - - - - 35*3

UNREACTED COAL 11'2 4,59% OF MAF COAL AND Hg
PRODUCT Oi L- 162,-3 66,32% OF MAF CoaL AND H2

BIL < 325C 160*4 65.54% OF MAF COAL AND H2GAS - - - - - 39.6 16.19% OF MAF COAL AND H2
methane - 15,21 6*20%)
ethane- - 12.0( 4,89%)
propane - 9,0 ( 3,67%)
butane- - '3,5 ( 1.43%) '

REACTION WATER 30*9 12,63% OF MAF COAL AND HE
ASH - - - - 33,3

WATER- - - - - 0*0 

RECYCLE GTL * 1383,7 

HYDROGEN- - - 39*7

CATALYST- - - 9,7

WATER - - . - - 0*0

RECYCLE GIL- 1304*8 

HYDROGEN
CONSUMED - - 11.5
UNUSED - - - 28.2

CATALYST ■» -  9 ,7

TOTAL MASS BALANCE GRAMS IN „ -  1678 ,3
GRAMS OUT" - 1580*2
%’ DI-FF -  5 *8



CBAL HYPRBGENATION MASS BALANCE

RUN NUMBER L-NT-P-7 
DATE' OF RUN 1,0-23-68

JNRUT IN GRAMS

CONDITIONS BF RUN 
PRESSURE -
TEMPERATURE- - - - ? ? - 
T i me. - S - - P ?  
COAl CONCENTRATION - -  - 
CATALYST CONCENTRATION -

2440*0 PSI 
'45Q.0 C 
2:06 HRS5M IN 
O »170
1*6 SR; 0,678% MAP

OUTPUT IN GRAMS

MAF COAL » - - 247»-7 . UNREACTED COAL 26»3 10,61% 0,F MAF COAL AND HE
• . - PRODUCT OIL - 129*9 52,34% Bf MAF. CBAL AND H2

' v' 91L < 325C 93.5 ' 37,66% Of. MAF COAL AND HE
GAS ■ 70.0'  28,20% OF MAF COAL AND HE

METHANE - 24*9(10*03%)ETHANE- - : 19*6( 7*91%)
PROPANE - 17., 4 ( 7,00%)
butane- - . s . k  3 , 2 7 %) .

Reaction water 2 1 , 4  ' 8 , 6 2 % of maf coal and he

a Sh- - 35*3 ASH - - - - - 33,7
WATER- - - - - 0*0 . water - - - - 0 0

RECYCLE OIL - 1383*7 1 RECYCLE OIL- 1355,0
HYDROGEN-- -p - ' 40*5 \ HYDROGEN . 

consumed - -. 
UNUSED

12.-3
28.3

catalyst- - ' - 1,6 CATALYST - - 1*6

TOTAL MASS B a l a n c e  GRAMS IN - - 1679.0
GRAMS BUT- - 1599*9
% DIFF - - - 4.7



CRAL HYDReGENATIQN MASS BALANCE

. RUM N U M B E R  L - N T - P - 8  
D A T E '  R F  R U N  1 , 0 * 3 0 - 6 8

INPUT IN GRAMS

MAF CQAL * - “ P14• 9

ASH- 30*7 

WATER- - - - - 0*0 

RECYCLE GIL - 1421*2 

HYDROGEN- - - 41*9

CATALYST- - - ' 8 , 2

T O T A L  M A S S '  B A L A N C E

CONDITIONS QF RUN 
PRESSURE - - - - T - - - 
TEMPERATURE-
Ti ME - - -  - -  - -  - -  -
CQAL CONCENTRATION - - - 
CATALYST CONCENTRATION -

2240*0 PSI 
45o*0 C 

2 :06  HRSiMIN 
0*147
8*2 GR; 4.098% MAF

OUTPUT IN GRAMS

UNREACTED COAL 10*2 4,80% OF MAF coal AND H2
PRODUCT OIL - 153.4 72,08% OF MAF COAL AND H2

OIL < 325C 140*9 66,19% OF MAF COAL AND H 2
gas - - - - - 22 .8 . 10,6g% OF MAF COAL AND H 2

methane - 8 * 4 ( 3.92%)
ethane- - 6 . 9  ( 3.25%)'
propane - 5«5 ( 2*59%)
butane- - 2 * O ( 0*92%)

reacti on  wAteR 25,6 ' 12,03% OF MaF COAL AND H2

ASH - - - - -  28 ,5

WATER 0 ,0

R E C Y C L E  O I L -  ' 1 3 3 6 . 2  

H Y D R O G E N
CONSUMED - - 12.8
UNUSED - - - 29 .2

C A T A L Y S T  -  -  8 - 2

GRAMS IN - -  1679.5  
GRAMS OUT- . 1564.3  
% ' DIFF - - 6*9



C 9 A L  H Y D R O G E N A T I O N  M A S S  B A L A N C E

Rb1N NUMBER L*NT- H-9 
DATE OF RUN 10-31-68.

CONDITIONS OF RUN 
PRESSURE - a " ? . ? " " -  
TEMPERATURE-- - .r - - - - 
TIME ? -  -  % -  T r  -  r  -  
COAL CONCENTRATION 
CATALYST CONCENTRATION -

2400*0 PSI 
425«O -C 

2:07 HRSiMIN 
0*147
8»0 GRj 3-980% MAF

I N P U T  I N  G R A M S O U T P U T I N  G R A MS

MAP  C O A L  - ' 2 1 4  » 9  ;
f

U N R E A C T E D  C O A L  
P R O D U C T  O I L  -  

v O I L :  <  3 2 5 C
G A S  — — — — ■

■ METHANE -  
E T H A N E -  -
p r o p a n e  -  
b u t a n e -  -  

R e a c t i o n  w a t e r

2 6 - 3  
1 4 8 - 5  

9 1 - 7  
1 0 - 4  
2«8 ( 

■ 2 * 5  ( 
3  - 6  ( 
I  • 5  ( 

2 2 . 7

1 2 . 6 1 %  OF  
7 1 , 2 9 %  OF  
4 4 , 0 2 %  OF  

4 , 9 8 %  OF
1 , 3 3 % )
1 , 2 0 % )
1 - 7 2 % )
0 * 7 3 % )

1 0 , 9 0 %  OF

3 0 * 7 A S H  -  -

w a t e r -  -  - . -  - 0-0 w a t e r  - -  - -  . 0 * 0

R E C Y C L E  O I L  - 1 4 2 1 - 2
•

R E C Y C L E O I L »  1 3 8 6 - 3

h y d r o g e n -  -  - . 4 1 - 0 - \ h y d r o g e n
C O N S U M E D  -
U N U S E D  r  -

;

7 , 3
• 3 3 - 7

C A T A L Y S T -  -  -
' :

8-0 c a t a l y s t  " -  ' 8 . 0

T O T A L  m a s s  b a l a n c e ' G R A M S  I N  -  -  
G R A M S  o u t -  -  
% D I F F  -  -

1 6 7 4 - 1
1 5 6 6  • O 

6 - 5

~9
ST

-



C9AL HYDR9GENATIQN MASS BALANCE 

RUN' NUMBER L-NT-P-IO ' CONDITIONS BF RUN
DATE 0F RUN 1Q-31-6R PRESSURE 2350*0 PSI

. . .  ■ TEMPERATURE-? A5o«0 C
TIME  ̂ - n - -  ̂ r- - ■ r 1*06 HRSlM IN
GOAL CONCENTRATION ' 0*147
catalyst

INPUT IN GRAMS
MAF COAL - - - 214,9. UNREACTED CBAL

PRODUCT OIL - 
BIL < 325C

gas “ - “ - -
METHANE - 
ETHANE- - 
PROPANE - 
butane- - 

Reaction water

ASH-■ " - * " " 30» 7

WATER- - - - - 0,0

.RECYCLE OIL - 1421*2

HYDROGEN, 37,8

CATALYST- - - 1,7

TOTAL mass balance grams in .  .
GRAMS BUT- - 
% DIFF - -

CONCENTRATION - I »7 CR; 0*846% MAF 

OUTPUT IN GRAMS

36.9 17.81% BF MAF CBAL AND H2
139.6 ' 67,40% BF MAF CBAL AND HS
69,0 33.33% BF MAF CfiAL AND HS
10,7 5,18% BE MAF CBAL AND HS

. 4.2( 2.01%)
3 . 1( 1.51%) .
2,5( 1,19%)
I.CU 0.46%)

19.5 9.42% 8F. MaF COAL AND HS

ASH - - - - -  28*7

WATER - - - - O»0

RECYCLE BI!- 1399.6

HYDROGEN
CONSUMED - - 6.1 .
UNUSED - - - 31*6
'i

C A T A L Y S T  -  -  1 . 7

1672.9 
.1564,, 3 

6.5



COAL HYDROGENATION MASS 'BALANCE 

CONDITIONS.OF RUN
PRESSURE - - - T ? - , r 2340,0 PSI 
TEMPERATURE, 475*0  C
time - - -  - -  - -  - -  - 2 : 0 6  hrsnmin .
COAL'CONCENTRATION - - - 0*147
CATALYST CONCENTRATION - 9,9 GR; 4*985% MAF

INPUT IN GRAMS OUTPUT IN GRAMS

MAF COAL - -  - 21 4*9  . UNREACTED COAL 17*2 7.82% OF MAF COAL AND HS'
PRODUCT OIL - 113*2 ' 51,58% OF MAF COAL AND HS

OIL < 3S5C 261*6  119*22% OF MAF COAL AND M2
Ga s - - ,  - - 61*5 28,03% OF Lu<

coal AND H2
METHANE - 20*6 ( 9,40%)
ETHANE- - 19* 7 ( 8.98%)
propane - 15,4( 7,03%)
BUTANE- - 5*8( 2,63%) '

reaction water 26,0 11,85% OF MAF COAL AND H2
.ASH- ASH........................ 2 8 * 3

WATER- - - - -  0*0 water ■ - - - -  • O O

RECYCLE OIL 1421*2 RECYCLE OIL- 1165,2
hydrogen- - - -  4 7 , 3 , HYDROGEN

CONSUMED -  - 20*8
UNUSED 2 6 * 5

catalyst- -
/

-  9 * 9 CATALYST -  - ' 9*9

TOTAL MASS balance grams IN .  - 1687»6
GRAMS OUT- - '1559*8
%' DIFF 7 , 6

RUN NUMBER L-NT-P-Il 
DATE OF RUN ■ 11-01-65

-9
S

T
-



C f i A L  H V D R O G E N A T I f i N  M A S S  B A L A N C E

RUN .number L-NT-P-IS 
DATE fiF RUN 11-04-68

INPUT IN grams ■

MAP CfiAL - - - 214,9

ASH- 30» 7 

'"WATER- . 0»0 

RECYCLE OIL - 1421.2 
HYDROGEN- - - 44,5

CATALYST- - - 9«7

T f i T A L  m a s s  b a l a n c e

CONDITIONS OF RUN 
PRESSURE
TEMPERATURE- - - - - - -
TI ME - - -  - -  - -  - -  -
CfiAL CONCENTRATION 
CATALYST CfiNCENTRATIfiN -

2440,0 PST 
4 5 O» O C 

1:07 HRSzMIN 
0» 147
9*7 GRf 4.848% MAF

OUTPUT IN GRAM'S

UNREACTED COAL 17 «4 . 8,18% GF MAF CfiAL AND Hg
PRODUCT OIL - 154.7 72,84% QF Maf CfiAL AND H 2

OIL < 325C 103.6 48,76% BF MAF CfiAL AND M2
Gas -, - - - - 18«6 8.74% BF MAF COAL AND H2

• METHANE - 7»9 ( 3.72%)
ETHANE- - 5.4 ( 2.54%)
PRfiPANF - 3»8 ( 1.80%)
butane- - I * 4 ( 0.68%)

REACTION WATER 20.9 9,84% fiF MAF CfiAL AND M2
ASM - - - - - intoCU

WATER - - - - O O

RECYCLE OIL- 1374,7
HYDROGEN 
CONSUMED - - 12.4
UNUSED » • - - 32.2
CATALYST - - 9.7

GRAMS IN - - 1679.1
GRAMS BUT- - 1563.7
% DIFF * - - 6.9

-
66

1’



COAL HYDROGENATION mass balance

.RUN NUMBER L-NT-P-13 
DATE QF RUN ' 11-05-68

INPUT IN GRAMS ■ '

MAF COAL - - 2l4..»9

ASH- - - - - , 30*7

CONDITIONS RF RUN 
PRESSURE -  r - - T — - r- 

TEMPERATURE- - - r - r T 
TI ME ? - - ; ;  - p r - ? -  
COAL CONCENTRATION - - - 
CATALYST CONCENTRATION -

2300*O PSI 
475*0 C 

2:05 HRSlMIN 
0*147
1*7 GR; 0*868% MAF

OUTPUT IN GRAMS

UNREACTED COAL
product oil -

'OIL < 325C 
' GAS - - - - -

METHANE - 
ETHANE- - 
PROPANE - 
butane- - 

REACTION WATER

10*2 4.91% ;of MAF COAL AND" H2
126.3 60.57% .OF- MAF COAL and H2
161*8 77.58% OF MAF COAL AND H 2
50*7 24.30% OF MAF COAL AND H220 • 4 ( 9.77%)
15,7 ( 7.52%)
11 * 3 ( 5.42%)
3«3 ( 1*59%)

20*2 9*69% CD ~n MAF COAL AND H 2
ASH - - - - -  27*9

WATER- - - - OO WATER - - - - O

RECYCLE. OIL- - 1421*2 RECYCLE OIL-' 12 6 0-4
hydrogen- - -

■■
39,2 \ hydrogen 

CONSUMED - -
UNUSED - -

12*6 
. 26.5

CATALYST- - - 1*7 ' CATALYST - - 1*7

total mass balance ©rams in * - 1679*4
. GRAMS OUT- - 1531*3

% DIFF.: -  . 8 * 8

-0
9T

-



RUN NUMBER L-NT-P-H '• CGNDITIGNS GE. RUN
DATE GF RUN IV 05-68' ■ PRESSURE . - , - - r - - ,

’ TEMPERATURE- - - - r - , 
T I ME u - - n  - !• 7 - r - 

< ' CGAU CONCENTRATION
CATALYST CONCENTRATION -

C 6 A U  H Y D . R 0 G E N A T I O N  M A S S  B A L A N C E

2480 c O PSI 
425.0 C 

2:05 HRSjMIN 
0*147
0.0 CR; 0.00;0% MAF

input in grams *
MAF COAL *.- - 214,& . ' UNREACTED COAL 

PRODUCT GlL - 
' /  OIL < 325C

GAS - - !* - -
methane - 
ethane- - 
propane r 
butane- - 

reaction water

ASH- N - - ■ * 30,7

water- - - - - OO

RECYCLE OIL • 1421*2
HYDROGEN7 - - O(Ti

CO

\

catalyst- - « ■ 0*0

OUTPUT IN GRAMS

45,o 22,17% OF MAF COAL AND HE
135,9 66.92% OF MAF CoaL AND H2
61,3 30,20% OF MAF COAL AND HP
6*1 2.98% OF MAF COAL AND HE
1 . 8 ( 0 , 8 8 %)

■ ' I *8( 0,90%)
I * 7( 0,84%)
O , 7( 0,36%)

15*8 7.78% OF MAF COAL AND HE
ASH - - - - - OOCU

water - - - - 0,0
RECYCLE OIL- 1391,7
HYDROGEN 
CONSUMED - r 3,9
UNUSED - - - 35.1

CATALYST - - 0,0

T O T A L  M A S S  B A L A N C E G R A M S  I N  „  -  1 6 7 0 , 6
G R A M S  O U T " -  -  1 5 4 8 . 3
% D I F F  -  -  -  7 . 3

“T
9T

-



' • COAL HYOReQENATION MASS BALANCE

RUN .NUMBER L-NT-P-15 . ' CONDITIONS QF RUN
DATE OF RUN I I r  .06* 68 PRESSURE -   ̂ 2520*0  PSI

TEMPERA TUREr -  -   ̂ f  T 4 7 5 , Q C
TIME - - - n T T - - - 1:06 HRS:MlN
CBAL CONCENTRATION -  ̂  ̂ 0*147
CATALYST CONCENTRATION « 0*0 CR; 0.000% MAF

INPUT IN GRAMS OUTPUT IN GRAMS.

MAF COAL - - - 214.9 UNREACTED COAL 11*9 I I 904% OF MAF COAL AND H2
product oil - 76*0 70. 43% -OF MAF CoaL AND H2

OIL < 325C 48*6 . 45. 04% -OFi MAF COAL AND H2
gas " - "* - - 9»6 8, 92% OF MAF COAL AND M2

METHANE - 4,3 ( 3.97%)
ETHANE- - 3»0 ( 2,76%)
propane * I *9( 1,72%)
butane- - 0.5 ( 0,47%)

. reaction water 9*2 . 8. 53% OF MAF COAL AND H2
ASH* * - w 30*7 ASH - - 15.1
water................. ' OO WATER - - - ~ ,

OO

RECYCLE OIL - 1421,2 ■ recycle OIL* 725,9
HYDROGEN- - - 35.2 hydrogen

consumed - - 2,3.
unused 32,9

CATALYST- - 0*0 ' CATALYST * - . ' 0,0'

T O T A L  MASS BALANCE GRAMS IN - -  1669 .1
' GRAMS O U T -  -  820 -3

%  D I F E  -  5 0 * 9

'-
29

T
-



X II . M a s te r  Summary -  S e r i e s  P .

Summary o f  E x p e r im e n ta l  R e s u l t s  i n  P e r c e n t  ■

.RUN T I ME TEmp CATCN

L-f N T - P - 1 I ! 0 7 4 2 5 . 0 0 4 * 1 8 4
L - N T - P - P 2 : 0 6 4 5 0 * 0 0 0 * 0 0 0
L ' - N T - P - 3 i : os 4 7 5 . 0 0 0*735
L " N T - P - 4  G 2 : o 7 4 7 5 . 0 0 0 * 0 0 0
L - N T - P - B i:o5 ■4 2 5 . Q 0 0 * 6 5 1
L” N X - P - 6 1 1 0 5 4 7 5 , 0 0 4 * 1 5 9
L " N T - P - 7 2 1 0 6 4 5 0 * 0 0 0 * 6 7 8
L- N T - P - S ■ 2 : 0 6 4 5 0 * 0 0 4 * 0 9 8
L - N T - P - P 2:07 4 2 5 * 0 0 3 • 9 8 o
L - N T - P - 1 0 IT O6 4 5 0 * 0 0 0 * 8 4 6
L - N T - P - I X 2;o6 4 7 5 * 0 0 4 * 9 8 5
L - N T - P - 12 Iro7 - 4 5 0 * 0 0 4 * 8 4 8
L - N T - P - I 3 2:05 4 7 5 . 0 0 0 * 8 6 8
L -  N T - F3 - 1 4 2:05 4 2 5 * 0 0 0*000
L - N T - P - 15 I i o 6 4 7 5 * 0 0 0»'000

C oal G oing t o  E ach P ro d u c t

% UNC8N % OIL. % gas % H20

16*277 72*199 2»07 6 9*266
11*598 69*328 8 .637 10*272

5*168 72*278 11*517 10,876
3*904 69*613 . 14*65l 11*473

24*940 65*425 1*965 7*586
4 ,587 66 ,320 16,192 12,626

I 0* 6 q6 ' 52*340 28,203 8*619
4*798 72*077 10*688 12*026 ,L

12? 609- 71*2.86 4 .980 10*897
17*813 . 67*401 5*176 9*418 J.

7*821 51*580 28 ,031 11*849
8*182 72*836 8 ,745 9,838
4*912 60*570 24.297 9*686 ■■

22*170 66«924 2 ,983 7*783
11*035 70*430 8 ,922 8*526



XII. Master Summary - Series P. , Cont.

Summary of Experimental Results in Grams

RUN . TIME ' TEMp "■ . CATCN
on

LeNT 1:07 1 425,00 4-184
LeNT-P-S 2 : 0 6 • 450-00 0 -.000L-1NTtP-I H05 . .475.00 0-735
LeNT-P-4 G 2!07 ' '475.00 - 0-Qoo
L-NT-P-S . pi:o5 425.00 0*651
LpieN T -p-6 I :o5 "475,00' 4-159
L-NT-P-7 .2:66 ' 450-00' 0*678
L-NT-P-8 2:0.6 450-00 4-098
L“NT-P-9 2;o7. 425,00 3-980
L et'J T-P-Io 1:06 4 -5 Q, 00 0-846
L - NT -P-H 2 : 0 6 475.00 4-985
L"NT-PT12 I ;o7 450-00 4-848
L-NT-P-1.3 2:05 475,00 0-868
L-NT-P-14. 2: q5 425-00 0-000
L-NT-P-15 1:06 475,00 0-000

Product Found and Loss Variation

PRODUCT <325C
(gm) (gm)

169-857 90-300
161-312 95-200171-465 111-200
161-400 143-900
152.658 59-700
1.62-301 160-400
129-948 93-500
1.53-428 140-900
148-494 91-700
'1.39-552 69-000
T13-179 261-600
154-741 103-600
126-321 • 161-800
135-862 .61-300
76-001 48-600

H2USED LQss
(gm) (%)
5*826 7-365
4 ,8 2  4- 8-003
5 -834 ■"6-574
8,493 9-818
2,834 1 6-936

11-513 .5-842
12-268 4-711
12-751 6 - 86g

7 ,318 6-457
6 13 0. 6-490

20-834 7-571
12,361 6-875
12,642 8-82n

3 «886 7-325
2-307 50 -85i

'1
91

:



TABLE V I . . C oal H y d ro g e n a tio n  H a ss  B a la n c e

J t I I I . I n d iv i d u a l  O u tp u t B a la n c e :S h e e ts  -  S e r i e s  Q.



C Q A U  H Y D R G G E N A T I Q N  M A S S  B A L A N C E -

RUN NUMBER L-MT-Q-I 
DATE QF RUN 12-06-68

INPUT IN GRAmS

MAF ' CGAL ■ »' - - 247.7

ASr- - - - - - 35*3

WATER- - ■ - -- -' 0*0

RECYCLE GIL ", 1383,7
H Y [) R p Q £ N H - » 52 * 7

CONDITIONS' OF RUN 
PRESSURE -
TEMPERATURE- - = T - T -
T I ME - - -  T -  T T  =  T T

COAL CONCENTRATION - - = 
CATALYST CONCENTRATIQN

2500*O PSI 
425.0.C .

4:08 HRS’;MIN 
0*170
9*0 GR; 3.991% MAF

UNREACTEO CQAL 
PRODUCT OIL - 
' OIL < 325C
gas - - - - -

methane - 
ethane- - 
propane - 

. butane- - 
Reaction water

output in grams

2*1  
194*9 
150*7 
26.7 
13.0( 

7 « I (

0.84% OF Maf COAL AND H 2 
HS 
H2 
H2

CATALYST# - - 9*0

79*63% OF MAF CQAL AND
61.56% OF maf coal and
lo,go% OF maf coal and

5.31%)
2.92%)

4,5( 1*85%)
2.0( 0*81%)

19*4 7*93% OF MAF COAL. AND H2

ASH - - - - - 32*2
WATER - -  - - 0*0

RECYCLE OIL= 1304.-1 '
HYDROGEN
CONSUMED - - ' 19.3
UNUSED = - - 33.4

CATALYST - = 9.0

total mass, balance grams in - 
grams out- 
% DIFF “ -

1686*0
1535*1

9*0



C B A L  H Y D R O G E N A T I O N  M A S S  B A L A N C E

RUN NUMBER L-NT-C-E. 
DATE OF RUN 12-07-68

INPUT IN GRAMS

CONDITIONS OF RUN 
PRESSURE' " e - B s r r v  
TEMPERA TURE-r - - - - - -
TIME -
COAL concentration - - r 
CATALYST CONCENTRATION -

2300.0 PSI
475.0 C

2:06 HRSIMIN
0,170
0,0 GRj 0,000% MAF

OUTPUT IN GRAMS

MAF COAL - - - 247.7 UNREACTED COAL
PRODUCT OIL -
■ ' OIL < 325C
g a s  « -  -  -

METHANE - ' ETHANE- -
propane - 
butane- - 

reaction water

8.2 3,46% OF MAF COAL AND H2
153.1 64,58% OF MAF COAL AND HE
152,6 64.37% OF MaF COAL AND HE
56.4 23,79% OF MAF COAL AND H2
24,7(10.41%)
17.6( 7 » 43%)
11.2( 4.71%) I

2«9 < 1,23%) . ' S

18,1 7,64% OF MAF COAL AND H2 ?

ASH- 35.3 

WATER- - - - - . 0*0 

RECYCLE OIL - 1383,7

ASH.................  31.9

WATER - - - - 0*0

RECYCLE OIL- 1251,3

HYDROGEN- - - 39,0 HYDROGEN
' ■ CONSUMED - - 13.2

UNUSED r - - 25.9

CATALYST- - - O O CATALYST - - OO

T O T A L  M A S S  B A L A N C E G R A M S  I N  -  -  1 6 7 9 . 9
’ G R A M S  O U T -  -  1 5 1 8 , 6

% D I F F  -  - 9 , 6



C Q M  H Y p R e G E N A T I Q N  MASS BALANCE

R-UN NUMBER L ' N T ^ 0 » 3 CONDITIONS OF RUN
DATE SE RUN . 1 2 - 0 7 - 6 8 PRESSURE - ■ R - e r s r r r  23.1-Q»0 PSI

TEMPERATUREr -  - ^ - . 425' .  0. C
t i m e  * r HRSiMIN

i - CGAL CONCENTRATION •- -  -  0 *170
c a t a l y s t CONCENTRATION - 9*0 GR; 3 .877% MAF

INPUT in GRAMS' OUTPUT IN GRAMS

MAF COAL -  2 4 7 . 7 UNREACTED COAL 13*0 5 ,25% OF MAF coal AND He
PRODUCT OIL - 2 0 4 . 0  82 , 46% SF map COAl AND H2UinCUroVCD 1 0 5 . 0  42 . 45% Of maf coal AND HE
GAS - -  -  -  - 1 2 , 3  4 ,98% OF MAF COAL AND HE

methane  - 5 . 1( 2 . 06%)
ETHANE. - . 3 . 6 ( 1,44%)
p r o p a n e  - 2 . 7 ( 1 . 1 0 % )
BUT A NE- 0 * 9 ( 0 .38%)

r e a c t i o n  water 1 7 . 1  6 ,91% OF MAF COAL AND HS

ASH-- -  -  -  -  -  . 35*3 ASH -  -  -  - -  3 3 0 1

WATER- 0 . 0 w a t e r - - . - -  o . o

RECYCLE QIL -  1383*7 X RECYCLE OIL-  1395.-8

h y d r o g e n - - 4 7 . 3
..

HYDROGEN
CONSUMED -  -  1 5 . E
UNUSED 3 2 . 1

CATALYST- -  -  9*0

/
t o t a l  mass  bal ance

c a t a l y s t  -  -  9 . 0

grams in - - 1 6 8 2 . 0
GRAMS OUT- - 1 5 7 6 , 3
% DIFF - - - 6*3



C 9 A L  H Y D R O G E N A T I O N  M A S S  B A L A N C E

RUN NUMBER L-NT-R-4 C0ND111SNS 6F RUN
DATE 6F RUN 12*08-68 PRESSURE - I -  - T r * - *  2340*0 PSI
: . : ' temperature- - * - - - *  4 5 o*o c

TI ME * - - * - * * - -  - 1:07 HRS:M IN
CGAL CONCENTRATION 0,170
CATALYST CONCENTRATION - 8*7 OR; 3,754% MAF

INPUT IN GRAMS OUTPUT IN GRAMS

MAP COAL - * - 247*7 UNREACTED COAL 14*6 6,09% OF MAF COAL AND H 2
PRODUCT OIL - 192.2  80,20% OF Maf COAL AND HS

OIL < 325C 107*3'  44.76% OF MAF COAL AND HS
gas - - - - - 13.4  5,57% OF maf CQAL AND HS

METHANE - 4•3(  1,81%) ■
ethane- - 4 * I { 1,70%) ■
PROPANE - 3*6( 1,50%)
butane- - I » 4( 0,56%)

reacti on  water 19*0 7.93% OF maf

CCDU

AND HS

ASN- - - - w 35 ,3 WCO■si■IXCOC

water- - - - - 0*0" - WATER - - - - 0*0

RECYCLE' OIL - 1383*7 \ RECYCLE OIL- 1379*8

HY-DROGENr - ' 39*3 hydrogen
CONSUMED - -  7.9
UNUSED - - - 31*3

catalyst-  - - 8 , 7 CATALYST - -  8 . 7

TOTAL mass balance G-PAMs IN L - 1674*7
grams out- - 1567*2
% DIFF - 6*4



C 0 A L  H Y D R Q G E N A T i y - N  M A S S  B A L A N C E

RUN NUMBER L-NT-D-S 
DATE QF RUN 12-09-68

input in grams

CONDITIONS OF RUN 
PRESSURE - T - - T — r  n 
TEMPerA FURE -
TI ME - - -  - -  - T - - -
COAL CONCENTRATION
catalyst concentration -

2460*. O PSI 
'45 Q« o C 

2:07 HRSlMIN
0» 170
9»3 GR; 4.076# MAF

OUTPUT IN GRAMS
MAP COAL - - - 247,7 UNREACTED COAL

product oil -
OIL < 325C 

gas - - - -■-
METHANE - 
ETHANE- - 
PRQPANE - 
butane- -

■ 8 • i
186,7
155 I 
27. 

9 '  
8 '  
6 '

1 
5 
3 (
2 ( 
9(.

3 • I  (

3
77
64
11

3,85%)
3.3g%)
2 , 8 6 %)
1.26%)

34%
17%
12%
35%

OF
OF
OF
OF

MAF
Ma F
MAF
MAF

COAL AND
coal and 
coal and 
coal and

H2
H 2 
H2 
H 2

reaction water 18,6 7 .69% OF MAF COAL AND
ASH- - " - " 35.3 ASH - - - - « 32-5
WATER- - - WATER - - - - o.o
RECYCLE OIL - 1383,7 RECYCLE OIL- 1306,2

H-VDROGEN- - CLO.<*-I HYDROGEN 
CONSUMED - T-
UNUSED - - -

13.7
31 .9

CATALYST- "
'

- . 9 , 3 . catalyst - - ■ 9 .3

TOTAL MASS' BALANCE . GRAMS IN - 
GRAMS OUT- - 
% DIFF " - -

1680.5
1548.0

7,9

H 2 '-
o

lr



C 9 A L  H Y D R O G E N A T I O N  M A S S  B A L A N C E

RUN NUMBER L-NT-Q-6 
DATE .OF RUN IE"09^68

INPUT IN GRAMS

. CONDITIONS OF RUN
PRE$$URtL" " * " t " " "
TEMPERATURE;" - r  ? p - 
TI M E " " “ 's - ir s - - 
CBAL CONCENTRATION r - 
CATALYST CONCENTRATION

2460,0 PSI 
475*0 C 

I !06 HRSiMIN 
0*170
0,0 GR; 0,000% MAF

OUTPUT IN GRAMS

MAF COAL 247,-7 ■.

ASH" " ■ " " ■ 35•3

water- 0.0

RECYCLE OIL " - 1383*7
HYDROGEN- - - • 35.6

VNREACTED COAL 20.0 8
PRODUCT oil - 162.3 70

UIOOJCOV_l(D 97,3 42
gas 30.4 13

METHANE - 12*8 ( 5*55%)
ETHANE- - 9 . 0 ( 3,93%)
propane - 6*4 ( 2,77%)
butane- - 2«3 ( 1*00%)

reaction water 16.7 • 7
ASH - - - - -

, WATER - - - -

RECYCLE OIL-
HYDROGEN 
CONSUMED - - 
UNUSED " - "

72% OF MAF COAL AND H2 
57% OF MAF COAL AND HS 
32% OF MAF COAL AND H2 
24% OF MAF COAL AND HS

26% OF- MAF COAL AND HS 

32,1

o . o ' ........................

1320*2

5,2
30*3

c a t a l y s t -  -  -  0 , 0 CATALYST " - 0,0

GRAMS' OUT- - ' I5l6,7 
% DIFF - - - 9-3

T O T A L  M A S S /  B A L A N C E  G R A M S  I N -  1 6 7 2 * 0

T
L

T
-



CSAL HYDROGENATION MASS BALANCE 

RUN NUMBER L-NT-Q-7 CONDITIONS OF RUN
DATE OF RUN : 12*10-68 PRESSURE - r -  T - i - r *  2380*0 PSI

.TEMPERA TURE^ - = 450* 0 C

INPUT IN GRAMS 

. MAF COAL * 247*7

ASh- 35*3

WATER- - m  ” - 0*0

RECYCLE OIL - ' 1383*7

HYDROGEN- - - 44*3

CATALYST- 1*7

total Mass balance

Ti me - - -  s -  - -  - -  -
COAL CONCENTRATION - r - 
CATALYST CONCENTRATION -

OUTPUT IN
UNREACTED coal 7*2 2
PRODUCT OIL - 179.3 7 4

OIL < 325C 161*8 67
Gas — — — — — 33.6 14

methane - 9»5 ( 3 . 9 5 % )
ETHANE- - 10*5 ( 4,36%)
proPanf - 9 «3 ( 3*89%)
butane- - ■. 4.3 ( 1*81%)-

REACTION water 19.0 ■ 7

ASH - - - I- -

water -

' RECYCLE OIL-

\ HYDROGEN 
CONSUMED - -
UNUSED • •

catalyst - -

GRAMS in • 1680*5
GRAMS OUT- - 1536.7
%  dtff - - - 8*6

4!06 HRSJMIN 
0,170
1*7 GR; 0.751% MAF 

GRAMS

.99% OF MAF COAL AND H2 

.6-1% .OF MAF COAL AND HS 

.34% OF MAF COAL AND HS 

.00% OF MAF COAL AND H2

&  :
ro

,91% OF MAF COAL AND HS }

32 /3

o . o

1282*8.

13 ,8
30.5

1.7



C D A L  H Y D R O G E N A T I O N  M A S S  B A L A N C E

RUN NUMBER L-NT-Q -8 
DATE OF RUN I B - n -68

CONDITIONS DF RUN 
PRESSURE - . - - T  = T -  - 
TEMPERAFURE- - - - - - -
T I Ml E T  -  -  T  T  -  -

CDAL CONCENTRATION - - - 
CATALYST CONCENTRATION -

2450*0 PSI 
425 .0  C 

2=06 HRSIMIN ..
. 0 , 170

1 6 7 CR; 0.734% MAP

INPUT IN GRAMS OUTPUT IN CRAMS

MAF COAL- - - 247*7 UNREACTED COAL 25*4 10.74% OF MAF COAL AND
PRODUCT OTL - 185.1 78.16% OF MAF COAL AND

OIL < 325C 77*8 32.85% OF MAF COAL ANDUAG * w *» * 9.5 4.00% OF- MAF coal AND
METHANE ” 3*8( 1,59%)ETHANE- - 2*8( 1,17%)
PROPANE - 2 * 3( 0*97%)
BUTANE- - 0*6( 0*27%) •

Reaction water 16,5 6 . 9 7 % OF MAF coal AND
ASH-................. 35.3 ASH - - - - -  33*.!
WATER................. ■' 0 *0 ' water - - - - ' 0 , 0

RECYCLE OTL - 1383*7 " RECYCLE oil- 1402*0
hydrogen-' - - . 39*4 , HYDROGEN

HS
HB

catalyst- - - 1*7

CONSUMED - - 
UNUSED

catalyst -

5 ,1
3 4 . 3

1.7

T O T A L  M A S S  B A L A N C E GRAMS' IN , 
GRAMS OUT. 
% DIFF " •

1671.8
1564.3

6*4

■173'



C 9 A L  H Y D R O G E N A T I O N  M A S S  B A L A N C E

RUM NUMBER L-NTwO-9 
DATE 9F RUN 12-12-68

input in grams

CONDITIONS. BF RUN . . .
PRESSURE - M- T T T - ?  2350*0 PSI 
TEMPERATURE, - - - - - - -  475*0; C
TIME , T - ,  - - ,  - - - i-:07 KRS:MIN
COAL CONCENTRATIBN - - ,  0,170
CATALYST CONCENTRATION - 1*5 GR; 0,6.44% MAF

output'IN grams

MAF COAL 247,7 UNREACTED COAL 
PRODUCT OIL - 

" OIL .< 325C
gas - - - - -

METHANE - 
ETHANE- - 
PROPANE -
butane- - 

Reaction water

8*5 
181*9 
109*3 
28*3 
10.7 ( 

8 , 4  (
6 * 6 ( 

2 » 6  (
19.3

3*58% OF MAF COAL AND H2 
76.30% QF MAF COAL AND H2 
45,85% OF MaF COAL AND H2 
11,89% OF MaF COAL AND H2 

4*50%)
3.52%)’
2.79%)
1.08%)

8,10% OF MAF COAL AND H2
AS|_|- - * - T T 35,3 ASH - ■ - - - .- 33,2
water- - - WATER - - - - 0.0
RECYCLE OIL - 1383,7 RECYCLE OIL- 1372,9
hydrogen- - - 34,8 HYDROGEN 

CONSUMED - - 
UNUSED - - - '

5,6
29,1

CATALYST̂  „
/

T 1*5 CATALYST r - 1*5

TOTAL mass balance ■ GRAMS
grams
% DIFF

IN - -
BUT- -

** m m
-1672.4
1571*5 

6-, 0

“4
2-

T'



C 9 A L  H Y D R g G E N A T I O N 1 M A S S  B A L A N C E

RUN NUMBER L-NT-QrlO 
DATE OF RUN 12-12-68

input in grams

' CONDITIONS. OF RUN 
PRESSURE - b - r a » - 
TEMRera FUREr - T - - T  
TI ME - - -  T -  T r - T  

COAL CONCENTRATION r - 
CATALYST CONCENTRATION

2450,0 PSI 
. 450"0. C 
2:08 HiRSIM IN 
.0,170
1*6 G:R; 0*691% MAF

OUTPUT IN GRAMS
MAF COAL - - - 247,7

ASH" * * " * 35*3
WATER- m  ■ •• F O O

RECYCLE OIL » 1383,7
HYDROGEN-'- - 40,0

CATALYST- - - 1*6

T O T A L  MASS B A L A N C E

UNREACTED COAL 8*7
PRODUCT Oil - 187*9

OIL < 325C 119*5
Gas - - - - - - 24,5

METHANE - 9» 3 ( 3
ethane- - 7 • 3 ( 3
propane - 6 • O ( 2
butane- - I • 9 ( O

Reaction water- 18,0

3*64% OF MAF COAL AND H2 
78,41% OF MAF COAL AND H2 
49*86% Of MAF COAL AND H2
10,22% OF MAF CQAL AND H2 

*87%)
,05%)• 51%)
*79%)

7,51% OF MAF COAL AND H2

i

i

ASH 33*0
water - ? - - 0,0
recycle oil- 1362,2

HYDROGEN
CONSUMED - - 8,.I
UNUSED - . -  - 31,9
CATALYST - ,  I.,6

GRAMS IN «, •» 1674,8
GRAMS OUT- - 1566*0
% D IfF - 6*5

-5 Z
r



C9AU HYDRepENATIQN MASS BALANCE 

RUN NUMBER L-NT-O-H ' ■ C0NDITI9NS 9F run
date DF" RUN 12 -13-68. PRESSURE - r - - r e -  ES-OOfO PSI

TEMPERATURE- - - - - - -  45q»o C
TIME ? - - - - I ; 06 HRS ;M IN

U' COAL CONCENTRATION - - - o»170
CATALYST

INPUT IN GRAMS ;
. '*

MAP COAL *. - - P47'%. . ■ UNREACTEP COAL
' • ... ' , PRODUCT OIL -

• U.' v' OIL •< 325C
gas — — — — —

METHANE - 
ETHANE- - 
PROPANE ■- 
butane- -REACTION WATER

ASH- 35» 3
W ATER-  -  -  -  -  0 * 0

RECYCLE OIL - 1383*7

HYDROGEN- - - 36*8

CATALYST- - - 0» 3

TOTAL MASS BALANCE GRAMS IN ,  -
= GRAMS OUT- -

% DIFF * - -

CONCENTRATION - 0»3 GR; 0»130% MAF
OUTPUT IN GRAMS

27»I H*5i% OF MAF COAL AND Hg
176*2 74.97% OF MaF CoaL AND H2
79*1 33,66% OF MAF COAL AND H2
14*6 • 6.19% OF MAF COAL AND H2
5*9( 2*50%)

: 4.5( 1*91%)
3 * 3( 1.39%)
0*9( 0,40%)

17*0 7*23% OF MAF COAL AND H2

ASH - - - - - 33*0

WATER -- - - - 0*0

RECYCLE OIL- 1391*0
hydrogen
CONSUMED F ,  3*4
UNUSED - - - 33*4
\ - 
CATALYST - - 0*3 ■

1670*2
1561*8

6*5

9
 IT

-



C O A L  H Y D R O G E N A T I O N  m a s s  B A L A N C E

RUN NUMBER l- nt- q- ip conditions, of run
DA-TE OF RUN 12-13-68 PRESSURE :- r ? r ? ? ? « 2300*0 PSI

" TEMPERATURE? - . ? ? ? - ?  450*0 C
TI^E ?' - r* - ? s - - ? 2s 06 HRSIMIN
COAL CONCENTRATION - - - 0.170
CATALYST CONCENTRATION ? 0*0 SR; 0*000% MAF

INPUT IN GRAMS OUTPUT IN GRAMS

MAF COAL - - - 247*7 UNREACtED COAL 7 * 9 5 •94% OF MAF COAL AND H 2
PRODUCT OIL - 98*1 73. 66% OF MAF COAL AND H 2

OIL < 325C 65*2 48. 98% OF MAF COAL AND H2
gas - - - « - 12*7 9, 54% OF MAF COAL AND H2

methane 5*K 3.84%) .
ethane- - 3 • 9 ( 2*94%)
propane m 2 • 9 ( 2,16%) H

butane- - O«8 ( 0,60%) J
reaction water 12*5 9* 39% OF MAF

_r<CD
C

J AND H2
ASH- - - - ASH - - 18*4
.WATER- - - water - O O

RECYCLE OIL - 1383*7 - RECYCLE OIL- 753*7

hydrogen- - - 34*9 \ HYDROGEN
CONSUMED » - 4*1
UNUSED " - 30*8

catalyst- - OOt \
CATALYST - - 0*0

total mass balance GRAMS IN - 1670*8
Grams out- - 870.* 4
% DIFF -  - - 47»9



XIV. M a s te r  Summary -  S e r i e s  Q.

Summary o f  E x p e r im e n ta l  R e s u l t s  i n  P e r c e n t

RUN TIME _ temp CATCN

I; "!Mt’’O’" I 4 : 08 425,00 ' 3*991
L-NT-Q-Z 2 :0 & 475,00 0 * 0 0 0
LflNT-Q~3 2 : 0 6 425,00. 3*877
LflNT-Q-V I = O? 450*00 3*754
L - NT-Q-5 2:0? 450.00 4.076
L-NT-Q-6 I ! 0& 475.00' Q*Oqo
LflNT-3-7 ■ 4 i 06 450.00 0*751
LflNT-Q-S 2 : 0 6 425.Q0 0*734
LnNT-Q-S 1:0-7 475.00 0.644
L-NT^Q-lO 2 : 0 8 450*00 , 0*691
LflNT-Q-I I 1 : 0 6 450*00 0*130
LflNT-Q-12 2 5 O6 .450*00 0 * 0 0 0

C oal G oing t o  E ach  P ro d u c t

% UNCBN % OiL % GAS .% H20

0*842' 79*632 10*896 7«925
3*463 64*580 23*788 7.635
5*255 82*463 4,982 6.914
6 ,094 80*197 5*57o 7*926
3,343 77*168 11.351 7 .689
8.716 70*568 13*241 7 .263
2*99.3 74*611 13,998 7.9Q7

10*739 '78*157 ' 3,999 6*967
3,577 . 76 .299 11*885 8.096
3*640" 78*413 10,217 7*511

11*513 74*967 6,192 7*233
5*937 73*657 " 9 , 54q 9*390

-178-



XIV. M a s te r  Summary -  S e r i e s  Q .,  Co n t . -

Summary o f  E x p e r im e n ta l  B e s u l t s  i n  Grams

RUN . TIME TEMP catcn
• L ' .S 1 (%)
Ir * N-;T Q ~ I 4:08 • 425,00 3*991
LwNT-Q-S 2 : 0 6 4 7 5 ,'oo- 0*000
LwNT-Q-S s:o6 425,00 3*877
LwNTrQ-4 • . I ! 07' 450.00 3*754
LwNT-Q-S 2:o7 ' '450 »-00 ■ 4*076
LwNT-Qr6 ■ 1 : 06 475,00 0*000
LwNT-Q-? 4 : 0 6 450« 00 v 0*751
LrNT r Q-8 2 : 0 6 425.00 0*734
LrNT-Q-9 ' 1 :o7 475.00 0*644
LwNT-Q - I O ?:o8 450*00 0*691
L-NT-Q-11 I '  O6 450*00 ' 0 * 13q
LwNT-Q-IS 2 : 0 6 450,00 0 . 0 0 0

P ro d u c t  Found a n d 'L o s s  V a r ia t io n  .

PRODUCT <325c ' HSUSED LBSS
(gm) (gm) (gm) (%)

194*927 150*700 19*282 8*954
153*088 152*600 13*1-57 . 9*603
203*962 105*000 15,213 6*28l
192*244 107,300 7,939 6 .421
186*663 155*100 13*747 7*887
162*251 97*300 5*239 9*285
17.9*277 161 *800. 13*799 8*558
185*094 77,800 5,080 6,433
181*878 109*300 5,633 6*030
187*921 119*500 8 . 07l 6,498
176*192 79*100 ' 3 , 426 - 6*492
98 ,056 65.200 4,101 47.907 B

Z
r-



TABLE V II . S t a t i s t i c a l  V a r i a t i o n s .

A. R e c y c le  Number O ne.

MULTIPLE REGRESSION WITH 13 VARIABLES AND gg OBSERVATIONS

I
I
?.
3
'I
5
6
7
8 
S

10
11 
12 
13

MEAN ■ St, DEVIATION VARIANCE . 
0 » 8 3 9 o7 3 7 e E + 00 O *5S4562A8E+00 O 13 4 1 7 13 6 1E + 00 
O • 45328931E + 03 0« 1942''6'804'E + 02 0'37740.039E+03
O * 7 o 6 2 8 4 2 8 E  + oo
0.84267263E+01

0 * ' 6 9 3 1 7 4 o 6 e + 0 0  Q " 4 8  
0'52527466E+0l 0'2? 4 9 Q 1 5 E + 0 0

91324E+02
0 * 5 6 1 8 8 8 8 9 E + o 2 
0 « 2 3 5 8 P -8 6 7 £  + o 2
0 ' 11269o45E*02 
0*83193l76E+02 
0»19239120E+02 
0*240644295+03 
0,379407715+03 
6,530375485+00 
0.321794685+03

0*182821815+02
0*155707965+02
0*306487085+01
0*219821625+02
0*835827165+01
0*347105475+03
0*.2654995lE+03
0*762683575+00
0*316913575+03

0*334238045+03 
0*242449725+03 
0*939.344125 + 01 
0*483215335+03 
0*698607335+02 
0*120482135+06 
0*704900005+05 
O • 581686445 + 00 
0*100434135+06

SUM OF SQUAReS
0 * 1 2 6 4 3 4 0 6 5 + 0 2
0*139638205+05 
0*177781375+02 0*102087925+04 
0*123668135+05 
O » 8 9 7 o 6 4 o 6 E + 0 :4 
6*347557375+03 
0*178789695+05 
0*258484775+04 
0*445784005+07 
0*260813105+07 
0*215224005+02 
0*371606405+07

1
&0
.J



A. R e c y c le  Number One. .

I J K CORRELATIONS GF VARIABLE.'  l" WITH VARIABLES J THROUGH K

TABLE VIII. Correlations of All Variables With Each Other Recycle Number.

'I. 2 7 - 0 * 0 ^ 5 2 -0*157783 -0-162271 -0*440138 0*471690 0*460165
I 8 13 0*524660 0*732579 0*4821.17 0*997396 0*4 82076. "0*162795
2 3 8 0*125343 0*058163 -0*724559 0*751215 0*365073 0 * 5i 4q512 9 13 0*370681 0*045258 -0*026048 0*016129 0*170185

3 4 9 •*0*6625o8 0*175155 0*049974 "0*181039 0*457772 0*3527io3 10 13 . 0*610658 -0*152485 0*612305 0*998o52
4 5 10 "0*277.5o5 -0*018729 0*076149 "0*477703 -0*447880 "0*5940384 11. 13 "0»154666 -0*600001 -0 * 664604
5 6 11 -0*944790 -0 ♦ 654Q94 -0*566525 -0*596983 - 0 , 1 2 23 93 -0 *4917665 12 13 -0*092754 0*143108
6 7 12 0*540051 Q*7o96l4 0*754528 0*31820? ' 0*522912 . 0 *289457.6 13 13 0*0845-00 I
7 8 13 0*539314 0*429332 0*089427 0*492304 0*069486 -Q *1629o7
8 9 13 0*849788 0*647794 '0*561254 0*631541 - 0*475576
9 10 13 0*692821 0*759962 0*680939 ,0*362640

i o 11 13 ; 0*489211 0*998700 0 * 6q5626

H 12‘ 13 ■" 0*486617 -0*155167 ... ..

12 13 13 0*604880



TABLE IX . • R e g re s s io n  E q u a t io n s  f o r  I n d iv i d u a l  Y ie ld s  and T h e i r  .D egrees o f  F i t  t o  t h e  E q u a t io n .

A. R e c y c le  Number One.

Y=VAR 4 I ■ b; SB TI 0-4986-3495E + 02 0.33339798E+02 1*50
2 0* l9866360E + 00 0*762317i_8E"01 2 » 6 1
3 0,993237922+02 0*3qo6935i E+o2 3,3o

10 • o*17995512E+Q0 C6 69442i53E»ol 2*59
11 -0*1139279oE+ 00 0*7 37o0964E-q1 *1*55
12 -C«'83o4o497E + o2 0*3i 6o4782E+02 "2*63
13 "0 * 2 2 8 p3 53  o'E+ 00 0 •65943]t22E"01 -3,46
0 '”0«76??10083E + q8

■ PAR R
0*2634
0*4297
0 * 5 l 6 4
0 * 4 2 7 7

' 0 * 2 7 1 6
' 0 * 4 3 2 5
' 0 / 5 3 4 2

MULTIPLE R=O» 8 1 9 3 , R SqUARE=O•6713 ST ERROR OF EST=Q«334462o7E+oi
source .DF SS Ms F

DUE TO REG ' 7 0*68.5284672 + 03 0 * 9 7 8 9 7 7 9 7 E + 0 2 . 8 , 75
ABOUT REG 3 0 0.335594.48E + 03 0* U 1 8 6 4 8 2 E  + 02

TOTAL 37 0*102087922+04

Y = VAR .5 I B . S(3- T . PAR R

U
CDro
I

MULTIPLE

1
2
3

10 
11 
12 
33 

0 
R =

0 • 3 2 6 6 0 2 0 SE+02 
"0 * 6'6258Q01E + 00 
10 ♦ 9 3 ? 7.-9 3 4 3 E + 0 2 
- 0 . 2 7 1 108 33E+:00 
- 0 . 10946023E + 00 

0 , 1270679.6E+03 
0.20923460E+00 
0 • 367052 4’9E + 03

0*9328, R SQUARE = O.8 7 0 1  SI ERROR OF EST = Q. 7 3 1 7 3 4  IS'E + 01

0.72961853E+02
0.16682023E+00
0.65791336E+02
.C.15192187E+00
0.16128939E+00
0.69143U2E+02 
0 • I 4428318E + 00

'45
,97:

- I » 4 2 
-1.78
-  0 « 6 8  

1.84
1,45

*•0*5870
»0*2506
*0*3098
»0*1230
0*3181
0,2559

, .SOURCE DF . . SS MS F
DUE- TO REG 7 0* 1076q508E+'05 0*153721532+04 28? 7i

'' ABOUT v RFG 3 Q 0.160630472+04 0*535434882+02
total 37 0.12366813E+05



TABLE IX. Regression Equations - Recycle Number One.,. Cont.

I ■ B - S 3 T P A R  'R
I ■»0 • 5 7 2 1 3 1 8 1 E + 0 2 0 * 5 9 2 0 6 7 8 7 5 + 0 2 - 0 * 9 7 - 0 * 1 7 3 7
2 ' 0 * ^ 5 0 2 6 6 9 0 E + 0 0 0 * 1 3 5 3 6 6 2 6 5 + 0 0 3 . 3 3 0 , 5 1 9 1
3 .C *47265158E+01 0 * 5 3 3 3 1 2 5 6 5 + 0 2 - O 1 O S ■ " 0 , 0 1 6 2

10 0 . 8 1 9 4 8 5 7 8 5 - 0 1 0*12329%09E.+00 00 6  6 0*1205
U 0 ,1 5 9 6 9 9 9 85 + 0 0 0 .1 3 0 8 8 2 6 25 + 0 0 . 1 * 2 2 0 , 2 1 7 4
12 "iQ * 3 8 6 3 4 4 3 0 5  +  0 2 0 * 5 6 1 1 3 0 6 8 5  +  0 2  ... - 0 * 6 9 " Q ,  1 2 4 7 .
1 3 0 * 1 5 2 3 4 0 6 1 5 - 0 1 0 * 1 1 7 0 6 7 2 8 5 + 0 0 0 *13 0*0238
O -0 .19389128E+Q 3

multiple R=O*9 3 9 2 , R SQUARE = O * 8820 ST ERROR OF EST=0*593982605+01
SBURCE DF SS MS F

DUE TO REG 7 0*791219535  + 04 Q* 113q3135E + 04 32*04
ABOUT REG 30 . 0*105844535+04 0*3528l5Q9E+02

TOTAL 37 0*897064065+04

Y=VAR 7 I B Sg T PAR R
I **0*2308 6-8 68E + 02 C•244339I 4E+Q2 - 0*94 "0 ,1700
2 0 * 9 8 9 5 8 9 8 4 5 -0 2 0*55865441E"01 0 • 18 0,0323
3 0*782021285-01 0*220313265+02 0*00 •0,0006

,10 0 * 1 6 3 4 1 9 2 5 5 -0 1 . 0 * 5 o 8 7 9 u 7 E - o i 0*32. 0*0585
U  . 0 .581893065-01 0 *5 4 0 1 3 6 8 8 5 -0 1 1*08 0,1930
.12 -0*866114235+01 0*231562505+02 0*37 - 0 * p 6 8 l .
13 0*550269385-03 0 *4 8 3 1 5 5 9 2 5 -0 1 •0*01 0,0021

O 0 ,450618275+01
MULTIPLE Z) H O *6939, R SQUARE =0*4815  ST ERROR OF EST = O»245096025+01
; SOURCE DF . SS MS F
DUE TO REG 7 0*167340945+03  0*239058385+02 3*9g

/  A5.0UT REG 30 0*180216435 + 03 0*60072-1365 + 01
. TOTAL 37 0*347557375+03

-1
8

3
-



TABLE IX. Regression Equations - Recycle Number One., Cont.

. 'I . B SB T PAR R
■. ' I * Q. 13A68549E+Q3 0 ’ 9 5 0 0 2 6 8 6 E + 0 2 *1.44 " 0 * 2 5 4 1

. 2 . 0• 27593S7BE + 00 . 0*2. i 721733E  + 00 1*27 Qf 2259
3 . ^ p / ' 2 0 0 l6 6 3 2 E  + 02 ■0«8567o593E+02 " 0 ' 2 3 "0*0426

/ 1 0  " O * 9 o 9 4 2 6 S l E - 0 1 0 ’ l9782442'E*-00 *0*46 *0« q836
'1 1 ' 0 * 3 5 4 8 6 6 3 9 5  + 00 0 ' 2 l 0 0 l 2 6 7 E + 0 0 1*69 0 * 2 9 4 8

' 12,. 0 • 4 o943359E  + 02 0 '9 0 0 3 4 4 5 4 E + 0 2 0*45 ' 0 * 0 8 2 7
13 ' '  0 , . 7 9 6 i 4 o 4 3 E - o l  

0. , -0 -7 3 1 4 9 .2 1 6 E + 0 2
0 '1 8 7 8 7 9 Q 3 E + 0 0 0*42 0 ' 0 7 7 l

MULTIPLE P = O * 9 2 0 7 /  R SgUARE = 0«S477 ST ERROR Q f  EST=O• 95273228E + 01
SOURCE DF SS Mg F

DUE TQ REG • 7 0 »15 155875E + . O' 2 16 5 l 2 5 0E + o4 2 3 .8 5
ABOUT REG . 30 0 * 27230938E+04 O>9Q769791E+02

TOTA1 37 ' 0'17878969E + 05

Y=VAR 9 I • 8' Sb T . PAR R
I -0.20126144E+02 0*259254615+02 ^0*78 w O-* 1403
2 0 . 12719947E + 00 0*592756832-01 . 2*15 053648
3 O«19545532E + 02 0*233807375+02 0*84 0 ?1509

10 0.95499568E-02 0 * 5 3 9 8 8 9 3 4 5 -0 1 . 0*18 • 0 *0323
11 O * 7 O 6 4 6 8 8 2 E - OI 0 * 5 7 3 1 0 6 3 7 5 *0 1 1,23 0 ,2 1 9 6
12 *0 *454 4 4012E + 01 0*245716095+02 wOi IS wQ s 0337
13
O

• -0.31010062E-01 
■-0.52049393E + 02

0 * 5 1 2 7 4 9 8 1 5 *0 1 ”0*60 wO,1098

MULTIPLE' R = Q.9600/' R S0'UARE = 0»92l6 ST ERROR OF EST = 0.259"92699E*01
SOURCE DF SS - MS F

• DUE TB-REG 7 0*238216162+04 0*340308595+03 50.37
/ about: REG 30 0*202686045+03 0*675620085+01

' TOTAL 37 0*258484775+04

-L
8T

-



TABLE VII. Statistical Variations.

B . R e c y c le  Number Two.

MULTIPLE REGRESSION WITH 13 VARIABLES AND 23 OBSERVATIONS

I MEAN . .  s t * d e v i a t i o n ... ..  v a r i a n c e  sum of  s q u a r e s
1 0.663f)il25E+0D 0'57l5l574E + 00 Q « 32663q1 SE + OO O» 71858654E + QI
2 0 .4 4 8 9 ip 8 4 E + 0 3  0*2 l94 '8 lU 5E+02  0 '4 81 7 1 92 4 E + 0 3  0* 105978?8E + 05
'3 0 * 7 1 9 3 4 7 2 4 E + 0 0 \0 '7 0 4 0 5 6 4 4 E + 0 0  o*49569559E+00 0*109o53()4E+02

• 4 Q.11459901E + 02 0 "76020079F. + 01 0 • 57791397E + 02 0 • 127141 11 E + 0'4
5 O •67853c88E + 0 2 .'0 » 96979551E + QI o • 94o5q323E + 02 O •2 0 6 9 1 0 7 4 E + q4

■ 6 0?l05'35774E+02 '0*783‘4l.455E + 0l q • 61373795E + 02 O » 1350 2236E+q4
7 . O * 9 6 9 4 4 7 1 -+F + Ol Q»2 2 4 3 8 o 3 0 E  + 0 1 Q • 5 o 3 4 6 6 o 3 E  + o l  0* 1 1 Q 7 6 2 5 4 e +q 3
8 O * 5 2 6 1 8 5 9 1  E+.qP O • 2 5 2 15 454E+G2  Q * 6 3 5 8 1 9 0 9 E  + 03 O » 1 3 9 s 8 o23E + o 5

■ 9 0 * 1 135Q904F+02 0*73263454^+01  Q.53675308E+02 O• 11Sos572E+o4
10 ' 0»?1400594E+.03 0*31.8923832 + 03 o*10171231E + o6 0 *223767102+07
11 0*29 6 8 48 6 3 2 +0 3  0 »25789014E + 03 p*.665o73l3E + p5 0* 14631610E + Q7
1 2 . 0*477379622+00 0*707563582+00 q •50064647E+00 0*110l4223E+02
13 0*3231401:42 + 03 0*313225102 + 03 o • 1Q126719E + 06 0 • 22278790E+07

-5
81

-



TABLE VIII. C o r r e l a t i o n s  o f  A l l  V a r ia b le s  W ith  E ach  O th e r R e c y c le  Wumher. 

B, R e c y c le  Wumher Two.

’ ! J K correlations or Variable' i with variables J- THROUGH k

I 2 7 "0e065523 0*001154 -0*3o8789 -Ov123o50 0*285866 0*437Sq6
r 8 13 o*5q7oo6 . 0*7 l7549 0*574711 0*996936 0'576Q97 "0*0013/7

. . 2 3 8 0'Ol4&o3 “0*3o3257 -Ov6 OlO65 0*856qi9 0*6i 8943 0®58876o
. ■ '2 . 9 13 0*312748 0 * Ql69oS -OvOO3 OB6 -0*019923 0 «o644S8

3 4 9 "•0 * 4 6 6 1 6 1 0 *105599 O'199223 01395518 0*432269 0 * 46q966
3 10 13 0 * 603986 0*002700 0*610383 0*997614

4 5 10 *0*377196 -0*343445 -0*485796 -0 * 487890 -0*583523 ■-0*3o389l
V. 11 13 -0*301077 -0*316392 -0*469719
5 6 11 •"0 * 726863 -0*482036 -0*5cl727 *0*285090 -0.217618 -0*187937
5 12 13 »0*171642 0*067389 ••

6 7 12 0.751494 0*851935 0*662467 .0*389941 0.344352 0*349198
6 13 13 0,245083 .
7 8 13 0*750891 0*757330 0*509299 0*485258 0*493890 0*412976
8 9 13 0*828272 . 0*636813 0*550032 0*608357 0*465773

9 10 13 ’ 0*74 4 6 25 0*736224 0 *732649 , 0*476016

10" 11 13 / 0*577357 ’ 0*997990 0*609878

i i 12 . 13' ■ 0*575098 0*003308

■ 12 13 13 0*606829

-.9
91-



rPA1RTi-R IX . R e g r e s s io n  E q u a t io n s  f o r  I n d iv i d u a l  Y ie ld s  and T h e ir  D e g re e s  o f  F i t  t o  th e  E q u a t io n . 

. B . R e c y c le  Number Two.

Y=VAR 4 I .  ‘ t B. SB . T PAR R
I  * 0 *1 7 3 2 5 8 2 6 5 + 0 3 0*361274572+02 "4*80 "0*7780
2 -0*46j P0846E + 001 0 '7 2 3 3 3 9 9 2 E *0 1 -6*38 "0 * 8547
3. ,"0*585955202+02 0*318307342+02 - 1 *.84 - 0 » 4.293

10 0*216969732-02 0*778721572*01- 0 *03 6*0072
11 0*364463872+00 0 *7 9 8 8 4 3 5 0 2 -0 1 4*56 0*7624
12 , 0,*4916 6 8 2 2 2 + 0 1 0*3.51316222+02 0*14 0*0361
13 -.0 » It 0794842+00 
0 ':d* 228720212+03

O * 7 0 4 4 2 o 8 0 2 ̂  0 1 1*57 0*3763
MULTIPLE R=O*9392, R SQUARE=0•8822 SI ERROR 6 F

SOURCE .DF SS Mg
DUE TB REG . 7 0 *11216o5oE + o4 0*160229282+03
ABOUT- RE.G 15 0* 14980,6152 + 03 0*998707682+01

TBTAL 22  ' 0*127141112+04

EST=0'31602345E+01
F

1 6 ,0 4

YfVAR 5 I B . Sg T PAR R
I 0 *1869655oE+o3 0*493752i4E+O2 3*79 0 ? 699,1

■ 2 0*111469692+00 0*988546015+01 1*13 0+2795
3 0*3004898 1E+02 • 0*434918822 + 02 0*69 0*1756

10 -0*803059.-942 "0.1 • 0*106430772+00 ■' -0*75 -0*1912
11 -0*407263342+00 0*109177952+00 -3*73 "0*6937
12 0*281934202+02 0*480154115+02 0*59 0*1499
13 "0*521671322-01 0 * 9-6 2 4 8 9 8 4 E *• 01 "0*54 • "0 * 1336

0 0*137168942+02 -

MULTIPLE 33 Il O ■*9p98, R SQUARE=0*8646 . ST ERROR OF EST=O*432175452
: SOURCE DF 'S1S MS- F

DUE Te -REG 7
-ABOUT- REG 15

TOTAL 22

0 »17889441E+04- 
0-280.16333E + 03 
0'20691074E+04-

.0 * 25556343E + 03 13*68
0 ' 18677551E + 0 2

-Z
ei

w



TABLE IX. Regression Equations - Recycle EumBer Two., Cont,

Y=VAR 6 I , B ■ ' Sb T PAR RI 0*116939952+Q2 0-285301972+02 . 0* H 0-1052
2 0*29399'0082+qo O'* 57 11.6 1 2 12 = o I 5* 15 0?799i
3 0*211427002+02 0-251306762+02 0*84 • 0? 2123

10 0*120.772542+00 . 0*6i495l66E=01 1*96 0-4523
11 ”0* 190'956-562 = 01 0“63o856162 = oI "0-30 «0'0779
12 "0 * '5 2 2 l  66142 + Q2 0-27743 i 492+02 - 1 *8 8 . =0*4371
13 -O*452237762"0i O • 5 5 614 9 7 ] 2 = o I' rO-8I ” O ’ 2 O B 5

0 "0*125039062+03
MULTIPLE R = 0."964R, R SqUARE = O * 93q8 ST ERROR 0F ESTsO'

SOURCE DF SS Ms
DUE TO REG 7 0-12567825E+04 O-17954034E + 03
ABOUT REG 15 0-934411622+02 0*622941022+01

total 22 O'*135022362 + 04

Y=VAR 7 I B »3b

24958792E+01
F
-»8 2

1 ,0 .23618668E+02
2 0.53742558E-01
3 0,83706?17E+01

10 ,0,335827102^01
11 0 ,566617772-01
12 0,150431872+02 

),15783709E"01

0»108463242+02 
0.217185092=01 
0,955700402+01 
0,233793182=01 
0,239832222*01 
0.105474232+02 
0*211499112-01

T
-2*18 

2 * 47

/

MULTIPLE 
. SOURCE 
DUE T9 REG 
ABOUT . REG

TBTA,

.13 -
O -0*165072022+02 

R = O•9370/ R'SgUARE = 0*87801 2 3 ST ERROR OF 
DF SS MS

7 0*972501372+02 0*138928772+02
15 0*135124052+02 0*900826992+00
2.2 O'* 110762542 + 03

0
" I

2
I

= O

,88
, 44
-36 
■ 43 
.75

PAR R' 
=O»490I 

0*5384 
0*2206 

= 0 » 3 4 7 7 
0*5208 
0*3456 

=0-1892

257=0*949118322+00
F

15*42



TABLE IX. Regression Equations - Recycle Euiriber Two., Cont.

Y=VAR 8 I B SB : T ' . . . .  PAR R
■ I "O.94152969E+02 0,131356462+03 -6,71 -QslSlS

2 0*393152952+00 0.263959172+00 1*49 ■_ 0*3589
3 -0.74760529£+02 0,116139572+03 »0*64 •?0, l64o

10 -O * 14744934E-01 0 * 2842251 12 + 00 ” 0*05 "Of 0134
11 0,251869922+00 • 0*29l55952E+00 0*86 0*2177
12 0 ,128817312+02 0*128226202+03 0*10 0*0259
13 0*190890672+00 0,257020412+00 0*74 0*1883

m u l t i p l e "
O "0 .147115172+03 

R=o.9259, R square =0*8573 ST ERROR QF EST=O ,115355541
SOURCE DE SS ■Ms F

DUE TQ REG 7
ABQUT REG 15

TQTAl ' 22

Q«11991988E+o5
0,199603522+04
0,139880232+05

0,171314115+04 12*87
d#133069002+03

Y=VAR 9 I B SB T PAR R
I 0 * 302084 96E + 02 0*380538022+02 0*79 O ? 2008
2 0,148820462+00 0 ,761824852-01 1*95 0*4503
3 0 ,122804752 + 02 0 ,3 3 5 1 4 oo8E+02 ' 0 •'37 . O f 0942

10 0 ,329486802-01 0*82004845E"01 0*40 0*1032
11 »0*478430092-01 0 .841441752-01 -0*57 -O81453
12 »0.136163562+02 0.369959112+02 ' »0*37 »0 * 0946
13 -0*183716752-01 0 .7 4 1 6 7 5 5 0 2 -0 1 . »0*25 .. »0*0638

0 -0 .647312472+02 '
MULTIPLE R=O .9 2 6 9 , R SQUARE=O.8592 ST ERROR OF 2ST = 0*332956122-+01
: SOURCE DF- SS MS F

/DUE TQ REG 7 0*101456762+04 0M4493S23E + 03 13,07
■'about reg - 15 O'"* 166289552+03 O’* 110859702 + 02

. total 22 0*118085722+04

-189-



-C. R e c y c le  Number T h r e e .

TABLE VII. Statistical Variations.

multiple regression with is variables and Bi Qbservatisns 

• i ' mean - Sr, DevTa t ' variance sum 0 f squares
1 0'693l4772E.+ oQ o*57992.76.2E+oO 0 ’3363l635E+00 O e672'63279E+0 i
2 0'45238086E+03.0'22227189E+02 0'4940476lE+03 0»988o953lE+04
3 0'82799232Et00:0'7i58ii9iE + Q0 o«5123865oE + 00 0 0 10247731Ê QS
4 o*9554o5o4E + ol 6747m-3E + 0l ■ o ’ 45523483E + 02 O « 91 046997Ê q3
5 0*63880127,E+Q2' 0*%5321429E + 02 0 • 23474626E + Q3 0» 469A9238E+q4

: 6 0« 15066727E + 02" 0 U3792003E + 02 q * 19021931e + 03 0'38043867E+Q4
7 0-'10626530E + 02 0» 1990^8222 + 01 Q,396162032*01 0*792324222 + 02
8 0*568526312 + 02 0*239:577792 + 02 0 • 573974612 + 03.0* 114794962 + 05

■ 9 0 *140412422 + 02 0?l0200%7lE + 02 0 • 104o537l2 + 03' 0 * 2 q8 I o745e+o4
10 0*234005452+03 0*332397222+03 0*110487812+06 0«22097570E+07
11 0*312742192 + 03 0 * 2 6 1 7 9 9 5 6 2  + 03  0 * 6 8 5 3 8 9 3 8 2  + 05 0 *137o7800E + 07
12 0*5l793480E+00 0*7366f5842+00 0*542603312+00 0*10852068E+02

'13 0*373805182 + 03 0 02-3410892 + 03 0*104594632 + 06 0*209l8930E+07



. ‘ C. R e c y c le  Number T h ree ..

I J K C0RRELATI9NS OF VARIABLE 'I WITH VARIABLES J .THROUGH K

TABLE VIII. Correlations of All Variables With Each Other Recycle Eumber.

1 . 2 7  -Q«141 6 1 2
I 8 13, ' 0 «3659q4 ■• ■ 0 * 7 6 4 5 9 1

2 3 8 - C « 0 5 0 ? 9 1 . " 0 * 3 2 2 4 9 9
2 9 13 ' 0 * 2 8 1 8 0 0  ■■ 0 * 0 1 8 8 9 7>
3 4 ' 9 - -O * 2 8 4 9 8 5 •■'O • Q 6 9 9 4 9

■ 3 10 13 0 * 5 6 2 5 3 5 -0 •1 3 9 7 4 9

' 4 5 10 " O * I 7 1 2 4 7  • " 0 * 2 1 8 9 8 5
4 11 13 -  0 * 3 7 6 2 1 1 - 0 * 4 7 3 5 7 1

5 6 11 - 0 * 9 1 7 4 9 4 -0*287832
' 5 12 13 - 0 * 1 6 1 5 8 0 . 0 * 0 3 4 8 4 5

6 7 12 0*393770 . 0 * 8 2 5 7 8 6
6 13' 13 0*091810

7 8 ■13 0 * 4 5 7 2 7 9 0 * 3 6 9 9 9 0

8 9 13 0 » 6 7 4 6 8 4 0 * 5 6 8 1 7 3

9 lo. 13 0*689974 0 * 7 9 1 8 8 0

io 11 13 0 * 5 6 8 4 4 2
!

0*997918.

11 1:2 1 3 / 0 * 56 5 1 9 - 9 - 0 * 1 3 5 3 2 4 '

12 13 13 0 * 5 6 2 4 8 7

-0*382468
0*364227

"0*365365 
0*996824

0 «489408 
0*564781

-Q * 569365 
■-0*004077'

0*7q9427
-0*019103

0*325550
0*005456

0 * 047568 
0*563612

0* 130.118 
0*997278

0*378967

-0*467i5l 
- 0 * 3 0 1588

-0*4387q1 -0*448333

-0*652748 "0•614451 "0 *2 0 0 Q0 5

0*778356 0*393703 0*552397

0*183850 0*4.03103 0*190517

'0*417293 0*535813 0*423095

0*669063 0*271204 -

Q,387295
"0'l4o5Q3

Q <! 682484 

0 » 2 4 7 l 7 l  

-Q•46931 1 

-0^30088 

0 " 3 5 3 8 Q 2  

0 * 1 4 0 1 2 4

0»565U0

T
6t



TABLE IX. Regression Equations for Individual Yields and Their Degrees of Fit to the Equation.

C. Recycle Eumher Three.

Y=VAR 4 I B SB T par  r
I <"0*2076730 OE+ 03 0 * 4 3 2 3 6 6 9 4E+02 -  4*31 ^ 0 * 7 6 6 7
2 -0*5Q4'90B7o E+00 0 * 1 0 4 2 8 5 5 4 2 + 0 0 — 4*84 ■* 0 * 8 0 2 Q
3 - 0 * 7 9 2 8 4 3 2 3 2 + 0 2 0 * 4 2 1 8 0 8 3 2 2 + 0 2 " 1 * 8 9  ̂0 ■* 4 6 5 0

10 -'0* 136591 372 + 00 0»98384op3E*’o l  ■ r l* 3 9 **0*3593
11 0 * 4 4 4 5 1 9 1 0 2 + 0 0 0 * 1 0 5 8 4 2 8 3 2 + 0 0 4*20 0*7587

... 12 0 * 6 2 8 2 3 6 2 4 2 + 0 2 0 * 4 4 6 0 1 4 2 5 2 + 0 2 1*41 0*36 3 9
13 0 . 1 6 5 4 4 4 4 3 2 + 0 0 ■ 0 * 9 2 5 o3 2 5 qE~01 1*79 0 * 4444

• 0 ' 0 * 2 4 6 6 1 9 6 4 2 + 0 3
MULTIPLE R=O*8990, R SqUARE = O* 8083 ST ERROR OF

'SOURCE DF SS MS
-DUE ".T9 REG 7 n • 7359q4o5E + 03 0 *lo5l29l5E + o3
ABOUT REG 13 0*174565922+03 0«134281472+02

,  TGTAu '20 0*910469972+03

Y=VAR 5 I .B SR -

EST = 0*36644430^ + 01 F
7 ,8 3

MULTIPLE 
. SOURCE 

/DUE TO REG 
7 ABOUT REG

TOTAL

I
a
3

10
11
1?.
13 
• 0  ' 

R = O

0»41050R30E+03 
0.35692388E+00 
0 -125681A .4E.+03 
0»2688382-9E+00 
'0.93482715E+O0 
•0.11-900180E + 03 
■0.278565Q5E+00 
• 0,90.976517E-+02

0 * 929468692+02
0 .2 0 0 9 6 6 2 4 E + 0 0
0*812737272+02
0«18953675E+00
0*203946592+00
0*859249272+02
0.178234Q4E+00

4' 
I' 
I' 
I' 

- 4' 
- 1' 
" 11

T
42
78
55 
42 
58 
38
56

PAR R 
0*77-46 
0*4419 

’0*3942 
0*3661 

-0*7860' 
-Q *3586 
-0*3977

9284, R SQUARE = O* 8619 ST ERROR OF 
DF SS MS

7 0*404661872+04 0*578088382+03
13 0*648307132+03 0*498637662+02
20 0*469492582+04

ESTrO*706185442+01 
F

11*59

-192-;



TABLE IX . R e g r e s s io n  E q u a t io n s  -  R e c y c le  Number T h r e e . , C o n t.

VsVAR 6

MULTIPLE
SBURCF ' DE­

QUE TQ.RFG 7
,ABQUT REG 1.3

■ T0IA:l 20

I B - SB T .PAR R
: .1 T O . 1 7 7 2 9 5 1 5 2 + 0 3 0.513692022+02 ™ 3 * 45 "0"6915
- 2 0 * 1 0 3 3 6 7 9 2 2 + 0 0 0*111047802+00. 0*93 0*2500

3 , 6 * 4 1 . 4 3 5 3 7 9 . 2  + 0 2 0*449013212+02 -0*92 -.,0*2479
10. ~0 * 521937122,01 0*lo 4746162+00 ."0* 5q ,Q* 1-369

'11' 0 . 4 2 3 9 4 6 6 8 2 + 0 0 0*112716262+00 3.76 0*7219
12 0 . 2 2 0 6 6 2 6 4 2 + 0 2 0 . 4 7 4 8 5 4 5 8 2 + 0 2 . 0.46 0 * 1 2 7 8
13 U0, 991531612-01 0.984691982-01 - .1*01 0*269o
0- ,0,433605652+02 

R = O • 9736, 'R SQUARE =0*9479 ST ERRQR BF EST=O*39040585!
SS

0» 36q62449E + o4 
0-198U135E + 03
0*38043R67E+04

MS F
0« 51517773E+03 33,Sg
0 * 1 5 2 4 1 6 8 0 2 + 0 2

I B - Sb I PAR R
I -0*107364322+02 0*197062072+02 -0*54 -0*1494
2 0*3953104.82-01 0*425996332^01 0*93 0?2492
3 -0.673828412+01 0«172260442+02 -0*39 -0*1079

10 -0*7293 3.2892-01 0*40182617.2-01 -I «81 -0*4495
11 0*309228342-01 0*432401672-01 0*72 0*1946
12 0,308867192+02 0*182163852+02 1*70 0*4256
13 0.191 818.14,2-01 0,3-7-77695 IR-OI 0,51 . 0,1395

O - 0 . 1 0 0 1 1 7 3 5 E + 0 2
MULTIPLE R=O'7951, R SQUAREsO-6322 SI ERRBR QF 251=0*149715142+01-

SOURCE DF SS MS F
/DUE TQ REG 7 0*500933692+02 ■ 0*715619472 + 01 3 «■ 19
ABOUT REG 13 0*291390532+02 0*224146562+01

TOTAL 20 O«79232422E+02

-193-



TABLE IX. Regression Equations - Recycle Nuinber Three. , Cont.

YflVAR 8 I B Sb - T PAR R
I -0*142347242+03 0*13041565E+03 VO9 - 0»2897
2 0*4qAq358lE+oo 0*28l895o4E+00 1*43 0*3694.
3 -0*10048965E+03 0*113974535+03 0*88 "0”2375

10 -O • 145235 l-gE + oo 0*265904962+00 0*55 . *0*1498
11 0,35367435.E-+00 0*286163215+00 1*24 0*3243

. 12 0»67762253E + 02 0*l20545Q4E+03 0 *56 0*l540
13 0'25342l55E+a0 0*249947252+00 1*01 0*2707
0 -O-15050288E+03

MULTIPLE R=O.9428, R Square=0*8888 ST ERRBR BF EST = 0 *99-087219E + 01
SOURCE DE :'SS . Mr ■ F

DUE- TO REG 7 0•10203121E + o5 0U 4575886E + 04 14 «85
ABOUT' REG 13 0*127637502+04 0*981826782+02

TOTAL 20 0*114794965+05

Y=VAR 9 I . B ■ Sb T PAR R
I <"0,25698456E + 02 0*599694822+02 -Q*43 - 0  *.11 So
2 0 ,457633212-01 0*129630802+00 0*35 . 0*0974
3 -0.126422792+02 0*524159555+02 -0 • 24 -O »0667

1.0 0.534748632-01' 0*122280362+00' 0 ,2 7  . 0*0757
11 0 ,896483662-01 0 . 131587P1E+00 0*68 0 ,1857
12 "0.15307638E+02 0,554344945+02 *0,28 -0*0764
13 0*39^568042-01 0*114948632+00 - 0 .3 5 0*0960

O -0.21258499E+02.
MULTIPLE R = O,9329, R SQUARP = Q * 8703- 5 T ERRBR-OF EST = 0*4555995QE + 01
. SOURCE DF SS MS F

DUE; TB REG 7 0*181123225+04 0*258747312+03 12,47
/'A.B-0UT- REG 13 O »'-269842295 + 03 0*207570952+02

TBTAi, 20 0*208107455+04

-W
-'



D. R e c y c le  Rrnnber F o u r .

TABLE VII. Statistical Variations.

MULTIPLE REGRESSION WITH 13 VARIABLES AnD 12 OBSERVATIONS

I ' MEAN ST* DEVIATION ' VARIANCE SUM Sr SqUARrS
1 0.5776S337F+OO 0'49749976E+00 6*247&oS84E+00 0'27225657E+ol
2 0*449999765+03 O•18463730E+02 0*340909182+03 0*37500039E+04
3 0*719247405 + 00 O * 68169278E + 00 Q* 46470511E + 00 O • 511175-S2E+01
4 0*55093241E+0l 0*328205682+01 0*107719022+02 O * 11849097E+03
5 0*758926542 + 02 O * 47937o5oE' + Ol 0*2297,95842 + 02  0-25277560E+Q3
6 0*l047l582E + 02 0*5357H67E + 0l 0*286986692 + 02 O * 31568555E+o3
7 0*770466612 + 01 O06S79172oE + 00 q*432855192 + 00 0 *476i4088E+oI
8 ' 0*498438262 + 02 0» 11919749e + o2 q * I 42o8o38e + 03 0 * 156288482+04

. 9 0*9557258-62 + 01 0* 5234o45oE + Ol 0 • 27395?q3E + 02  0 • 3q 134741 E + q3
.10 0* 216346922 + 03 0*29930444E + 0 3 'o* 89583o6'3E + 05 O • 98541400E+Q6

11 0 ,255598142  + 03 0*21870.8542 + 03 Q ,478334382+05 O »526i68O0E+06
12 0*4979.39112+00 0*697208.112 + 00 o *486099062 + 00 0*534709172+01

.-13 0*316900152+03 0*297677982+03 0*886121252+05 O«974734002+06



TABLE V I I I . C o r r e l a t i o n s  o f  A l l  V a r ia L le s  W ith  Each O th e r  R e c y c le  Wumher. 

D. R e c y c le  Wumher F o u r .

I • J K CORRELATIONS BF VaRIaBLe I WlyH VaR I ABLeS J THROUGH K

I
I I 7

13
"0*Bi4494 

0 '6588ip 0*265322
0*724975

-0*B8o665 
.. 0'73l827

? ■ 3 . S ^0'586Q22 "0 * 040^02 -0-739647 0 * 667187 0 * 2 2 2 2 6 6 OeI6 I9Oi2 9 13 "Q»365&Q4 "0*648193 ”0*477884 ”0*654735 "O *56oq77
3 4 9 "0*416647 0*755i77 -0 * 392579 -0 * 169565 0*2ll36l 0 • 6 4 4 8 6 9
.3 ■10 13 ■ „0*708150 0 * 237856 0*706011 0*998967

‘ ' 4 5 10 TO * 053159 -0*490134 -0*370892 -0*844341 -0*745831 -0*552952■ 4 11 13 "0*589305 -0*546676 -0*419902
5 6 U -0*824991 -0*169733 -0*283615 ■ 0*185263 Q.480737 0 * 0666q3
5 12 13 0*483413 0*750405

6 7 12 0»199213 0*700132 0*294276 -0*039225 0*249433 -0*095332
.6 13 13 -0*387055

7 3 13 . 0*348590 -0*118457 -0*114929 0*153687 -0*116895 -0*157341
8 9 13 ' 0*721159 0*464930 ' " -.0*683725 0*450529 0*217966

9 10 13
V- -

0*840692 0*718667 0*838227 0*629420'

■ 10 11 13’ , 0*704005
I

0*999550 0*687685

11 12 13 j  0*698138 0*219054

'12 13 13 0*684657

-9
6I

-



TABLE IX . R e g re s s io n  E q u a t io n s  f o r  I n d i v i d u a l  Y ie ld s  and T h e i r  D e g re es  o f  P i t  t o  t h e  E q u a t io n . 

D. R e c y c le  Rumher F o u r .

Y=VAP 4 I ' , B SB T PAR R"I 0,166300205+02 0*720304875+02 0*23 0*1147
2 "0*137013265+00 0. • 9411 ̂ Ol 95"01 «1*46 *0*5885
■3. 0*414219065,+02 0*539128725+02 0*77 0*3586

lO 0*189060335+00 0*148663165+00 1*27 0 *5366.
11 "0*511939795-01 - 0*156812915+00 **0 * 33 -OoI6H12' «0*825222475+02 0*663854835+02 pi *24 “0"5279
13' "O *"101120475+00 0*119345135+00 «0*85 "0 * 3901
0 '-O,730853735+02

multiple r=o«9456, R square=0*8941 ST ERROR OR' EST=O•177126225+01
SBURCE - DF SS MS ' F

DUE TO RFG- 7 0«l0594147E+03 0*151344955+02
ABOUT REG - 4 0*125495005+02 0*313737495+01

4*82

Trtal 11 0*118490975+03

Y=VAR 5 I 8 - S y T PAR R
I 0*131442025+03 0*112958275+03 1*16 0*5029

' 2 -0.871536145-01 '0*147437635+00 -0 • 59 "0*2834
3 -0*206411135+02' '0*843790445+02 -0*24 -0?121410 0*107619055+00 0*232791722+00 0*46 0*2252

11 -0*293600445+00 0*245915715+00 -1*19 "0*5126
12 -0*503634195+02 0*103966165+03 -0*48 .”0 * 2354

. 13 0*559974395-01 0*186781175+00 0*30 0*1482
0

MULTIPLE R=O
0*113126855+03 

*9375, R.SQUARE=0*8789 ST ERROR OF EST=0*276637555+01
- SOURCE ' Df . SS MS

/DUE - TO REG 7 0*222164262+03 0*317377475+02
zABOUT REG 4 0*306113435+02 0*765283585+01

ToTAL 11 0.252775605+03

-Id
Tw



TABLE IX. Regression Equations - Recycle Humber Four., Cont.

Y=VAR 6

multiple.
. SOURCE

DUE- TO -REO 
ABOUT REG

TOTAL

I - . B . Sb ........... T
I. "Oi* 13694221-2 + 03 0*7i?85477E+o2 ■ " I * 91

'2 O * 2 3 7 8 28 3,1-E + o O. 0*938527582-01 2*53
3 0^1.35o753bE+02 O •53805.3232+02 0*25

10 . -'0*20219:9522+ 00 0»148249752+00 .. "1*36
IT ■ -O*316715482+00 '0*156278432+00 2*03
12 0«9l.S'0S868-E+02 0*6620-0775E+02 1*39
13 ■ '™b * '3185 4 6 5 9 E " o I 0* 11910796E + 00 "0*27
0 *0*999924472+02

R=o-*-?8oo' R■square=0*9605 ST ERROR OF EST=
DF- SS Ms -. .

' PAR R 
”0? 63q2 

0*7050 
0*1245 

"0*5634 
0*7118 
0  ̂5698 

"0*1325

7 0.3032Q728E+03 
. 4 . 0«i247827lE+02 
11 0*315685552+03

0*433153232+02 
0*311956792+01'

■ F
1 3 . 8 9

Y=VAR 7 1
. I.

2 
3

10
11
12
13
0

. C

B : SB . T ■■ PAR R
*0»415394.97E + 01 0*327401282+02 -0*13 . -0*0633
-0*760197272-02 0*428.024942-01 -0» 18 -0*0885
-0.297337192+02- 0*245:5-34672+02 -1,21 “0 *5179
”0*709999SoE-Ol - 0*676 6:4-3 852-01 r I »05 "0*4646
0 ,1 1481131E-OI 0*712771422-01 0*16 ' 0*0803
0,308-25-3942+02 0*302152402+02 ' 1,02 O * 4544
0,669257042-01 0*543540792-01 1*23 0*5243

multiple
SOURCE 

DUE TR -REG 
ABOUT 'REG

TOTAL

0,107789762+02 "
R = O,6745,"R SgUARE = O* 4550 1 

DF SS
7 0*216635892+01 0«
4 0,259504992+01. 0«

11 0", 476140882 + 01

SI ERROR OF 
MS

309479832+00 
648762-462 + 00

EST = 0*805457532 + 00 
'F

0,48



TABLE IX. Regression Equations - Recycle Number Four., Cont.

Y=VAR 8 I B SB T PAR R
I -0'25484l7lE+03 0*842522895+02 •*3*02 "O’8341
2 0.312434555+00 0*110048125+00 1 2,84 .0*8175
3 *0•11171187E+03 0*630428925+02 -1*77 -0 * 6632

10 «0.336616225+00 0-173790455+00 -1.94 «0•6957
11 0 • 60910636E + 00 0,183418455+00 3*32 0*8566
12 0*1564.47755 + 03 0*776081395+02 2.02- 0*7099
13 0 * 26345038E + 00 0*139556415+00 1*89 0*6864
0

multiple R=O
- 0 . 10745C12E+03 
*9045, R GQUARE=Oi,9890 SI ERROR BE EST=O*207115465+01

SOURCE DF SS MS - • F .
DUE TB REG 7 0*154572585+04 0*220817965+03 51*48
ABOUT REG 4 0*171589365+02 0*428973395+01

TOTAL 11 0*156288485+04

I B .Sp T . PAR R
I *0*974900515+02 0*456635285+02 -2*13 • *0*7298
2 0*122294315+00 0.596028575-01 2*05 0*'7l6i
3 0*746854255+02' 0-341475375+02 ' 2*19 0*7380

10 ,0*692765715-01 0*9423.54805-01 -0*74 "0*3450
H 0*227354295+00 0*994152435-01 2*29 0*7527
12 0*335774995+02 0*4208-32825 + 02 0*80 0*3705
13 -0*158110865+00 0*755926375-01 -2*09 -0*7228
O -0.52617645E.+02

multiple R=O.9916, R SQUARE = O*9833 ST ERROR OF EST = Oo 112088205+01
■ •SOURCE DF SS ' MS ' F

DUE TB REG 7 0*296321785+03 0*423316805+02 33,69
-ABOUT REG 4 0*502563485+01 0*125640875+01

total- Il 0*301347415+03
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