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ABSTRACT

El even d i f f e r e n t  r e a c t i o n  ne t works  d e s c r i b i n g  coal  

l i q u e f a c t i o n  i n  t erms o f  o i l s ,  a s p h a l t e n e s , p r e a s p h a l t e n e s , 

and un r eac t ed  coal  were i n v e s t i g a t e d  w i t h  t he  o b j e c t i v e  o f  

d e t e r m i n i n g  t he  bes t  model t h a t  r e p r e s e n t s  t he coal  l i q u e 

f a c t i o n  p r o c e s s .  The a n a l y s i s  was made us i ng  both i n t e g r a l  

and d i f f e r e n t i a l  methods,  where t he  d i f f e r e n t i a l  method was 

a p p l i e d  on l y  t o  t he  i n i t i a l  r a t e  da t a .

In t he  i n t e g r a l  a n a l y s i s  method,  t he  paramet er s  ( r a t e  

c o n s t a n t s )  were e v a l u a t e d  by a 1 e a s t - s q u a r e s  f i t  us i ng  an 

a v a i l a b l e  n o n - l i n e a r  pa r amet e r  e s t i m a t i o n  computer  program.  

The goodness o f  f i t  f o r  t he  pa r amet e r  e s t i m a t i o n s  was g i ven  

by t he  " d e t e r m i n a n t  o f  t he  moment m a t r i x  o f  r e s i d u a l s "  

(dmmr) .  The model  t h a t  e x h i b i t e d  t he  l owes t  va l ue  o f  t h i s  

d e t e r m i n a n t  was c o n s i d e r e d  t he  bes t  i n d e s c r i b i n g  t he  k i n 

e t i c s  o f  t he  coal  l i q u e f a c t i o n  p r ocess .

In t he  d i f f e r e n t i a l  ( i n i t i a l  r a t e )  method,  t he  p a r a 

met ers  were e v a l u a 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  us i n g  

t h e  a v a i l a b l e  MINITAB l i b r a r y  program.  The goodness o f  f i t  

f o r  t hese  pa r amet e r  e s t i m a t i o n s  was g i ven  as t he  " r a t i o  o f  

sum o f  squares due t o  r e g r e s s i o n  t o  t he  t o t a l  sum o f  

s q u a r e s " .  The c l o s e r  t h i s  r a t i o  was t o  o n e , t he  b e t t e r  t he  

mo de l .

Both methods o f  a n a l y s i s  l ed  t o  t he  f o l l o w i n g  r e a c t i o n

i i i
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ne t work  as t he  bes t  model  :

^  p r e a s p h a l t e n e scoal

V
as phal  t en es — $------------- > o i l s  and gases

3

where r e a c t i o n s  1,  2,  and 4 are second o r d e r  i n  c o a l .

A r r h e n i u s  a c t i v a t i o n  e n e r g i e s  o f  3 6 . 4 ,  3 4 . 3 ,  7 . 9 ,  39.6 

and 25. 0 K c a l / g m mole were c a l c u l a t e d  us i ng  i n t e g r a l  ana l y  

s i s  method f o r  r e a c t i o n s  1,  2,  3,  4,  and 5,  r e s p e c t i v e l y .  

A c t i v a t i o n  e n e r g i e s  o f  2 5 . 9 ,  3 0 . 4 ,  and 31.1 K c a l / g m mole 

were c a l c u l a t e d  us i ng  d i f f e r e n t i a l  a n a l y s i s  f o r  r e a c t i o n s  1 

2,  and 4,  r e s p e c t i v e l y .
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INTRODUCTION

The demand f o r  c rude o i l  and pe t r o l e um d e r i v e d  p r oduc t s  

i s  g r owi ng at  an eve r  i n c r e a s i n g  r a t e .  However ,  t he  r a t e  o f  

o i l  d i s c o v e r y  has been s l o w i n g  down. One o f  t he  a l t e r n a 

t i v e s  i s  t he  c o n v e r s i o n  o f  coal  t o  produce u s e f u l  h y d r o 

carbon p r o d u c t s .

Th i s  s t udy  dea l s  w i t h  t he  r a t e  o f  c o n v e r s i o n  o f  coal  t o  

p r e a s p h a l t e n e s ,  a s p h a l t e n e s ,  and o i l s  p l us  gases.  Rate 

c o n s t a n t s  f o r  t he  f o r m a t i o n  o f  p r e a s p h a l t e n e s , a s p h a l t e n e s ,  

o i l s  p l us  gases.,  and d i s a ppe a r anc e  o f  un r ea c t ed  coal  have 

been c a l c u l a t e d  f o r  a v a r i e t y  o f  d i f f e r e n t  r e a c t i o n  n e t 

wor ks .  The ma t hema t i ca l  models were compared t o  a v a i l a b l e  

e x p e r i me n t a l  da t a  o f  F u r l on g  (23)  and Sha l ab i  ( 1 9 ) .

Two c o m p l e t e l y  i ndependen t  t e c h n i q u e s  o f  a n a l y s i s  were 

employed f o r  t he  purpose o f  t h i s  s t u d y .  F i r s t ,  t he  i n t e g r a l  

a n a l y s i s  t e c h n i q u e  whi ch r e q u i r e d  t he  a n a l y s i s  t o  be c a r r i e d  

ou t  on t he  o v e r a l l  r e a c t i o n  was used.  Second l y ,  t he  d i f f e r 

e n t i a l  a n a l y s i s  t e c h n i q u e  was used,  whi ch r e q u i r e d  t he  

a n a l y s i s  t o  be done where t he  change i n  t he r a t e  o f  r e a c t i o n  

was t he  g r e a t e s t .  Hence,  on l y  t he  i n i t i a l  r a t e  data were 

employed f o r  t he  d i f f e r e n t i a l  t e c h n i q u e .  Models were d i s 

c r i m i n a t e d  us i ng  l e a s t - s q u a r e s  f i t  n o n - l i n e a r  pa r amet e r  

e s t i m a t i o n  f o r  t he  i n t e g r a l  a n a l y s i s  t e c h n i q u e ,  and by us i ng  

t h e  r e g r e s s i o n  a n a l y s i s  coup l ed  w i t h  La g r a ng i a n  d i f f e r e n t ! * -
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at  i on o f  t he  dat a t o  e s t i m a t e  r a t e  c o n s t a n t s  f o r  t he  d i f f e r 

e n t i a l  a n a l y s i s  t e c h n i q u e .  A r r h e n i u s  a c t i v a t i o n  e n e r g i e s  

were c a l c u l a t e d  where data were a v a i l a b l e  at  more t han one 

t e m p e r a t u r e .

Sever a l  r esea r ch  groups have i n v e s t i g a t e d  t he  k i n e t i c s  

and mechanism o f  coal  l i q u e f a c t i o n .  However ,  most  o f  t he  

work has been q u i t e  nar row i n  s c op e . G e n e r a l l y ,  data f o r  

coal  r e a c t i v i t y  i n  t hese  i n v e s t i g a t i o n s  have c o n s i s t e d  o f  a 

s i n g l e  number f o r  t he  t o t a l  pe r cen t age  o f  coal  c o n v e r t e d  at  

some se t  r e a c t i o n  t i m e .  Th i s  number can t e l l  n o t h i n g  o f  t he  

r a t e  o f  r e a c t i o n  o f  c o a l ,  e s p e c i a l l y  s i n c e  most  o f  t he  data 

were t aken at  l ong r e s i d e n c e  t i mes  where t he  change i n  t he  

r a t e  o f  r e a c t i o n s  may be n e a r l y  z e r o .  A l s o ,  most  o f  t hese  

p r i o r  i n v e s t i g a t i o n s  were made on o n l y  one or  two k i n d s  o f  

c o a l ,  and employed ver y  few k i n e t i c  models f o r  da t a a n a l y 

s i s .  The f a c t o r s  t h a t  make t h i s  s t udy  un i que are t he  use o f  

l a r g e  set s  o f  da t a on many d i f f e r e n t  k i nd s  o f  c o a l s  whi ch 

were c a r e f u l l y  chosen f rom v i r t u a l l y  ever y  area o f  t he  

U n i t e d  S t a t e s  and var y  w i d e l y  i n  p h y s i c a l  and chemi ca l  p r o 

p e r t i e s .  An o t h e r  un i que f a c t o r  o f  t h i s  s t udy  i s  t h a t  many 

r e a c t i o n  n e t wo r k s ,  i n c l u d i n g  some new model s ,  have been 

i n v e s t i g a t e d .  Sever a l  o f  t hese  models i n c l u d e  a d d i t i o n a l  

k i n e t i c  s t eps  whi ch have not  appeared i n  p r e v i o u s l y  pub

l i s h e d  work .  F i n a l l y ,  t h i s  s t ud y  t akes  i n t o  account  t he
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a n a l y s i s  o f  s h o r t  r e s i d e n c e  t i mes  where t he  change i n  t he  

r a t e  o f  r e a c t i o n s  i s  t he  g r e a t e s t .
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LITERATURE SURVEY

S t u d i e s  o f  t he  k i n e t i c s  and mechanism o f  coal  c o n v e r 

s i on  were s t a r t e d  many yea r s  ago and t hese  s t u d i e s  c o n t i n u e  

t o  t h i s  day.

S t o r c h ,  et  al  (1940)  have s u c c e s s f u l l y  modeled l i q u e 

f a c t i o n  data f o r  a P i t t s b u r g h  coal  i n  t e t r a l i n  i n  t he  form

o f  f i r s t - o r d e r  mechanism w i t h  r e s p e c t  t o  coal  r e ma i n i n g .

Oel e ,  et  al  ( 1 9 5 1 ) ,  i n  a n o n - c a t a l y t i c d i s s o l u t i o n  

s t u d y ,  used an t h r acene  o i l  and a L i mburg b i t u m i n o u s  c o a l .  

They f ound t h a t  i t  was u s e f u l  t o  use t he  f o l l o w i n g  e q u a t i o n :

-  K -  K'  x ( 1 )

Here,  z e r o - o r d e r  dependence on coal  c o n v e r s i o n s  f o r  t he 

t he r ma l  d i s i n t e g r a t i o n  o f  coal  and f i r s t - o r d e r  dependence 

f o r  coal  c o n v e r s i o n s  were assumed.

I n t e g r a t i o n  o f  t he  above eq ua t i o n  and s u b s t i t u t i o n  o f  

K=Kl a y i e l d e d  t he  f o l l o w i n g  e x p r e s s i o n s :

In (1 ——) = -K 11 (2)

where "a"  r e p r e s e n t e d  t he  e q u i l i b r i u m  c o n v e r s i o n  and K ' was 

t h e  r a t e  c o n s t a n t .  T h e i r  da t a  were s u c c e s s f u l l y  modeled 

u s i n g  t he  l a s t  e q u a t i o n .

W e l l e r ,  et  al  (1951A, B)  have s t u d i e d  t he  k i n e t i c s  o f  

coa l  h y d r o g e n a t i o n s  o f  Br uce t on  ( P i t t s b u r g h - s e a m )  c o a l .
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Tab l e  1 p r o v i d e s  t he  da t a  o b t a i n e d  f o r  c o n v e r s i o n  o f  c o a l ,  

and F i g u r e  1 r e p r e s e n t s  t he  p l o t  o f  coal  ver sus  r e a c t i o n  

t i m e .  Based on t hese  r e s u l t s ,  W e l l e r ,  et  al  proposed t he  

f o l l o w i n g  r e a c t i o n  net work  o f  t he  c o n v e r s i o n  o f  coal  :

gi s

Ki '

coal

wa t e r

4 '

asphal  t* K

V

i/1 i i 
2

wa t e r

->oi 1

As can be seen,  t he  o n l y  i n t e r m e d i a t e  p r o du c t  i n  t h i s  

mechanism was a s p h a l t  and t h e r e  was no met i on o f  o t h e r  p r o 

duc t s  such as p r e a s p h a l t e n e s  and a s p h a l t e n es  . The K 1s were 

s p e c i f i c  r a t e  c o n s t a n t s  f o r  t h e  r e a c t i o n s  i n d i c a t e d .  W e l l e r  

et  al  ( 1951A , B ) assumed t h a t  t he  c o n v e r s i o n  o f  coal  was 

f i r s t - o r d e r  w i t h  r e s p e c t  t o  coal  r e ma i n i n g .  The f o l l o w i n g  

e x p r e s s i o n s  were proposed f o r  t he  amount  o f  coal  and a s p h a l t  

as a f u n c t i o n  o f  t i me :



T - 2 6 5 6 6

-2

90 100 190
nom inal tm e  a t  re a c t io n  te m p e ra tu r e . m in u t e s

F ig u r e  1. F i r s l - O r t l e r  IMol fo r  O v e r-A ll 
C o m e n o o n  o f  A u tl iru x y lo n  a t  44X1°
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where

Kx = + K ‘ 1 + ' '

K2 = + K^* + K ^ ' '

C = coal  r e ma i n i n g  at  t i m e ,  t

A = a s p h a l t  p r es en t  a t  t i m e ,  t

Cg = amount o f  mo i s t u r e  and a s h - f r e e  coal

p r e s e n t  a t  t i m e ,  zero 

a = K j y

H i l l  (1966)  sugges t ed  t he  f o l l o w i n g  mechanism f o r  t he  

d i s s o l u t i o n  o f  coal  :

So l v e n t  + c o a l  > R . + L . + G-i i i
Kg

So l v e n t  + R  ̂ ^  Rg + Lg + G2

Kn + 1
S o l v e n t  + Rn------------------ » Rn+i  + Ln+i  + s n+i

where

R.j = s o l i d  coal  r e s i d u e

L-j = e x t r a c t  i n  s o l u t i o n

Ĝ  = gaseous p r o d u c t s .

I t  was assumed t h a t  t he  coal  d i s s o l u t i o n  r e a c t i o n  would be

f i r s t - o r d e r ,  whi ch may be d e s c r i b e d  by t he  f o l l o w i n g  mathe 

ma t i ca l  model  :
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Tab l e  1. R a t e . c o n s t a n t s  f o r  t he  c o n v e r s i o n  o f  c o a l .

Temperat u re  K.

°C M i n " 1 M i n " 1

400 .027 .00107

420 .060 .00503

430 .126 .00892

440 .129 .01282
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= K1 ( 1 - x ) (5)

where

x = f r a c t i o n  o f  e x t r a c t e d  coal

K* = f i r s t - o r d e r  r e a c t i o n  r a t e  c o n s t a n t .

The r e l a t i o n s h i p  between K* and x was shown t o  be l i n e a r

a c c o r d i n g  t o  t he  f o l l o w i n g  e q u a t i o n :

= K ( 1 - a x )  (6)

where K and a were pa r amet e r s  t h a t  cou l d  be de t e r mi ned  ex 

p e r i m e n t a l l y .  The r a t e  o f  d i s s o l u t i o n  was s u c c e s s f u l l y  

modeled as second o r d e r  a f t e r  s u b s t i t u t i n g  e q u a t i o n  (6)  i n  

e q u a t i o n  (5)  t o  g i v e :

■Jt = K ( 1 - a x )  ( 1 - x ) (7 )

Cu r r a n ,  et  al  (1967)  have s t u d i e d  t he  k i n e t i c s  o f  hydro 

gen t r a n s f e r  f rom t e t r a l i n  t o  b i t u m i n o u s  coal  where two 

f i r s t - o r d e r  r e a c t i o n s  o c c u r i n g  i n  p a r a l l e l  were proposed t o  

d e s c r i b e  coal  d i s s o l u t i o n  t o  p r odu c t s

K.

IT
1 ^

c o a l  —----------»  p r o d u c t s
2

where > Kg
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The r a t e  o f  coal  p y r o l y s i s  f o r  t he  model  was g i ven  by

CT - C = y Ct exp ( - K 1t )  + ( 1 - y ) Ct exp ( - K g t )  ( 8 )  

where :

Cy = coal  c o n v e r s i o n  i n  pe r c e n t  MAF coal

ach i eved  at  i n f i n i t e  t i me  

C = coal  c o n v e r s i o n  i n  pe r c en t  o f  MAF coal

y = t he  f r a c t i o n  o f  t he  coal  whi ch decomposes

by t he  f a s t e r  r a t e .

and Kg were t he  s p e c i f i c  r a t e  c o n s t a n t s .

The k i n e t i c s  o f  coal  h y d r o g e n a t i o n  w i t h o u t  a c a t a l y s t  

i n  a ba t ch  r e a c t o r  w i t h  t e t r a l i n  has been s t u d i e d  by L i e b e n -  

berg e t  al  ( 1 9 7 3 ) .  They proposed t he  f o l l o w i n g  mechanism t o  

be t he  bes t  r e p r e s e n t a t i o n  o f  t he  h y d r o g e n a t i o n  o f  coal  :

^1 Kg
c o a l ------------------^ a s p h a l t - -------------------->h e a v y  o i l

U n f o r t u n a t e l y , t he  dat a f i t  was u n s u c c e s s f u l . However , 

t h e y  sugges t ed a more e l a b o r a t e  mechanism i n t he  f orm o f :

^1 ^2coal  *-------------------- a s p h a l t  heavy o i l

K3c o a l ---------  — ^  a s p h a l t

^4c o a l --------------- ^  heavy o i l
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K o l t z  (1975)  s t u d i e d  t he  k i n e t i c s  o f  h y d r o - d e s u l f u r i - 

z a t i o n  o f  coal  i n  a coal  i n  a ba t ch  r e a c t o r .  K o l t z  s uccess 

f u l l y  modeled h i s  data a c c o r d i n g  t o t he  f o l l o w i n g  mechanism:

where

= Kq ( 1 - a x )  ( 1 - x )  (9)

K was t he  pseudo s e c o n d - o r d e r  r a t e  c o n s t a n t  

x was t he  f r a c t i o n a l  c o v e r s i o n

I n t e g r a t i n g  e q u a t i o n  ( 9 ) ,  t he  f o l l o w i n g  e q u a t i o n  was 

o b t a i n e d :

l n  ( i r f x )  = K o t  ( a - 1 ) ( 10 )

Yoshi da e t  al  ( 1 97 6A, B) c a r r i e d  out  a k i n e t i c  s t udy  on 

Sumi yoshi  brown coal  o f  Hokka i do ,  and e s t a b l i s h e d  t he  f o l 

l o w i n g  mechanism:

coal

K

as p h a l t e n e    > o i l  (S2 )

One o f  t h e i r  c o n c l u s i o n s  was t h a t  t he  f o r m a t i o n  r e a c t i o n  

o f  ( o i l )  was not  r e c og n i z ed  i n  f o r e i g n  c o a l s .  A l s o ,  t he y
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found t h a t  t he  o i l  produced d i r e c t l y  f rom coal  as t he  i n i t i a l  

r e a c t a n t  was much d i f f e r e n t  i n  chemi cal  s t r u c t u r e  t han t h a t  

produced f r om t he  a s p h a l t e n e s  .

The c a l c u l a t e d  r a t e  c o n s t a n t s  were:

Mi n ” *

Coal  Kx K2 K3 k i +K3

T a i h e i y o  .0037 .0049 .0170 .0207

Oyubar i  .0090 .0044 .0046 .0136

Ruet her  (1977)  ex t ended t he  work done by W e l l e r  et  al  

by c o n s i d e r i n g  a s p h a l t e n e  t o  be a hydrogen donor  s o l v e n t  o f  

v a r i a b l e  hydrogen c o m p o s i t i o n .  He sugges t ed t h a t  under  t he  

e x p e r i me n t a l  c o n d i t i o n s  empl oyed,  t he  r a t e  o f  h y d r o g e n a t i o n  

o f  as p h a l t e n e s  was m a t e r i a l l y  f a s t e r  t han t he  r a t e  o f  con

v e r s i o n  o f  a s p h a l t e n e s  t o  o i l .  Ac c o r d i ng  t o  h i s  w o r k , t he

a s p h a l t e n e s  f i r s t  underwent  an i n c r e a s e  i n  chemi ca l  hydrogen 

c o n t e n t  o f  0 . 010 gm o f  hydrogen 1 gram on a v e r a g e , t hen 

underwent  c o n v e r s i o n  t o  o i l .  The e m p i r i c a l  e q u a t i o n  t h a t  

p r e d i c t e d  t he  hydrogen consumpt i on  i n  coal  c o n v e r s i o n  t o  

a s p h a l t e n e s  and o i l  was :

h = ct' 5 (0 .022 x + 0 .024 y )  + 0. 043 y (11)

where
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h grams o f  hydrogen consumed/gram o f  MAP

coal  f eed

x

a f r a c t i o n  o f  MAP coal  c o n v e r t e d  t h a t  goes 

t o  a s p h a l t e ne s

gram o f  a s p ha l t e nes  i n  p r o d u c t / g r a m o f  

MAP coal  feed

y gram o f  o i l  i n  p r odu c t  o f  MAP coal  f e e d .

Rue t her  conc l uded  t h a t  coal  c o n v e r s i o n  o c c u r r e d  v i a  

c a t a l y z e d  and u n c a t a l y z e d  r e a c t i o n s ,  and t hose  two r e a c t i o n s  

are c ou p l e d .

Wen e t  al  (1978)  d i d  s t u d i e s  on b i t u m i n o u s  c o a l .  They 

f ound t h a t  t he  coal  d i s s o l u t i o n  r a t e s  seemed t o  be a f f e c t e d  

by t ypes  o f  c o a l .  The degree o f  coal  d i s s o l u t i o n  was mea

sur ed  by c o n v e r s i o n  based on t he  f r a c t i o n  o f  coal  t h a t  was 

c o n v e r t e d  t o  benzene s o l u b l e s  on a moi s t u r e - a s  h f r e e  b a s i s .  

They proposed r a t e  e x p r e s s i o n s  f o r  coal  d i s s o l u t i o n  t h a t  

t o o k  t he  f o l l o w i n g  f orm:

k c Ao  ( X e - X ) ( 1 2 )

where

X MAP c o n v e r s i o n s  based on benzene s o l u b l e s

X e q u i l i b r i u m  c o n v e r s i o n se
CAo c o n c e n t r a t i o n s  o f  MAP coal  i n  f eed s t ream 

gram/cm^
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k = f i r s t - o r d e r  d i s s o l u t i o n  r a t e

c o e f f i c i e n t ,  hr™*
3

y ^ = r a t e  o f  coal  d i s s o l u t i o n ,  g r a m / 1n-cm

For  a p l ug  f l o w  r e a c t o r ,  i n t e g r a t i o n  o f  eq ua t i o n  (12)  

gave t he  f o l l o w i n g  e x p r e s s i o n s :

I n ( Xe- X ) = - k9 (13)

where

9 = r e s i d e n c e  t i m e ,  h r .

Wen e t  al  a l s o  s t u d i e d  t he  e f f e c t  o f  r e s i d e n c e  t i m e ,

p r e s s u r e ,  and t e mp e r a t u r e  on coal  c o n v e r s i o n s .

Schwager  and Yen (1978)  reached t he  c o n c l u s i o n  t h a t  a 

r e a c t i o n  mechanism o f  t he  f o l l o w i n g  f rom :

as p h a l t e ne s

coal

prea sphal  t enes

i s  more p r o b a b l e  t han  t h a t  o f  a s t r a i g h t  s e r i e s  mechanism.  

Th i s  was because t he  H/C r a t i o  i n  t he  p r e a s p h a l t e n e s  was 

l e s s  t han t h a t  i n  t he  p a r e n t  coal  . A p a r a l l e l  s e r i e s  

mechanism can account  f o r  t h i s .

Cronauer  e t  al  (1978)  d i d  s t u d i e s  on coal  l i q u e f a c t i o n s  

u s i n g  I l l i n o i s  No. 6 coa l  i n  SRC-11 heavy d i s t i l l a t e .  The 

l i q u e f a c t i o n  p r ocess  was d e s c r i b e d  by t he  f o l l o w i n g  scheme:

o i l s
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gases

coal » p r e a s p h a l t e n e s

as p h a l t e n e s

Reac t i ons  1,  2,  3,  4 ,  5,  and 6 g i v e  a c t i v a t i o n  en e r g i es  

o f  1 4 . 1 ,  1 3 . 8 ,  1 5 . 6 ,  2 1 . 5 ,  1 2 . 8 ,  and 16.0 K c a l / g m mol e ,  

r e s p e c t i  v e l y .

Sha l ab i  et  al  (1979)  s t u d i e d  n o n - c a t a l y t i c  coal  l i q u e 

f a c t i o n  i n  a donor  s o l v e n t .  Rates o f  f o r m a t i o n  o f  p r e 

asphal  t e n e s ,  a s p h a l t e n e s ,  and o i l  were e x p e r i m e n t a l l y  d e t e r 

mined d u r i n g  s o l v e n t  e x t r a c t i o n  o f  a h i g h - v o l a t i l e  A b i t u 

minous c o a l . They proposed t h e  f o l l o w i n g  mechanism as a 

bes t  f i t  t o  t he  da t a :

^1coa l ------------ ------------>asphal  t enes

^2c o a l ---------------------- *p r easpha l  t enes

^3c o a l - ---------------------- >oi l  and gas

k4
asphal  t e n e s —-----------------» o i l  and gas

Kg
pr easpha l  t e n e s ------------------- > o i l  and gas

Kg
pr easpha l  t e n e s --------------------- as phal  t enes
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A l l  o f  t he  s i x  r e a c t i o n s  were assumed t o  be f i r s t - o r d e r ,  

i r r e v e r s i b l e  r e a c t i o n s .  Rea c t i on  c o n d i t i o n s w e r e  a p r essu r e  

o f  2000 p s i g ,  and a t e m p e r a t u r e  range f r om 350 t o  400 °C.

The de t e r mi ned  r a t e  c o n s t a n t s  are g i ven  below

h r ” 1

Temp. Kg K3 K4 K5 K6

400 .04546 .0715 .02646 .00279 .00284 .00385

375 .02697 .05202 .01870 0 .00183 .00225

350 .00789 .01214 .01214 .00081 .00269 1°

A f i t  o f  t he  

od,  except  f o r

model  

t he  o i l

t o  t he  e x p e r i me n t a l  

and gas f r a c t i o n .

data was q u i t e

Ger t enbach (1979)  s t u d i e d  t he  k i n e t i c s  o f  c o n t i n o u s

coal  l i q u e f a c t i o n  p r o c e s s e s .  Based on p r e v i o u s  work done by 

Sha l ab i  e t  al  ( 1 9 79 ) ,  he proposed t he  f o l l o w i n g  mechanism 

f o r  coal  l i q u e f a c t i o n :

coa l JÉ p r e a s p h a l t e n e s

a s p h a l t e n es

Thomas e t  al  (1980)  s t u d i e d  t he  k i n e t i c s  and mechanism 

o f  t he  h y d r o l i q u e f a c t i o n  o f  I l l i n o i s  No. 6,  and an un r eac t ed  

SRC-11 heavy d i s t i l l a t e  i n  a t a b u l a r  f l o w  r e a c t o r . They
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worked w i t h  t e mp e r a t u r e s  f rom 400 t o  475 °C,  and a p r essu r e  

o f  2000 p s i a .  The proposed mechanism was:

gas

coal

p r e a s p h a l t e n e s  a s p h a l t e ne s

sol  vent

t

They a l s o  were ab l e  t o  show t h a t  t he  s t o i c h i o m e t r i e s

f o r  t he  r e a c t i o n  a t  450 °C were:

coal  + 3 s o l v e n t -  p r easpha l  t enes

pr easpha l  t e n e s ------------- -> 2 asphal  t enes

asphal  t e n e s -------------------- >  3 o i l s

C a l c u l a t e d  a c t i v a t i o n  e n e r g i e s  f o r  t he  p r e a s p h a l t e n e  

and a s p h a l t e n e  c o n v e r s i o n  r e a c t i o n s  were 15 and 21 K a 1 /gm 

mo l e ,  r e s p e c t i v e l y .

T r aege r  (1980)  l i q u e f i e d  I l l i n o i s  No. 6 i n  SRC-11 heavy 

d i s t i l l a t e  us i n g  a bench s c a l e  r e a c t o r . His r e sea r ch  was 

based on t he  model  proposed by Cronaur  e t  al  ( 1 9 7 8 ) .  He 

f ound t h a t  t he  d i s s o l u t i o n  o f  coal  was r a p i d ,  r e s u l t i n g  i n  

h i gh  p r e a s p h a l t e n e  c o n t e n t . T r aeger  a l s o  s t u d i e d  t he  e f f e c t  

o f  s h o r t  r e s i d e n c e  t i me  on p r o d u c t  y i e l d ,  and made a com

p a r i s o n  between h i s  bench s c a l e  r e a c t o r  dat a  super i mposed on
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C r o n a u r ' s  p r e d i c t i o n s ,  and t he  c a l c u l a t e d  p r odu c t  d i s t r i 

b u t i o n  us i ng  C r o n a u r 1s r e a c t i o n  r a t e  c o n s t a n t s  f o r  a 425 °C 

i s o t h e r m a l  o p e r a t i o n  ( F i g u r e  2 ) .  The r e s u l t s  were i n  good 

agreement  a t  l ong  r e s i d e n c e  t i m e s .  Ac c o r d i n g  t o  T r aege r  

( 1 9 8 0 ) ,  t h i s  was t o  be expec t ed  s i n c e  C r o n a u r ' s  r e a c t i o n s  

had l ong  r e s i d e n c e  t i m e s .  The ma j o r  d i f f e r e n c e s  were i n  t he  

e a r l y  t i me  b e h a v i o u r  o f  p r e a s p h a l t e n e s .  As can be seen f rom 

F i g u r e  2,  bench s c a l e  r e a c t o r  data show a h i g h e r  p r e a s p h a l t -  

ene c o n t e n t  e a r l i e r  i n  t he  r e a c t i o n  t han p r e d i c t e d  by 

C r o n a u r ' s  mo d e l .

Mohan, e t  al  (1981)  s t u d i e d  t he  k i n e t i c s  o f  coal  l i q u e 

f a c t i o n  o f  I l l i n o i s  No. 6 coal  i n  a ba t ch  r e a c t o r  under  non- 

i so t her mal  c o n d i t i o n s  f rom 330 t o  450 °C us i ng  t e t r a l i n  as a 

hyd r og en - d o n o r  s o l v e n t  at  t o t a l  p r es s u r e  o f  70 atmosphere 

and r e a c t i o n  t i me s  f rom 5 t o  60 m i n u t e s .  They were ab l e  t o  

f i t  t h e i r  e x p e r i me n t a l  data i n  t he  1ow- t e mp e r a t u r e  range and 

i n  t he  h i gh  t e mp e r a t u r e  range a c c o r d i n g  t o  t he f o l l o w i n g

model  :

>  p r e a s p h a l t e n e s

aspha l t e nes

coal

o i l s

A l l  r e a c t i o n s  were assumed t o  be f i r s t - o r d e r .  F i g u r e s  

3 and 4 r e p r e s e n t  t he  f i t  o f  e x p e r i me n t a l  da t a t o  t he  above
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F i g u r e  2.  P r oduc t  d i s t r i b u t i o n  compar i son
f o r  s h o r t  r e s i d e n c e  t i me  at  425°C.
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F i g u r e  3.  Compar i son o f  Mohan, et  a V s  model  
w i t h  e x p e r i m e n t a l  p r odu c t  con c en t r a  
t i o n  i n  t he  h i g h - t e m p e r a t u r e  range.

1.0
C l#  I

0 8

0 6

02

20 4 03 0 50 6 0 70

F i g u r e  4.  Compar i son o f  Mohan, et  a l ' s  model  
w i t h  e x p e r i m e n t a l  p r odu c t  concen
t r a t i o n  i n  t he  1ow- t e mpe r a t u r e  range.
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model  i n  t he  h i gh  and low t e m e p r a t u r e  range r e s p e c t i v e l y .  

Mohan, et  al  (1981)  f ound t h a t  t he  c a l c u l a t e d  k i n e t i c  p a r a 

met ers  d i f f e r e d  c o n s i d e r a b l y  f r om l i t e r a t u r e  v a l u e s .

Fu r l o n g  (1981)  s t u d i e d  coal  l i q u e f a c t i o n  i n  a o n e - l i t e r  

s e m i - b a t c h  s t i r r e d  r e a c t o r .  Rea c t i o ns  were c a r r i e d  out  at  

400 °C,  and 2000 p s i g  t o t a l  p r e s s u r e .  He conc l uded t h a t  

pseudo s e c o n d - o r d e r  r a t e  models may be used t o  d e s c r i b e  coal  

c o n v e r s i o n  t o  THF or  t o  benzene s o l u b l e  p r o d u c t s . The form 

o f  e q u a t i o n  d e s c r i b i n g  t he  model  was :

= K ( a - x )  2 (14)

where

x = c o n v e r s i o n  a t  t i m e ,  t ,  mi n .

a. = e q u l i b i r i u m  c o n v e r s i o n  o f  coal

K = p s e u d o - s e c o n d - o r d e r  r a t e  c o n s t a n t .

Fu r l o n g  a l so  was ab l e  t o  model  h i s  data us i ng  t he  f o l 

l o w i n g  s i x  pa r amet er  mechanism:

p r e a s p h a l t e n e s

coal ■>oi 1

a s p h a l t e n e s

Hardy (1981)  d i d  s t u d i e s  on t he k i n e t i c s  o f  coal  h y d r o 

g e n a t i o n  o f  a Kent ucky  No. 9 coa l  i n  a c o n t i n u o u s  f l o w
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s t i r r e d  t ank  r e a c t o r . He conc l uded t h a t  t he  o v e r a l l  con

v e r s i o n  o f  coal  was f i r s t - o r d e r  pseudo i r r v e r s i b l e :

dx
dt K ( 1 - f ) (15)

where

t he coal  c o n v e r s i o n

t he  e q u i l i b r i u m  c o n v e r s i o n

t he  pseudo f i r s t - o r d e r  r a t e  c o n s t a n t .

Hardy a l s o  conc l uded  t h a t  t he  da t a  on p r o d u c t  d i s t r i b u 

t i o n s  cou l d  be modeled a c c o r d i n g  t o  t he  f o l l o w i n g  mechanism.

coal ■> p r easpha l  t enes

a s p h a l t e n e s

The c a l c u l a t e d  r a t e  c o n s t a n t s  f o r  each r e a c t i o n  were :

-1Temp. 
°C

350

390

430

hr
K. K. K.1 "2 ,x3

2 . 1 1± .65 3 .21± .66 0 . 014± . 8 7

7.61±1 .53 4 . 97±1 .52 - . 0 4 2 ± . 6 1

37 .9±10 .9 15 .6±10 .8 1 . 4 3±1 . 54

K4

1 . 0 8 9 ± .57 

0 . 8 3 3 ± .88 

3 . 1 3 ± 1 .19
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DATA ANALYSIS

Many r e a c t i o n  ne t wor ks  can be p o s t u l a t e d  f o r  coal  r e a c 

t i n g  t o  form l i q u e f a c t i o n  p r o d u c t s ,  w i t h  t he  p r o du c t s  them

s e l v e s  r e a c t i n g  t o  f orm o t h e r  p r o d u c t s . As t he  o b j e c t i v e  o f  

t h i s  work was t o  d i s c r i m i n a t e  between a l a r g e  number o f

d i f f e r e n t  c a n d i d a t e  r e a c t i o n  ne t works  f o r  coal  l i q u e f a c t i o n ,

two i ndependen t  t e c h n i q u e s  o f  data a n a l y s i s  were employed i n  

t h i s  s t u d y .  F i r s t ,  t he  i n t e g r a l  a n a l y s i s  t e c h n i q u e  was 

used,  whi ch r e q u i r e d  numer i ca l  i n t e g r a t i o n  o f  t he  se t  o f  

d i f f e r e n t i a l  e q u a t i o n s ,  and s u b s eq u e n t l y  t he  par amet er s  

( r a t e  c o n s t a n t s )  were e v a l u a t e d  by 1 e a s t - s q u a r e s  f i t  non

l i n e a r  pa r amet er  e s t i m a t i o n .  Second, t he  d i f f e r e n t i a l  ana

l y s i s  t e c h n i q u e ,  whi ch r e q u i r e d  numer i ca l  d i f f e r e n t i a t i o n  o f  

t he  s h o r t  r e s i d e n c e  t i me  e x p e r i me n t a l  da t a  ( 2 3 ) ,  f o l l o w e d  by

r e g r e s s i o n  a n a l y s i s  t o  e s t i m a t e  t he  c o e f f i c i e n t s  ( r a t e

c o n s t a n t s )  .

I n t e g r a l  A n a l y s i s  T e c h n i q u e :

L i q u e f a c t i o n  r a t e  da t a  f r om a comprehens i ve ba t ch 

r e a c t o r  s t udy  by Fu r l o n g  (23)  on t h i r t e e n  c oa l s  were em

p l oyed  f o r  i n t e g r a l  a n a l y s i s .  A l l  o f  t he  e x p e r i me n t a l  da t a 

( f r om t i me  0 t o  60 m i n u t e s )  were used , s i n c e  i n t e g r a l  ana

l y s i s  de a l s  w i t h  t he  o v e r a l l  r e a c t i o n .  Sever a l  r e a c t i o n  

ne t wor ks  were proposed and t he  c o r r e s p o n d i n g  ba t ch  r e a c t o r  

mass ba l ance  e q u a t i o n s  were w r i t t e n .  A n o n - l i n e a r  pa r amet e r
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e s t i m a t i o n  (NLPE) program was o b t a i n e d  f rom t he IBM share 

l i b r a r y  system ( 3 0 ) .  Many r e a c t i o n  ne t works  cou l d  be e v a l 

uated f o r  r a t e  c o n s t a n t s  us i ng  t he  NLPE pr ogram.  An e x i s t 

i ng  s u b r o u t i n e  " d r i v e r "  program was i n c l u d e d  w i t h  t he  

program whi ch was used d i r e c t l y  f o r  d i f f e r e n t  mode l s .  The 

g i ven  r e a c t i o n  ne t work  was t hen d e s c r i b e d  by a u s e r - w r i t t e n  

s u b r o u t i n e .  Model  d i s c r i m i n a t i o n  t hen t ook  p l ace  us i ng  t he  

D e t e r m i n a n t  o f  Moment M a t r i x  o f  Psi  dua l s  f rom t he  NLPE p r o 

gram as an i n d i c a t o r  o f  goodness o f  f i t .  Use o f  e x i s t i n g  

and u s e r - w r i t t e n  " d r i v e r "  r o u t i n e s  i s  d e s c r i b e d  i n  Append i x  

B.

Once k i n e t i c  pa r amet er s  were e v a l u a t e d  f o r  a proposed 

r e a c t i o n  n e t wo r k ,  t he  model  and i t s  e v a l u a t e d  paramet er s  

were i n p u t  t o  a Runge- Ku t t a  program t o  gene r a t e  p r e d i c t e d  

c o n c e n t r a t i o n - t i m e  p r o f i l e s  f o r  t he  f o u r  r e a c t i o n  components 

( u n r e a c t e d  c o a l ,  p r e a s p h a l t e n e s , a s p h a l t e n e s ,  and o i l s  p l us  

g a s e s ) .  The Runge- Ku t t a  program i s  d e s c r i b e d  i n  Append i x  C. 

For  a g i ven  r e a c t i o n  n e t wo r k ,  t he  f i t  was v i s u a l l y  e v a l u a t e d  

by p l o t t i n g  t he  r e s u l t i n g  c o n c e n t r â t i o n - t i m e  p r o f i l e s  f o r  

t h e  f o u r  components a l ong w i t h  t he  e x p e r i me n t a l  da t a f rom 

whi ch t he  pa r amet e r s  were d e r i v e d .  These p l o t s  were ge n e r 

at ed  us i ng  t he  a v a i l a b l e  i n t e r a c t i v e  GRAPH l i b r a r y  p r o g r a ms .

Si nce many model s were t o  be proposed and t h i r t e e n  

c o a l s  had been r u n , o n l y  two o f  t he  c o a l s  were used f o r
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model  d i s c r i m i n a t i o n .  Coal s  chosen were t hose  f o r  whi ch t he  

most  r e l i a b l e  r a t e  da t a  were a v a i l a b l e  f rom t he  s t udy  o f  

F u r l o n g  ( 2 3 ) ,  PSOC 370 and F i es  Mine 9.

D i f f e r e n t i a l  A n a l y s i s  Techn i ques  ( I n i t i a l  Rate A n a l y s i s ) :

The d i f f e r e n t i a l  method o f  a n a l y s i s  e v a l u a t e s  t he  r a t e  

o f  r e a c t i o n  ( i n i t i a l  r a t e s ) d i r e c t l y  by numer i ca l  d i f f e r 

e n t i a t i o n  o f  t he  e x p e r i me n t a l  c o n c e n t r a t i o n  ver sus  t i me  

d a t a . The d i f f e r e n t i a l  a n a l y s i s  t e c h n i q u e  may be summar ized 

as f o l 1ows:

1.  A r e a c t i o n  ne t wor k  i s  h y p o t h e s i z e d ,  and f rom i t  

t h e  r a t e  e q u a t i o n s  are o b t a i n e d .

2.  The e x p e r i me n t a l  c o n c e n t r a t i o n  ver sus  t i me  data i s  

p l o t t e d .

3.  A smooth c u r v e  i s  drawn t h r oug h  t hese  dat a p o i n t s  

f o r  a l l  componen t s .

4.  The s l opes  o f  t hese  cur ves  at  s e l e c t e d  c o n c e n t r a 

t i o n  va l ues  are d e t e r m i n e d .  These s l opes  are t he  r a t e s  o f  

r e a c t i o n  a t  t hese  c o m p o s i t i o n s .

Step 4 was done by us i ng  La grange I n t e r p o l a t i o n  f o r mu l a s  

( 3 3 ) .  By d i f f e r e n t i a t i n g  f i v e - p o i n t  Lagrange i n t e r p o l a t i o n  

f o r m u l a s ,  t he  f o l l o w i n g  d i f f e r e n t i a t i o n  f o r mu l a s  r e s u l t  f o r  

e q u a l l y  spaced p o i n t s .

f l { Ko) = T H  C-25f0+4 8 f 1- 3 6 f 2+16f 3- f 4 ] + H i  f (v)  («)
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f l ( * l >  ■ i k  C - 3 f 0 - 1 0 f 1 + 1 8 f 2 - 6 f 3 + f 4 ]  -

f 1 ( x 2 ) I 2h

[ - f n  + 6 f , - 1 8 f _  + 1 0 f .  + 3 f . ]

f 1 ( x 4 ) = [ 3 f 0 - 1 6 f 1+ 3 6 f 2 - 4 8 f 3+ 2 5 f 4 ] + ^  f ( v )  (c)

where xQ, , Xg, Xg, and x^ were t he  r e s i d e n c e  t i mes  , f q ,

f 1 , f 2 , f g , and were t he  c o r r e s p o n d i n g  c o n c e n t r a t i o n s ,  

and h was t he  i n t e r v a l  between two c o n s e c t u i v e  r e s i d en c e  

t i me  da t a  p o i n t s  ( s i n c e  t he  p o i n t s  were e q u a l l y  spac ed , h 

was c o n s t a n t ) . The l a s t  t e r m o f  each e q u a t i o n  r e p r e s e n t s  an 

e r r o r  t e r m.  U s u a l l y  numer i ca l  d i f f e r e n t i a t i o n  i n v o l v e s  

e r r o r s  o f  c o n s i d e r a b l e  ma g n i t u de ,  t he  e r r o r s  i n c r e a s i n g  

s i g n i f i c a n t l y  as d e r i v a t i v e s  o f  h i g h e r  o r d e r  are comput ed . 

However ,  s i nc e  t h i s  s t udy  dea l s  w i t h  d e r i v a t i v e s  o f  f i r s t -  

o r d e r ,  t hen n e g l e c t i n g  t he  e r r o r  t erms f rom the above 

e q u a t i o n s  was r e a s o n a b l e .

Because a p p l i c a t i o n  o f  t he  above e q u a t i o n s  r e q u i r e d  

e q u i d i s t a n t  p o i n t s  ( r e s i d e n c e  t i m e s ) ,  and s i nce  t he  r e s i 

dence t i mes  o f  t he  e x p e r i me n t a l  da t a a t  hand were not  

e q u a l l y  s p a c ed , s t ep 3 ( f r om above)  was used t o  gener a t e  

e q u a l l y  spaced r e s i d e n c e  t i me  p o i n t s ,  a l ong w i t h  t he  c o r -
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r e s po n d i n g  c o n c e n t r a t i o n s .  The a n a l y s i s  was done on t he 

p o r t i o n s  where t he  cur ves  were s t e e p e s t  because t he  d i f 

f e r e n t i a l  method i s  most  a c c u r a t e  i n  t h i s  r e g i o n .  In o t h e r  

wor ds ,  t he  a n a l y s i s  was made on t he  p o r t i o n s  o f  t he  cur ves  

o f  t he  f o u r  components ( u n r ea c t e d  c o a l ,  p r e a s p h a l t e n e s , 

asphal  t e n e s ,  and o i l s  p l us  gases)  where t he  change i n  t he  

r a t e  o f  r e a c t i o n  was t he  g r e a t e s t  ( e . g . ,  us i ng  i n i t i a l  r a t e  

d a t a ) . D i f f e r e n t i a l  a n a l y s i s  shou l d  be avo i ded when t he 

c o m p o s i t i o n s  p r o f i l e s  become f l a t  s i n c e  t he  change i n  t he  

r a t e s  o f  r e a c t i o n  are a l mos t  z e r o ,  l e a d i n g  t o  l a r g e  i n a c 

c u r a c i e s .  In t h i s  s t u d y , t he e x p e r i me n t a l  da t a  o f  Fu r l ong  

were used on l y  where t he  change i n  t he  r a t e  o f  r e a c t i o n  was 

t he  g r e a t e s t . As a r e s u l t ,  some o f  t he  d i f f e r e n t i a l  ana l yses  

was made on da t a  up t o  a r e s i d e n c e  t i me  o f  10 m i n u t e s ,  and 

some ana l yses  were made on da t a  up t o  a r e s i d e n c e  t i me  o f  20 

m i n u t e s ,  dependi ng on t he  s i g n i f i c a n c e  o f  t he  change i n  t he  

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

As soon as t hese r a t e s  o f  r e a c t i o n  were ob t a i n e d  f o r  a 

g i ven  e x p e r i m e n t a l  data  s e t ,  t he  model  and i t s  e v a l u a t e d  

r a t e s  o f  r e a c t i o n  were i n p u t  t o  an i n t e r a c t i v e  MINITAB l i 

b r a r y  p r og r am. MINITAB per f o r med m u l t i p 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 ,  and t he  r e s u l t i n g  c o e f f i c i e n t s  r e p r e s e n t e d  t he  

r a t e  c o n s t a n t s  f o r  t he  g i ven  model .  For  an example r e a c t i o n  

ne t wor k  ;
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2» pr easpha l  t enescoal

a s p h a l t e n e s oi  1 s

The e q u a t i o n s  t o  be so l ved  are:

- ( K 1+K2+K4 ) C + Ky Pdc
dt

dA
dt

d£
d t

dO
dt

k2 c - k5a + k6 p

K1C - (K3+K5+K7 ) P

k3 p + k4 c + k5a

The m a t r i c e s  d e s c r i b i n g  t h i s  set  o f  eq u a t i o n s  us i ng  two 

da t a  p o i n t s  are shown i n  F i g u r e  5.  The Y ' s  i n  t he  Y_ m a t r i x  

r e p r e s e n t  t he  r a t e s  o f  r e a c t i o n ,  and t he  X1 s i n  t he  X. m a t r i x  

r e p r e s e n t  t he  y i e l d s  o f  t he  v a r i o u s  component s .  The K ' s  

r e p r e s e n t  t he  r a t e  c o n s t a n t s  t o  be e v a l u a t e d .

Model  d i s c r i m i n a t i o n  t hen  t ook  p l ace  us i ng  t he  r a t i o  o f  

t he  sums o f  squares due t o  r e g r e s s i o n  t o  t he  t o t a l  sum o f  

squares  f rom MINITAB program as an i n d i c a t o r  o f  goodness o f  

f i t .  A sample run and da t a  f i l e  f o r  MINITAB are shown i n  

Append i x  E .
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Once r a t e  c o n s t a n t s  were e v a l u a t e d  f o r  a proposed 

r e a c t i o n  n e t wo r k ,  t he  model  and i t s  e v a l u a t e d  par amet er s  

were i n p u t  t o  a Runge- Ku t t a  program t o  gener a t e  p r e d i c t e d  

c o n c e n t r â t i o n - t i m e  p r o f i l e s  f o r  t he  f o u r  component s .  As was 

done i n  t h e  i n t e g r a l  a n a l y s i s ,  t he  f i t  was v i s u a l l y  e v a l u 

a t ed by p l o t t i n g  t he  r e s u l t i n g  c o n c e n t r â t i o n - t i m e  p r o f i l e s  

f o r  t he  f o u r  components a l ong w i t h  t he  e x p e r i me n t a l  data 

f rom whi ch t he  par amet er s  ( r a t e  c o n s t a n t s )  were d e r i v e d .

From t he  most  r e l i a b l e  r a t e  data whi ch were a v a i l a b l e  

f rom t he  s t ud y  o f  Fu r l o n g  ( 2 3 ) ,  on l y  e i g h t  c o a l s  were found 

t o  be s u i t a b l e  f o r  d i f f e r e n t i a l  a n a l y s i s  t e c h n i q u e .  How

e v e r ,  two o f  t hose  e i g h t  s u i t a b l e  c oa l s  were employed f o r  

model  d i s c r i m i n a t i o n .  These two c o a l s  were PSOC 107 and 

F i es  Mine 9 .
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F i g u r e  5: M a t r i c e s  f o r  Le a s t - Sq ua r e s  A n a l y s i s

I
~<

 
 ̂

1

- I l ‘ x 12 0 *—i
X1 0 0 x 17 ---

---
1

-< ro 0 x22 0 0 " x 25 x 26 0 K2

Y3 x 3 1 0 “ x 33 0 0 " x 36 ™x 37 K3

Y4 0 0 x43 x44 x45 0 0 K4

LO
>-

" x 51 " x 52 0 “ x 54 0 0 X57 K5

Y6 0 x62 0 0 " x 65 ~x66 0 K6

Y7 x 7 1 0 " x 73 0 0 ~x76 " x 77 K7

_ Y 8
0 0 x83 x84 x85 0 0

K 8

Y X b



T-2656 31

DISCUSSION OF RESULTS

As t he  main o b j e c t i v e  o f  t h i s  s t udy  was t o  deve l op  t he 

bes t  p o s s i b l e  r e a c t i o n  ne t wor k  t h a t  r e p r e s e n t e d  t he  k i n e t i c s  

o f  coal  l i q u e f a c t i o n ,  and s i n c e  t h e r e  was a v a i l a b l e  a l a r g e  

se t  o f  e x p e r i me n t a l  r a t e  da t a  f rom t he  s t udy  o f  Fu r l ong  

( 2 3 ) ,  two c o m p l e t e l y  i ndependen t  t e c h n i q u e s  o f  da t a a n a l y s i s  

were employed f o r  t he  purpose o f  model  d i s c r i m i n a t i o n .

F i r s t ,  t he  i n t e g r a l  method o f  a n a l y s i s  whi ch d e a l t  w i t h  t he 

o v e r a l l  r e a c t i o n  ( a l l  o f  t he  e x p e r i me n t a l  da t a  f rom 0 t o  60 

m i nu t es )  was empl oyed,  f o l l o w e d  by t he  d i f f e r e n t i a l  method 

o f  a n a l y s i s  whi ch d e a l t  o n l y  w i t h  t he  s h o r t  r e s i d e n c e  t i me  

e x p e r i me n t a l  d a t a .

I n t e g r a l  A n a l y s i s  Me t hod :

A pure f i r s t - o r d e r  s e r i e s  model  ( d e s i g n a t e d  Model  1) 

was f i r s t  i n v e s t i g a t e d  l e a d i n g  t o  t he  f o l l o w i n g  r e a c t i o n  

sequence:

K. K,  Kg
c o a l — pr easpha l  t enes ------------- >aspha l  t e n e s ------------>  o i l s

The r a t e s  o f  d i s a pp e a r a nc e  and f o r m a t i o n  o f  r e a c t a n t s  

and p r o d u c t s  i n  t he  ba t ch  r e a c t o r  were r e p r e s e n t e d  by t he  

f o l l o w i n g  d i f f e r e n t i a l  e q u a t i o n s :
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dP
F t K1C - K2P

dA
dt k2 p - k3a

where C, P, A, and 0 were t he  mass f r a c t i o n s  o f  un r eac t ed  

c o a l ,  p r e a s p h a l t e n e s , a s p h a l t e n e s , and o i l s  p l us  gases,  

r e s p e c t i v e l y .  The d i f f e r e n t i a l  e q u a t i o n s  were t hen coded 

i n t o  t he  NLPE program,  and t he  f o l l o w i n g  r a t e  c o n s t a n t s  

gene r a t ed  :

Coal

PSOC 370 

F i es  Mine 9

K1

.02884

.03894

4

.03878

.04719

.01670

.02737

-1where , K2 , and Kg have u n i t s ,  mi nu t es  . F i g u r e s  6 and 7 

show t he  c o mp u t e r - g e n e r a t e d  cur ves  f rom t h i s  model  a l ong 

w i t h  t he  e x p e r i me n t a l  da t a  f o r  t he  two runs o f  each c o a l .

The adequacy o f  t he  da t a  f i t  f o r  d i f f e r e n t  models was 

g i ven  by t he  NLPE program as t he  " d e t e r m i n a n t  o f  t he  moment 

m a t r i x  o f  r e s i d u a l s "  (dmmr) , t he  " r e s i d u a l s "  be i ng  t he 

d i f f e r e n c e s  between t he  e x p e r i me n t a l  va l ues  f o r  each o f  t he  

component  c o n c e n t r a t i o n s  and t he  model  p r e d i c t e d  va l ue  f o r  

t he  v a r i a b l e .  The model  t h a t  y i e l d s  t he  minimum va l ue  f o r
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t he  "dmmr" would be expec t ed t o  have t he  bes t  f i t  t o  t he  

e x p e r i me n t a l  d a t a . The "dmmr" va l ue  f o r  each o f  t he  f i t s  i s  

g i ven  on each a p p r o p r i a t e  p l o t .  As can be seen f rom F i g u r e s  

6 and 7 t he  f i r s t - o r d e r  s e r i e s  model  w i t h  t h r e e  paramet er s  

was i n a d e q u a t e .

N e x t , a f o u r  pa r amet e r  model  was s o u g h t , d e s i gn a t ed  

Model  2.  Model  2 was a m o d i f i c a t i o n  o f  Model  1 t o  i n c l u d e  

an e x t r a  pa r amet e r  f o r  c o n v e r s i o n  o f  p r e a s p h a l t e n e s  t o  o i l  

and gas d i r e c t l y  i n  a d d i t i o n  t o  o i l  be i ng formed f rom 

a s p h a l t e n e s .  Model  2 was r e p r e s e n t e d  by t he  f o l l o w i n g  

r e a c t i o n  ne t wor k  :

K1 K2coal ■> p r e a s p h a l t e n e s > a s p h a l  t enes

V
o i l  and gas

Th i s  y i e l d e d  t he  f o l l o w i n g  mass ba l ance  e q u a t i o n s :
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Here C, P, A, and 0 were d e f i n e d  as b e f o r e . A l t hou gh

t h e r e  was a smal l  improvement  on t he  f i t  t o  t he  da t a  as can

be seen i n  F i g u r e s  3 and 9,  Model  2 was not  s u i t a b l e  as an 

adequate r e p r e s e n t a t i o n  f o r  t he  coal  c o n v e r s i o n  t o  p r e 

asphal  t e n e s ,  a s p h a l t e n e s ,  and o i l  and g a s .

As a r e s u l t .  Model  3 was pr oposed.  Th i s  was r e p r e 

sen t ed  by t he  f o l l o w i n g  scheme:

coal p r e a s p h a l t e n e s

*  À
a s p h a l t e n es

v
» o i l  and gas

Assuming f i r s t - o r d e r  i r r e v e r s i b l e  k i n e t i c s  f o r  

each o f  t he  s i x  r e a c t i o n s  i n v o l v e d ,  t he  f o l l o w i n g  mass 

ba l ances  on t he  components were deve l oped:
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T h i s  s i x - parameter  model y i e l d e d  the  f i t s  shown i n  

F i g u r e s  10 and 11.  As can be seen,  t he  f i t  was good w i t h  

r e s p e c t  t o  t he  o i l  and g a s , and as p ha l t e ne  curves  f o r  F i es  

Mine 9 c o a l ,  and a l s o  was good w i t h  r e s p e c t  t o  the  o i l  and 

g a s , and p r e a s p h a l t e n e  curves  f o r  PSOC 370 coal  , but  t he  f i t  

f o r  the  o t h e r  p r od u c t s  f o r  both c o a l s  was s t i l l  e x t r e m e ! y 

p o o r .

Assuming r e v e r s i b i l i t y  f o r  r e a c t i o n  1 o f  Model 3 l ed  t o  

Model 4 w i t h  seven p a r a m e t e r s . As can be seen f rom F i g u r e s

10 and 11,  the  mass f r a c t i o n  o f  the  un reac ted  coal  tends  to  

go t o  zero  as t he  l i q u e f a c t i o n  process p r oceeds ,  which was 

u n d e s i r a b l e ,  so t he  a d d i t i o n  o f  t he  r e v e r s i b i l i t y  s tep  was 

necessa ry  t o  e l i m i n a t e  t h i s  unwanted r e s u l t .  F i g u re s  12 and 

13 r e p r e s e n t  t he  f i t  o f  Model 4 t o  t he  ex p e r i m e n ta l  d a t a .

As would be exp ec te d ,  t he  seve n -p a ra me t e r  model f i t s  the  

da ta  b e t t e r  than  t he  p r e v i o u s  t h r e e  mode l s .  The c a l c u l a t e d  

r a t e  c o n s t a n t s  are shown i n  Tab le  2.

I t  i s  c l e a r  f rom Tab le  2 t h a t  Kg and are e i t h e r  ve ry  

smal l  o r  z e r o ,  which c o n s e q u e n t l y  means t h a t  the  p r e a s p h a l t -  

enes had n o t h i n g  t o  do w i t h  t he  f o r m a t i o n  o f  a s p ha l t e ne s  and

011 p lus  g a s . To examine t he  e f f e c t  o f  e l i m i n a t i o n  o f  t he  

r e a c t i o n  o f  p r e a s p h a l t e n e s  t o  o i l  p l us  ga ses , Model 5 was 

proposed whi ch i s  r e p r e s e n t e d  by t he  f o l l o w i n g  r e a c t i o n  

ne twork  :
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coa1<:

2

a sp h a l t e n e s

^ p r e a s p h a l tenes

^  o i l  s p lus  gases

The f i t  o f  t h i s  model t o  the  da ta  i s  shown i n  F ig u r e s  

14 and 15.  A l t h ou gh  t h e r e  was a s l i g h t  improvement  t o  the  

da ta  f i t ,  t h e  concern  here was t o  see whe ther  t he  p r e 

asphal  t ene  re a c te d  t o  f rom asphal  tene  o r  n o t .  The r a t e  

c o n s t a n t s  were c a l c u l a t e d  and shown be low:

Coal

PSOC 370 

F i es  Mine 9

K1 K. K, K 1C K,

.04981 .01715 .00505 .00406 0 .0  .06495

.04465 .03378 .00103 .02317 0 .0  .02146

As can be seen f rom Model 5,  Kg i s  z e r o ,  thus  a con

c l u s i o n  may be drawn t h a t  t h e  a s p ha l t e ne s  are produced 

p r e d o m i n a t e l y  f rom coa l  and no t  f rom p r e a s p h a l t e n e s .

Thus,  t o  see t h e  e f f e c t  o f  e l i m i n a t i o n  o f  t he  p r e 

asphal  tene t o  a s p h a l t e n e  r e a c t i o n ,  t he  f o l l o w i n g  r e a c t i o n  

ne twork  ( d e s i g n a t e d  Model 6) was i n t r o d u c e d .
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coal >  p r ea sp ha l t e ne s

a sp ha l t e ne s ^ T ^ ' o i l s  p l us  gases

The c a l c u l a t e d  r a t e  c o n s t a n t s  are shown be low:

Coal

PSOC 370

F ie s  Mine 9

K K, K K K

.03599 .01754 0.0 .00446 .00534 .04297

.04465 .03378 0.0 .02316 .00103 .02146

I t  i s  c l e a r  t h a t  t he  p r ea s p h a l t e n e s  d i d  not  r e a c t  t o  

produce o i l  p l us  gas s i n ce  Kg i s  ze r o .  F i g u re s  16 and 17 

r e p r e s e n t  t h e  da ta  f i t  o f  Model 6.

S ince t he  p r e v i o u s  two models (Models  5 and 6) demon

s t r a t e d  t h a t  t h e  p r e a s p h a l t e n e s  d i d  not  r e a c t  t o  produce 

e i t h e r  as p ha l t e nes  or  o i l s  p l us  ga s , e l i m i n a t i o n  o f  both 

t he se  r e a c t i o n s  f rom t h e  r e a c t i o n  ne twork  was proposed,  

r e s u l t i n g  i n  t h e  development  o f  Model 7,  which i s  r e p r e 

sen ted  by t he  f o l l o w i n g  r e a c t i o n  sequences:

coal  ± p r e a sp h a l t e n e s

K

asp ha l t e nes ^  o i 1 and gas
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The f i t  o f  Model 7 t o  t he  data i s  shown i n  F ig u r e s  18 

and 19.  The c a l c u l a t e d  r a t e  c o n s t a n t s  were:

Coal

PSOC 370 

F ies  Mine 9

K1 K K. K K,

.03599

.04465

.01754 .00534

.03378 .00103

.00456 .04297

.02318 .02146

As may be seen,  t he  f i t  was q u i t e  adequate .

Model 8 was nex t  proposed l e a d i n g  t o  t he  f o l l o w i n g  

r e a c t i o n  scheme:

K,
coal ±  p r e a s p h a l t e n e s

K2

as p h a l t e n e s >  o i 1 and gas
K3

where a l l  coal  r e a c t i o n s  ( r e a c t i o n s  1,  2 ,  and 4) were second'  

o r d e r  i n  coa l  r e m a i n i n g .

Model 8 was r e p r e s e n te d  by the  f o l l o w i n g  e q u a t i o n s :
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Ï Ï I  ■ K2c2 - K3A

ï ï î  K3A + K4c2

The c a l c u l a t e d  r a t e  c o n s t a n t s  f o r  Model 8 are shown 

be low .

Rate Cons tan t s  f o r  Model 8 ,  I n t e g r a l  Method

Coal

PSOC 370 

F ies  Mine 9

.0414

.06886

K2 K. K

.03373 .00606 .00772

.06617 .00383 .04101

^5

.01599

.01082

As can be n o t i c e d  f rom F i g u re s  20 and 21,  t he  f i t  was 

adequate  t o  t he  e x p e r i m e n ta l  d a ta .

Three more r e a c t i o n  n e t w o r k s , de s i g n a te d  models 9,  10, 

and 11 were p roposed.  Based on Model 7,  Model 9 assumed the  

coa l  r e a c t i o n  t o  preaspha l  t enes  was s e c o n d - o r d e r . Model 10 

assumed the  r e a c t i o n  o f  coa l  t o  a s p ha l t e ne s  was a second-  

o r d e r  ; and Model 11 assumed the  coal  r e a c t i o n  t o  o i l  p l us  

gas was s e c o n d - o r d e r .  F i g u r e s  22,  23,  24,  25,  26,  and 27 

r e p r e s e n t  t he  f i t  t o  t he  ex p e r i m e n ta l  da ta t o  Models 9,  10,  

and 11 r e s p e c t i v e l y .

From the  "dmmr11 va lues  o f  the  e l even  models f o r  PSOC 

370 and F ies  Mine 9 c o a l s ,  which are shown on F i g u re s  6 

t h r o u g h  27,  i t  was obv ious  t h a t  Model 8 was the  bes t  model
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d e s c r i b i n g  t he  coal  l i q u e f a c t i o n  p rocess  s i n c e  i t  e x h i b i t e d  

t h e  l o w es t  va lue  o f  the  "dmmr" f o r  bo th  c o a l s  t e s t e d .  Model 

8 i s  shown i n  F i g u re s  20,  21,  and 28 t h r o u g h  38.

D i f f e r e n t i a l  A n a l y s i s  Me thod :

The same e leven  models were i n v e s t i g a t e d  us ing  the  

d i f f e r e n t i a l  method on t h e  i n i t i a l  r a t e  d a t a .  The adequacy 

o f  t he  f i t  f o r  t hese  models was g i ven by the  a v a i l a b l e  

MINITAB l i b r a r y  program as t he  " R a t i o  o f  t he  sum o f  squares 

due t o  r e g r e s s i o n  t o  t he  t o t a l  sum o f  s q u a r e s " .  The c l o s e r  

t h i s  r a t i o  t o  one,  t he  b e t t e r  t he  f i t  t o  t he  d a t a . MIN I TAB 

per fo rmed m u l t i p 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  o f  the  

m a t r i c e s  r e p r e s e n t i n g  r a t e s  and c o m p o s i t i o n s ,  and t he  

r e s u l t i n g  c o e f f i c i e n t s  r e p r e s e n te d  t he  r a t e  c o n s t a n t s  f o r  

t h e  g i ven  model .

Tab les  3 and 4 show the  c a l c u l a t e d  r a t i o s  as a d i s 

c r i m i n a t o r  f o r  d e t e r m i n i n g  t he  most adequate f i t  t o  t he  

e x p e r i m e n t a l  da ta  f o r  PSOC 107 and F ies  Mine 9 c o a l s ,  

r e s p e c t i v e l y .  As may be seen.  Model 3 was found t o  be the  

b e s t  r e a c t i o n  ne twork  t o  r e p r e s e n t  t he  l i q u e f a c t i o n  p rocess  

by d i f f e r e n t i a l  a n a l y s i s  s i n c e  t he  c o r r e s p o n d i n g  sum o f  

squares r a t i o  was c l o s e  t o  one.

In us i ng  t he  sum o f  squares  r a t i o  i n  t he  d i f f e r e n t i a l  

method as a d i s c r i m i n a t o r ,  t he  o b j e c t i v e  was t o  l ook  f o r  a 

s i g n i f i c a n t  d i f f e r e n c e  between t hese  r a t i o s  t o  t e l l  which
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model  was t he  b e s t .  An o t he r  o b j e c t i v e  was a l so  t o  p r e d i c t  a 

u n i f i e d  model  t h a t  r e p r e s e n t e d  t he  l i q u e f a c t i o n  pr ocess  by 

t he  two methods o f  a n a l y s i s  and Model  8 was found t o  meet 

bo t h  o f  t hese  o b j e c t i v e s .

F i g u r e s  39 t o  46 r e p r e s e n t  t he  f i t  o f  Model  8 t o  the 

e x p e r i m e n t a l  data by t he  d i f f e r e n t i a l  method.

E i g h t  c o a l s  were f ound t o  be s u i t a b l e  f o r  t he  d i f f e r 

e n t i a l  method out  o f  t he  t h i r t e e n  se t s  o f  r e l i a b l e  r a t e  da t a  

whi ch were a v a i l a b l e  f rom t he  s t udy  o f  Fu r l ong  ( 2 3 ) .  The 

c h o i c e  o f  t he  c o a l s  was based on t he  c a l c u l a t e d  i n i t i a l  

r a t e s  o f  r e a c t i o n  f o r  each e x p e r i me n t a l  da t a  se t  f o r  t he  

f o u r  components ( un r eac t ed  c o a l ,  p r e a s p h a l t e n e s , a s p h a l t -  

enes ,  and o i l s  p l us  gases)  . The g i ven  e x p e r i me n t a l  da t a  set  

was chosen when t he  change i n  t hose  r a t e s  o f  r e a c t i o n  f o r  

each component  was s i g n i f i c a n t l y  l a r g e ,  o t h e r w i s e  t h a t  g i ven  

e x p e r i m e n t a l  da t a  set  was r e j e c t e d  as not  s u i t a b l e  f o r  

d i f f e r e n t i a l  a n a l y s i s .

Rate c o n s t a n t s  f o r  Model  8 whi ch were c a l c u l a t e d  us i ng 

bo t h  t he  i n t e g r a l  and d i f f e r e n t i a l  methods f o r  t he  e i g h t  

c o a l s  were compared and p r es en t ed  i n  Tab l es  5 t h r ou g h  12.

As can be seen.  Tabl es  5 t h r o u g h  11 show a comparabl e va l ues  

o f  t he  r a t e  c o n s t a n t s  f o r  r e a c t i o n s  1,  2,  and 4,  r e s p e c t i v e l y .



Fi
gu

re
 

39
:M

od
e 

1 
8

, 
D

if
fe

re
n

ti
a

l 
M

e
th

o
d

 
5 

P
a

ra
m

e
te

r,
C

oa
li

P
S

O
C

 
N

o.
 

0
7

1

T-2656 76

r - O

O

O
(/)

V ) ■o

\n

08 0 0 9 000 T 0 f  0 0? 0 00 0
N O U O V a j  S S Y K

(
s

5
r

in
N

m
)

flF
îiJ



F
ig

u
re

40
:M

o
d

el
 

8,
 

D
if

fe
re

n
ti

a
l 

M
et

ho
d 

5 
P

a
ra

m
e

te
r,

C
o

ah
P

S
O

C
 

N
o.

 
10

7

T-2656 77

V )

C_) </>Q
un

o Ou

(/)
V ) *oUO o

08 000  I 0? 0 00 009 0 0 * 0
N 0 I 1 3 V H J  S S V N

TI
M

 
12 

(M
IN

U
T

E
S

)



T-2656 78

00CO

o -oQ
•o

CD
CLV)

CL
CO

«4-

Û
00

JQ00 I 08 0 0 9 0 O f  0 00 0
NOIcLDVHi S S V K

T
IM

E
(M

IN
U

T
E

S
)



Fi
gu

re
 

4^
M

od
el

 
8

,D
if

fe
re

n
ti

a
l 

M
e

th
o

d
 

5 
P

a
ra

m
e

te
r,

C
o

al
:F

. 
M

in
e 

9

T-2656 79

r O

Q
CU

in
CL
in

■—  O

0 9 000 T 08 0 Ot  0 00 0
N 0 I 1 3 V H J  S S V N

T
IM

E
(M

IN
U

T
E

S
)



F
ig

u
re

43
:M

o
d

el
 

8
,D

if
fe

re
n

ti
a

l 
M

e
th

o
d

 
5 

P
ar

am
et

er
,C

o
al

:P
S

O
C

 
N

o.
 

4
3

7

T-2656

■o
oLU

CLUl o  z:CL

00  I 08 0 0? 0O f  009 0
N 0 U 3 Y H J  S SVY i



F
ig

u
re

44
:M

o
d

el
 

8
,D

if
fe

re
n

ti
a

l 
M

e
th

o
d

 
5 

Pa
 

ra
m

e 
te

r.
 C

oa
l:

 P
SO

C 
N

o.
 

15
1

T - 2 6 5 6 81

m
o in -oQ ■O 00

in

CL o

08 0 09 0 02 0 00 000 T Ot 0
NOIiLDVHJ SS VY i

T
IM

E
(M

IN
U

T
E

S
)



Fi
gu

re
 

45
:M

o
d

el
 

8
,D

if
fe

re
n

ti
a

l 
M

e
th

o
d

 
5 

P
a

ra
m

e
te

r,
C

o
a

h
P

S
O

C
 

N
o.

 
0

5
6

T - 2 6 5 6 82

oQ

U Jo
U J Q.i/l

V )

=)

00 009 0 0? 000 I 08 0 Ot 0
N O I l O Y H i  S S V R

T
IM

E
( 

M
IN

U
T

E
S

)



F
ig

u
re

4
6

:M
o

d
el

 
8

,D
if

fe
re

n
ti

a
l 

M
e

th
o

d
 

5 
Pa

 
ra

m
e 

te
r.

 C
oa

l:
 C

o 
. 

E
n

er
g

y

T - 2 6 5 6
83

■-a

to
o to "OQ

Qu

"O

-O

0 8 000 I 09 0 00 0O f  0
N 0 I1 3 Y H J  SSVR

T
IM

E
( 

M
IN

U
T

E
S

)



T-2656 84

Tab!  e 3.  " R a t i o "  Va l u e s ,  Coal :  PSOC 107

Model Rat i  o

1 0.614

2 0.614

3 0.848

4 0.977

5 0.977

6 0.976

7 0.911

8 0.983

9 0.916

10 0.951

11 0.952

\
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Tab l e  4.  " R a t i o "  V a l u e s ,  Coal :  F i es  Mine 9

Model Ra t i o

1 0.732

2 0.732

3 0.898

4 0.996

5 0.995

6 0.994

7 0.980

8 0.992

9 0.982

10 0.996

11 0.987
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Mode l i ng  o f  Non-1 so t her mal  D a t a :

The same methods o f  a n a l y s i s  were employed t o  i n v e s t i 

ga t e  t he  e l even models p r esen t ed  p r e v i o u s l y  f o r  data ob

t a i n e d  by Sha l ab i  (19)  at  t e mp e r a t u r e s  o f  400,  375,  and 350 

°C.  Tab l es  16,  17,  and 13 p r es en t  a summary o f  t he  r e s u l t s  

o b t a i n e d  f rom t he  i n t e g r a l  method o f  a n a l y s i s .  A l l  o f  t he  

t h r e e  t a b l e s  i n d i c a t e  t h a t  Model  8 was t he  bes t  i n  f i t t i n g  

t he  e x p e r i me n t a l  d a t a ,  s i n c e  Model  8 e x h i b i t e d  t he  l owes t  

"dmmr11. Re s u l t s  o f  d i f f e r e n t i a l  method o f  a n a l y s i s  are 

p r es en t ed  i n  Tab l es  19,  20,  and 21.  R e f e r r i n g  t o  t hese  

t h r e e  t a b l e s ,  i t  was aga i n  conc l uded t h a t  Model  8 gave t he  

bes t  f i t  t o  t he e x p e r i me n t a l  d a t a . F i n a l l y ,  a compar i son 

between t h e  r a t e  c o n s t a n t s  f o r  Model  8 f rom both i n t e g r a l  

and d i f f e r e n t i a l  a n a l y s i s  was made, as shown i n  Tab l es  22,  

23,  and 24.

A c t i v a t i o n  Ener g i es

The a c t i v a t i o n  energy i s  r e l a t e d  t o  t he  r a t e  c o n s t a n t  

a c c o r d i n g  t o  t he  f o l l o w i n g  e x p r e s s i o n :

K A exp ( --^y)

where

A f r e q u e nc y  f a c t o r

E a c t i v a t i o n  energy 

i d e a l  gas l aw c o n s t a n tR
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T = a b s o l u t e  t e m p e r a t u r e .

The above e x p r e s s i o n  may be r e w r i t t e n  as:

1 n K -  1 n A -

Thus,  p l o t t i n g  InK vs y  a t  t he  t h r e e  a v a i l a b l e  t e mpe r 

a t u r e s  (19)  shou l d  y i e l d  a s t r a i g h t  l i n e  w i t h  s l ope  o f  ( -jj-) 

and y i n t e r c e p t  o f  I nA .  Rate c o n s t a n t s  f rom Models 1,  8 ,  

and 9 were p l o t t e d  a c c o r d i n g  t o  t he  above e x p r e s s i o n  f o r  t he  

t h r e e  t e mp e r a t u r e  dat a o f  S h a l a b i .  One o t h e r  method o f  

d i s c r i m i n a t i n g  between v a r i o u s  models i n v o l v e s  use o f  t he 

l i n e a r i t y  o f  t he  A r r h e n i u s  p l o t  as a measure o f  model  ade

quacy .  Thus,  models 1,  8 ,  and 9 ,  whi ch are t he  bes t  and 

w o r s t  da t a  f i t s  f o r  t he  da t a  o f  Sha l ab i  were employed t o  

i n v e s t i g a t e  t he  e f f e c t  o f  model  on c a l c u l a t e d  a c t i v a t i o n  

e n e r g i e s .  L i n e a r i t y  o f  t he  A r r h e n i u s  p l o t  i s  t he  i m p o r t a n t

c o n s i d e r a t i o n  he r e .  How good t he  l i n e a r  r e g r e s s i o n  f i t s  t he
?

da t a  i s  g i ven  by t he  R v a l u e  i n  t hese  f i g u r e s ,  w i t h  a va l ue
2

o f  R =1.00 i n d i c a t i n g  a p e r f e c t  f i t .  The A r r h e n i u s  a c t i  va-
2

t i  on e n e r g i e s  and t h e i r  c o r r e s p o n d i n g  R va l ues  are shown i n  

Tab l es  13,  14,  and 15 f o r  t he  t h r e e  g i ven  mode l s .  F i g u r e s  

47 t h r o u g h  50 r e p r e s e n t  t he  A r r h e n i u s  p l o t s  o f  Models 1,  8,  

and 9 .

The a c t i v a t i o n  e n e r g i e s  f o r  Model  8 o f  ( c o n v e r s i o n  

o f  coal  t o  p r e a s h a l t e n e s ) ,  ( c o n v e r s i o n  o f  coal  t o  a s p h a l t -
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Figure47:Arrhenius Plot,Model 1
Integral  Method
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o
F i g u r e 4 9 : A r r h e n i u s  P l o t , M o d e l  1 

D i f f e r e n t i a l  M e t h o d

o

.916

1.46 1 48 1.50 1 52 1.54 1.56 1.58 1 60
( l / T )  1000.  DEGREES K

1;62
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Figure 50:Arrhenius Plot ,Model 8
In tegra l  Method
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Figure 5i:Arrhenius Plot ,Model 8
Integral  Method

R = .9 9 5
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Figure 53:Arrhenius Plot ,Model 8
D i f fe ren t ia l  Method
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F i g  ure54 : A r r h e n i u s  P l o t , M o d e l  8 
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o
F l g u r e s s r A r r h e n i u s  P l o t , M o d e l  9 

I n t e g r a l  M e t h o d

o

.927
o

o

oo

1.46 1.48 1 50 1.52 1.54 1.56 1 58 1.60 1 62
( l / T )  1000.  DEGREES K
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Figure 56:Arrhenius Plot ,Model 9
Dif fe rent ia l  Method

.910
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e n e s ) , and ( c o n v e r s i o n  o f  coal  t o  o i l  p l us  gas ) ranged 

f r om 34. 3 t o  39.6 K c a l / gm mole f o r  t he  i n t e g r a l  me t hod , and 

f r om 25 . 9  t o  31.1 K c a l / g m mole f o r  t he  d i f f e r e n t i a l  method.  

The a c t i v a t i o n  energy  o f  Kg ( c o n v e r s i o n  o f  as p h a l t e n e s  t o  

o i l s  p l us  gases)  e x h i b i t e d  t he  l owes t  va l ue  o f  7 . 9  K ca l / gm 

mole f o r  t he  i n t e g r a l  method and 0 K c a l / g m mole f o r  t he  

d i f f e r e n t i a l  method.

I n t e r p r e t a t i o n :

The r e a c t i o n  ne t work  r e p r e s e n t e d  by Model  8 w i t h  f i v e  

p a r a me t e r s ,  and w i t h  s e c o n d - o r d e r  r e a c t i o n s  i n  coal  was 

f ound t o  f i t  t he  e x p e r i me n t a l  da t a  q u i t e  we l l  f o r  a l l  f o u r  

r e a c t i o n  p r o d u c t s . Rate c o n s t a n t  ( c o n v e r s i o n  o f  coal  t o  

p r e a s p h a l t e n e s )  had t he  h i g h e s t  va l ue  compared t o  t he  o t h e r  

r a t e  c o n s t a n t s  whi ch e x p l a i n s  t he  observed h i gh  y i e l d  o f  t he  

p r e a s p h a l t e n e s  a t  t he  s t a r t  o f  r e a c t i o n .  The model  a l so  

p r e d i c t s  t h a t  a s p h a l t e n e s  and p r e a s p h a l t e n e s  are t he  ma j or  

p r o d u c t s  w i t h  p r e a s p h a l t e n e s  be i ng t he  p r e f e r r e d  p r o d u c t .

As t he  r e a c t i o n  p r oceeded,  t he as p h a l t e n e s  c o n v e r t e d  t o  o i l s  

p l us  gases w i t h  r a t e  c o n s t a n t  Kg,  whi ch was a l ow va l ue  

compared t o  t he  o t h e r  r a t e  c o n s t a n t s .  Th i s  means t h a t  t he  

f o r m a t i o n  o f  o i l s  p l us  gases were m a i n l y  due t o  t he  c o n v e r 

s i on  o f  coal  i n  t hese  ba t ch  h y d r o g e n a t i o n  sys t ems.

The ma t hema t i c a l  model  and t he  c o r r e s p o n d i n g  r e a c t i o n  

ne t wor k  a s s o c i a t e d  w i t h  i t ,  however ,  r e p r e s e n t  t he  e x p e r i -
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mental  da t a  q u i t e  we l l  o n l y  f r om a mac r oscop i c  v i e w p o i n t .

The model  cannot  e x p l a i n  t he  m i c r o s c o p i c  mechanism o f  coal  

l i q u e f a c t i o n  whi ch so f a r  has not  been c l e a r l y  d e t e r m i n e d .  

Con s e q u e n t l y ,  t he  i n d i v i d u a l  r a t e  c o n s t a n t s  shou l d  be f u r 

t h e r  i n v e s t i g a t e d  by us i ng  as p h a l t e n e s  or  p r e a s p h a l t e n e s  as 

r e a c t a n t s  t o  de t e r mi ne  t he  r a t e  c o n s t a n t s  more p r e c i s e l y .

In a d d i t i o n ,  i t  i s  c l e a r  t h a t  t h i s  model  w i l l  o n l y  app l y  i n  

t he  t i me  range s t u d i e d  (0 -60  mi nu t es  f o r  F u r l o n g ' s  d a t a , and 

0-180 mi nu t es  f o r  S h a l a b i ' s )  and e x t r o p o l a t i o n  o f  t he  model  

o u t s i d e  t h i s  t i me  range i s  not  r e a s o n a b l e .
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Tab l e  13.  "dmmr" V a l u e s ,  f o r  400 °C Temper a t u r e .  

Model  dmmr

1 3.4 X I—* 
1

o
1 -P*

2

O
O X

1o

3 1 .1 X 1 0 ' 6

4 2.6 X t—
> o
1

5 2.6 X 1—» o
1

6 2.6 X 10-7

7 2.6 X 10-7

8 3.4 X I O " 10

9 2.8 X I O " 7

10 2.3 X IQ-?

11 7.5 X t—
‘ o
1 00



T-2656 109

Tab l e  14.  "dmmr" V a l u e s ,  f o r  375 °C Te mp e r a t u r e . 

Model  dmmr

1 1.4 X 1 0 ' 4

2 7.5 X
LO10 

1 
I

3 1.3 X 1—*
 

o
 1 cn

4 1.1 X 1 0 " 7

5 1.1 X i o - 7

6 1.1 X 1—
»

o
i

7 1.1 X i o - 7

8 1.2 X 1 0 " 9

9 9.4 X

COio
 

1—
1

10 1.4 X

<3-1Or—
1

11 6 . 0 X I—
*

o
1 00
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Tab l e  15.  11 dmmr11 V a l u e s ,  f o r  350 °C Tempera t u r e .  

Model  dmmr

1

00C
O X

r~>.io
 

1 
^

2 2.4 X I Q ' ?

3 5.9 X 1 0 " 8

4 3.4 X l O " 10

5 3.3 X 1 0 ' 10

6 3.3 X

oI—
1 1ot-H

7 3.3 X 1 0 - 10

8 1.0 X l O " 10

9 3.1 X 1 0 " 10

10 6.3 X 1 0 - 5

11 3.0 X 10-10
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Tab l e  16.  " R a t i o "  V a l u e s ,  f o r  400 ° 

Model  Ra t i o

1 .771

2 .776

3 .951

4 .967

5 .967

6 .967

7 .940

8 .961

9 - .938

10 .961

11 .948

C Temperat ure
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Tab l e . " R a t i o "  

Model  

1 

2

3

4

5

6

7

8 

9

10

11

V a l u e s , f o r  37 5 ° 

Rat io 

.869 

.871 

.979 

.994 

.994 

.994 

.984 

.996 

.985 

.993 

.988

T e mp e r a t u r e .
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Tab l e  18.  " R a t i o "  V a l u e s ,  f o r  350 °C Temper a t u r e .  

Model  Ra t i o

1 .856

2 .649

3 .526

4 .995

5 .995

6 .995

7 .977

8 .995

9 .974

10 .992

11 .987



T-2656 114



T-2656 115



T-2656 116



T-2656 117



T-2656 118

LU



T-2656 119



T-2656 12 U

CONCLUSIONS

1.  The e x p e r i me n t a l  da t a  ( 1 9 , 2 3 )  on p r o du c t  d i s t r i b u t i o n  

was modeled s u c c e s s f u l l y  w i t h  t he  f o l l o w i n g  r e a c t i o n  

ne t wor k  :

Ki

K5
> p r e a s p ha l t e ne s

asphal  t e n e s ------------------------------------------  o i l
K3

where r e a c t i o n s  1,  2 ,  and 4 are s e c o n d - o r d e r  i n  c o a l .

2.  A c t i v a t i o n  e n e r g i e s  o f  3 6 . 4 ,  3 4 . 3 ,  7 . 9 ,  39.6 and 25. 0 K 

c a l / g m mole f o r  r e a c t i o n s  1,  2,  3,  4,  and 5 r e s p e c 

t i v e l y  were c a l c u l a t e d  us i ng  i n t e g r a l  me t hod , and o f  

2 5 . 9 ,  3 0 . 4 ,  and 31.1 K c a l / gm mole us i ng  d i f f e r e n t i a l  

method f o r  r e a c t i o n s  1,  2,  and 4,  r e s p e c t i v e l y .

3.  Re s u l t s  o f  da t a  mode l i ng  have i n d i c a t e d  t h a t  r e a c t i o n  

ne t wor ks  whi ch do not  i n c o r p o r a t e  d i r e c t  r e a c t i o n  o f  

p r e a s p h a l t e n e s  t o  as p h a l t e n e s  and o i l  p l us  gas are 

a p p r o p r i a t e  f o r  coal  l i q u e f a c t i o n .

4.  The r e a c t i o n  o f  a s p h a l t e n e s  t o  o i l s  p l us  gases was 

shown t o  be ve r y  s l ow.

5.  In us i n g  t he  d i f f e r e n t i a l  method,  t he  a n a l y s i s  shou l d  

be made where t he  change i n  t he  r a t e  o f  r e a c t i o n  i s  t he
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g r e a t e s t .  For  coal  l i q u e f a c t i o n  d a t a ,  i t  was found 

t h a t  s h o r t  r e s i d e n c e  t i me  data had t o  be used because 

t he  c o m p o s i t i o n s  o f  a l l  p r odu c t s  are a l mos t  a t  a s t eady  

s t a t e  a f t e r  10 t o  20 m i n u t e s .

6 . The r a t e  c o n s t a n t s  o f  t he  r e a c t i o n  ne t work  shown above 

us i ng  both i n t e g r a l  and d i f f e r e n t i a l  methods f o r  a l l  

t he  e x p e r i me n t a l  da t a  were compar ab l e .

7.  High a c t i v a t i o n  e n e r g i e s  c a l c u l a t e d  i n d i c a t e d  t h a t  t he  

c o r r e s p o n d i n g  r e a c t i o n s  are k i n e t i cal  1 y c o n t r o l l e d  and 

no t  i n f l u e n c e d  by i n t e r f a c i a l  mass t r a n s f e r .
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RECOMMENDATIONS

1.  F u r t h e r  mode l i ng  o f  t he  l i q u e f a c t i o n  process needs t o  

be done i n  o r d e r  t o  o b t a i n  a model  w i t h  t he  f ewes t  

p o s s i b l e  paramet er s  ( r a t e  c o n s t a n t s )  .

2.  The r e a c t i v i t y  o f  t he  p r e a s p h a l t e n e s  shoul d be i n v e s 

t i g a t e d  s e p a r a t e l y .

3.  Fu t u r e  i n v e s t i g a t i o n  shou l d  be per f ormed us i ng  s h o r t e r  

r e s i  dence t i mes  .

4.  Us i ng t he  p r es s u r e  as a v a r i a b l e  i s  a n o t h e r  p o s s i b l e  

area o f  i n v e s t i g a t i o n .

5.  The causes o f  t he  n o n - l i n e a r i t y  o f  A r r h e n i u s  e q u a t i o n s  

shou l d  be i n v e s t i g a t e d .
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APPENDIX A

The e x p e r i me n t a l  da t a  used i n  t he  i n i t i a l  r a t e  
( d i f f e r e n t i a l )  a n a l y s i s

1.  F u r l o n g ' s  dat a ( 2 3 ) .

A.  20 mi nu t es  r e s i d e n c e  t i me  data

Coal  : F i es Mine 9

Ti  me 0 5 10 15 20

% u n r e a c t e d  coal 100 54.05 37.95 30.75 25.2

% p r e a s p h a l t e n e s 0 18.85 23.2 24.7 26.1

% a s p h a l t e n e s 0 13.0 23.05 25.6 27.7

% o i l s 0 9.1 15.75 19.2 20.9

Coal  : Co l o r ado Energy

Time 0 5 10 15 20

% u n r e a c t ed  coal 100 70 56.6 51 .0 48.0

% p r e a s p h a l t e n e s 0 11.35 17.05 19.0 19.5

% a s p h a l t e n e s 0 11.9 15.95 18.4 20.0

% o i l s 0 6 .8 10.35 12.5 14.5
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B. 10 mi nu t es  r e s i d e n c e  t i me  dat a

Coa l :  PSOC No. 107

Time 0 2.5 5 7.5 10

% u nr e a c t ed  coal 100 69.1 55.8 46.0 39.0

% p r e a s p h a l t e n e s 0 9 .35 15.1 19.0 22.0

% a s p h a l t e n e s 0 10.9 15.35 18.0 20.5

% o i l s 0 10.4 13.75 15.9 17.5

Coa l :  PSOC No. 151

Ti  me 0 2 . 5 5 7.5 10

% u n r e a c t ed  coal 100 65. 0 52.8 45.75 40.8

% p r e a s p h a l t e n e s 0 11.75 16.8 19.0 20.05

% a s p h a l t e n e s 0 10.0 16.4 19.3 20.25

% o i l s 0 8. 5 14.0 16.9 18.55

Coal  : PSOC No. 456

Ti me 0 2.5 5 7.5 10

% u n r e a c t e d  coal 100 59.5 45.5 38.5 34.4

% p r e a s p h a l t e n e s 0 17.75 24.3 26.9 28.05

% a s p h a l t e n e s 0 12.5 17.15 19.0 19.85

% o i l s 0 8 . 9 12.9 15.9 17.75

Coal  : PSOC No. 437

Ti me 0 2.5 5 7.5 10

% u nr e a c t ed  coal 100 62. 75 49.1 40.75 35.2

% p r e a s p h a l t e n e s 0 13.9 20. 05 22.5 23.7

% as p h a l t e n e s 0 13.9 20.05 22.4 23.55

% oi  1 s 0 6.0 10.75 14.5 17.5
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Coal :  PSOC No. 071

Time 0 2.5 5 7.5 10

% u nr ea c t ed  coal 100 67.0 56.4 49.6 44.7

% p r e a s p h a l t e n e s 0 5.0 8. 05 10.5 11.85

% a s p h a l t e n e s 0 8.0 13.45 15.75 16.4

% o i l s 0 16.0 22.05 25.0 26.8

Coal  : PSOC No. 056

Time 0 2.5 5 7.5 10

% u n r ea c t ed  coal 100 67.5 52.5 45.0 40.55

% p r e a s p h a l t e n e s 0 11.75 17.45 19.75 20.5

% a s p h a l t e n e s 0 8.0 12.85 15.6 17.0

% o i l s 0 11.0 17.25 20.25 21.9
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2 .  S h a l b i ' s  da t a  ( 1 9 ) .

No. 400 ° C ' s da t a

Time ( m i n . ) 0 2. 5 5 7.5

% u n r e a c t e d  coal 100 71.0 54.0 43.1

% p r e a s p h a l t e n e s 0 9.7 19.35 28.85

% a s p h a l t e n e s 0 9.0 15.5 19.6

% o i l s 0 12.5 24.3 35.0

10

35.7

37.9

22.3

41.0

Time (min)

% un r e ac t e d  coal  

% p r e a s p h a l t e n e s  

% a s p h a l t e n e s  

% o i l s

Time (min)

% u n r e a c t e d  coal  

% p r e a s p h a l t e n e s  

% a s p h a l t e n e s  

% o i l s

data

0 2.5 5 7.5

100 88. 7 80.4 73. 8

0 5.0 8 . 5 12.0

0 4. 15 7.5 10.0

0 1.25 2.12 2. 75

dat a

0 2.5 5 7.5

100 81 . 7 69.0 59.0

0 9.25 17.25 23.5

0 5.75 9.8 12.9

0 2.5 4. 25 5.25

10

68. 4

15.1

12.1 

3.30

10

50.4

28.7

15.1

5.8
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APPENDIX B

Use o f  E x i s i t i n g  and U s e r - W r i t t e n  " D r i v e r "  Rou t i nes
f o r  NLPE Program

The NLPE program used i n  t h i s  s t udy  (30)  i n c l u d e d  a 

gener a l  k i n e t i c  c o n s t a n t  e v a l u a t i o n  " d r i v e r "  program.  Th i s  

p a r t i c u l a r  r o u t i n e  a l l owe d  t he  c a l c u l a t i o n  o f  t he  k i n e t i c  

pa r amet e r s  ( r a t e  c o n s t a n t s )  by 1 e a s t - s q u a r e s  methods f o r  

a p p r o p r i a t e  da t a  s e t s .  Th i s  " d r i v e r "  program was used 

e x c l u s i v e l y  i n  t h i s  s t udy  as i t  was ve r y  n e a r l y  as easy t o  

w r i t e  t he  d r i v e r  r o u t i n e  (Deck 19) f o r  each mo d e l .

Each model r e q u i r e d  t o  be coded i n  t he  e x i s i t n g  sub

r o u t i n e  i n  a d d i t i o n  t o  t he  d a t a . The r e q u i r e d  data f i l e  i s  

o u t l i n e d  i n  t he  f o l l o w i n g  pages.  Subsequent  t o  t h a t  i s  an 

example o f  t he  data d e c k , r e q u i r e d  t o  run a u s e r - w r i t t e n  

s u b r o u t i n e .  The example i s  f o r  t he  s i x - p a r a m e t e r  model  

(Model  3) d e s c r i b e d  on page 36.  The PSOC 370 i s  t he 

p a r t i c u l a r  data base us e d .
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T i t l e  Card:  (Up t o  80 c h a r a c t e r s  o f  i n f o r m a t i o n  on t he
model  )

Probl em D e f i n i t i o n  ( 3 1 ) :  Number o f  unknowns, LOUT (1 f o r
i t e r a t i o n  o u t p u t , 2 f o r  f i n a l  o u t p u t  o n l y ) ,  model 

i d e n t i f i c a t i o n  number .

Paramet e r  I n i t i a l  Guesses (8 F ) : An i n i t i a l  guess f o r  each
unknown pa r amet e r  t o  be e v a l u a t e d

Probl em S i ze  ( 4 1 ) :  No. o f  observed v a r i a b l e s  ( g e n e r a l l y  4
i n  t hese  s t u d i e s ,  one f o r  each f r a c t i o n ) ,  number o f  

e x p e r i me n t s  (number  o f  runs t i mes  number o f  t i mes  at  
wh i ch  samples were t ak e n )  , t o t a l  number o f  v a r i a b l e s  
( u s u a l l y  4 ) ,  ICOV ( d e f i n e s  degree o f  knowledge o f  
c o v a r i a n t  m a t r i x .  3 f o r  t h i s  s t u d y ,  i e . ,  m a t r i x  
unknown)

Data ( 8 F ) :  One l i n e  o f  da t a  f o r  each t i me  f o r  each r u n ,
each l i n e  c o n t a i n s ,  i n  o r d e r , t he  f r a c t i o n a l  q u a n t i t i e s  
o f  " un r eac t ed  c o a l " ,  " p r e a s p h a l t e n e s " , " a s p h a l t e n e s " , 
and " o i l s "  a t  t he  g i ven  t i me  and r u n . The f i r s t  t i me  
f o r  each run i s  g i v e n ,  t hen  t he  second t i me  f o r  each 
r u n , and so f o r t h .

System D e f i n i t i o n  ( 4 1 ) :  Number o f  s t a t e  v a r i a b l e s  ( 4 ) ,
number o f  d i s t i n c t  s e t s  o f  i n i t i a l  c o n d i t i o n s  ( 1 ) ,  
number o f  s t a t e  v a r i a b l e s  p l us  run v a r i a b l e s  ( 4 ) ,  
number o f  unknown pa r amet er s  whi ch r e l a t e  observed t o  
s t a t e  v a r i a b l e s  ( 0 )

Run Lengt h  ( I I ) :  Number o f  runs t i mes  number o f  t i mes
per  r u n .

I n i t i a l  C o n d i t i o n s  ( 4 F ) :  I n i t i a l  f r a c t i o n a l  c o n c e n t r a t i o n s
f o r  each o f  t he  f o u r  f r a c t i o n s  ( 1 . ,0 . ,0 . ,0 . )

Times ( 8F ) :  The t i mes  a t  whi ch each sample was t a k e n .
For  two runs a t  sample t i mes  o f  5,  10,  30,  and 60 
mi nu t es  t h i s  car d  ( l i n e )  would be:  5 . , 5 . , 1 0 . , 1 0 . ,
30 . , 3 0  . , 6 0  . , 6 0  .

S t a t e  V a r i a b l e  Bounda r i es  ( 8 F) :  Upper  bounds on a b s o l u t e
v a l ues  o f  t he  s t a t e  v a r i a g l e s  ( 1 . f o r  t he  f r a c t i o n a l  
c o n c e n t r â t ! on s )
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Lower Boundary Data ( 8 F) :  A l l o w a b l e  l ower  boundar i es
f o r  each o f  t he  unknown par amet er s

Upper  Boundary Data (3F ) : A l l o w a b l e  upper  boundar i es
f o r  each o f  t he  unknown pa r ame t e r s .

The "SUBROUTINE", "COMMON", "GOTO", "RETURN", and "END" 

s t a t e me n t s  o f  Deck 19 remai n unchanged f o r  each model

The nomenc l a t u r e  whi ch were used i s :

P ( i )  = f i r s t  d e r i v a t i v e  o f  t he  f r a c t i o n  o f  component

" i " w i t h  r e s p e c t  t o  t i me  ( m i n u t e s ) .

Q( i ) = f r a c t i o n  o f  component  " i "

C i ( n ) = unknown r a t e  c o n s t a n t  " n " .

Three s e r i e s  o f  e q u a t i o n s  must  be w r i t t e n  f o r  each 

r e a c t i o n  ne t wor k  :

P( i ) :  = One e q u a t i o n  f o r  each r e a c t a n t , " i " ,  des 

c r i b i n g  t he  d e r i v a t i v e  o f  Q( i ) w r t  t i me  

( m i n u t e s ) .

FX( i , j  ) = one e q u a t i o n  f o r  t he  d e r i v a t i v e s  o f  each

P( i ) w r t  each component , Q( j  ) .

FT H ( i , n )  -  one e q u a t i o n  f o r  t he  d e r i v a t i v e  o f  each 

P ( i )  w r t  each unknown r a t e  c o n s t a n t ,

C i ( n ) .

The c o n s t a n t  va l ues  o f  FX o r  FTH ( eg .  0) at  a l l  t i mes
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f o r  a l l  va l u es  o f  Q and Ci shou l d  be l i s t i n g  f rom l i n e  "2"  

t h r o u g h  t h e  "RETURN" s t a t e me n t  j u s t  b e f o r e  l i n e  " 1 " .  The 

" P" e q u a t i o n s  f o r  t he  f o u r  components ( C, P, A , and 0 ) are 

g i v e n  as l i n e  " 1 "  t h r o u g h  t h e  GOTO s t a t e me n t  "GOTO ( 3 , 4 ) ,  

I T " .  The n o n - c o n s t a n t  e x p r e s s i o n s  f o r  FX and FTH are 

c o n t a i n e d  f r om l i n e  "4"  up t o  t h e  "3 RETURN" s t a t m e n t ,

MODEL 3, WITH (5 P A R A M E T E R S , C O A L :  PSOC 370 6,2,18
.001,.001,.001,.001,.001,.001 
4,8,4,3
■737,.154,.1O6,■003 
.688,■131,.144,.027 
.568,.219,.168,.043 
.566,.212,.195,.027 
.338,.283,.254,.125 
.355,.264,.273,.108 
.234,.257,.312,.196 
.263,.259,.324,.154 
4,1,4,0 
8
1 • , U . , O . , O .
5.0,5.0,10.0,10.0,30.0,30.0,60.0,60.0 1. ,l.,lu"l.
0 .  ,  O .  ,  0 n ,  O .  ,  O a ,  0 .
1 00. ,100. ,100. ,100. ,100. ,100.
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  DECK 19- MODEFI ED
  MODEL 8
  ALL COAL REACTI ONS ARE 2 - ORDER

SUBROUTI NE F U N ( 1 1 , J J , I B , T >
COMMON C ( 2 0 , 2 0 ) , G 1 ( 2 0 , 2 0 ) , P S C A , G ( 2 0 , 2 0 ) , F ( 2 0 ) ,
1 Y( 2 0 ) , EGO( 2 0 ) , F F ( 2 0 ) , T I T L E ( 2 0 ) , CUB( 2 0 ) , C L B ( 2 0 )
2 , P NL ( 2 0 ) , NCON, LOUT, F 3 , N T H , F 6 , F 7 , M E T H , NP H, MD, L S ,
3 C 1 ( 2 0 ) , K I N , KOUT
COMMON/BONE/V ( 5 , 5 )  , Q Y ( 3 )  , Y T H ( 5 , 2 0 )  , A(  1 0 0 , - 1 0 )  , I COV,  
4 D E T , I DE R, M, NY, NA
COMMON/ C/ NX, NB, NTH2 , N T H l , Q ( 1 0 ) , P ( 1 0 ) , F X < 1 0 , 1 0 ) , FTH 
5 ( 1 0 , 1 0 ) , B V ( 2 0 , 1 0 ) , T I M E ( 1 0 0 ) , I A ( 1 0 0 ) , F N ( 1 0 ) , X T H ( 1 0 ,  
6 2 0 ) , XTTH( 1 0 , 2 0 )
GO TO ( 1 , 1 , 2 )  , I I

2  F X ( 1 , 3 ) = 0 .
F X ( 1 , 4 ) = 0 .
F X ( 2 , 3 ) = 0 .
F X ( 2 , 4 ) = 0 .
F X ( 3 , 2 ) = 0 .
F X ( 3 , 4 ) = 0 .
F X ( 4 , 2 ) = 0 .
F X ( 4 , 4 ) = 0 .
F I H ( 1 , 3 ) = 0 .
F TH( 2 , 2 ) = 0 .
F r H < 2 , 3 >  = 0 .
F TH( 2 , 4  > = 0 .
F T H ( 3 , 1 ) = 0 .
F T H ( 3 , 4 ) = 0 .
F T H < 3 , 5 ) = 0 .
F T H ( 4 , 1 ) = 0 .
F TH( 4 , 2 ) = 0 .
F TH ( 4 , 5  ) = 0 .
RETURN

1 P ( 1 ) = - ( C l ( 1 ) + C l ( 2 ) + d ( 4 ) ) * ( Q ( 1 ) * * 2 ) + C l ( 5 ) + Q ( 2 )
P ( 2 ) = C 1 ( 1 ) * < □ ( 1 ) * * 2 ) - Q ( 2 ) * C l ( 5 )
P ( 3 ) = C 1 ( 2 ) * ( G < 1 ) * * 2 ) - C 1 ( 3 ) * G ( 3 )  
P ( 4 ) = C 1 ( 3 ) * Q ( 3 ) + C 1 ( 4 ) * ( G ( 1 ) * * 2 )
GO TO ( 3 , 4 ) , I I  

4 F X ( 1 , 1 ) * - 2 . 0 # ( C l ( 1 ) + C l ( 2 ) + C l ( 4 ) ) * Q ( 1)
F X ( 1 , 2 ) = C 1 ( 5 )
F X ( 2 , 1 ) = 2 . 0 * C 1 ( 1 ) * G ( 1)
F X ( 2 , 2 ) = - C l ( 5 )
F X ( 3 , 1 ) = 2 . 0 * C 1 ( 2 ) * □ ( 1 )
F X ( 3 , 3 ) * - C 1 ( 3 )
F X ( 4 , 1 ) = 2 . 0 * C 1 ( 4 ) * Q ( 1 )
F X ( 4 , 3 ) = C1 ( 3 )
F T H ( 1 , 1 ) = - Q ( 1 ) # # 2  
F T H ( 1 , 2 ) = - 0 ( 1 ) # * 2  
F I H ( 1 , 4 ) = - Q ( 1 ) # # 2  
F TH( 1 , 5 ) = G ( 2 )
F T H ( 2 , 1 ) = Q ( 1 ) * * 2  
F T H ( 2 , 5 ) * - Q ( 2 )
F T H ( 3 , 2 ) =Q( 1 ) * * 2  
F I H ( 3 , 3 ) * - G ( 3 )
F T H < 4 , 3 ) = 0 ( 3 )
F TH( 4 , 4 ) = Q( 1 ) * * 2

3  RETURN 
END
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APPENDIX C 

Use o f  Runge- Ku t t a  Rou t i ne

The c o m p u t e r - gener a t ed  c o n c e n t r â t i  o n - t i  me p r o f i l e s  used 

i n  t h i s  s t udy  were gener a t ed  by t he  Runge- Ku t t a  r o u t i n e  

g i v e n  i n  t h i s  Append i x .  Once t he  r a t e  c o n s t a n t s  f o r  t he  

g i v e n  model had been gener a t ed  by t he  NLPE pr ogram,  t hey  

were i n p u t  t o  t he  Rung - Ku t t a  program t o  g ene r a t e  concen

t r a t i o n - t i m e  p r o f i l e s  t o  be p l o t t e d  a f t e r w a r d s .

The on l y  changes whi ch are necessar y  i n  t h i s  program 

when chang i ng  r e a c t i o n  ne t works  are t he  d e s c r i p t i v e  

e q u a t i o n s  F (1) t h r o u g h  F (4 ) g i ven  i n  s u b r o u t i n e  "FUNC".

These f o u r  e q u a t i o n s  are anal ogous t o  P(1)  t h r o u g h  P(4)  

e q u a t i o n  used i n  t h e  u s e r - w r i t t e n  d r i v e r  deck f o r  t he  NLPE 

program whi ch was d e s c r i b e d  i n  t he  p r e v i o u s  Append i x  and are 

t he  e q u a t i o n s  f o r  t he  f i r s t  t i me  d e r i v a t i v e s  o f  each o f  t he  

we i g h t  f r a c t i o n s  o f  t he  components ( c o a l ,  preas p h a l t e n e s , 

a s p h a l t e n e s , and o i l s  p l us  g a s e s , i n  t h a t  o r d e r ) . In t h i s  

p r o g r am, Y ( i )  r e p r e s e n t e d  t he  d e s i g n a t i o n  o f  t he  component s ,  

and t he  r a t e  c o n s t a n t s  as C( n ) .

The program used a t i me  range o f  0 t o  60 m i n u t e s ,  num

ber  i t e r a t i o n s  ( u s u a l l y  6 0 0 ) ,  i t e r a t i o n s  between p r i n t o u t s ,  

and number o f  v a r i a b l e s  ( 4 ) .  V a r i a b l e  i n i t i a l  va l ues  are 

a l s o  r eques t ed  ( 1 . ,0 . ,0 . ,0 . ) .
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.TV 111.FOR 
c14:ti:58]

SUBROUTINE RUNG(X,EK,F,Y,YCAL.N.H, I I )
DIMENSION Y(50),EK(30.3).F<50).YCAL(50).0(10)
DO 1 I * 1.N 

1 YCAL(I)*Y(I )
XCAL-X
IF( 11.NE.1) GO TO S 
WR i TE(4,50 >
NR ITE(15,51)X,(Y(I ) , I = 1,N)

6 CONTINUE
CALL FUNC(YCAL > XCAL.F. I I )
DO 2 1=1.N 
EK(I,1)=F(I)
YCAL(I > =Y(I )+H*F(I )Z2.
XCAL=X+H/2.
CALL FUNC(YCAL,XCAL,F,2)
DO 3 1=1,N 
EK(I ,2)=F(I )

3 YCAL(I )=Y(I )>H*F(I)/2.
XCAL-X+H/2.
C<'.lL FUNC (YCAL, XCAL, F, 2)
D'i 4 1 = 1 ,N 
EK( I ,3)=F(I)

4 YCAL! I ) =Y(1)+H*F(I )
X( ■ ■ L = X + H
CALL FUNCYCAL,XCAL-F,Z)
DO 5 I -= 1 > N

h Y(I)=Y(I)+H/6.*'EK(I,i )>2.*EK ( 1 , 2 ) •*■2 . *EK ( I , 3 ) >F ( I ) )
50 FORMAT( ' SOLUTION, X, Yt, Y2, .. .YN ' />
51 FORMAT(5E14.8)

RETURN
FND
SUBROUTINE FUNC<Y,X,F, I I)
DIMENSION Yi50 >,F < 50),C « i0)
IF(I I.NE.1) GO TO 10 
WR I TE ( 4 , 3‘.'

• •• » FORMAT ( IX, - WHAT ARE THE RATE CONSTANTS / >
READ(4,31) (C(I ) , I=1,5)

31 FORMAT(5F)
10 CONTINUE
C INPUT FUNCTIONS OEl.OW:

F Cl)=-(C(1)*C(2)*C(4))*Y(1)**2+C(5)*Y(2)
F (2>=C' 1 )»ï< 1 ) -• «2-Y ( 2 ) *C ( 5 >
F ; D=C(2)«Y(l)»»2-C(3)vy ' 3)
F i 4 ) = C ( 4 ) •* Y t 1 ) #*Z*C ( 3 ) « Y ( 3 )

URN
END

C RuNGE K'JTTA MAIN «ROORAM
DIMENSION Y < TO) , EX <50,3 ' , F ( 50 ' . YCAL ( 50', , C M 0

; writç-(4, so;
50 FORMAT( ' INPUT XMIN.XMAX, NUMBER OF ITERATION-, : 'ERA": ZNS

IP! TWEEN EACH PRINTOUT. NUMBER OF VARIABLES = /)
READ(4,51)XMIN.XMAX,NITS,NPT.N

51 FORMAT(2F,31)
I F(N.E0.0 > GO TO 3 
ENITS =MTS 
H= ' XMAX-’XMI N ) ,'ENI ~ S 
WRITE(4,52)

52 FORMAT( ' INPUT N INITIAL VALUES, 6 PER LINE = />
READ(4,53)(Y(I),1=1,N)

53 FORMAT(GF)
X = X MIN
DO 2 1 = 1 ,NITS
CALL RUNG(X,EK,F,Y,YCAL,N,H, I )
X = X+H
IF(I/NPT#NPT.EQ.I)WRITE(15,54)
1X,(Y(J),J=1,N)

54 FORMAT(5E14.8)
I- CONTINUE

G(> TO 1 
3 CONTINUE

END
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Coal

1 .

APPENDIX D

Sample c a l c u l a t i o n :  Us i ng d i f f e r e n t i a t i n g  Lag r ang i  an
i n t e r p o l a t i o n  f o r m u l a s  t o  e s t i m a t e  i n i t i a l  r a t e s  o f  
r e a c t i o n .

PSOC 107 

Unreac t ed coal  :

x ( t i me )
mi nu t es  0 5 10 15 200

f  ( x )  mass
f r a c t i o n s  1.0 .691 .558 .460 .390

h=5 f 0 f l  f 2 f 3 f 4

f l ( 0 ) = [ - 2 5 x l + 4 8 x . 6 9 1 - 3 6 x . 5 5 8 + 1 6 x . 4 5 0 - 3 x . 3 9 0 ]

= - . 0 9 5 5

f ^ ( 5 )  = Y275 [ - 3 x l - 1 0 x . 6 9 1 + 1 8 x . 5 5 8 - 5 x . 4 6 0 + . 3 9 0 ]

= - . 03727

f 1 (10)  = Y275 [ l - 8 x . 6 9 1 + 8 x . 4 6 0 - . 3 9 0 ]

= - . 0 2063

f l ( 1 5 )  = Y275 [ - l + 5 x . 6 9 1 - 1 8 x . 5 5 8 + 1 0 x . 4 6 0 + 3 x . 3 9 0 ]

= - .0 1 8 8

f 1 (20 = [ 3 x l - 1 6 x . 6 9 1 + 3 6 x . 5  5 8 - 4 8 x . 4 6 0 + 2 5 x . 3 9 0 ]

= - 4 . 9 6 7 x l 0 ’ 3
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Asph a l t e n e s

x 0 5 10 15 20

f ( x ) 0 . 109  . 1 5 35  . 18 0  . 205

f 1 ( 0 )  = y g ig - [ - 2 5 . 0  + 4 8 x . 1 0 9 - 3 6 x . 1 5 3 5  + 1 6 x . 1 8 0 - 3 x . 2 0 5 ]

= . 0 3 2 8 5

f \ l 5 )  = — ^  [ - 3 x 0 - 1 0 x . l 0 9 + 1 8 x . l 5 3 5 - 6 x . l 8 0 + . 2 0 5 ]

= . 0 1 3 3

f 1 ( 1 0 ) = Y2T 5 C 0 - 8 x . l 0 9 + 8 x . l 8 0 - . 205 ]

= 6 . 0 5 x l 0 ' 3

f ^ ( 1 5 )  = Y 2 T 5 C - 0 + 6 x . 1 0 9 - 1 8 x . 1 5 3 5 + 1 0 x . 1 8 0 + 3 x . 2 0 5 ]

= 5 . 1 x l O- 3

f 1 ( 2 0 )  = [ 3 x 0 - 1 6 x . 1 0 9 + 3 6 x . 1 5 3 5 - 4 8 x . 1 8 0 + 2 5 x . 2 0  5 ]

= 4 . 4 5 x l 0 " 3
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P r e a s p h a l t e n e s

x 0 5 10 15 20

f ( x ) 0 . 0935  .151  . 19 0  . 220

f l ( 0 )  = Y jig -  [ - 2 5 x 0 + 4 8 x . 0 9 3 5 - 3 6 x . l 51 + 16 x .  1 9 0 - 3 x . 2 2 o ]  

= . 0 2 3 9

^ ( 5 )  = Y 2Y ?  [ - 3 x 0 - 1 0 x . 0935 + 1 8 x . l 5 1 - 6 x . l 9 0 + . 2 2 0 ]

= . 0 1 4 4

f 1 ( 1 0 )  = [ 0 - 8 x . 0 9 3 5 + 8 x . l 9 0 - . 2 2 0 ]

= 9 . 2 x l 0 ' 3

f 3 ( 1 5 )  = Y 2 7 5  [ - 0 + 6 x . 0 9 3 5 - 1 8 x . l 5 1 + 1 0 x . l 9 0 + 3 x . 2 2 0 ]

= 6 . 7 1 7 x 1 0 ” 3

f 1 ( 2 0 )  = 13x0 - l ô x . 0935 + 3 5 x . l 5 l - 4 B x . l 90 + 2 5 X . 2 2 Û ]

= 5 . 3 3 x l 0 " 3
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O i l s  pi  us 

x

f ( x )

f l ( O )  =f 

f 1 ( 5 ) =

f l ( 10 ) =

f ^ l S )  = 

f ^ ( 2 0 )  =

gas

0 5 10 15 20

0 . 104  . 13 75  . 1 5 9  .175

C-25 . 0  + 4 8 x . 1 0 4 - 3 6 x . 1 3 7  5 + 1 6 x . 1 5 9 - 3 x . 1 7 5 ]  

. 0 3 4 2 5

Y 275  [ - 3 x 0 - 1 0 x . 1 0 4 + 1 8 x . 1 3 7 5 - 6 x . 1 5 9 + . 1 7 5 ]  

. 0 1 0 9

Y 275  [ 0 - 8 x . 1 0 4 + 8 x . 1 5 9 - . 1 7 5 ]

4 . 4 1 7 x l 0 " 3

Y 2 7 5  [ - 0 + 6 x . l 0 4 - 1 8 x . l 3 7  5 + 1 0 x . l 5 9 + 3 x . l 7 5 ]  

4 . 4 0 0 x l 0 " 3

[ 3 x 0 - 1 6 x . 1 0 4  + 3 6 x . 1 3 7 5 - 4 8 x . 1 5 9  + 2 5 x . 1 7 5 ]  

4 . 8 3 0 x l 0 " 4
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APPENDIX E 

.TY fm9o3MJoNr IT A B  D a t a  M 1 e  a n d  P r i n t o u t
[15:02:133

1512,-1,-1,0,-1,0,0 
.0402,0,1,0,0,0,0 
.039,1,0,0,0,0,0 
.0054,0,0,0,1,0,0 
-.087,-.710,-.710,0,-.710,0,0 
.0312,0,.710,-.090,0,0,.097 
.0387,.710,0,0,0,-.097,-.097 
.00478,0,0,.090,.710,.097,0 
-.053,-.540,-.540,0,-.540,0,0 
.0208,0,.540,-.155,0,0,.1935 
.0384,.540,0,0,0,-.1935,-.1935 
.00463,0,0,.155,.540,.1935,0 
-.036,-.431,-.431,0,-.431,0,0 
.0126,0,.431195,0,0,.2885 
.0374,.431,0,0,0,-.2885,-.2885 
.00 369,0,0,.196,.431,.2885,0 
-.0228.-.357,-.357,0,-.357,0,0 
.0102,0,.357,-.223,0,0,.379 
.0347,.357,0,0,0,-.379,-.379 
.0006c,0.0,.222,.357..379,0

. TV FM904.F0F? 
c t 5 : 0 2 : 4 9 ]
- . 1 5 12 , -1 . - 1 , 0 , -  1 , 0 , 0 , 0 
. o 4 o 2,v, : , o , o . o , v ,o 
. 0 3 9 , 1 , 0 , 0 , 0 , 0 , 0 - 0
. 0 0 5 4 , 0 , 0 , 0 , 1 , 0 , 0 , 0  

. 0 9 7 , - . 7 1 0 , - . 7 1 0 , 0 , - . 7 1 0 , 0 , 0 , . 0 9 7  
. r ' 3 1 2 , 0 ,  . 7 1 0 , 0 , 0 , - .  0 9 0  , . 0 9 7 , 0  
. 0 3 6 7 , .7 1 0 -0 , - . 0 9 7 ,0 , 0 , - . 0 9 7 , - . 0 9 7  
. < " ' 0478 . 0 , 0 ,  . 0 9 7 ,  . 7 1 0 ,  . 0 9 0 , 0 , 0
- . 0 5 3 , - . 5 4 0 , ” . 5 4 0 , 0 , - . 5 4 0 , 0 , 0 , . 1 9 3 5  
. 0 2 0 8 , 0 , . 5 4 0 , 0 , 0 , - . 1 5 5 , . 1 9 3 5 , 0
. 0 3 8 4 ,  . 5 4 0 , 0 , - . 1 9 3 5 , 0 . 0 , - . 1 9 3 5 , - . 1 9 3 5  
. 0 0 4 6 3 , 0 . 0 , .  1 9 3 5 ,  . 5 4 0 ,  . 1 5 5 , 0 , 0  

. 0 3 6 , - . 4 3 1 , - . 4 3 1 , o , - . 4 3 1 , 0 , 0 , . 2 9 8 5  
. 0 1 26 - 0 , . 4 J: 1 , 0 , 0 - - .  196 , . 2 8 8 5  , 0 
. 0 3 7 - , . 4 3 1 . 0 , - . 2 8 8 5 , 0 , 0 , - . 2 8 8 5 , - . 2 8 8 5  
. '-'0369 , 0 , 0 , .  2 9 8 5 ,  . 431 , . 1 9 6 , 0 ,  0 
- . 0 2 2 8 , - . 3 5 7 , - . 3 5 7 , 0 . - . 3 5 7 , 0 , 0 , . 3 7 9  
. 0 1 0 2 , 0 , . 3 5 7 , 0 , 0 , - . 2 2 3 , . 3 7 9 , 0  
. <-'347 , . 3 5 7  , O , -  . 37 9  , 0 , 0 , -  . 379  . -  . 379  
. 0 0 0 6 6 , 0 , 0 , . 3 7 9 , . 3 5 7 , . 2 2 2 , 0 , 0

.TY CE 013 . DAT
[ 1 5 :0 3 :2 6 ]
- .2364,-1, — 1,0,-1,0 
. '"'777 ,0,1, 0 , 0 , 0 
.<">781 , 1 ,0,0, 0,0 
.02683,0,0,0,1 ,0 
.0843,-.3938,-.3938,0,-.3938, . 139 

.0370,0,.3936,-.139,0,0 

.03887,.3938,0,0,0,-.139 

. 0213,0,0, .139, .3938,0 
-.03707,-.2411,-.24 11,0,-.2411,.2005 
.0148,0,.2411,-.2005,0,0 
.01503,.2411,0,0,0,-.2005 
.01683,0,0,.2005,.2411,0 
-.0314,-.1661,-.1661,0,-.1661,.225 
.005716,0..1661,-.224,0,0 
.0062,.1661,0,0,0,-.225 
.01333,0,0,.224,.1661,0 
.00413,-.1239,-.1239,0,-.1239,.237 

.004316,0,.1239,-.2355,0,0 

.00397,.1239,0,0,0,-.237 

.01083,0,0,.2355,.1239,0
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MINITA6 RELEASE #1.1 *** COPYRIGHT -  PENN STATE UNIV. 18S1 
MAY 23. 1SBZ ♦** Colorado School of Mlnea * DEC«retee-lO#l 
STORAGE AVAILABLE 18800

-- READ 'CE08.DAT 'Cl>C2.C3.C4.C5.C6

COUNT 20 20 20 20 20
ROW

1 -0.236400 -1.00000 -1.00000 0.000000 -1.00000
2 0.077700 0.00000 1.00000 0.000000 0 .ooooo
3 0.078100 1.00000 0.00000 0.000000 0.00000
4 0.026830 0.00000 0.00000 0.000000 1.ooooo

CB20
0.000000 0.000000 0.000000 0.000000

--  NOCONCTANT

-  - NOBRIEF

— REGRESS Y IN Cl ON 5 PRED. IN C2.C3.C4.C5.C6

THE REGRESSION EQUATION IS 
Y = ♦  .0936 XI * .0909 X2 ■» .0310 X3 

*  .0391 X4 * .0487 X3

CilLUMN 
NOCONSTANT 
"l Z 2

xr C3
X3 C4
X4 C3
X5 CB

COEFFICIENT

C .093642 
0.090679 
0.03098 

0.039142 
0.04873

ST. DEV. 
OF COEF.

0.006872 
0.0068 73 
0.01583 

0.006873 
0.01579

T-RATIO • 
COEF/S.D.

13.63 
13.22 
1 .95 
5. 70 
3.09

I HE ST. DEV. OF Y ABOUT REGRESSI ON LINE IS 
S » 0. "<8453
WITH ( 20- 3) - 15 DEGREES OF FREEDOM

ANALYSIS OF VARIANCE

:>UE TO D F  5 5  MS = 5 5  / OF
R S G F E S S I O N  5  0 . 0 8 1 4 6 4 3 2  0 . V I 6 2 9 2 8 6
'■ ? E 5 1  DUAL 1 5  0 . 0 0 1 0 7 1 9 3  O . O O V O - 1  4 6
TOTAL 2 A 0 . 0 6 2 5 3 6 1 6

F U R T H E R  A N A L Y S I S  C f  V A R I A N C E
1 L ■ E X P L A I N E D  e v  E A C H  V A R I A B L E  WHEN E N ’ E P E t  I N  THE G R I E R  G I V E N

I' IE TO D F  5 5
G R E S 5 I O N  5 O . V  9 1  4 6 4 3 2

L I  1 V . 0 5 d v 5 2  1 3
C 3 1 0 . 0 1 9 2 7 4 5 7
1:4 1 0 . 0 0 1 0 9 8 5 0
r ?  1 0 . 0 0 2 3 1 7 - 7
C 6  ! 0 .  OC".  5 8 1 3 5

: 1 
C2 Cl

PRED. V 
value

ST. DE.'. 
PRED. Y RESIDUA. ST.RES.

1 -1 . 00 -0.23640 -0.22366 0.00687 -0.01274 -2.59RX
2 0.00 0.07770 0.09088 0.00687 -0.01318 -2.68RX

1 . 00 0.07810 0.092 34 V.008 97 -O.V1554 -2.164 X
0 . 00 :. ore v j 0.03914 0.VOS87 -0.01231 -2.5-: RX

-0.33 -0.08430 -0.08130 0.00291 -0.00300 -0.38
6 0 . 00 0.03700 0.03148 0.00291 0.00532 0 . 70

0.39 0.03687 0.02010 0.00291 0.00677 0.85
8 0 . 00 0.02130 0.01972 0.00291 0.00158 0.20
S' -0 . 24 -0. -•44 15 O.'! 0309 o . " 0  -:s 0 . 9 /

0. •; . 480 : .oir'o 0.00309 -0.00'. 30 ■0.11
1 • .24 <: .0 1503 0.V1280 0.00308 0.00223 0.28
12 0 . 00 0.01E93 0.01565 0.00309 0.00118 0.15
13 -0.17 -0.03140 -0.02618 0.00338 -0.00522 -0.67
14 0.00 0.005'2 0.00816 0.00337 -0.00244 -0.31
15 0 . 1 7 0.00620 0. O': 459 0.00 339 0.00161 0.21
16 :. oo 0.01233 0.01344 0.003 37 - 0 . 000 1  : -0 . 0 1
! ! -0.00413 -0.01513 0.00 25 7 0.01203 1 .57
18 0 . 00 0.00432 0.00397 0.00356 0.00035 0.05
19 0.12 0.00397 0.00005 O'. 00  25  7 0.00392 0 . 5 1
. 3 0 . 00 0.01083 0.01214 0.00356 -0.00131 -0.17

DENOTES AN 085 
DENOTES AN 085

. w i t h  a l 

. WHOSE ;;
■ APGE ST.  RES 
VALUE GIVES n  LARGE INFLUENCE.

I IRBIN-WATSON S T A T I S T IC  =» 0.65

Y-P R IM E  X)INV ER SE

1 2 3 
1 0.66080
2 -0.19902 0.651 Cl
3 0.00000 0 . 4  04 3.51381
4 -0. 199.-2 -0.2329' -0.47404 o .

4

66101

5

5 0.4715'. -II. 000 0 0  - '7 .00V'00 0 . 0 0 0 OC 3.,48776

5 1  OP



T-2656 145

APPENDIX F

S t a t i s t i c s  f o r  A r r h e n i u s  P l o t s  w i t h  95% 
Conf i  dence L i m i t s .

Th i s  Appendi x  g i ves  t he  f o r mu l a s  used t o  e s t i m a t e  t he  

i n t e r v a l  l i m i t s  o f  t he  r a t e  c o n s t a n t s  at  t h r e e  d i f f e r e n t  

t e m p e r a t u r e s . The x - a x i s  r e p r e s e n t s  ( y ) , and t he  y - a x i s  

r e p r e s e n t s  t he r a t e  c o n s t a n t s .

The 95% c o n f i d e n c e  l i m i t s  o f  t he  r e g r e s s i o n  l i n e  were

- V  f l  ( X o ' 7 )  2± ( t oc#  , n - 2 )  S V -  +

where:

o -  ^ 9 5 % ' "  ^  "  V n

y o i s  a p o i n t  on t he  l i n e  y = a+bx , a t  x

s = t yy. , x* )
S „ y- b S v „  1/2 

n-2
n

5 . . . .  = Y . A  -  1=1XX

( Z xi)

1- 1  n

s y y  =
i = 1

< Ê * i > 2 

I t  - - 1 - 1
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n n

n
Sxy = Z  x i y i "

i = 1 i = 1
n

1 =  1

b I s  t he  s l ope  o f  t he  l i n e  y=a+bx 

x- i s  t he mean va l ue  

n I s  t he  number o f  da t a p o i n t s .  

n-2  = degrees o f  f reedom


