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ABSTRACT 

This r e p o r t  summarizes the  progress o f  the  "Exploratory 
Research on Solvent Refined Coal L iquefac t ion"  p r o j e c t  by 
Ths P i  t t s b u r g  & Midway Coal Mining Co. ' s  Merriam Laboratory 
du r ing  1979. I n  a ser ies  o f  experiments w i t h  vary ing  feed 
gas composition, low l e v e l s  (5-10 mole %) o f  carbon monoxide 
had l i t t l e  e f f e c t  on the  SRC I 1  processing o f  P i t t sbu rgh  
Seam coal  (Powhatan No. 5 Mine) wh i l e  h igher  l e v e l s  (20-40 
mole %)  r e s u l t e d  i n  a general degradat ion o f  o p e r a b i l i t y  and 
reduced o i l  y i e l d s .  Add i t ion  o f  f i n e l y  d i v ided  (-1 pm) 
p y r i t e  t o  the  r e a c t i v e  Powhatan coal had l i t t l e  e f f e c t  on 
o i l  y i e l d s  al though the  molecular weight o f  the  d i s t i l l a t i o n  
res idue was apparent ly  decreased. When f i n e l y  d i v ided  
p y r i t e  and magneti te were added t o  the  l e s s  r e a c t i v e  coals 
from the  Loveridge and B l a c k s v i l l e  No. 1 Mines (a l so  P i t t s -  
burgh Seam), however, subs tant ia l  increases i n  o i l  y i e l d s  
and product q u a l i t y  were obtained. I n  a comparison o f  
upf low and downflow d i sso l ve r  conf igura t ions  w i t h  Powhatan 
coal  i n  the  SRC I 1  mode, there  was no d i f f e r e n c e  i n  y i e l d s  
o r  product q u a l i t y .  A study cha rac te r i z i ng  s p e c i f i c  reac tors  
revealed a s i g n i f i c a n t l y  h igher  conversion i n  the  SRC I mode 
w i t h  a reac to r  approximating p lug  f l ow  cond i t ions  compared 
t o  a completely backmixed reactor .  I n  the  SRC I 1  mode there  
was o n l y  a s l i g h t l y  h igher  o i l  y i e l d  w i t h  the  p lug  f l o w  
reactor .  



I .  SUMMARY 

The a c t i v i t i e s  o f  t h e  Merriam Laboratory dur ing  1979 were focused i n  
f o u r  major  areas: 

1. Eva lua t ion  o f  t h e  e f f e c t  o f  adding i r o n  compounds i n  both t he  
SRC I and SRC I 1  processes. 

2. Exp lo ra t i on  o f  t h e  e f f e c t s  o f  u t i l i z i n g  synthesis  gas i n  the  
SRC I1 processing o f  a  P i t t s b u r g h  Seam coal .  

3.   valuation o f  t h e  p o t e n t i a l  usefulness o f  novel r e a c t o r  con- 
f i g u r a t i o n s  and determinat ion of t he  e f f e c t  of backmixing i n  
t h e  reac tor .  

4. I n v e s t i g a t i o n  o f  sho r t  res idence t ime coal 1  ique fac t ion* .  

Beginning March 1, 1979, t h e  Merriam a c t i v i t i e s  were c a r r i e d  o u t  under a  
separate c o n t r a c t  w i t h  t he  Department o f  Energy. P r i o r  t o  t h a t  t ime, 
t h e  work was repo r ted  i n  con junc t ion  w i t h  a c t i v i t i e s  a t  t he  F o r t  Lewis 
P i l o t  P lan t .  The second qua r te r  1979 progress report*", there fo te ,  
inc luded a  sullltiiary o f  the  var ious r e p o r t s  descr ib ing  prev ious work a t  
Merriam along w i t h  a  d e s c r i p t i o n  of t he  new con t rac t  ob jec t i ves  and a  
h i  s t o r y  o f  t h e  Merriam Laboratory i n  so lven t  r e f i n i n g  o f  coal.  

A. A d d i t i o n  o f  I r o n  Compounds 

The f i r s t  s e r i e s  o f  runs (DOE 288-295) i n v e s t i g a t i n g  the  e f f e c t  o f '  
adding i r o n '  compounds ( p y r i t e  [FeS2], magnet i te [Fe 04], f e r rous  9 su1fi.de [FeS] and p y r i t e  i n  combination w i t h  molecu a r  s ieve)  was 
i n  t he  SRC I mode w i t h  P i t t sbu rgh  Seam coa ls  from the  B l a c k s v i l l e  
No. 1  and Loveridge Mines, The , p y r i t e  and magneti te were f i n e l y  
d i v i d e d  ( p a r t i c l e  s i z e  -1 whereas the  fe r rous  s u l f i d e  and 
molecular  s ieve  were ground t o  pass 150 mesh. S l i g h t l y  improved 
o i l  y i e l d s  were obta ined w i t h  a l l  o f  t he  i r o n  compounds a1 though 
p y r i t e  was apparent ly  t he  most e f f e c t i v e .  There was a  s l i g h t  
inc rease i n  tiydrogenhtSon l e v e l  w i  th .  the  added p y r i  t e  and a very  
s l  i ght  improvement i n desul f u r i z a t i o n  w i t h  t he  magnet i te add i t i on .  
The d e t a i l s  o f  t h i s  s tudy are  found i n  the  f i r s t  . qua r te r  1979 
progress repor t?.  

I n  t h e  second ser ies  o f  experiments I nves t l ga t l ng  add1 t l v e s  (runs 
DOE 333R-339R), f i n e l y  d i v i ded  p y r i t e  was added t o  P i t t sbu rgh  Seam 

* Discussion o f  t h e  sho r t  residence t ime coal l i q u e f a c t i o n  s tud ies  w i l l  
be delayed u n t i l  a l a t e r  repo r t .  

** Exp lo ra to ry  Research on Sol vent Ref ined Coal L iquefac t ion ,  Q u a r t e r l y  
Technical Progress Report f o r  t h e  Period A p r i l  1 ,  1979 through 
June 30, 1979; J u l y  1980, FEl14800-10. 

t Solvent Ref ined Coal, Q u a r t e r l y  Technical Report f o r  t he  pe r i od  
January 1, 1979 through March 31 , 1979; February 19M,  FEl496-172. 



coal  from the  Powhatan No. 5 Mine and f i n e l y  d i v ided  p y r i t e  and 
magneti te were added t o  P i t t sbu rgh  Seam coal  from the  Loveridge 
Mine. There was l i t t l e  change i n  t o t a l  o i l  y i e l d  from Powhatan 
coal  w i t h  added p y r i t e ,  apparent ly  due t o  the a l ready h igh  i r o n  
content  and r e a c t i v i t y  0.f~ the, coal .  Heavy d i s t i l l a t e  q u a l i t y  was 
a l so  unchanged, except f o r  decreased d e s u l f u r i z a t i o n  w i t h  p y r i t e  
add i t ion .  The fus ion  p o i n t  o f  the  d i s t i l l a t i o n  res idue was r e -  
duced by 40°C w i t h  p y r i t e  i n  the  feed, however, and i t s  s o l u b i l i t y  
i n  hexane and benzene increased. I n  cont ras t ,  t o t a l  o i l  y i e l d  
from the  l e s s  r e a c t i v e  Loveridge coal  was increased 8-1'1 % (abso- 

, . l u t e )  by p y r i t e  a d d i t i o n  and. t o  a l esse r  ex ten t  by adding magnetite. 
A corresponding decrease i n  SRC and I O M  y i e l d s  was observed. De- 
s u l f u r i z a t i o n  and deni t rogenat ion  of the heavy d i  s t i  1  l a t e  product 

, were a1 so enhanced by the  a d d i t i o n  of i r o n  conta in ing  compounds. 
Although operabi 1 i ty  was s a t i s f a c t o r y  w h i l e  processing Loveridge 
coal  w i t h  add i t i ves ,  i t  became impossible t o  run  when the  add i t i ves  
were removed. A complete desc r ip t i on  o f  t h i s  work was given i n  
t he  t h i r d  quar te r  1979 progress repor t * .  

As p a r t  o f  the  add i t i ves  work, a four- run ser ies  (DOE 301-304) was 
conducted w i t h  so l  vent received from the  W i l  sonv i l  l e  P i  l o t  Plant,  

' 

. coal  from e i t h e r  t he  Pyro Mine o r  Colonia l  Mine (KY 9/14), and w i t h  
o r . w i t h o u t  added p y r i t e .  One o f  the  ob jec t i ves  o f  t h i s  work was 
t o  i nves t i ga te  the  dec l i ne  i n  so lvent  qual i t y  experienced by the 
W i l s o n v i l l e  P i l o t  P lan t  during' runs i n  -support o f  the  SRC I Demon- 
s t r a t i o n  Plant.  No probl'ems r e l a t e d  t o  solvent  qual i t y  o r  coking 
were apparent i n  the  Merriam runs. The solvent  received from 
W i l s o n v i l l e  was found t o  conta in  an unusual ly  h igh  hydrogen con- 
t e n t  (9.0 w t  %).. This  l e v e l  decreased s u b s t a n t i a l l y  dur ing  the 
two i n i t i a l  Merriam runs which were made under W i l s o n v i l l e  condi- 
t i ons .  There was an increase o f  about 5% (absolute)  i n  recyc le  
so lvent  and t o t a l  o i l  y i e l d s  w i t h  p y r i t e  a d d i t i o n  and a decrease 
i n  SRC y i e l d  o f  3%. A f t e r  the  supply o f  Pyro Mine coal was ex- 
hausted, the  feed was changed t o  Kentucky 9/14 coal from the  

. Colonia l  Mine w i t h  l i t t l e  apparent change i n  r e s u l t s .  I n  the f i n a l  
r u n  i n  t h i s  ser ies,  t he  operat ing temperature was increased from 
the  W i l s o n v i l l e  temperature o f  441 "C (826°F) t o  a temperature 
more t y p i c a l  o f  Merriam SRC I operat ions, 455°C (851°F). There 
was a f u r t h e r  dec l i ne  i n  hydrogen content  o f  the  recyc le  solvent  
and SRC and an improvement i n  desu l fu r iza t ion .  This  work f s des- 
c r i b e d  i n  the  second quar te r  1979 progress report**.  

B. Synthesis Gas U t i l i z a t i o n  

Two se r ies  o f  experiments were conducted t o  i nves t i ga te  the  e f f e c t  
of carbon monoxide i n  the  feed qas on the  SRC I 1  processing o f  
P i t tsburgh Seam coal from the  Powhatan No. 5 Mine. I n  the  f i r s t  
ser ies  (runs DOE 296R-298R) low l e v e l s  (5-10 mole %) o f  carbon 

* Exploratory Research on Solvent Refined Coal L iquefact ion,  Q u a r t e r l y  
Technical Progress Report f o r  the  Period J u l y  1, 1979 through Sep- 
tember 30, 1979;. J U ~ Y  1980, F E / ~  4800-1 1 . 

** Exploratory Research on Sal vent Refined Coal L iquefact ion,  Q u a r t e r l y  
Technical Progress Report f o r  the  Period A p r i l  1  , 1979 through 
June 30, 1979; J U ~ Y  1980, F E / ~ ~ ~ o o - 1 0 .  

3 



monoxide had no apparent e f f e c t  on o i l  o r  SRC y i e l d s ,  bu t  d i d . r e -  
su l  t i n  t h e  format ion o f  ammonium carbonate (bicarbonate) deposi ts  
i n  vapo r - l i qu id  separat ion vessels. I n  the second ser ies  (runs DOE 
331RB-332RB), h igh  carbon monoxide l e v e l s  (20-40 mole %) were found 
t o  c o n t r i b u t e  t o  a general degradat ion o f  u n i t  o p e r a b i l i t y  .as 
evidenced by increased u n f i  1 te red  coal  s o l u t i o n  (UFCS) v i s c o s i t y  
and p lugging o f  t he  s l u r r y  feed and d i sso l ve r  systems. O i l  y i e l d s  
were s u b s t a n t i a l l y  below those found i n  e a r l i e r  work a t  5-10 
percent concentrat ions. SRC and i nso lub le  organic mat te r  (IOM) 
y i e l d s  were increased and t o t a l  hydrogen consumption decreased. 
Carbon monoxide consumption .and carbon d iox ide  product ion were 
cons i s ten t  w i t h  the  s h i f t  r eac t i on  a t  a l l  l e v e l s  o f  CO add i t ion .  
The low l e v e l  carbon monoxide a d d i t i o n  was repor ted i n  the f i r s t  
qua r te r  1979 progress repo r t *  and the  h igher  l e v e l  a d d i t i o n  i n  the 
second qua r te r  1979 progress report**, 

C. Reac toi .  Bel~av -- -.. i -. ur A. 

I n  work repor ted  t h i s  quar ter ,  two aspects o f  reac to r  behavior were 
analyzed. In t he  f i r s t  s'L;uJy (curr~prised o f  three serles Of r u n s ) ,  
the  use o f  novel reac to r  conf igurat ions (3-passt and downflow reac- 
t o r s )  was explored. I n  the  second study, the  e f f e c t  o f  backmixing 
i n  t he  r e a c t o r  was invest igated.  

1 . Three-Pass Reactor 

The y i e l d s  obtained w i t h  the  3-pass d i sso l ve r  ( run  DOE 340) 
were cons i s ten t  w i t h  the  residence t ime t h a t  wou1d.resul t  i f  
s l u r r y  bypassed the  second and t h i r d  tubes o f  the disso1,ver. 

2.  Downflow Reactor, Kentucky 9/14 Coal 

The experiments w i t h  the downflow d i sso l ve r  and Kentucky 9/14 
coal  ( runs DOE 341 and 342R) were confounded by an increased 
s e v e r i t y  i n  t he  preheater which was di'ctated by operat ing 
d i f f i c u l t i e s .  There was a 2 percent  (absolute)  decrease i n  ' 

o v e r a l l  coal  conversion i n  the  SRC I mode w i t h  the  downflow 
c o n f i g u r a t i o n  based on i nso lub le  organic mat te r  (IOM) y i e l d s  
even thou h the  residence t ime i n  the  d i s s ~ l v e r  was a t  least 9 tw i ce  as ong. r n  the  SRC I 1  mode, there  was apparent ly  a 1% 
decrease i n  conversion w i t h  the  downf low x o n f i g u r a t i  on a1 - 
though the  compari son was h i  ndered by a somewhat d i  . f ferent  
preheater o u t l e t  temperature i n  t he  con t ro l  run. I n  the  SRC I 
made, conversion o f  SRC t o  o i l  was increased by the combination 
o f  h igher  preheater seve r i t y ,  lnnger  residence t ime i n  the 

* Solvent Refined Coal, Q u a r t e r l y  Technical Progress Report f o r  t he  
Period January 1, 1979 through March 31, 1979; Feb. 1980, FE/496-172. 

Exploratory Research on Sol vent Refined Coal Liqu,efaction, ~ u a r t e r l  y 
Technical Progress Report f o r  the Period A p r i l  1, 1979 through 
June 30, 197'9; J u l y  1980, FE/14800-10. 

t The 3-pass d i s s o l v e r  was upflow, downflow, upf low i n  s l u r r y  w i t h  cor -  
responding cocurrent ,  countercurrent ,  cocurrent  hydrogen f low.  



d i s s o l v e r  and downflow d i sso l ve r  conf igura t ion .  I n  the  SRC I 1  
mode, however, h igher  s e v e r i t y  i n  j u s t  the  preheater p lus  the 
downflow con f i gu ra t i on  resu l ted  i n  decreased conversion o f  SRC 
t o  o i l .  The data a l so  suggest t h a t  product q u a l i t y  was s l i g h t l y  
worse i n  t he  downflow conf igura t ion .  

3. Comparison o f  Upflow and Downflow Reactors, Powhatan Coal 

Runs DOE 343R-344R invo lved a comparison o f  upf low and downflow 
d i s s o l v e r  conf igura t ions  i n  the  SRC I 1  processing o f  P i t t sbu rgh  
Seam coal  from the  Powhatan No. 5 Mine. The e f f e c t s  o f  small 
changes i n  preheater temperature'and t o t a l  pressure were a l so  
invest igated.  

O p e r a b i l i t y  i n  t he  downflow con f i gu ra t i on  was considerably 
b e t t e r  than i n  t he  runs w i t h  Kentucky 9/14 coal  repor ted 
above. This  was due t o  reduced p lugging by the  Powhatan coal 
and in~proved methods f o r  mon i to r ing  and c o n t r o l  1  i n g  s l u r r y  
1 evel . 
There was no d i f f e rence  i n  y i e l d s  between upf low and downflow 
d i sso l ve r  conf igura t ions .  I n  add i t ion ,  no d i f f e rence  was 
found i n  y i e l d s  between operat ion a t  2000 and 1800 p s i g  w i t h  
e i t h e r  upf low o r  downflow conf igura t ions .  Operating the  
preheater a t  425OC r a t h e r  than the  usual 400°C had no e f f e c t  
on y i e l d s  w i t h  the downflow con f i gu ra t i on  bu t  s h i f t e d  the  
products t o  l i g h t e r  molecular weight ranges w i t h  the upf low 
d isso lver .  The d i sso l ve r  L/D a l so  had no e f f e c t  i n  the  range 
o f  27 t o  54 w i t h  the  upf low conf igura t ion .  

There was no 'd i f fe rence i n  product qua1 i t y  between upf low and 
downflow d isso lvers ,  between operat ion a t  1800 and 2000 p s i g  
o r  due t o  a change i n  preheater temperature except f o r  heavy 
d i s t i l  l a t e  (HD) s u l f u r  l eve l .  There was s i g n i f i c a n t l y  g rea ter  
d e s u l f u r i z a t i o n  o f  the  HD product w i t h  the upf low d i sso l ve r  
con f i gu ra t i on  ( s u l f u r  1 evel o f  0.37% compared t o  0.49%). 

4. Determinat ion o f  the  E f f e c t  o f  Backmixing 

Four experiments (runs DOE 345-348R) were conducted t o  de ter -  
niine the  e f f e c t  o f  backmixing i n  t he  reac to r  on y i e l d s ,  
hydrogen consumpti.on and product q u a l i t y .  Two experiments 
were conducted i n  each mode, SRC I and SRC 11. I n  each mode, 
.one experiment was made w i t h  a continuous s t i r r e d  tank reac to r  
(CSTR) and the  o ther  w i t h  a reac to r  employing a h igh  length/  
diameter r a t i o  t o  approximate p lug  f low. 

. The t o t a l  o i l  y i e l d  i n  the SRC I mode was 8.2% (absolute) 
" h igher  w i t h  the  p lug  f l ow  reac tor .  This  increase was accom- 

panied by a 2.5% (absolute) lower SRC y i e l d  and a 4.5% (abso- 
l u t e )  lower i nso lub le  organic mat te r  (IOM) y i e l d .  The recyc le  
so lvent  product ion was w i t h i n  2% (absolute)  o f  the  break-even 
l e v e l  w i t h  the  p lug  f l o w  reac to r  compared t o  a 6% d e f i c i t  w i t h  
the  CSTR. The hydrogen consumption was 0.8% absolute (62% 
r e l a t i v e )  h igher  w i t h  the  p lug  f l ow  reac tor .  



I n  t h e  SRC I 1  mode there  was a s l i g h t l y  h igher  t o t a l  o i l  
y i e l d ,  2.8% absolute, w i t h  the p lug  f l ow  reac to r  accompanied 
by a 2.9% (absolute)  lower SRC y i e l d  and a 0.4% lower I O M  
y i e l d .  Hydrogen consumption was apparent ly  s l i g h t l y  h igher  
w i t h  the  p lug  f l o w  reac tor ,  0.6% absolute o r  15% r e l a t i v e .  

Desu l fu r i za t i on  was genera l l y  g rea ter  w i t h  the  p lug  f l o w  
r e a c t o r  and the  molecular weight o f  the  d i s t i l l a t i o n  res idue 
was less.  

Residence t ime d i s t r i b u t i o n  measurements i nd i ca ted  t h a t  the  
cont inuous s t i r r e d  tank reac to r  had essent i  a1 l y  complete 
backmixi ng. There was a1 so considerable backmixi ny i n  the  
t u b u l a r  reac tors  which had Pecl e t  Numbers -ranging from about 2 
t o  4. 

This  r e p o r t  covers work a t  The P i t t s b u r g  & Midway Coal Mining C o o t s  
Merriam La'boratory on the Solvent Refined Coal (SRC) process dur ing  the  
per iod  January 1, 1979 through December 31 ,' 1979 w i t h  emphasis cn work 
performed du r ing  the  per iod  October 1, 1979 through December 31 , 1979. 
D e t a i l s  o f  t he  work performed du r ins  the f i r s t  n ine  months o f  1979 a re  
a v a i l a b l e  i n  q u a r t e r l y  repor ts .  

A. Reports o f  Previous Work 

Previous work a t  t h i s  l abo ra to ry  has been described i n  i n te r im ,  
f i n a l ,  monthly, q u a r t e r l y  and annual repo r t s  t o  the  Of f i ce  o f  Coal 
Kesearch, t h e  Ener y Research and Development Admini s t r a t i o n  and 
the  Department o f  ! nergy. A summary o f  these documents appears i n  
t he  second qua r te r  1979 repo r t *  along w i t h  a d e s c r i p t i o n  o f  the  
cu r ren t  con t rac t  ob jec t i ves  and a h i  s t o r y  o f  the Merriam Laboratory 
i n  so l  vent r e f i n i n g  o f  coal . 

B. Cur ren t l y  Reported Work 

During the  f o u r t h  qua r te r  o f  1979, a c t i v i t i e s  a t  t he  Merriam 
Laboratory i nc l  uded : 

I n v e s t i g a t i o n  o f  novel reac to r  con f i gu ra t i ons  i n  both the  
SRC I and SRC I1  modes w i t h  Kentucky 9/14 and P i t t sbu rgh  Seam 

, (Powhatan No. 5 Mine) coals. 

A comparison o f  p lug  f low and completely hackmixed reac tors  
% 

w i t h  Kentucky 9/14 coal  i n  the  SRC I mode and P i t t sbu rgh  Seam 
coal  from the  Powhatan No. 5 Mine i n  t he  SRC I1  mode. 

e Charac ter iza t ion  o f  so lvent  e x t r a c t s  from d i s t i l  l a t i o n  r e s i -  
d l ~ f . ~ ,  determinat ion o f  v o l a t i l e  mater ia l  i n  the  ex t rac ts ,  and 
a d e t a i l e d  study on the  r e p e a t a b i l i t y  o f  the  solvent  ex t rac-  
t i o n  method. 

* Exp lora tory  Research on Sol vent Refined Coal L iquefact ion,  Q u a r t e r l y  
Technical Progress Report f o r  t he  Period A p r i l  1, 1979 through 
June 30, 1979; J u l y  1980, FE/14800-10. 



8 A residence time dis t r ibut ion study t o  characterize the macro- 
mixing i n  various reactor-  configurations. 

The run conditions and r e su l t s  f o r  a l l  runs reported t h i s  quarter  
a re  shown i n  Table I. 

111. DISCUSSION 

A. Investigation of Novel Reactor Confiqurations 

Background 

Three se r ies  of rubs were conducted i n  this study. In the 
f i r s t  s e r i e s ,  w i t h  Kentucky 9/14 coal., one 4-part experiment 
was carr ied out in  the SRC I mode w i t h  a 3-pass (upflow, 
downflow, upflow) dissolver.  In the next s e r i e s ,  a1 so w i t h  
Kentucky 9/14 coal ,  two experiments were conducted i n  a 
downflow dissolver, one each in the SRC 1 and SHC I1 modes. 
In the l a s t  s e r i e s  of experiments, upflow and downflow dis-  
solvers were compared with Powhatan coal i n  the SRC I1 mode., 
The r u n  conditions fo r  a l l  runs are  summarized in  Table I and 

. the various reactor configurations a r e  described i n  Section 
111-F, Maintenance and Modifications. 

The r e su l t s  of previous experiments a t  the Merriam Laboratory 
involving downward flow of s lu r ry  have generally been incon- 
c l  usive. 

Investigation of an upflow/downflow design was reported i n  the 
th i rd  quarter  1978 progress report*. In t h i s  configuration, 
the advantage of countercurrent hydrogen flow was apparently 
more than o f f s e t  by the lack of mineral matter accumulation i n  
the downflow section of the  dissolver.  There was a s ign i f ican t  
decrease i n  conversion of SRC t o  d i s t i l l a t e  o i l  i n  both the 
SRC I and SRC I1 modes compared t o  the  upflow configuration. 
I t  is  possible, however, t ha t  s lu r ry  was flowing out the  top 
of the dissolver,  bypassing the downflow section.  

Investigation of a downfl ow, countercurrent hydrogen di  ssol vet- 
was reported in  the  f i r s t  quarter  1977 progress report*". I t  
was found t ha t  i n  the SRC I mode the downflow dissolver re-  
sulted i n  lower o i l  y ie lds  and reduced product quali ty.  In 
the  SRC I1 mode, product qual i ty  was a lso  reduced i n  the  
downflow dissolver a1 though there was l i t t l e  change i n  o i l  
yields.  There was an increase i n  C1-C yield i n  both SRC I 
and SRC.11 modes with the downflow con 4 iguration. In l i g h t  of 
the  current  work, i t  i s  not ce r ta in  t ha t  a l l  of the s lu r ry  was 
leaving the  dissolver through the bottom, so these r e su l t s  a re  
questionable. 

* Solvent Refined Coal, Quarterly Technical Report f o r  the Period 
July 1 ,  1978 through September 30, 1978; August 1979, FE-496-160. 

** Solvent Refined Coal, Quarterly Techriica'l. Report f o r  the  Period 
January 1 ,  1977 through March 31 , 1977; July 1977, .FE-496-134. 



2. Three-Pass Di ssol ver Runs 

a. Experimental 

The conditions selected for  r u n  DOE 340 were those used 
to  compare SRC I yields with different reactor configu- 
rations i n  the past. A 3-pass dissolver (see section 
111-F, Maintenance and Modifications) w i t h  cocurrent, 
countercurrent, cocurrent hydrogen flow was employed to  
remove product gases part  way through the reaction and 
expose the s lurry to  fresh hydrogen. Thi s configuration 

. . represents a potential improvement over the upflow/ 
downflow dissolver tested previously i n  that  there i s  a 
high concentration nf solids in two upflow sections of 
the dissolver., both early and l a t e  in the reaction. 

In the f i r s t  part of the r u n ,  the total  hydrogen flow was 
proportioned to  deliver one third to  the preheater and 
one third each to  the second and third dissolver passes. 
The hydrogen flows to the preheater and second dissolver 
passes were varied d u r i n g  the run as discussed below. 

b. Operation 

Poor o i l  yields during the f i r s t  part of the r u n  led to  
speculation tha t  s lurry was largely bypassing the second 
and third tubes of the dissolver, Thirty-six hours into 
the r u n ,  hydrogen flow into the second tube was reduced 
from 8.7 to  2.8 moles/hour to  determine I f  the gas flow 
was l i f t i n g  the s lurry overhead and out the gas ex i t  
l ine.  Shortly thereaf ter ,  a so f t  plug apparently formed 
near the entrance to  the second t u b e  and the slurry level 
i n  the second tube dropped to  ahmost zero. By 61 hours 
on stream the o i l  yield had not improved and the hydrogen 
flow t o  the second tube was increased to  the original 8.7 
moles per hour. The plug immediately broke free and the 
s lurry level came back up. A t  86 hours on stream the 
hydrogen feed to  the preheater was doubled to  determine 
i f  t he  reaction there was starved for  hydrogen. I.he 
yield remained poor, and a t  116 hours on stream a plug 
formed somewhere between the preheater hydrogen in l e t  and 
the second tube of the reactor, forcing a shutdown. 

c.  Yields 

The yields fo r  the 3-pass dissolver run, DOE 340, a re  
compared to  those'from a similar upflow run below. The 
conditions a re  ident ical ,  except for  the hydrogen flow 
ra te ,  



Cond l t lons*  
DOE DOE DOE DOE DOE 
235 340-1 340-2 340-3 340-4 

D i s s o l v e r  Upflow 3-pass 3-pass 3-pass 3-pass 

Hz Feed, m o l e s l h r  
Preheater  23.9 8.8 . 8.8 8.8 
Countercurrent  Reactor  

(second pass) - - 8.7 2.8 8.7 
Cocurrent  Reactor 

. ( t h i r d  pass) . . -- 8.4 8.4 8.4 

T o t a l ,  m o l e s l h r  ' 23.9 ' .25.9 20,.0 25.9 
T o t a l , w t % b a s e d o n s l u r r y ,  4.3 4.5 3.5 4.4 

. . 
y ie lds** ,  w t  % MF Coal . . 

C1-C4 . . 10.1 7.8 5.6 5.7 
Recycle Solvent  . . . 12.3 1.7 ' 0.5 (1.2) 
To ta l  O i l  

,. . , 
' . 28.9 18.9 ' . 1 6 . 4  13.2 

SRC . . . .  38.2: 50.9 - 56.6 57.2 
IOM . . 4.6 5.5 6.1 . . 6.3 

* A l l  a t  1 h r  res idence t ime,  455'C. 2000 p s i ,  45% Ky 9/14 coa1/55% 
r e y c l e  so lven t .  

** Based o k d i s t .  o f  f i l t r a t e .  

 he yields for  each p a i t  of run' DOE 340 are based on only 
one or. two d i s t i l l a t ions  and there i s  considerable sca t te r  
in the data. These resul ts  should, therefore, be con- 
sidered qualitative.  Although the differences between 
the yields in the various segments of run DOE 340 are  
probably within the' experimental error ,  there i s  a s igni f i -  
cant difference between the standard upflow dissolver and 
the 3-pass dissolver. Recycle sol vent yield dropped from 
about 12% to  essentially breakeven levels,  total  o i l  was 
reduced by a t  l eas t  10% (absolute), SRC was increased by 
12-18%, IOM was increased' by 0.9-1.5% and C1-C4 yields 
dropped .2.3-5.5% with the 3-pass dissolver. The yields 
. for . the 3-pass dissolver are near what would be expected 
for  an upflow disso!ve.r with about 20 minutes residence 
time, other conditions being.the.same. This suggests 
that  the slurry was exjting through the vapor ex i t  l i ne ,  
bypassing the second and third tubes of the dissolver. 

There was l i t t l e  difference in product quality between a 
previous upflow r u n  a t  similar conditions and the 3-pass 
dissolver r u n ,  except for  sulfur level. I t  was lower by 
about 0.1-0.3 percent (absolute) in both the recycle 
solvent and SRC for  the upflow run: 

DOE 
235 

Upf low 

DOE 
340 

3-Pass 

Recycle Sol ven t *  
% 5 0.4 (.34-.37) ' 0.6 (0.5-0.6) 

' %  N 1.1 (NA) 1 .O (.93-1.01) 

0.5 (.54-.55) 
2.3 (NA) 

Average and range f o r  a v a i l a b l e  analyses.  



The v i s c o s i t i e s  o f  the  u n f i l t e r e d  coal so lu t ions  f o r  run 
DOE 340 a re  shown i n  Table I 1  and Figure 1. The v i scos i -  
t i e s  o f  the feed s l u r r i e s  a re  shown i n  Table I11 and 
F igure  2. Due t o  a l a c k  o f  v i s c o s i t y  data f o r  exper i -  
ments i n  a standard reac to r  a t .  the  same condi t ions,  i t  i s  
n o t  poss ib le  t o  a t t r i b u t e  changes i n  v i s c o s i t y  t o  reac to r  
conf igura t ion .  

The s o l u b i l i t i e s  o f  t he  d i s t i l l a t i o n  residues i n  hexane, 
benzene, to luene and p y r i d i n e  are  shown i n  Table I V .  Due 
t o  e r r a t i c  operat ion dur ing  t h i s  run, i t  i s  d i f f i c u l t  t o  
draw conclusions based on the  s o l u b i l i t i e s .  

Downflow Disso lver  Runs, Kentucky 9/14 Coal 

a. Experimental 

The 3-pass d i sso l ve r  was t o  be used f o r  a1 1 o f  the Kentucky 
9/14 coal runs. D i f f i c u l t i e s  w i t h  l e v e l  con t ro l  i n  the 
second, downflow, pass dur ing  run  DOE 340, however, led 
t o  s u b s t i t u t i o n  o f  a s i n g l e  pass downflow d l sso l ve r  f o r  
runs DOE 341 and DOE 342R t o  study f l o w  con t ro l  s p e c i f i -  
c a l  ly. 

Run DOE 341 was t o  be conducted under the cond i t ions  used 
by the  F o r t  Lewis P i l o t  P lan t  i n  mater ia l  balance runs 4 
and 8. This  would have been a "base p o i n t "  run; i.e., 
one designed t o  produce an optimum amount o f  SRC f u e l  
cons1 s ten t  w i t h  known system const ra in ts .  These condi- 
t i o n s  were l a t e r  modi f ied t o  improve operabi 1 i ty, how- 
ever, so a d i r e c t  comparison w i t h  a previous upf low 
experiment cannot be made. 

Run DUE 342K was t o  be made a t  455OC, 1800 p s i g  and 1 
hour residence time. The average residence t lme turned 
o u t  t o  be about 20% higher  than planned due t o  d i f f i -  
c u l  t i e s  i n  operat ion. 

b. Operation 

Operation was e r r a t i c  dur ing  runs DOE 341 and 342 due t o  
a s e t t l i n g  o f  s o f t  s o l i d s  i n  the bottom o f  the  downflow 
d i s s o l v e r  which pluqqed the  s l u r r y  e x i t  l i n e .  These 
plugs were broken by c l o s i n g  the  vapor e x i t  l i n e .  This 
caused a s l i g h t  increase i n  d i sso l ve r  pressure f o r c i n g  
the  s l u r r y  ou t  t he  bottom. This procadurc was repedled 
as necessary t o  main ta in  the  l e v e l  i n  the d i sso l ve r  
w i t h i n  a r a t h e r  broad, bu t  measurable, range. Since t h i s  
procedure was necessary i n  runs DOE 341 and 342R w i t h  the 
downflow d isso lver ,  i t  i s  suspected t h a t  some o r  a l l  o f  
s l u r r y  was leav lng  the  3-pass d i sso l ve r  through the vapor 
1 i n e  dur ing  run  DOE 340, bypassing the  second and t h i r d  
tubes. 



The d i f f e r e n t i a l  pressure i nd i ca to r ,  which was t o  be used 
t o  measure the  l e v e l  i n  the d isso lver ,  was found t o  be o f  
i n s u f f i c i e n t  range, so the  s l u r r y  l e v e l  was monitored by 
watchinq the  thermocouple readings i n  the  top h a l f  (vapor 
space) .of the downflow d isso lver .  When the l i q u i d  l e v e l  
reached the  f i r s t  thermocouple p o s i t i o n  i n  the  vapor 
space (n ine  inches above the i n l e t ) ,  a sharp increase i n  
t he  temperature reading was observed. The vapor e x i t  
1 i n e  was then closed u n t i l  s l u r r y  s p i l l e d  over i n t o  the  
h igh  temperature separator i n d i c a t i n g  t h a t  the p lug  was 
broken. I n  t h i s  manner the s l u r r y  l e v e l  was con t ro l  l e d  
between the  s l u r r y  i n l e t  and the  thermocouple pos i t i on ,  
r e s u l t i n g  i n  a nominal s l u r r y  residence t ime o f  4856 
minutes f o r  run  DOE 341. I n  run  DOE 342R, an attempt was 
made t o  ob ta in  b e t t e r  con t ro l  over the  l e v e l  by moving 
the thermocouples i n  the vapor space c lose r  t o  the  s l u r r y  
i n l e t  ( t o  two inches apar t ) .  This  was unsuccessful, 
however, because due t o  cond i t ions  i n  the  d isso lver ,  a l l  
o f  these thermocouples read nea r l y  the same. The r e s i  - 
dence t ime i n  DOE 342RB was the re fo re  c o n t r o l l e d  t o  o n l y  
6959 minutes. 

During run  DOE 341, p lug  ma te r ia l  from the  bottom o f  t he  
d i sso l ve r  was analyzed. It was found t o  conta in  40-50% 
p y r i d i n e  inso lub les  w i t h  28% ash i n  the  insolubles.  
Since the  p lug  mater ia l  was p r i m a r i l y  unconverted coal,  
the  s e v e r i t y  i n  the preheater was increased t o  a l l e v i a t e  
the  plugging i n  the  d isso lver .  

There appears to be i s i g n i f i c a n t  d i f f e rence  i n  so l i ds  
residence t ime d i s t r i b u t i o n  (RTD) between upf low and 
downflow operat ion. ' I n  upflow, dense p a r t i c l e s  o r  
agglomerations o f  p a r t i c l e s  would tend t o  s e t t l e  ou t  i n  . 

t he  d i sso l ve r  u n t i l  they have become small enough through 
r e a c t i o n  t o  be swept ou t  w i t h  the  l i q u i d .  I n  downflow, 
these same p a r t i c l e s  could block the s l u r r y  e x i t  l i n e .  
This  may n o t  be a problem i n  l a r g e r  d isso lvers  s ince the  
ex ten t  o f  reac t i on  o f  s o l i d  p a r t i c l e s  depends i n  p a r t  on 
the  l eng th  o f  t ime i t  takes t o  f a l l  from the  d i sso l ve r  
i n l e t  t o  the  o u t l e t .  This  i B  a func t i on  o f  the s i ze  o f  
t he  u n i t  as we l l  as nominal s l u r r y  residence time. I n  
add i t ion ,  the  s i z e  o f  the  p a r t i c l e s  r e l a t i v e  t o  the  
diameter o f  the  e x i t  p o r t  w i l l  have an e f f e c t  on the 
tqndency o f  the p a r t i c l e s  t o  form a plug. 

The a u t l e t  temperature o f  the  preheater was increased t o  
425OC dur ing  run DOE 341 and the  pump r a t e  was c u t  i n  

. ,  - h a l f  (residence t ime d o ~ ~ b l e d ) .  This  resu l ted  i n  an 
average temperature of 435"C* and a residence t ime o f  

* Due t o  an endothermic reac t i on  and/or heat t r a n s f e r  c h a r a c t e r i s t i c s  
i n  the preheater, i t  was necessary t o  run  the  middle o f  the  preheater 
a t  about 440°C t o  ob ta in  an o u t l e t  temperature o f  425°C. 



about 42 minutes i n  t i le  preheater so t h a t  a s i g n i f i c a n t  
p o r t i o n  o f  the  t o t a l  r e a c t i o n  took p lace there. This 
i ncrease i n  preheater s e v e r i t y  g r e a t l y  reduced the p l  ug- 
g ing  i n  the  bottom o f  t he  d isso lver .  

Y ie lds  

The y i e l d s  f o r  the SRC I downflow run  w i t h  Kentucky 9/14 
coal,  DOE 341D, are  Compared t o  those f o r  an u p f l o w ,  
experiment be1 ow: 

. Condi t t ons *  . . .  GU 127 . DOE. 34.1 D 

Dl sso lver  Upf 1 ow Downfl ow 
Nomlnal S l u r r y  Residence Time, min. 2 1 4826 
Preheater o u t l e t  temperature, O C  400 425 
Hydrogen feed, wt % . . 4.6 7.7 

Y le lds  ** W t  % MF Coal -..-.t 

c 1 4 4  
Recycle So lvent  
Total  O i l  
SRC 
I OM 

* For both, d i s s o l v e r  temperature was 450°C, pressure 1410 psig,  
39% Kentucky 9/14 coa l  i n  s l u r r y .  

** Based on d i s t .  o f  f i l t r a t e .  

I t  i s  d i f f i c u l t  t o  draw conclusions or) the  d i f f e rences  
between upf low and downflow conf igura t ions  due t o  opera- 
t i n g  d i f f i c u l t i e s ,  bu t  i t  appears t h a t  conversion o f  caal 
was lower i n  t he  dcwnflow d i sso l ve r  based on the 2% 
h igher  I O M  y i e l d .  There i s  a l so  a s i g n i f i c a n t  s h i f t  t o  
l i g h t e r  products i n  t h e  downflow run  which i s  l a r g e l y  a 
consequence o f  the  h igher  temperature and longer r e s i -  
dence t ime i n  the preheater (29 minutes a t  an average 
temperature o f  about 435°C) and longer residence t ime i n  
t h e  d isso lver .  

The y i e l d s  fo r  the  SRC I 1  downflow experiment w i t h  Kentucky 
9/14 coal ,  run  DOE 342RB, a r e  compared t o  those f o r  a 
s i m i l a r  upf low run  below: 

Condl t l ons *  DOE 237R -. DOE 342RB 

Dl sso l ve r  Up f l  ow Oownfl ow 
Preheater o u t l e t  temperature, O C  400 425 
ncsidcncc t ime, h r  . ~" 1.97 1.2t0.2 
Pressure, p s i g  ' 2000 1800 

Ylelds,  Ht X MF Coal 

C -C4 14.6 17.8 
~ i a v y  D i s t l l l a t e  24.6 4.8 
To ta l  O i l  39.5 30.8 
SRC 22 ..5 32.2 
I OM 4.6 5.4 

For both, 30% Kentucky 9/14 coal  i n  s l u r r y ,  455OC d i s s o l v e r  temperature. 



The y i e l d s  f o r  DOE 342RB a re  based on o n l y  one UFCS . 

d i s t i l  l a t i o n  so the  in fo rmat ion  should be considered 
q u a l i t a t i v e .  Again, there  was an increase i n  I O M  and a 
s i g n i f i c a n t  s h i f t  from heavy d i s t i l l a t e  t c  l i g h t  o i l s  and 
gases w i t h  the  downflow d i  ssol ver  and h igh  s e v e r i t y  
preheater. Conversion o f  SRC t o  o i l  was a l so  l e s s  i n  the  
downf 1 ow conf igura t ion .  

d. Product Qua1 i t y  

I n  the  SRC I downflow experiment (DOE 341 ) , product 
hj.drogenation was .somewhat l ess  than. i n  a s i m i l a r  upf low 
run  : 

GU 127 
SRC I 
Upf l  ow 

DOE 3410 
SRC I 

Oownfl ow 

Recycle Sol vent* 
% H 7.0 (7.7-7.9) 7.2 (7.1-7.5) 
% 5 0.5 (0.46-0.46) 0.5 (0.50-0.57) 

SRC* 
% H 5.8 (5.7-5.9) 5.4 (5.3-5.4) 
% S 0.8 (0.82-0.86) 0.7 (0.64-0.66) 

Fusion Po in t  190 (181-197) 150 (147-152) 

Average and range f o r  a v a i l a b l e  analyses. 

The s u l f u r  l e v e l  o f  the recyc le  solvent  was s l i g h t l y  
h igher  i n  the downflow run, bu t  the l e v e l  i n  t he  SRC was 
s l i g h t l y  less.  The fus ion  p o i n t  o f  the  SRC was about 
40°C lower i n  the  downflow conf igurat ion,  a l though t h i s  
was probably the  r e s u l t  o f  the  longer residence time. 

The product 'analyses i n  t he  SRC I 1  run  (DOE 342R) show 
about the  same dev ia t i ons  between d i f f e r e n t  products f o r  
the  same run  .as between upf low and downflow experiments: 

DOE 237R DOE 342R8 . 
SRC I 1  SRC I 1  * Upf 1 ow oownf 1 ow -- 

Heavy D i s t i l l a t e * *  
% S 0.4 (0.3-0.4) 0.5 (0.45-On53) 
% H 7.7 (7.6-7.8) 7.5 (7.4-7.6) 

D i s t i l l a t i o n  Residue* 
% S 2.3 (1.8-3.1) 2.6 (2.5-2.7) 

Fusion Pt, OC 117 (106-132) 133 (1  25-1 50) 

* Average and range f o r  a v a i l a b l e  analyses. - 
** B o i l i n g  range f o r  DOE 237 >24g°C; and f o r  DOE 342RB >2aB°C 

I n  general, however, the prcduct qua1 i ty  was s l  i g h t l y  
h igher  i n  the  upf low run  than i n  downflow. 

The v i  scosl t i e s  o f  unf  i 1 te red  coal so lu t i ons  (UFCS) f o r  
runs DOE 341 and 342R a re  shown i n  Table I 1  and Figure 1. 
The v i s c o s i t i e s  o f  feed s l u r r i e s  a r e  shown i n  Table 111. 
and Figure 2. Due t o  a l ack  o f  v i s c o s i t y  data f o r  upf low 



experiments a t .  the  same condi t ions,  i t  i s  n o t  poss ib le  t o  
a t t r i b u t e  changes i n  v i s c o s i t y  t o  d i r e c t i o n  o f  f l ow  i n  
the  d isso lver .  

The s o l u b i l i t i e s  o f  the  d i s t i l l a t i o n  residues from runs 
DOE 341 and 342 i n  hexane, benzene, to1 uene and p y r i d i n e  
a re  shown i n  Table I V .  Due t o  e r r a t i c  operat ion dur ing  
t h i s  se r i es  o f  runs, i t  i s  d i f f i c u l t  t o  draw conclusions 
based on the  s o l u b i l i t y  behavior. 

4. Comparison o f  Upflow and Downflow Disso lver  
Conf igurat ions w i t h  Powhatan Coal . 

a. Experimental 

I n  t he  work described above, d i r e c t  comparisons w i t h  
upf low experiments were n o t  poss ib le  due t o  changes made 
i n  r u n  cond i t i ons  because o f  operabi 1 i ty  problems.,. I n  
add i t i on ,  data on the  processing o f  P i t t sbu rgh  seam coal 
.fro111 Powhatan No. 5 Mine w i t h  a l t e r n a t e  d i sso l ve r  
con f i gu ra t i ons  were desired. One th ree-par t  experiment, 
run  DOE 343R, was the re fo re  conducted w i t h  Powhatan coal 
and a downflow d i sso l ve r  con f i gu ra t i on  and one th ree-par t  
experi~nerrt, run  DOE 344R, w i t h  an upf low d i sso l ve r  con- 
f i g u r a t i o n .  

Runs DOE 343R and 344R were made a t  455OC, 1800 ps ig  and 
1 hour residence time. The hydrogen f l o w  r a t e  was i n -  
creased t o  6 percent based on s l u r r y ,  from the 4 percent 
used prev ious ly ,  t o  e l im ina te  any e f fec ts  due t o  a d i f -  
fermer~ce i ri hydrogen avai 1 ab i  I i t y  between upf low and down- 
f low. Two percent was de l i ve red  t o  the  preheater and 4 
percent  t o  the  d isso lver .  Previous work has shown t h a t  
lower ing the  f l o w  o f  hydrogen t o  the  d i sso l ve r  below 4 
percent a f f e c t s  performance, whereas increas ing  the  f l o w  
from 4 t o  6 percent has l i t t l e  e f f e c t .  

I n  the  i n i t i a l  p a r t  o f  each run, t he  preheater o u t l e t  
temperature was kept  a t  425OC, a cond i t i on  which improved 
downflow o p e r a b i l i t y  i n  the  Kentucky coal runs. I n  
add i t i on ,  the  pressure was i n i t i a l l y  maintained a t  2000 
p s i g  t o  prov ide the  best oppor tun i ty  f o r  a successful run  
u n t i l  the  o p e r a b i l i t y  w i t h  Powhatan coal could be deter -  
mined. These cond i t ions  were l a t e r  relaxed, f i r s t  by 
dropping the  preheater n ~ r t l e t  temperature t o  the  normal 
Merriam leve l  o f  4006C fo l lowed by a reduct ion  i n  pres- 
sure t o  1800 psig. 

b. Operat ion 

Operat ion dur ing  runs DOE 343R and 344R was improved sub- 
s t a n t i a l l y  over t h a t  w i t h  Kentucky 9/14 coal repor ted 
above. This  was due, i n  pa r t ,  t o  the  swi tch t o  Powhatan 
coal which created l ess  p lugging i n  the bottom o f  the  



downf low d isso lver .  I n  add i t ion ,  an improved cystem was 
used f o r  mon i to r ing  the s l u r r y  l e v e l  i n  the  d isso lver ,  

The s l u r r y  l e v e l  was monitored p r i m a r i l y  by use o f  a 
d i f f e r e n t i a l  pressure gauge w i t h  add i t i ona l  i n d i c a t f o n  
from a ser ies  o f  thermocouples (see Sect ion 111-F). 

The valve on the  vapor e x i t  l i n e  was closed about once an 
hour dur ing  run  DOE 343R t o  fo rce  s l u r r y  ou t  the bottom 
o f  t h e  d isso lver .  The r e s u l t i n g  f l u c t u a t i o n s  i n  s l u r r y  
l e v e l  were much l e s s  than i n  runs DOE 341 and 342R re -  
por ted above, A t y p i c a l  operat ing cyc le  invo lved a 
decrease i n  d i sso l ve r  s l u r r y  l e v e l  o f  about 6 112 inches 
w h i l e  the vapor 1 i n e  was closed f o r  0.8 minutes. This  
would be fo l lowed by a 10 minute r i s e  i n  s l u r r y  l e v e l  t o  
the normal p o s i t i o n  where s l u r r y  would begin t o  s p i l l  
over i n t o  the  h igh  temperature, h igh  pressure separator 
from the  s l u r r y  e x i t  1 ine. Over the  next  50 minutes the 
s l u r r y  l e v e l  would r i s e  about another 1-2 inches u n t i l  
t he  valve on the  vapor l i n e  was closed again. The exact 
residence t ime i n  t h i s  system would be d i f f i c u l t  t o  
compute because the  s l u r r y  l e v e l  was varying, the s l u r r y  
was f l ow ing  ou t  the,  bottom o f  the  d i sso l ve r  dur ing  o n l y  
p a r t  o f  each cycle, and the  "cyc les"  were o f  vary ing 
length.  The ac tua l  value i s  c lose  t o  the  nominal s l u r r y  
residence time, however. 

Operation o f  the  upf low experiment, DOE 344R, was c a r r i e d  
s u t  i n  t he  convent ional manner (except f o r  hjdrogen 
i n j e c t i o n  i n  t he  bottom o f  the  d isso lver ,  d i sso l ve r  L/D 
and s l u r r y  l e v e l  moni tor ing)  and was genera l l y  uneventful .  

c. Y ie lds  

A comparison o f  the  y i e l d s  w i t h  upf low and downflow 
d i sso l ve r  conf igura t ions  i n  the  SRC.11 mode w i t h  Powhatan 
coal i s  shown i n  Table V .  

There was no s i g n i f i c a n t  d i f fe rence i n  y i e l d s  be tween the 
upf low and downflow d i sso l ve r  conf igura t ions .  An averag- 
i n g  o f  the  y i e l d s  f o r  the  th ree  p a r t s  o f  each run i s  
shown below: 

Yie lds,  w t  % MF Coal 
Downf 1 ow Upf 1 ow 

(DOE 343R) (DOE 344R) 

C1 -C 14.9 15.0 
~ o t a f  01 1 39.4 39.5 
SRC 26.5 26.3 
I OM 4.9 4.8 

The 0.1-0.2 percent d i f fe rences are  we1 1 w i t h i n  experi  - 
mental e r ro r .  



I n  add i t ion ,  there  was no. s i g n i f i c a n t  d i f f e rence  i n  
y i e l d s  between operat ion a t  2000 ps ig  and 1800 ps ig  i n  
e i t h e r  upf low o r  downflow conf igura t ions  (Table I ) .  

Operating the preheater a t  425°C ins tead o f  400°C had no 
d iscernable e f f e c t  on y i e l d s  i n  the  downflow configu- 
r a t i o n  b u t  d i d  s h i f t  the  products t o  l i g h t e r  molecular 
weight ranges i n  the  upflow conf igura t ion .  C1-C4'ana . 

middle d i s t i l l a t e  y i e l d s  were higher wh i le  heavy d i s -  
t i l l a t e  and SRC were lower w i t h  the  h igher preheater 
temperature.. Tota'l conversion (based on I O M  y i e l d )  was : 
n o t  a f fec ted  by preheater temperature. 

There a l so  was no e f f e c t  o f  d i sso lve r  LID i n  the  range 27 
t o  54 as shown by a comparison o f  the  y i e l d s  f o r  upf low 
runs i n  the f u l l  DOE 1 d i sso lve r  ( run DOE 278R) o r  112 
d i  ssol vc r  (run DOE 344RD). 

The naphtha, middle d i s t i l  l a t e  and heavy d i s t i l l a t e  
y i e l d s  were f a i r l y  constant dur ing  these runs and the  
small v a r i a t i o n s  t h a t  d i d  occur may be due, i n  par t ,  t o  
s l i g h t  d i f f e rences  i n  s l u r r y  formulat ion.  

d. Product Q u a l i t y  

I n  t h e  Powhatan coal runs i n  the  SRC I 1  mode there was no 
s i g n i f i c a n t  d i f f e rence  i n  heavy d i s t i l  l a t e  o r  d i s t i l  - 
1 a t i o n  res idue product qua1 i ty  (Tab1 e I )  between upf low 
and downflow except f o r  s u l f u r  l e v e l  i n  the  heavy d i s t i l -  
l a t e .  The heavy d i s t i l  l a t e  s u l f u r  l e v e l  was 0.49%+0.01% 
w i t h  the  downflow con f igu ra t i on  and 0.37%+0.02% w i t h  the  
upf low conf igura t ion .  

There were no s i g n i f i c a n t  effects on product q u a l i t y  
apparent .from c hatlyes i n  the preheater ten~per~a ture orm 
t o t a l  pressure. 

The v i s c o s i t i e s  o f  u n f i l t e r e d  coal  so lu t ions  (UFCS) are  
presented i n  Table V I  and Figure 3. The UFCS v i s c o s i t i e s  
were higher w i t h  t h e  downfl ow d i  ssol vet- con f igu ra t i on  
(DOE 343R) than w i t h  the  upf low conf igurat ion (DOE 344R), 
imp ly ing  higher molecular weight mater ia ls  i n  the  non- 
d i s t i l l a b l e  products. I n  add i t ion ,  the  v i s c o s i t y  
increased s l  i g h t l y  when the  preheater temperature was 
lowered, from run DOC 343RA t o  343RCl and 344RD t o  344RC, 
and when the  pressure was lowered from run DOE 344RC t o  
344RD. 

The feed s l u r r y  v i s c o s i t i e s  f o r  runs DOE 343R and 344R 
a re  presented i n  Table V I I  and Figures 4, 5 and 6. The 
feed s l u r r i e s  ,genera l ly  had h igher v i s c o s i t i e s  w i t h  the  
downflow d i sso lve r  con f igu ra t i on  than w i t h  upflow, as d i d  
the  u n f i l t e r e d  coal so lu t ions .  The s l u r r i e s  from the 
downflow runs (DOE 343R) exh ib i ted  the t y p i c a l  minimum 
w i t h  temperature,around 230-250°F, whereas the  lower 



v i s c o s i t y  s l u r r i e s  from the upf low run (DOE 344R) gen- 
e r a l l y  d i d  not. As usual, t he  v i s c o s i t i e s  decreased w i t h  
an increase i n  shear ra te .  

The s o l u b i l i t i e s  of t he  d i s t i l l a t i o n  residues i n  hexane, 
benzene, toluene and py r id ine  are shown i n  Table V I I I .  
Any d i f fe rences i n  s o l u b i l i t i e s  due t o  changes i n  run  
cond i t ions  are o f  a b o u t ~ t h e  same order  as d i f f e rences  
between rep1 i c a t e  ex t rac t ions .  

B. Comparison o f  Plug Flow and Completely Backmixed Reactors 

1 . Backqround 

The ob jec t i ve  o f  t h i s  study was t o  determine the  e f f e c t  o f  
backmixi ng i n  the  reac to r  on .y ie lds,  product qua1 i ty  and 
hydrogen consu~pt ion .  This i s  the  f i r s t  t ime t h a t  reac tors  
designed s p e c i f i c a l l y  t o  be completely backmixed o r  p lug  f l ow  
have been compared a t  the  Merriam Laboratory. The residence 
t ime d i s t r i b u t i o n s  have been measured i n  the  reac tors  employed 
and a re  discussed i n  Sect ion 111-E and Appendix B. 

2. Experimental 

Runs DOE 345B and 346 were both conducted w i t h  the  continuous 
s t l r r e d  tank reac to r  (CSTR) described i n  Sect ion 111-F. A 
1 ow-vol ume (shor t  residence t ime) preheater was employed t o '  
provide the  maximum s e n s i t i v i t y  t o  chanqes i n  reac to r  con- 
f i gu ra t i on .  

The run cond i t ions  are  shown i n  Table I. DOE 3458 was i n  the  
SRC I mode w i t h  Kentucky 9/14 coal a t  t he  cond i t ions  used by 
F o r t  Lewis i n  mater ia l  balance runs 4 and 8. Run DOE 346R was 
i n  the  SRC I 1  mode w i t h  P i t tsburgh Seam coal from the  Powhatan 
No. 5 Mine a t  455OC, 1800 ps ig  and 1 hour residence time. 

Runs DOE 347 and 348R were conducted i n  tubu la r  ' reactors t o  
provide a comparison t o  t h e  CSTR runs. Run DOE 347 was i n  the  
SRC I mode w i t h  Kentucky 9/14 coal a t  the  same cond i t ions  used 
i n  run  DOE 346R. A long, t h i n  tube (see Sect ion 111-F) was 
used as a reac to r  t o  approximate p lug  f l o w  cond i t ions  i n  the  
l i q u i d  phase'., Run DOE 348R was a t  the  same cond i t ions  used i n  
run DOE 346R. The s ing le  tube reac to r  used i n  run  DOE 347R 
had a volume too small t o  provide convenient f l ow  r a t e s  a t  t he  
residence t ime used i n  the  SRC I 1  work. The modi f ied GU 5 
reac to r  (see Sect ion 111-F) was there fore  used t o  prcv ide  a 
l a r g e r  rezc to r  volume i n  which p lug  f l ow  cond i t ions  were 
approximated. The same low-volume preheater used i n  the  CSTR 
experiments was. employed t o  provide the  maximum s e n s i t i v i t y  t o  
changes i n  reac to r  conf igurat ion.  

. . A1 though the  reac tors  were des'ign'ed t o  be as c lose as prac- 
t i c a l  tb e i t h e r  completely backmixed ( s t i r r e d  autoclave) o r  



plug flow (s ingle  tube and modified GU 5 ) ,  deviations from 
ideal i t y  occurred. These deviations a r e  discussed i n  terms of 
residence time d i s t r ibu t ions  i n  Section 111-E and Appendix B. 

3. Operation 

Operation was generally sa t i s fac tory  during runs DOE 345 and 
346 in the  CSTR. 

Some d i f f i c u l t y  was encountered i n  heating the reactor up t o  
temperature while running on flush o i l ,  par t icular ly  a t  the 
r e l a t i ve ly  high l iquid  flow r a t e  used i n  r u n  DOE 345. This 
was due t o  the design of the  CSTR. An a i r  space between the  
autoclave i t s e l f  and a s teel  jacket ,  used f o r  introduction of 
cuul i i ~ y  d-i v ,  res t r i c ted  heat t ransfer  from the  s t r i p  heaters 
located on .the outside of the  jacket. In addit ion,  the 
apparatus was d i f f i x u l t  t o  insula te  and large  heat losses  
occurred from the  ex te r io r  components of the  equipment. 
Sat is factory temperatures were generally achieved after coal 
was added t o  the Peed and the  exothermic reacLions were 
underway. 

The s t i r r e r  drive on the autoclave a1 so s t a l l ed  occasionally. 
This occurred i n  s p i t e  of the f ac t  t h a t  the  s t i r r e r  bearings 
were purged w i t h  about 5 grams/hr of recycle solvent or  heavy 
d i s t i l l a t e  i n  runs DOE 345 and 346R, respectively. 

Operation was a l so  sa t is factory d u r i n g  runs DOE 347 and 348R 
in the  tubular reactors.  Temperature control during run  DOE 
348R was gcncrally hct tcr  than i n  e a ~ l i e r  ~ x p ~ r i m ~ n t s  w i t h  the 
modified GU 5 reactor  due t o  dual temperature control system 
(see Section 111-F). 

4. Yields and Hydrogen Consumptions 

The y ie lds  and hydrogen consumptions f o r  a l l  four runs a re  
shown i n  Table I .  

The yie lds  and hydrogen consumptions obtained w i t h  the 
continuous s t i r r ed  tank reactor (CSTR) and plug flow 
reactor  i n  the  SRC 1 mode a re  compared below: 

DOE 345B DOE 347 
Reactor  CSTR P l u g w  

Y i e l d s ,  W t  % based on MF Coal 

C1-C4 3 .9  4 . 2  

Naphtha 3.7 5 . 0  
Wash So lvent  6 .2  8.7 
Recycle So lvent  ( l o s s )  
Tota l  Oil 

( 6 . 3 )  
3 . 6  . ( 1 . 9 )  

11.8 

SRC 64.4 61 .9  
I OM 10.1 5.6 

. Hydrogen Consumption, W t  % 
based on MF Coal 1 . 3  .2 .1  



The to ta l  o i l  yield was 8.2% (absolute) higher w i t h  the 
plug flow reactor. T h i s  increase was accompanied by a 
2.5% (absolute) lower SRC yield  and a 4.5% (absolute) 
lower IOM yield.  The recycle solvent production was 
within 2% (absolute) of the  break-even level w i t h  the 
plug flow reactor compared t o  a 6% d e f i c i t  with, the CSTR. 
The 45% ( r e l a t i ve )  lower IOM yield  w i t h  the plug flow 
reactor,  i n  par t icular ,  i l l u s t r a t e s  the profound e f f ec t  
of reactor configuration i n  the  SRC I mode. 

The h~dro i en  consumption was 0.8% absolute'  (62% re la t ive)  
. .. .higher w i t h  the  plug flow reactor a1 though gas yie lds  

.were nearly the same, This indicates t ha t  the additional 
s - hydrogen was consumed i n  producing o i l  from nondist i l-  

l ab le  .hydrocarbons and increasing . the  hydrogen content of 
, . the  recycle solvent and SRC. 

. . 
The r e su l t s  w i t h  the  plug flow reactor a r e  similar  t o  
those obtained i n  previous experiments a t  conditions used 
by Fort Lewis i n  material balance runs 4 and 8. 

b. SRC 11 Mode 

The yields  and. hydrogen .consumptions obtained w i t h  the 
. , two reactor types i n  the SRC 11 mode are  compared below: 

Reactor  
DOE 3 4 6 R .  DOE 348R 

CSTR P lug  Flow 

Y i e l d s ,  W t  % based on MF Coal 
C1 -C4 1 3 . 5  14.4  

Naphtha 
M l d d l e  D l s t l l l a t e  
Heavy Oi s t i l  l a t e  
T o t a l  Of1 

SRC 
I OM 

q g e n  C o n s u m ~ t l o n .  Wt % based 
on Coal 4 .1  

There was a s l i gh t l y  higlier to ta l  o i l  y ie ld ,  2.8% abso- 
l u t e , .w i th  the plug flow reactor accompanied by a 2.9% 
(absolute)  lower SRC yield  and a 0.4% lower IOM yield .  

' There was a l so  a small increase i n  gas yie ld .  

Hydrogen consumption was a1 so s l i gh t l y  higher w i t h  the 
plug flow reactor,  0.6% absolute or  15% re la t ive .  

  he r e su l t s  w i t h  the plug flow reactor a re  similar  t o  
those i n  e a r l i e r  runs w i t h  the DOE 1 reactor* a t  the same 
conditions. 

* A tubular reactor with a lower L / D  r a t i o ;  1.55 m (61") long w i t h  a 
27.9 mn (1 . lo" )  I.D. ' 



5. Product Qua1 i t y  

The product analyses f o r  a l l  f o u r  runs a re  shown i n  Table I. 

a. SRC I Mode 

The composit ions of the  recyc le  solvents and SRC's 
obtained w i t h  t h e  CSTR and p lug  f l ow  reac to r  i n  the SRC I 
mode are  compared below: 

Reactor  
DOE 3458 DOE 347 
CSTR P l Y p E w  

Recycle So lvent  Analyses 

% C 88.6 87.8 
% H 7.0 7.6 
% S 0.64 0.52 
% N 0.81 0.88 
% 0 2.9 3.2 

SRC Analyses 

% S 1.08 0.90 
% N 2.00 2.14 
Fusion P o i n t ,  O C  207 154 

The hydrogen l e v e l s  i n  both the  recyc le  so lvent  and SRC 
were about 8% ( r e l a t i v e )  h igher  w i t h  the  @lug  f l o w  r e -  
a c t o r  and the  s u l f u r  concentrat ions were 17-19% ( r e l a -  
t i v e )  less.  I n  add i t ion ,  the fusion p o i n t  o f  t he  SRC was 
53OC lower w i t h  the  p lug  f l ow  reac tor .  

The v i s c o s i t i e s  o f  the  u n f i l t e r e d  coa ls  so lu t i ons  f o r  
runs DOE 345B and DOE 347 are  shown i n   able I X .  The 
UFCS v i s c o s i t i e s  w i t h  the  CSTR and p lug  f l o w  reac to r  i n  
t he  SRC I mode a re  compared on Figure /. The UFCS v i s -  
cos i ty  from the  p lug  f l o w  experiment was much l e s s  than 
t h a t  from the  CSTR which r e f l e c t s  t he  lower conversion i n  
the l a t t e r .  I n  t he  CSTR experiment, run  DOE 3458, the  
s o l i d s  (IOM p lus  ash) l e v e l  i n  the UFCS wss about 8.3% 
whereas i n  t he  p lug  f l ow  run, DOE 347, the  s o l i d s  l e v e l  
was 6.5%. 

The s o l u b i l i t y  of tile d i s t i l  l a t i o n  residues (SRC pro-  
ducts)  i n  the SRC I mode, shown as a f r a c t i o n  o f  the  
s o l u b i l i t y  i n  pyr id ine ,  w i t h  the CSTR and p lug  f l o w  
react.o?-s .are. 'compared be1 ow: 

Reactor  
DOE 345 DOE 347 
CSTR . - .  . P l u g w  

R a t i o  o f  Average S o l u b i l i t i e s *  

Hexanc lPyr id i  ne 0.043 0.092 
T o l u e n e l P y r i d i n e  0.493 0.617 

* Averaged for  one o r  two t r i a l s  and t h r e e  d i f f e r e n t  products 
i n  each case. 



The s o l u b i l i t i e s  o f  the  d i s t i l l a t i o n  residues i n  both 
hexane and to luene were s i g n i f i c a n t l y  h igher  w i t h  the  
p lug  f l o w  reactor .  This  apparent ly  lower molecular 
weight was a l so  ref lec.ted i n  the  fus ion  p o i n t s  o f  the  
residues (1 54°C verslrs 207OC) and the  UFCS v i s c o s i t i e s .  

b. SRC I1 Mode 

The heavy d i s t i l  l a t e  and d i s t i l l a t i o n  res idue analyses 
obtained w i t h  the  two reactor .  types are  summarized below: 

R e a c t o r  -- 
DOE 346R 
- C STR-- 

Heavy D i s t i l l *  Analyses 

% C 88.6 
% ti 7.6 
% S 0.36 
% N 1.13 
% 0 2.3 

D i s t i l l a t i o n  Residue Analyses 

% C 69.3 

% N 1.43 
% Ash 21.9 
F u s i o n  P o i n t ,  O C  . 115 

DOE 348R m us-~ iz~  

The d e s u l f u r i z a t i o n  o f  the  ,heavy d i s t i l l a t e  was s i g n i f i -  
c a n t l y  g r e a t e r  w i t h  the p lug  f low read to r  r e s u l t i n g  i n  

. . 22% ( r e l a t i v e )  l e s s  s u l f u r  i n  the  product. The o ther  
heavy d i s t i l l a t e  analyses are  the  same. 

The d i s t i l  l a t i o n  res idue analyses are  essent ia l  1 y the  
same w i t h  the  CSTR and p lug  f low reac tors  except f o r  
s u l f u r  concentrat ion which was about 8% higher  ( r e l a t i v e )  
w i t h  the  p lug  f l o w  reactor .  The h igher  s u l f u r  l e v e l  i s  
probably du2 t o  the  s l i g h t l y  h igher  ash content.  

The v i s c o s i t i e s  o f  the u n f i l t e r e d  coal so lu t i ons  f o r  runs 
DOE ' 3 4 6 ~  and 348R are  shown i n  Table X. 

The UFCS v i s c o s i t i e s  f o r  the  CSTR and plug f l o w  exper-i- 
rnents i n  the  SRC I I  mode a re  compared on Figure 8. Again 
the  UFCS from the  p l u g ' f l o w  run, DOE 348R, had a lower 
v . i scos i ty  than i n  the CSTR run, DOE 346R, al though the  
d i f f e r e n c e  was n o t  as pronounced as i n  the,SRC I exper i -  
ments. The so l  i d s  l e v e l  was e s s e n t i a l l y  the  same- (5.1 %) 
i n  the  UFCS from the  two runs i n d i c a t i n g  t h a t  t he  l i q u i d  
p a r t  o f  t he  UFCS from the p lug  f l o w  r u n  had a molecular 
weight which was lower than from the  CSTR run. 

These data suggest t h a t  the  UFCS v i s c o s i t y  i s  a f f e c t e d  by 
both the  s o l i d s  l e v e l  and molecular weight o f  the  l i q u i d .  



The v i s c o s i t i e s  o f  the feed s l u r r i e s  from runs DOE 346R 
and 348R a re  shown i n  Table X I .  

The ways i n  which reac to r  con f i gu ra t i on  and shear r a t e  
a f f e c t  feed s l u r r y  v i s c o s i t i e s  are  shown on Figure 9. 
The feed s l u r r y  v i s c o s i t y  was s i g n i f i c a n t l y  lower w i t h  
the  p lug  f l o w  reac to r  than w i t h  the  CSTR. Since the  
s l u r r y  blend composit ion was e s s e n t i a l l y  the  same i n  each 
case, the  lower v i s c o s i t y  w i t h  the  p lug  f l ow  reac to r  
again r e f l e c t s  a lower molecular weight i n  the  l i q u i d  
p a r t  of t he  UFCS. The feed s l u r r i e s  a l so  show the  normal 
decrease i n  v i s c o s i t y  as shear r a t e  i s  increased. The 
minimum i n  v i s c o s i t y ,  t y p i c a l  o f  coal feed s l u r r i e s ,  
occurs a t  about 250°F f o r  t he  s l u r r y  w i t h  the h ighest  
v i s c o s i t y  and s h i f t s  t o  h igher  temperature w h i l e  becoming 
less pronounced f o r  s l  u r r i e s  of lower v i s c o s i t y .  

The s o l u b i l i t i e s  o f  the  d i s t i l l a t i o n  residues f o r  the  SRC 
I1  experiments are  co~iipared f o r  the CSTR and p lug  f l o w  
reac tors  below: 

Reactor 
DOE 3461 DOE 348R 
CSTR p l u g w  

Ratio of Average Solubilities* 
HexanelPyridine 0.381 0.422 
ToluenelPyridine 0.836 0.873 

* Average of two trials and two or three different products 
i n  each tase. 

The so lub i  1 i t i e s  o f  the  d i s t i l  l a t i o n  residues i n  hexane 
drld Loluene were a1 so yvebtet. w i  t t ~  Ltle p lug  f l o w  reac to r  
i n  the SRC I1 mode, al though the  r e l a t i v e  changes were 
n o t  as great  as i n  the SRC I mode. Even though the 
s o l u b i l i t y  and v iscosi t .y  data i nd ica te  a d i s t i l l a t i n n  
res idue w i t h  a lower molecular weight when using the  p11.1g 
f l o w  reac tor ,  the  fus ion  p o i n t  was nea r l y  the  same w i t h  
the  two reac to r  types. 

C. Simulated D i s t i l l a t i o n  

A procedure f o r  simulated d i  s t i  11 a t i o n  by gas chromatography was 
presented i n  t he  f i r s t  qua r te r  1979 progress repor t* .  Since then, 
simulated d i s t i l l a t i o n  has been used t o  prov ide the  b o i l i n g  p o i n t  
d i s t r i b u t i o n s  o f  a l l  product o i l s .  A summary o f  recent  a c t i v i t i e s  
i n  the development o f  t h i s  technology i s  provided below, 

1 . Normal P a r a f f i n  versus Aromatic C a l i b r a t i o n  Standard 

The temperature d i s t r i b u t i o n  curve f o r  the  simul ated d l  s t i  11 a- 
t l o n  presented i n  the  f i r s t  quar te r  1979 r e p o r t  f o r  the  SRC I1 

* Solvent Refined Coal, Q u a r t e r l y  Technical Report f o r  t he  Period 
January 1, 1979 through March 31, 1979; February 1980, FE/496-172. 
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P99-36-7 a1 i q u o t  product blend was based on a ca l  i b r a t i o n  
curve generated from r e t e n t i o n  t ime data o f  normal p a r a f f i n s  
(reproduced here as F i  gure 10).  Due t o  the aromatic nature o f  
coal  l i q u i d s ,  a quest ion arose as t o  the  reason f o r  us ing 
normal p a r a f f i n s  as the  c a l i b r a t i o n  standard as opposed t o  
us ing  an aromatic hydrocarbcn mix ture  as the c a l i b r a t i o n  
standard. 

A sample o f  an aromatic hydrocarbon s tandard iza t ion  mix ture  
.was obtained from the  W i l s o n v i l l e  P i l o t  Plant.  Retent ion t ime 
data and a c a l i b r a t i o n  curve were generated from t h i s  sample 

+ - . :  , and the a l i q u o t  blend o i l  sample .was again analyzed us ing t h i s  
standard t o  generate the  temperature d i s t r i b u t i o n  data. These 
data a re  shown g raph ica l l y  i n  Figure 11. The comparison i s  
again t o  the t r u e  b o i l i n g  p o i n t  data.. Th€ discrepancy between 
the  two curves when using the aromatic standard i s  much 
greater  than when using the normal p a r a f f i n  standard. The 
normal p a r a f f i n  mix ture  w i l l  there fore  be used f o r  a l l  ca l  i- 
bra t i ons  a t  Merriam. 

2. Simulated D i s t i l l a t i o n  o f  P99 Debutanizer Bottoms 

Although comparison o f  the temperature d i s t r i b u t i o n  curves 
produced by simulated d i s t i l  l a t i o n  ( n - p a r a f f i n  standard) and 
the t r u e  b o i l i n g  p o i n t  methods on the a l i q u o t  blend o i l  sample 
used above show exce l l en t  agreement, the  simulated d i  s t i  1  l a -  
t i o n  method was fu r the r  substant ia ted by comparing another 
sample f o r  which t r u e  b o i l i n g  p o i n t  temperature d i s t r i b u t i o n  
dzta were ava i lab le ,  For t h i s  reason a sample o f  debutanizer 
bottoms from Harmarv i l le  run  P99-36-7 was obtained and a 
simulated d i s t i l l a t i o n  ana lys is  was performed. The r e s u l t s  o f  
t h i s  comparison are  presented g raph ica l l y  i n  F igure 12. 

Again, the  curves generated from the  simulated d i s t i l l a t i o n  
and the  t r u e  b o i l i n g  p o i n t  methods show exce l l en t  agreement. 

D. Solvent Ex t rac t i on  o f  D i s t i l  l a t i o n  Residues 

A cornpl e t e  d e s c r i p t i o n  o f  the  solvent  e x t r a c t i o n  procedure was 
given i n  t he  t h i r d  quar te r  1979 progress repor t * .  

Work has cont inued t o  study the  r e p e a t a b i l i t y  o f  the  method by 
completing a t  l e a s t  e i g h t  separate ex t rac t i ons  on n ine  separate 
samples from run DOE 344R, a t o t a l  o f  77 t r i a l s  i n  a l l .  This 
a l lows determinat ion of the  v a r i a t i o n s  between d i s t i l l a t i o n s  f a r  ? 

p a r t i c u l a r  " l ined-out "  per iod  and changes i n  s o l u b i l i t y  brought 
about. hy r e l a t i v e l y  str,all changes i n  run  cond i t ions .  I t  was found 
t h a t  the  p rec i s ion  o f  r e p l i c a t e  determinat ions was b e t t e r  w i t h  good 
solvents than w i t h  poor solvents; p y r i d i n e  g i v i n g  the  best r e s u l t s  
and hexane the  worst. Repl icate t r i a l s  on i n d i v i d u a l  samples 
ex t rac ted  w i t h  p y r i d i n e  resu l ted  i n  s o l u b i l i t i e s  which f requen t l y  

* ~ x ~ l o r a t o r ~  Researcb on Solvent Refined Coal L iquefact ion,  Q u a r t e r l y  
'Technical Progress Report f o r  the Period J u l y  1, 1979 through Septem- 
ber 30, 1979; J u l y  1980, FE/1480n-11. 



agreed w i t h i n  a range 0.1 t o  0.2% (absolute) ,  even a l l ow ing  f o r  a 
24 hour d i f f e r e n c e  i n  e x t r a c t i o n  times. It was a l so  found t h a t  t he  
s o l u b i l i t y  o f . t h e  d i s t i l l a t i o n  residues had a p red i c tab le  response 
t o  changes i n  r e a c t i o n  condi t ions,  mode o f  operat ion (SRC I o r  
SRC 11) and t o  the  e f f e c t  o f  ca ta l ys i s .  

The amount o f  v o l a t i l e . m a t e r i a 1  i n  SRC I 1  d i s t i l l a t i o n  residues was 
a l s o  est imated using'  r e s u l t s  f o r  each o f  the  solvents by employing 
t h e  simulated d i s t i l l a t i o n  gas chromatograph technique: 

E x t r a c t i o n  % V o l a t i l e  % V o l a t i l e  i n  
Sol vent  i n  E x t r a c t  D i s t i l l a t i o n  Residue 

Hexane 
Benzene 
To1 uene 
Py r i d i  ne 

I n  general, t h e  v o l a t i  1 e ma te r ia l  had a bo i  1 i ng range o f  '400-600"~ 
w h i l e  heavy d i s t i l l a t e  b o i l s  below about 450°C., 

An elemental ana lys is  o f  benzene, to1  uene and p y r i d i n e  ex t rac ts  
(cor rec ted  f o r  imbibed so lvent )  from run DOE 344-51 d i s t i l  l a t i o n  
res idue showed t h a t  t he  heteroatom content  was h igher  i n  ma te r i a l s  
which were l e s s  soluble:  

E x t r a c t i o n  
Sol vent  

Benzene 
To1 uene 
Pyr- id i  ne 

Analys is  o f  E x t r a c t  

% S u l f u r  % Ni t rogen % Oxygen 

A complete d iscussion o f  t h i s  work i s  inc luded i n  Appendix A. 

E. ' Residence Time D i s t r i b u t i o n  Studies 

Residence t ime d i s t r i b u t i o n  (RTD) measurements were used t o  charac- 
t e r i z e  t h e  macromixing i n  f i v e  reac to r  conf igura t ions :  

1. Modi f ied GU 5 
2. S ing le  tube . 
3. DOE 1 
4. CSTR w i thou t  ba f f l es  
5. CSTR w i t h  b a f f l e s  

Two mathematical mode1,s were used t o  c o r r e l a t e  the RTD measurements 
and the  r e s u l t s  a re  presented i n  terms o f  Holdback Numbers f o r  a l l  
r eac to rs  and Peclet  Numbers f o r  the  tubu la r  reactors.  



r.: 
, . 

' ' ' . I t was found. t h a t  t he  two CSTR conf igura t ions  both had es .sent ia l l y  
. ~ , .  complete backmixing. . They both a lso  had 'a small amount o f  by- 

passing (dead space) which was more pronounced i n  the  CSTR wi thout  
ba f f l es .  

The tubu la r  reac tors  a1 so had a considerable amount o f  backmixing , 
p a r t i c u l a r l y  the  DOE 1 reactor .  The modiefied GU .5 reac tor  was the  
most p lug  f l o w  w i t h  a Peclet  Number (Npe)* o f  4.4 fo l l owed  by the  
s i n g l e  tube reac to r  w i t h  a Peclet  Number o f  2.0. With the  DOE 1 
reac to r  the  Peclet  Number was on ly  1 .l. 

. , 

The d e t a i l s  o f  t h i s  study are  given i n  Appendix B. ' 
F. Maintenance and Modi f i ca t ions  

1. Maintenance 

a. The "0" r i n g s  prev ious ly  i n  us? on the  Pressure Products 
Indus t r i es  (PPI) hydrogen compressor were made from an 
e thy l  ene/propl ene copolymer which was apparent ly i ncom- 

'patable w i t h  the  hydrau l ic  o i l  i n  the  compressor. These 
have been replaced w i t h  a s e t  made from Vi ton  and there  
have been no problems w i t h  gas leakage o r  r i n g  decompo- 
s i t i o n  since. 

2. Mod i f i ca t ions  

a. Mini-Computer 

A D i g i t a l  Equipment Corporat ion Model PDP 11 mini- :  
computer has been i n s t a l l e d  i n  the  labora tory  and s d f t -  
ware development i s  underway. The computer w i l l  be used 
t o  process data f o r  mater ia l  balances from the  Fluke data 
1 ogger, on-1 i ne gas chromatograph, simulated d i  s t i  11 a t i o n  

" . chromatograph., and three use r ' s  terminals. 
e .  . . 

b. Reactor Conf igurat ions and Related Modi f i ca t ions  

Run DOE 340 was made using a 3-tube d i sso lve r  as shown i n  
: . ,  F igure 13. S l u r r y  was i'ntroduced t o  the  bottom o f  the  

f i r s t  tube and passed up the  f i r s t  tube, down the  second, 
and up the  th i rd .  Hydrogen was introduced a t  the  bottom 
o f  the  second and ' t h i r d  tubes as we l l  as i n  the  pre- 
heater. Hydrogen f l o w  was cocurrent t o  s l u r r y  i n , t h e  
f i r s t  tube, countercurrent  i n  the  second and cocurrent  i n  
the  t h i r d .  A vapor / l i qu id  separator, operated a t  reac- 
t i o n  condi t ions,  was located on top o f  the  second tube,  t o  

- ,  

a l l o w  product gases t o  be removed from the s l u r r y .  

Due t o  problems a'ssociated w i t h  operat ion o f  t he  3-pass 
,d i sso lve r ,  i t  was replaced w i t h  a downflow d i sso lve r  t o  

* For completcly p lug  f l ow  Npe = m; f o r  complet.ely hackmixed Np, = 0. 



i sol  a te  and c o r r e c t  those problems r e l a t e d .  t o  t he  down- 
f l o w  sect ion. Runs DOE 341 and 342R were made us ing  the 
DOE 1 d i s s o l v e r  i n  a downflow con f i gu ra t i on  as shown on 
Figure 14. The s l u r r y  was fed  t o  the  middle o f  the  
d i sso l ve r  and f lowed downwards, countercurrent  t o  a 
hydrogen stream. The top  h a l f  o f  the d isso lver ,  there-  

ion. fo re ,  served as a vapor/ l  i q u i d  disengaging s e c t '  

The u n i t  was shut down tw ice  dur ing  run  DOE 341 t o  modify 
t he  s l u r r y  e x i t  l i n e  from the downflow d isso lver .  The 
f i r s t  t ime a s t r a i g h t ,  a i r -cooled,  9.5 mm (318") l i n e  was 
i n s t a l l e d .  The second t ime a 14.3 mm (9/16"), a i r -coo led  
l i n e  was i n s t a l l e d .  

The pr imary means o f  determining the  s l u r r y  l e v e l  i n  the  
d i sso l ve r  du r ing  runs DOE 341 and 342 was by measuring 
the  l i q u i d  head w i t h  a d i f f e r e n t i a l  pressure gauge. A 
l a r g e  amount o f  no ise  was in t roduced i n t o  t h i s  s igna l  
because t h e  low pressure tap  was loca ted on the  top  o f  
the  h igh  temperature, h igh  pressure (HTHP) separator. I n  
o rder  t o  supplement t h i s  i n d i c a t o r  dur ing  run  DOE 342, a 
se r ies  o f  thermocouples was placed near the  s l u r r y  
entrance t o  de tec t  t h e  g a s l l i q u i d  i n te r face .  

Run DOE 343R was a1 so made w i t h  the  downflow d i sso l ve r  
con f i gu ra t i on  shown i n  F igure 14. The he igh t  o f  the  
s l u r r y  e x i t  l i n e  t o  the  h igh  temperature, h igh  pressure 
separator was adjusted, however, t o  r a i s e  the  l e v e l  i n  
t he  d i s s o l v e r  about 22.9 cm (9" ) .  I n  add i t ion ,  the  low 
pressure t a p  . f o r  t he  d i f f e r e n t i a l  pressure gauge i ndica- 
t i n g  reac to r  l i q u i d  l e v e l  was moved t o  the  vapor t r a n s f e r  
1 ine .  Run DOE 344R was made w i t h  the  upf low d i sso l ve r  
shown i n  F igure  15. 

I n  runs DOE 343R and 344R about one- th i rd  of t he  hydrogen 
feed was de l i ve red  t o  the  preheater and two- th i rds  t o  the 
d i  ssol.ver. Hydrogen f l o w  was countercurrent '  t o  s l u r r y  i n  
the  downflow c o n f i g u r a t i o n  and cocurrent  i n  t he  upf low 
conf igura t ion .  

S l u r r y  l e v e l  was mani t o red  dur ing  runs DOE 3438 and 344R 
p r i m a r i l y  by a d i f f e r e n t i a l  pressure gau e. To keep the  
d i f f e r e n t l a l  pressure reading on scale, ? he shunt r e s i s -  
t o r  i l l  the s t r l p  c h a r t  recorder  was changed. The re -  
corder  reading was, there fore ,  c a l i b r a t e d  I n d i r e c t l y  by 
observing changes i n  the  h igh  temperature, h igh  pressure 
separator 1 eve1 . 
S l u r r y  l e v e l  . i n d i c a t i o n  was a l so  provided by ,a ser ies  o f  
thermocoupl es .. I n  order.. t o  improve the  sens i  ti v i  ty  o f  
the  thermocouple i n d i c a t i o n  dur ing  run  DOE 343R, t he  
s l ' u r r y  l e v e l  was ra i sed  as mentioned above. This  l e v e l  
corresponded t o  the  p o i n t  where a b a f f l e  separated zones 
4 and 5 i n  the  a i r  furnace. The d i sso l ve r  zone above the  



s l u r r y  l e v e l  was maintained a t  400°C t o  f u r t h e r  accentu- 
a t e  the  temperature d i f f e r e n c e  a t  the. s lurry /vapor 
i n te r face .  

The continuous s t i r r e d  tank reac to r  (CSTR) used i n  runs 
DOE 345B and 346R consis ted o f  a 1 - l i t e r  s t i r r e d  auto- 
c lave  depicted i n  F igure 16. A new, stiort-residence 
time, preheater was i n s t a l l e d  which was constructed from 
a 1.43 cm (9116" I.D. tube, 167 cm (65.7") long w i t h  a 3 * volume o f  240 cm . 
The a g i t a t o r  used i n  run  DOE 345B was a 5.08 cm (2" )  
diameter, 6 element, paddle wheel mixer ( tu rb ine) .  A 3- 
element b a f f l e  was i n s t a l l e d  i n  the  autoclave. 

During run  DOE 346R, two propel 1 er- type 6-el  ement mixers 
were placed on the  top  p a r t  o f  t he  s t i r r i n g  rod i n  addi- 
t i o n  t o  the  5.08 cm (2")  paddle wheel mixer  which was 
l e f t  a t  the  bottom. 

Two d i f f e r e n t  reac tors  were used t o  approximate p lug  flow 
cond i t ions  dur ing  runs DOE 347 and 348R. 

For r u n  DOE 347, t he  reac to r  was fab r i ca ted  from a s ing le  
17.5 mm (11/16") I.D. tube 1.83 m (72") long w i t h  a 
volume o f  408 cm3 as shown on Figure 17. 

For run  DOE 348R, the  modi f ied GU 5 reac tor ,  shown on 
Figure 18, was. .used. S t r i p  heaters and i n s u l a t i o n  were 
placed on the  f i r s t  tube o f  the  two-tube conf igura t ion .  i n  

. an attempt t o .  c o r r e c t  a temperature imbal ance between the  
tubes experienced i n  e a r l i e r  runs. The e n t i r e  assembly 
was placed i n s i d e  the  6-zone a i r  furnace. The preheater 
was the  same as i n  t he  CSTR experiments. 

* The preheater used pr i .o r  t o  DOE 345 had an I.D. o f '  .75 cm '(1 1/16") 1 a,nd was 137 clil (!33,9'')'.16ng w i t h  a volume s f  310 'ern-.. 



TABLE I 

Summary o f  Process Condi t ions,  Y ie l ds  and Product Analyses 

Condi t ions 

Coal 
O i  ssol ver 
Nominal S lu r ry  Residence Time, hr. 

(min. ) 
Coal Feed Rate, l b / h r / f t 3  
Average Oisso lver  Temperature, OC 

OF 
D isso lve r  Pressure, p s i g  
Hydrogen Feed 

W t  % based on s l u r r y  
MSCF/ton o f  coal  

% t o  preheater 
% t o  countercurrent  d i s -  

so lver  (2nd pass o r  
downflow) 

% t o  cocurrent  d i s s o l v e r  
(3rd pass) 

S l u r r y  Formulat ion, wr !% 
Coa 1 
Recvcled Coal Solut ion 
Recycl r d  Sul ve111 

S l u r r y  Blend Composition, wt % 
t n a l  
Middle 01 st11 l a t e  (193-288 '~ 

3 8 0 - 5 5 0 " ~ j  
Heavy D i s t i l  l a t e  (>288OC, >550°F) 
SRC 
Ash ( f rom recyc le  coal  s o l u t i o n )  
Inso lub le  Organic Ma t te r  ( f rom 

recyc le  coal s o l u t i o n )  
Tota l  Sol ids . 

DOE 340-1 OOE 340-2 DOE 340-3 DOE 340-4 DOE 3410 DOE 342RB - - - - -  
Kentucky 9/14------------ 

3-Pass O o w n f  1 ow -- 
1.03 1.03 . 1 . 0 1  . 1.02 0.820.1 1.2t0.2 

(61.9) (61.6) (60.7) (61 .O) (48 i6)  (69+9) 
31.3 31.5 32.0 31.8 39.7 21.2 
451 44 9 448 448 455 455 
844 84 0 839 839 851 85 1 

2000 2000 2000 2000 1410 1800 

45.0 L 39.0 30.0 . 

. - 
55.0 . . f i l  .n , R ' i  -- -- z & -- -- 61.5 

Naphtha, C,-193'6 (3Rn°F) 7.9 7 .0  6.2 6.3 7.4 9,s 
Wash Sol vent, 193-24g°C 

( 3 t 1 0 - 4 d 0 ~ ~ ) ~  9 . 3  8.9 8.2 8.3 11 .O 16.6 
Recycle Solvent, >24g°C (480°F)c ( l o s s )  1.7 0.5 (1.2) . 2.4 (6.4) 4.8 
To ta l  O i l  18.9 15.4 13.2 16.7 12.0 30.9 

SRC 
Inso lub le  Organic Mat ter  
Ash 

?c tal 103.7 103.8 102.3 102.8 102.1 1U5.2 

Hz Reacted. (gas balance ) 3.7 3.8 2.3 2.8 2.7 5.2 

Prodbct Analyses 

Htcycic  i o l venc  ~ n a l  ysesC 
% c 
% H 
% s 
z N 
% 0 (by d i f f e r e n c e )  
Speci f i ,c Gravi t p  

SRC ~ n a l j s e s ~  
z c 
X H 
% s 
% N 
% Ash 
Fusion Point,  "C 

a )  Kentucky Nos. 9 8 14, Colon ia l  Mine; b )  Midd le D i s t i l l a t e ,  193-288'C (380-550°F) f o r  run  COE 342RB; 
c )  Heavy D i s t i l l a t e ,  >288'C (550°F) f o r  run DOE 342R8; d )  D i s t i l l a t i o n  Residue f o r  run  DOE 342RB. 

?R ,: 



TABLE I (Continued) 

Condit ions 

Coa 1 
Di ssolver 
Nominal S lu r ry  Residence Time, h r  
Coal Feed Rate, l b / h r / f r 3  
Average Dissolver  Temperature. OC 

O F  

DOE 343RA DOE 343RB DOE 343RC DOE 344118 DOE 344RC OOE 344RO - - - - - - -  
Pi t t sburgh  Seama - 

Oownflow Upflow 
1 .OO 1.04 1.02 0.99 1.01 1.02 

21.5 20.7 21.2 21 .,I3 21.3 21.2 
454- 

Dissolver  Pressure, p s i g  
Hydrogen Feea 

W t  % based on s l u r r y  
MSCFIton o f '  coal 

% t o  preheater 
% t o  d i sso lve r  

S lu r ry  Formulation, w t  % 
Coal 
Recycled Coal Solut ion 
Recycled Sol vent 

S lu r ry  Blend Composition, wt S 
Coal 
Middle D i s t i l l a t e  (193-288'C. 

380-550°F) 
Heavy D i s t i l  l a t e '  (>288'C. 

>550°F) 
SRC 
Ash ( f rom recyc le coal so lu t ion )  
Insoluble Organic Mat ter  (from 

recyc le  coal so lu t ion )  
Total Sol ids 

Yields, wt X based on MF Coal 

:: 
c4 
Total Cl-C4 

Naphttfa, C5-193'C (380°F) 
Middle D i s t i l l a t e ,  193-288°C 

(380-550°F) 
Heavy D i s t i l  l a t e .  >288'C, (55O0F) 
Total O i l  

SRC 
Insoluble Organic Matter 
Ash 

Total 

Hz Reacted (gas balance) 

Lineout Index 

Product Analyses 
He$vy D i s t i l l a t e  Analyses . C 

% ti 
% 0 (by d i f fe rence)  
Spec i f i c  Grav i t y  

D i s t i l l a t i o n  Residue Analyses 
% c 
% H 
I S 
% N 
i Ash 
Fusion, Point,  OC 

a )  Powhatan Mine No. 5 



TABLE I (Continued) 

Condl t l o n s  

Coal 
Di ssol ver  
Nominal S l u r r y  Residence Time, hr .  

(min. ) 
Coal Feed Rate, l b / h r / f t 3  
Average Oi ssol ver  Temperature, OC 

"F 

Dl ssol ver Pressure, ps ig  
Hydrozen Feed 

W t  based on s l u r r y  
MSCF/ton o f  coal 

S l u r r y  Formulation, wt % 
Coal 
Recycled Coal So lu t ion  
Recycled Solvent 

S l u r r y  Blend Composition, wt % 
Coa l 
Middle D i s t i l l a t e  (193-288°C. 380-550°F) 
Heavy D i s t i l l a t e  (>288°C. >550°F) 
SRC 
Ash ( f rom recyc le  coal so lu t ion )  
Inso lub le  Organic Mat ter  ( f rom recyc le  

coal s o l u t i o n )  
Tnta l  Solid? 

DOE 3458 DOE 346R -- 
Ky 9/14a P i t t  seamb - CSTR- 

0.36 1 .Ol 
(21.6) (60.9) 
77.6 21.2 
449 454 
840 849 

1410 1800 

DOE 347 DOE 348R - - 
Ky 9/1.4a P f t t  Seamb 
-Plug Flow- 

0.36 1.03 
(21.5) (62.0) 
78.3 20.8 
448 453 
838 84 7 

1410 1800 

Yields. W t  : based on MF Coal 

:6O 
6.9 5.2 6.3 5.6 
0.2 0.5 0.3 0.5 
1.4 0.8 1.2 0.8 
1.5 2.4 1.4 2.3 
0.1 0.4 0.1 0.4 

c1 
c2 
c 3 
C4 
Tota l  Cl-C4 

Naphtha, Cg-193OC (380°F) 3.7 9.6 5.0 10.3 
Wash Sol vent. 1 93-24g°C (380-480°F)C 6.2 14.2 8.7 15.9 
Recycle Solvent, >24g°C (480°F) ( 1 0 s ~ ) ~  (6.3) 12.2 (1.9) 12.6 
Tota l  O i l  3.6 36.0 11.8 38.8 

SRC 64 .d  30.7 61 ,9 27.0 
Tnsn111hle Organic Mat ter  10.1 5.1 5.6 4.7 
Ash 9,? 9.5 9.,3 '4.4 

Tota l  

Hz Reacted (Gas Balance) 

Lineout Index 

Product Pnal yses .. . .~ , .-- 

Recycle Solvent ~ n a l y s e s ~  
.: c , 
% H .  
: S 
L N '  
% 0 (by d i f fe rence)  . Spec i f i c  Grav i t y  

SRC Anal ysese 
% c 
Y, H 
: s 
% N 
e: Ash 
Fus'iol~ Puir~L, 'C 

a) Kentucky 9 & 14. Colonia l  Mine; b)  Powhatan Mine No. 5; c )  Middle D i s t i l l a t e .  
193-288°C (380-550°F) f g r  runs DOE 346R and 348R; d )  Heavy D i s t i l l a t e ,  >28E°C (550°F) 
f o r  runs DOE 346R and 348R; e )  D i s t i l l a t i o n  Residue f o r  runs DOE 346R and 348R. 



TABLE I 1  

U n f i l t e r e d  Coal So lu t i on  V i s c o s i t i e s a  
Runs DOE 340, 341 and 342R 

Run No. Temperature Shear Rate Vi-scosi t y  
DOE- O F  S ~ C - 1  c P 



TABLE I I (Continued) 

Run No. Temperature Shear R ~ t e  V i  scosi t y  
DOE- " F Sec ' c P 

a)  Brookf i e l  d Model LV v i  scometer, 
sp ind le  No. 18 f o r  DOE 340 & 341D 
sp ind le  No. 28 f o r  DOE 342RB 

Procedure: 45 min. i n i t i a l  warmup and e q u i l i b r a t i o n ;  
20-30 min. e q u i l  i b r a t i o n  a f t e r  temperature change; 
90 min. e q u i l i b r a t i o n  after. Shear r a t e  cl~anye. 



TABLE 111 

Feed Sl u r r y  V i  scosi  t i e s a  
Runs DOE 340, 341 and 342R 

Run No. Temperature Shear Rf te V is  o s i t y  
DOE- o F Sec- 10 5 CP 

a)  B r o o k f i e l d  Model LV v i  scometer, 
sp ind le  No. 28 f o r  DOE 340-4 and 342RB 
sp ind le  No. 18 f o r  DOE 341 D 

Procedure: 
45 m i t i .  i n i t i a l  warrriup arid e q u i l i b r a t i o n ;  
20-30 min. equi 1  i b r a t i o n  a f t e r  temperature change; 
10 min. e q u i l i b r a t i o n  a f t e r  shear r a t e  change. 

b) The v i s c o s i t y  reading tended t o  d r i f t  w i t h  t h i s  ma te r i a l .  

c )  It was no t  poss ib le  t o  ge t  a  s tab le  reading under these cond i t ions .  
It was found t h a t  t h e  sample hadsepara ted in to  two layers ,  s o l i d s  
r i c h  and o i l  r i c h .  



TABLE I V  

Solvent Ex t rac t i on  o f  D i s t i l  l a t i o n  Residue 
Runs DOE 340, 341 and 342R 

. . .  

Di ssol ve r  
Mode 

DOE 340-3 - DOE 341D 

3- Pass Downf 1 ow 
SRC I SRC I 

S o l u b i l i t y  o f  D i s t i l l a t i o n  Res id~e . ,  
W t  % i n  . .  . . ,  

Hexane 16 .,6- 21 .I. 
Benzene 54.7 . ,; : 55.1 
To1 uene . . 63 :7 68.5 
Pyr i  d i  ne 98.4 99.5 

Rat io  o f  Solubi l i t i e s  
Hexane/Pyridine 
Benzene/ Py r i  d i ne: 
Toluene/Pyridine 

D i s t i l  l a t i o n  Residue Proper t ies  
% Ash 1.13 0.18 . - . . - . . 
Fusion Point,  "C 

DOE 342RB 

Downf 1 ow 
SRC I 1  



TABLE V 
, ; 3 - - i 

Compari son o f  Y i e l  ds and Hydrogen consuiption wi th  
Upflow and Downflow Reactors; 

Powhatan Coal , SRC I I 

Conditions 
D i  ssol ver  

L/ D 
Preheater Out le t ,  O C  

. Pressure, psi  g 

Naphtha 
Middle D i s t i l l a t e  
Heavy D i s t i l l a t e '  

Total'  O i  1 

SRC 
I OM 

H2 Reacted 

a )  From f i r s t  quar ter  1979 progress repor t .  

b )  Weight percent based on MF coal .  



TABLE V I  

U n f i l t e r e d  Coal So lu t ion  V iscos i t i esa  
Runs DOE 343R and 344R 

Run No. . Temperature, . Shear Rate, . V iscos i ty ,  
DOE - O F  S ~ C - 1  102 CP 



TABLE VI (Continued) 

Run No. .Temperature, -Shear Rate, V i  scosi ty; 
DOE- OF . . set-1 102 C P  

a )  Orookfield Model LV viscometer 
Spindle No. 28 
Procedure: . . 45 rnin. , i n i t i a l  warmup and equi l ibra t ion 

20-30 min:equilibration a f t e r  temperature change 
10 min.  equi l ibra t ion a f t e r  shear r a t e  change . 



TABLE V I I  

Feed S lur ry  V l  scosi t i e s a  
Runs DOE 343R and 344R. 

Run No. Temperature, . Shear R t e ,  B V i  scosi t y  9 : 
: 

DOE- O F  Sec - 102 C P  



TABLE V I I  (Contlnued) 

Run No. Temperature , Shear R f t e ,  V i  s o s l  ty , 
DOE- . O F  Sec- 10 $ CP 



TABLE V I I  (Continued) 

Run No. Temperature, Shear Rfte, Visc s i t y ,  
DOE- OF Sec - d 10 CP 

a )  B rook f ie ld  Model LV viscometer 
Spindle No. 28 
Procedure: 45 min.' i n i t i a l  warmup and e q u i l i b r a t i o n .  

20-30 min. e q u i l i b r a t i o n  a f t e r  temperature change. 
10 min. e q u i l i b r a t i o n  a f t e r  shear r a t e  change. 

b)  V i s c o s i t y  readings a t  2106F were beyond the  range o f  t he  
viscometer w i t h  the sp ind le  i n  use. Readings tended t o  d r i f t  
w i t h  t h i s  mater ia l  and gradua l ly  decreased w i t h  t ime. 



TABLE V I I I  

Solvent Ex t rac t i on  o f  D i s t i l l a t i o n  Residues 
Runs DOE. 343R and 344R 

* Extracted f o r  48 hours, r esu l t s  are average o f  two t r i a l s .  

1 i 9  

- 

16.9 . 
10.8 

52.0 
. 48.9 

5 2 . 2 '  
52.8 
6 2 . 6 .  
62.7 

o.222 
0.805 
0.838 

6 6 . 8 .  
3.87 
0.691 
128 

120 

- - 

29.1 
27.6 

.57-3 
51.9 
56.7 - --  

64.8 . 
0.438 
0.842 
0.875 

67.4 
4.18 
0.738 
133 

344RD 
155 

1800---~-~ 

19.1 
15.4 

54.6 
52.4 
54.0 
55.4 
64.4 
64.4 

0.268 
0.831 
0.850 

67.8 
4.02 
0.706 
122 

. 6 2 '  

e 

22.7 

53.4 
53.8 
52.4 
55.6 
64.3 
62.6 

0.358 
0.844 
0.851 

66.6 
3.77 
0.674 
109 

* 106' 

--,400 
2000 

73 -9 
23.1 

49.4 
53.9 

..55.8,, 
57.6 
63 -9  
64.0 

0.368 
0.808 
0.887 

67.2 
4.14 
0.735 
135 

Run No. 343RA 343RB 
Product No. 51 59 88 94 

Corsdi t i ons  
Dissolver  c  ownf flow 
Reheate r  Outlet,  O C  425 425 401 401' ' . 
Ressure, ps ig  2000 2000 2000 2 0 0 0 .  

S o l u b i l i t y  o f  D i s t i l l a t i o i  
Residue, w t  X i n  

~ e x a n e  24.3 20.6 20.7 22.2 

Benzene 51.6 52.3 53.0 54.5* 

To1 uene 53.6 55.L 56.7 54 .6 '  

Pyr id ine 63.1 63.; 65.1 64.3 

156 

5 
4 0 1 - A  = 

71.7 
21.8 

53.9 
54.3 
53.6 
55.4 
63.0 
65.0 

0.340 
,0.846 
0.851 

68.1 
4.17 
0.729 
110 

343RC 
106 

401 
1800 

19.2 

54.9* 

54.1 

6 5 ; 5 .  

0.293 
0,838 
0.826 

69.0 
4.07 
0.703 
120 

344RC 
111 

Upflow 

26.6 
20.7 

55.6 
56.7 
56.4. 
58.3 
66.3 
64.6 

'0.362 
0.858 
0.861 

, I  

67.1 
4.03 
0.716 
131 

Rat io  o f  S o l u b i l i t i e s  (average) 
Hexane/Pyridi ne 
BenzenelPyridine 
To1 uene/Pyridi  ne 

D i s t i l l a t i o n  R a e  
Proper t ies 

. % Carbon 
% Hydrogen 
Rat io  H/C 
Fusion Point,  O C  

344RB 
69 

425 

20.7 
21.1 

52.4 
54.1 

.53,5 
53.8 
62.1 
62.2 

0.336 
0.857 
0.863 

66.4 
3.88 
0.695 
120 

109 

s 
'401 
1.800 

18.5 

51.4 

54.4 

65 .0 -  

0.285 
0.791 
0.838 

67.9 
4.04 
0.709 
120 

74 ---- 
.20.2 
:22.5 

52.6 
53.6 
51.5 
54.9 
ti lag 

62.2 

0.344 
0..856 
0.857 

66.5 
3.92 
0.701 
115 

0.385 
0.818 
0.850 

67.7 
3.92 
0.691 
128 

0.324 
0.821 
0.869 

68.1 
4.06 
0.710 
128 

0.319 
0.&15 
0.870 

68.6 
4.08 
0.710 
123 

' 0.345 
.0;847 
0.848 

69.9 
4.06 
01692 

. I 2 1  



TABLE I X  

U n f i l t e r e d  Coal So lu t i on  V i s c o s i t i e s  
Runs DOE 345B and 347 

Run No. Temperature, Shear Rf te V i s c o s i t y  
DOE O F  sec' c P 

21 0 3.96 1 38 
21 0 7.93b 131 
21 0 8.30 136 
21 0 1 5.86b 129 
21 0 16.61 126 

a)  B r o o k f i e l d  Model LV viscometer, Spindle No. 18. 
Procedure: 45 minute i n i t i a l  warmup and e q u i l i b r a t i o n .  

20-30 minute e q u i l  i b r a t i o n  a f t e r  temperature change. 
10 minute e q u i l i b r a t i o n  a f t e r  shear r a t e  change. 

b)  Spindle No. 28. 



TABLE X 

U n f i l t e r e d  Coal s o l u t i o n  V i s c o s i t i e s  
Runs DOE 346 and 348R 

Run No. ~ e r n p e r a t ~ r e  Shear; a t e  B Viscos i t y  
DOE- O F  Sec' c P 

, . 
21 0  8.30 220 
21 0  16.61 21 0  

a )  B r o o k f i e l d  Model LV v i  scometer . 
Spindle No. 28 
Procedure: 45 minute i n i t i a l  warmup and e q u i l i b r a t i o n ;  

20-30 minute equi 1  i b r a t i o n  a f t e r  temperature change; 
10 minute e q u l l l b r a t l o n  a f t e r  shear r a t e  change. 



TABLE X I  

Feed Sl u r r y  V i  scos i  t i e s a  
Runs DOE 346R and 348R 

Run No. Temperature Shear a t e  B .. V i s c o s i t y  
DOE " F Sec' 1 02. c P 

21 0 0.083 200 
21 0 0.166 . 121 
21 0 0.415 84.1 
21 0 0.830 47.1 
21 0 1.66 37.4 . . 

21 0 3.32 30.8 

21 0 0.166 86.4 
2 i  0 0.415 4 i . y  
21 0 0.830 32.8 
21 0 1.66 24.7 
21 0 3.32 16.4 
21 0 8,3n 10.6 

230 0.41 5 40.6 
230 0.830 25-5 

348R 230 1.66 17.7 
P-47 230 3.32 13.5 

2 30 8.30 7.50 
230 16.61 5.91 

" - * -  . .  - 
270 1.66 15.1 
270 3.32 9.63 
270 , 8.30 5.87 
270 16.61 4.24 

a)  B r o o k f i e l d  Model LV viscometer 
Spindle No. 28 
Procedure: 45 minute i n i t i a l  warmup and e q u i l i b r a t i o n ;  

20-30 minute e q u i l i b r a t i o n  a f t e r  temperature change; 
10 minute e q u i l i b r a t i o n  a f t e r  shear r a t e  change. 



FIGURE 1 

YhlFIh TERED C O A L  SOLUT16N YUSCQSI'PRES 
RUNS DOE 34Q AND 34  1 

SHEAR RATE: 
39.6 SEC'? 

TEMPERATURE, O F  



FIGURE 2 

F E E D  S L U R R Y  V I S C O S l T l E S  
R U N S  DOE 3 4 0  AND 3 4 2 R  

- ---- ASSUMED PROFILE 

SHEAR RATE: 
0.830 S E C - I  ,' 

SHEAR RATE: 
1.66 SEC-1 

DOE 340-4  
. /  

0' 
SWEAR RQTE: 

/ 
/ 

%+, __ 0 .830  SEC 

DOE 310-4 
SHEAR RATE: 

1.66 SEC-1  

I I I 1 

2 1 0  230 250  . 270 
TEMPERATURE, O F  



FIGURE 3 

UNFIL 'TERED C Q A  b SOLUTION VISCOSIT IES 
RUNS DOE 343  AND 944 

SHEAR RATE: 
0.830 S E C ' ~  

230 250 

TEMPERATURE, O F  



FIGURE 4 

FEED SLURRY VISCOSIT I€S  
RUNS DOE 3 4 3 R A  AND 3 4 4 R B  

I 
I 

SHEAR RATES: 

0 0.083 S E C - ~  
A 0.166 S E C ' ~  

0.415 S E C ' ~  
0 0.830 S E C ' ~  
--- ESTIMATED 

DOE 344RB 

210  



FIGURE 5 

FEED SLURRY VISCOSITIES 
t 

RUNS DOE 343RC AND 344RD 
.f . 

SHEAR RATES:'. * 0.083 SEC-1 
0 0.166 SEC-1 
A 0 .415  SEC-1 

0.830 S E C ' ~  

I DOE 343RB 

2 

1 

0 
210 230 250 270 

TEMPERATURE, " F 
4 9" 



FIGURE 6 

F E E D  SLURRY V ~ S C O S ~ T I E S '  
RUNS DOE 343RC AND 344RD 

SHEAR RATES: 

0 0 . 1 ~ 6  SEC-1 
A 0.415 SEC" 
O 0.830 S E C ' ~  
0 1.66 S E C - ~  * 3.32 SEC-' 

DOE 343RC 

D O E  344RD'  
I ! 

DOE 344RD 

O D O E  3 4 4 ~ ~  
n 
V 

DOE 344RD " . 
1 I 1 I 

2 1 0  230  250  270  
TEMPERATURE, O F  



FIGURE 7 

UNFlL PERED COAL SOL UTlOA4 V l S C O S l T l E S  
RUNS DOE 345  AND 347 

SHEAR RATES: 

0 15.86 SEC-1 

. . 0 39.64 S E C ' ~  a 

- . .  . . - U.U,E J 

(PLUG FLOW) 



TEMPERATURE, O F  
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- FIGURE 8 

UNFILTERED COAL SOLUTION 
- 

VISCOSIT IES 
RUNS. DOE 3 4 6 R  AND 3 4 8 R  - 

- 
SHEAR RATES: 

- 0 8.30 SEC-1  
0 1 6 . 6 1  SEC-1 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

I I I J 
2 1 0  2 3 0  250  270  



FIGURE 9 ' 

. . 

F E E D  S L U R R Y  V I S C O S I T I E S  
R U N S  DOE 346R AND 348R 

DOE 346R 
. (CSTR) SHEAR RA,TE: 

DOE 348R 0-0 0 0 . 8 3 0  SEC" 
(PLUG FLOW)  1.66 SEC-I 

I 1 I I 

2 1 0  2 3 0  2 5 0  270' 

TEMPERATURE, O F  

. .. 



FIGURE 10 

COMPARISON O F  SlMUL A T E D  DISTILLA T lON 
AND TRUE B O I L I N G  POINT CURVES 

, o  

o o SIMULATED DISTILLATION  YIELD^ 
x x TRUE BOILING POINT  YIELD^ 

TEMPERATURE CURVES 
SRC-II P99-36-7 ALIQUOT BLEND 

BASED ON CALIBRATION BY NORMAL PARAFFINS 



FIGURE I 1  

C O M P A R I S O N  O F  T R U E  B O I L I N G  POSAlT A N D  
S I M U L A  T E D  D I S T I L L A  T I O M  

. i T E M P E R A  P U R E  C U R V E S  . . . 

F O R  P 9 9 - 3 6 - 7  A L I Q U O T  BLEND USING 
A R O M A T I C  H Y D R O C A R B O N  S T A N D A R D  

0 x 0 TRUE BOILING POINT (WT %I. 
0 x SIMIJLATER DISTILLATION ( A R E A  %I 

60 



FIGURE 12 

P89-36-7 
BPEBUTANIHER BO TTOMS 

X SIMULATED DISTILLATION DATA 

0 TRUE BOILING POINT DATA 

'0 10 20 30 40  50 60 7 0  80 90 100 
CUMULATIVE % OFF 



- THREE-PASS DISSOLVER .' . 
(Used i n  Run DOE 340) 

(from 



Figure 14 

Downf low Dissolver  
(Used i n  Runs DOE 341, 342R and 343R) 

9 

---- 
Vapor E x i t  L ine  

(Siphon Break) 

I 1 

S l u r r y  I n l e t  

Q) 
U 
l l i  
a 
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L 
C3 
Q 
IrJ > .  

----- 
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TO 
High Temperature 

? 

' I 

(From Preheater )  . - 
------- 
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S l u r r y  Level' 
(Runs DOE 341 & 

High Pre.ssur.e 
D - s e p a r a  . . t o r  

l:J 
I 

. 

S l u r r y  Level 
(Run DOE 343R) 
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(91.4cm) 2 L 0 3 

3 ?  
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Figure  15 

Upf 1 ow D i sso l ve r  
(used i n  Run DOE 344R) 

( f rom 

Volume Occupied by  
S l u r r y  = 515cc 

I 



Figure 16 

SIDE V I E W  

"Propel 1 e r "  
Mixers 

(DOE 346) 

Thermowcl 1 

Uip  Leg f o r  
S l u r r y  Entrance 
' f r o a  prcl~rid tcr )  

. ..... . . . - . . . . . . . . . 
Continuous S t i r r e d  

Tank Reactor 
used i n  Runs DOE 345R 

and 346R 
--.- 

I 
i 

I- ' ~ a  jne urtve 

L--- S;,ace fcl- Cool irlg A i r  



Figure 17 

Tubular Reactor 
(Run  DOE 347) 

Outlet t o  High 
Temperature, High 
Pressure Separator 

(1 I N )  O.D. 
(1 1/16") I.D. 
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A P P E N D I X  A 

EXTRACTION ANALYSIS OF D I S T I L L A T I O N  RESIDUES 

FROM SRC PROCESSES 



A complete d e s c r i p t i o n  o f  t he  so lvent  e x t r a c t i o n  procedure was given i n  
the  t h i r d  qua r te r  1979 progress repor t* .  

Work, has cont inued t o  study the r e p e a t a b i l i t y  o f  the  method by i nc lud ing  
a  l a r g e  number o f  r e p l i c a t e  determinat ions on th ree  separate samples 
from each major r e a c t i o n  cond i t i on  i n  run  DOE 344R. 

I n  add i t i on ,  t he  inspect ion  o f  e x t r a c t s  has been continued. This  i n -  
cludes elemental analyses o f  ma te r i a l s  recovered from the  e x t r a c t i o n  
solvents and inspect ion  f o r  incomplete removal o f  process so lvent  us ing 
the simulated d i s t i l l a t i o n  gas chromatographic method. 

11. REPEATABILITY OF RESULTS 

I n  t h e  rep1 i c a t i o n  work, one ana lys t  ran  dup l i ca te  ex t rac t i ons   sing 
hexane and one e x t r a c t i o n  each w i t h  p y r i d i n c  and toluene. Another ana- 
l y s t  ran  d u p l i c a t e  t r i a l s  w i t h  benzene and one t r i a l  each w i t h  to luene 
and pyr id ine .  Th is  resu l ted  i n  a t  l e a s t  e i g h t  separate ex t rac t i ons  on 
n ine scparatc samples from run DOC 344R, a t o t a l  o r  77 t;rs'als i n  a l l .  
This a l lowed determinat ion o f  t he  v a r i a t i o n  between d i s t i l l a t i o n s  f o r  a  
p a r t i c u l a r  "1 i ned-out" pe r iod  and the  changes i n  so l  ub i  1  i t y  brought 
about by r e l a t i v e l y  small changes i n  run  condi t ions.  Results were gen- 
e ra l  l y  reproduc ib le  except f o r  some t r o u b l e  w i t h  hexane ex t rac t i ons  
which have been repeated i n  an attempt t o  d iscover  the  cause. A l l  
values obta ined a r e  presented on Table A-1. 

Poor r e p e a t a b i l i t y  w i t h  benzene on 24-hour ex t rac t i ons  was e l im ina ted by 
a l l ow ing  e x t r a c t i o n s  t o  r u n  f o r  48 hours. The p y r i d i n e  and to luene 
ex t rac t i ons  were al lowed t o  run  48 hours a l so  f o r  t he  se t  pa i red  w i t h  
benzene. Hexane ex t rac t i ons  and p y r i d i n e  and to luene ex t rac t i ons  pa i red  
w i t h  t h e  hexane e x t r a c t i o n  were run  f o r  24-hour periods. I n  the  case o f  
poor p r e c i s i o n  us ing  hexane, the  repeat ex t rac t i ons  were run  longer. I n  
general , t h e  1  onger ex t rac t i ons  u s i  ny benzene, Lul uer~t! o r  hexane tended 
t o  increase the  amount o f  so lub le  ma te r i a l  recovered a  l i t t l e ,  bu t  had 
no e f f e c t  on the  s o l u b i l i t y  i n  py r i d ine .  

Py r id ine  e x t r a c t i o n  i s  t he  most p rec ise  procedure used throughout the  
whnle ctudy. Dupl icates on a p a r t i c u l a r  &ample wcrc c l o s c r  togethcr  
than dup l i ca tes  between samples, wh ic t~  i s  a curlstlquerlce o f  sample v a r l -  
ab i  1  i ty  ( e i  t h e r  r e a c t i o n  condi t i  ons o r  d i  s t i  1  1  a t i  on procedure v a r i  a- 
t i o n ) .  The average s o l u b i l i t y  i n  p y r i d i n e  f o r  samples 62,"69 and 74 
( run DOE 344RB) was 62.55% w i t h  a  standard dev ia t i on  o f  0.90. The 
average ash i n  t h i s  s e t  o f  d i s t i l l a t i o n  residues was 25.15%. Dupl icates 
on i n d i v i d ~ ~ ; l l  samples f requen t l y  f e l l  w i t h i n  0.1 t o  0.2% ( i~ l r su lu le )  cvcr~ 
a l l ow ing  f o r  a  24-hour d i f f e r e n c e  i n  e x t r a c t i o n  time. Samples 106, 111 
and 120 ( run  DOE 344RC) averaged 64.71% p y r i d i n e  so lub le  ma te r i a l  w i t h  a  
standard d e v i a t i o n  o f  1.00. Samples i n  t h i s  s e t  contained an average o f  
23.92% ash. Samples 149, 155 and 156 ( run  DOE 344 RD) aver&ed 63.67% 
p y r i d i n e  so lub le  w i t h  a  standard dev ia t i on  o f  1  .01. ~ h e s e '  sambles 

t . .  

* Exp lora tory  Research on Sol vent Refined Coal L iquefact ion,  Q u a r t e r l y  
Technical Progress Report f o r  t he  Period J u l y  1  , 1979 through Sep- 
tember 30, 1979; J u l y  1980, FE/14800-11. 



. . 
contained an average of 24.04% ash. The variation in ash implies s l ight ly 
different conversions of coal to  the nondi s t i  1 lable molecular weight 
range under study and different average solubi l i ty  should be expected as 
a consequence. Significant variation i n  pyridine solubili ty was indeed 
observed. 

. . 
  he soiubi l i ty  i n  the various iolvents i s  also reported as the fraction 
soluble in the solvent i n  question compared to  the. fraction soluble in 
pyridine (Table A-1). For the f i r s t  condition in r u n  DOE 344R (samples 
62, .69 and 74), the average hexane solubi l i ty  was 0.3461 of the amount 
soluble in pyridine. The mean deviations were 0.0079 for hexane, 0.0056 
fo r  benzene, and 0.0042 for  toluene results.  The suggestion, therefore, 
a r i ses  that  resul ts  are  more precise for  the best solvent (pyridine) and 
become more scattered as the solvent becomes less  active i n  i t s  attack 
on the d i s t i l l a t ion  residue. 

This i s  certainly the case for  the second and t h i r d  se t s  of data. Some 
d i f f icu l ty  i n  reproducing both the hexane and benzene resul ts  developed, 
and i t  was considered necessary f i r s t  t o  use longer extraction times 
with benzene, and l a t e r  to  repeat some work with hexane. No point of 
technique or operating error  i s  now evident which would just i fy the 
rejection of points which appear to  be out l iers .  In some cases, the 
thimble may have plugged with mineral or organic material and error 
would be most reasonably assigned to the low value i n  a troublesome 
pair. I t  i s  not c lear  how or  why such problems may have developed. 

One component i n  t h i s  problem may be the normal operating temperature of 
the extractor. The apparatus which normally runs a t  the lower tempera- 
tures ( tha t  using benzene and hexane for  example) may be more prone to  
nonreproduci bl  e plugging or precipitation of material on the external 
surface or in the pores of the thimble. All extractions give some 
precipitate in the extractor and on the thimble and, therefore, the 
problem i s  a general one. I t  must be agreed that  the method has 1 imi- 
tations i n  accuracy and i n  repeatabili ty which are not l ikely to  be 
overcome. 

When major changes i n  reaction conditions or operating mode are  imposed, 
the solubi l i ty  and the relat ive solubi l i ty  in various solvents does 
respond. Low hexane solubi l i ty  i s  obtained i n  SRC I d i s t i l l a t ion  resi-  
dues (normally a few percent will dissolve). In SRC I1 d i s t i l l a t ion  
residues the hexane sol ubi 1 i ty  increases substantially and runs about 
one-third of the total  material soluble. i n  pyridine. Some response to  
catalysis  or hydrogen partial  pressure was indicated i n  data reported 
previously. In general, these resul ts  have probably not suffered major 
deflections as a consequence of minor variations in conditions during a 
r u n  o r  in d i s t i l l a t ion  technique. This conclusion i s  based on the simi- 
l a r i t y  of resu l t s  from sample to  sample i n  the DOE 344R data s e t  and 
other 1 ess careful rep1 ication studies inherent in resul ts  reported 
earl ier .  

Since the benzene and toluene resul ts  are  close together, and since the 
benzene resu l t s  tend to  be more troublesome to  obtain, i t  appears reason- 
able t o  drop benzene solubi l i ty  out as an extraction result .  The work 
will be continued through the next few e~per ime~i ts  to get resul ts  w i t h  



some standard SRC I products. A f t e r  that ,  i t  i s  planned t o  use. on ly  
hexane, to1 uene and p y r i d i  ne as standard sol vents. 

Since the hexane soluble f r a c t i o n  could be read i l y  redissolved i n  carbon 
d i su l f i de ,  the presence o f  v o l a t i l e  solvent range mater ia l  could be 
determined by i n j e c t i n g  these ra ther  concentrated solut ions i n t o  the 
simulated d i s t i l l a t i o n  gas chromatograph. 

A. Percent v o l a t i l e  ' i n  Hexane Ext ract  

Data f o r  the hexane ex t rac t  from run DOE 344R-62 are given below 
f o r  exampl e : 

.Weight o f  hexane ex t rac t  104.74 mg 

Weight o f  naphthalene in te rna l  standard 1 0.80 mg, 

Weight o f  carbon d i  sul f i d e  1 .I029 grams 

1 .  

The simulated d l s t f  1 l a t i o n  chromatograph char t  obtained i s  shown on 
Figure A-1 . Carbon d i s u l f i d e  does not  g ive much response w i t h  the 
flame i on i za t i on  detector; therefore, l i t t l e  peak area i s  associ - 
ated w i t h  the solvent used t o  i n j e c t  the sample. The second 
response i s  probably due t o  a residue o f  hexane o r  some impur i ty  
associated w i t h  the hexane. The t h i r d  peak area i s  associated w i t h  
the naphthalene in te rna l  standard and i s  recorded as 85,096 counts 
by the in tegrator .  The area associated w i t h  the v o l a t i l e  mater ia l  
i s  recorded as 278,964 counts. Since the i d e n t i t y  o f  the mater ia ls 
i s  not  wel l  known, i t  i s  necessary t o  assume tha t  the flame ioniza- 
t i o n  detector  response pcr  u n i t  o f  v o l a t i l e  mater ia l  w i l l  be about 
the same as the response f o r  naphthalene. Thus, the peak,area can 
be converted t o  an estimated weight by simple r a t i o :  

Estimated weight- o f  v o l a t i l e  materia 1 = ( IU.80 mg) (27t (~d4)  = 35.40 mg 
8SUYti 

Estimated percentage v o l a t i l e  = '(35.40) (100) = 33.8% 
104.74 

B. B o i l i n g  Range o f  the Vo la t i l e  Mater ia l  
i 

Using the simulated d i s t i l l a t i o n  equipment i n  the mode which re-  
por ts  percentage d i  s t i  11 a te  versus temperature corrected t o  atmos- 
pher ic pressure gives an idea o f  the b o i l i n g  range o f  the v o l a t i l e  
illateria l i n  the ext rac t . '  I he coniputer p r i n tou t  f o r  the areas and 
the p r i  n tout  f o r  the percentage d i  s t i  1 1 ed versus temperature i s 

a shown as Figure A-2. Following the naphthalene area, the tempera- 
t u r e  breaks upward abrupt ly  and the v o l a t i l e  matter i n  the ex t rac t  
can be seen t o  d i s t f  11 from about 410°C t o  an endpoint o f  582°C. 



C, Comgarison to  Process Solvent 

These resul ts  can be compared to  the sfmulated d i s t i l l a t ion  resul ts  
for  a typical process solvent reclaimed by d i s t i l l a t ion  usin a 9 vacuum system regulated to  2.0 mm. In our recent work the d s t i1-  
lation has usually been started w i t h  about 1.5 to  2.0 kg of pro- 
duct. A preliminary cut i s  taken from the in i t i a l  point to  108°C 
a t  2.0 mrn and a main solvent recovery cut i s  taken from this 
temperature to  a vapor temperature of 270°C. 

Figure A-3 shows the simulated d i s t i l l a t ion  chromatogram of the 
recovered process solvent from DOE 342RB-24. The resul ts  relating 
percentage d i s t i l l ed  to  the temperature a re  shown as Figure A-4. A 
comparison of the simulated d i s t i l l a t ion  resul ts  shows that  only 
about 54%* of the vola t i le  material from the hexane extract boils 
in the same range as a typical recycled sol vent (<900°F, 482°C). 

D. Percent Volatile in Distil lation Residue 

.For the particular d i s t i l l a t ion  in question (DOE 344R-62), the di s- 
t i l l a t e  was 38.33% and the residue was 61.67% of the sample: Upon 

' 

extraction with hexane, .the residue gave a yield of 22.73% soluble 
material. Of th i s ,  33.8% was volat i le  i n  the chromatograph. The 
maximum volat i le  component of the d i s t i l l a t ion  residue i s ,  there- 
fore,  estimated as  follows: 

Percentage V o l a t i l e  i n  D i s t i l l a t i o n  Residue = (100)(0.2273)(0.338) = 7.68% 

Workers a t  Sandia National Laboratories have done similar examina- 
t ions of di s t i  1 lation residues and have reported higher percentages 
of volat i le  material. The cause for  the difference i n  the amount 
of volat i le  material observed here may re la te  to  the use of larger 
samples in the d i s t i l l a t ion  procedure a t  Merriam or to  the d i f -  
ference between SRC.11 samples examined here and the SRC I samples 
examined a t  Sandia. 

Since 54% of t h i s  volat i le  material is  i n  the recycle solvent 
range, the d i s t i l l a t ion  residue was found to retain 4.1% process 
solvent. This includes a considerable amount of material which 
appears in quite small concentrations i n  the usual recycle solvent 
and which i s  of unknown u t i l i t y  as a solvent or as a hydroyeti 
transfer agent. Recent experiments a t  Wilsonville in which l i g h t  
SRC I material i s  returned as solvent suggest that  these materials 
would be useful i f  available (and, of course, they are  returned as 
a component . .  of the UFCS recycle i n  the SRC I1 process feed s lurry) .  

E. Extension to  Benzene, ~oluerie and Pyridine Extracts 

The above analysis was repeated for  benzene, toluene and pyridine 
, extracts from run DOE 343R-51: 

* This 54% d i s t i l l s  a t  the extreme high end of the recycle solvent di's- 
t i l l a t i o n  range; compare Figures A-1 and A-3 or Figures A-2 and A-4. 



. Ex t rac t i on  % V o l a t i l e *  % Ex t rac t  i n  % V o l a t i l e  i n  
Sol vent i n  Ex t rac t  D i s t i l l a t i o n  Residue D i s t .  Residue 

Benzene 21.05 51.61 10.86 

To1 uene 16.28 53.58 8.72 

P y r i d i  ne 12.48 63.07 7.87 

* Corrected f o r  imbi bed e x t r a c t i o n  sol vent. 

I t  i s  n o t  c l e a r  whether o r  no t  the  carbon d i s u l f i d e  used as a 
chromatograph solvent  w i l l  d i sso l ve  a1 1 o f  the  v o l a t i l e  ma te r i a l  
i n  benzene, tc luene and p y r i d i n e  ex t rac ts  when a sol  i d  phase i s  
present. An e x t r a c t i o n  r e s u l t i n g  i n  a d i s t r i b u t i o n  between sol  i d  
and l i q u i d  phases may be operat ing here. instead.  

The chromatograms used f o r  t hc  above analyses. a re  presented i n  
F igures A-5, 6 and 7. Tables from the  i n t e g r a t o r  a re  in'cluded. i n  
o rder  t o  show the  nature o f  the  data ava i lab le .  When the  spectra 
and the  tab les  are  studied, i t  w i l l  bc sccn t h a t  some o f  the  areas 
i n  quest ion t a i l  r a t h e r  badly and t h a t  the  c u t o f f  po in t s  had t o  
be taken i n  an a r b i t r a r y  manner. This  i s  the  r e s u l t  o f  h o l d i r ~ g  
t h e  column a t  a h igh  temperature a t  the  end t o  b r i n g  the  v o l a t i l e  
components o u t  i n  a convinc ing d isp lay .  This  damages the  column 
and r e s u l t s  i n  f requent  column replacement. For t h a t  reason, t h i s  
k i n d  o f  work w i l l  n o t  be done r o u t i n e l y .  

I V .  COMPARISON OF HEXANE EXTRACT AND PROCESS SOLVENT TO KNOWN COMPOUNDS 

I n  order  t o  ga in  some i n t u i t i o n  regarding the k inds o f  aromatic ma te r i a l  
i n  the  b o i l i n g  ranges covered, a standard s g l u t i o n  o f  known ma te r ia l s  
has been r u n  through the  chromatograph a t  about the ~ a m e ~ c o n d i t i o n s .  
F igure A-8 shows t h e  simulated d i s t i l l a t i o n  chromatogram w i t h  i d e n t i f - i -  
c a t i o n  o f  known substances w r i t t e n  on the  char t .  The numbers r e f e r  t o  
r e t e n t i o n  time i n  hundredths o f  minutes. I t  s t~uu ld  be bur-rle 'iti ~~l - ind 

t h a t  matching the  r e t e n t i o n  t ime o f  at known peak w i t h  a peak i n  a sample 
i s  no t  conclus ive proof  t h a t  the  substance i s  present i n  the  sample. It 
i s  necessary t o  i s o l a t e  the  ma te r ia l  corresponding t o  the  peak and 
analyze i t  o r  t o  match r e t e n t i o n  t imes on several columns f o r  a more 
p o s i t i v e  i d e n t i f i c a t i o n .  Since the  column used f o r  the  simulated d i s -  
t i l l a t i o n  i s  shor t ,  the p r o b a b i l i t y  o f  a c lose  match f o r  r e t e n t i o n  t imes 
o f  a number o f  compounds i s  l a r g e r  than the  case f o r  an a n a l y t i c a l  
column. With these reserva t ions  i n  mind, i t  i s  s t i l l  ev ident  t h a t  the  
maximum b o i l i n g  p o i n t  o f  the  process so lvent  i s  i n  the rarlye o f  chrysene 
t o  perylene (molecular weights o f  228.3 and 252.3, r cspec t i  v e l y )  , whi 1 e 
the  hexane e x t r a c t  tends t o  conta in  ma te r i a l s  h igher  b o i l i n g  than 
chrysene and g ives  the  greates t  response past the  r e t e n t i o n  t ime f o r  
pery l  ene. 

It i s  r .~ot  l i k e l y  t h a t  t he  coal  der ived ma te r ia l s  a re  simple fused r i n g  
type aromatic ma te r i a l s  o f  t he  type discussed above. It i s  more l i k e l y  
t h a t  should these type ma te r ia l s  be present, hydrogenation and subs t i t u -  
t i o n .  would have somewhat mod i f ied  the  basic  aromatic s t r u c t u r e  and 



d ispe rs ion  i n t o  a v a r i e t y  o f  peaks associated w i t h  a p a r t i c u l a r  aromatic 
ske le ton  would be expected. 

It appears t h a t  t he  recyc le  solvent  i s  dominated by th ree  fused r i n g  
aromatic s t ruc tu res  (phenanthrene-1 i k e )  and two fused r i n  s t ruc tu res  
(naphtha1 ene-1.i ke) and t h a t  compact f o u r  r i n g  s t ruc tu res  7 pyrene-1 i ke) 
a r e . n e a r , t h e  upper l i m i t  i n  molecular weight f o r  those s t ruc tu res  which 
a re  observed i n  s i g n i f i c a n t  amounts. The h igher  molecular weight and 
more complex v o l a t i l e  ma te r i a l s  i n  t he  hexane e x t r a c t  and the  sol.uble 
b u t  l e s s  we1 1 understood mater ia l  s (probably '  w i t h  h igher  molecular 
weights) must be regarded as precursors f o r  so lvent  range mater ia ls .  

V. COMPOSITION OF SOLUBLE MATERIAL 

~ x t r a c t s  from run  DOE 343-51 were subjected t o  elemental analys is .  A 
sample o f  each e x t r a c t  was a l so  run  w i t h  an i n t e r n a l  standard t o  de ter -  
mine the  amount o f  imbibed e x t r a c t i o n  solvent  us ing  the gas l i q u i d  
chromatograph method d i  scussed above. From these resu l  t s  a cor rec ted  
elemental ana lys is  f o r  each o f  the ex t rac ts  i n  quest ion was ca lcu la ted :  

Sol vent Used' 
f o r  Ex t rac t ion  Analyses o f  Extracted f la te r ia l  

% Carbon % Hydrogen % Sulfur  % Nitroqen % Oxygen 

Benzene 90.40 5.73 0.36 1.85 1.44 0 .22 

To1 uene 90.24 5.78 0.42 1.87 1.60 0 .09 

Pyr idine 89.49 5.10 0 .43 2.32 2.52  1.14 

These r e s u l t s  show q u i t e  c l e a r l y  the  progressive e l i m i n a t i o n  o f  oxygen, 
n i t rogen  and su,lfur as the  mater ia l  becomes more so lub le  (and presumably 
becomes lower i n  i t s  average molecular weight). Because o f  the chance 
f o r  minor e r r o r s  i n  the  hydrogen analys is ,  i t  may n o t  be reasonable t o  
conclude from the  data here whether o r  n o t  hydrogen i s  a l so  gained 
sys temat ica l l y  as the  molecular weight i s  decreased. It appears t h a t  
t h i s  should be the  case and t h a t  t h e  examples a t  hand have some res idua l  
experimental e r r o r  i n  them. 



TABLE A-1 . -  ' 

SOLVENT EXTRACTION RESULTS FOR DOE 344R DISTILLATION RESIDUE 

S l u r r y  Formulation: For a l l  samples t he  s l u r r y  consis ted o f  30% coal,  6% o f  so lvent  range o i l  
b o i l i n g  above 108'C a t  2 mrn pressure, 2.5% solvef i t  range oi l  b o l l l n g  above 250°C atmospheric 
pressure, and 61.5% o f  u n f i l t e r e d  coal so l u t l on  from the process. 

SAMPLE NO. 62 69 74 

S o l u b i l i t y  I n  

Hexane 22.73 21.11 22.52 
20.66 20.19 

Benzene 53.35 52.37 52.57 
53.76 54.14 53.63 

To1 uene 52.36 53.48 59.48 
55.62 53.80 54.86 

Py r i d i ne  64.32 62.08 61.91 
62.62 62.19 62.19 

106 11 1 120 

23.86 
23.12 20.70 27.64 
23.87 26.62 29.12 

49.39 55.56 57.34 
53.87 56.74 51.88 

55.77 56.39 56.12 
57.60 58.28 57.60 

63.87 66.34 64.83 
63.96 64.57 64.64 

149 155 156 

13.35 22.73 
19.16 18.32 
10.82 15.44 21.78 
16.94 19.11 21.69 

51.98 54.58 53.89 
48.91 52.43 54.34 

52.20 54.01 53.57 
52.80 55.44 55.39 

49.39 
62.63 64.35 63.04 
62.68 64.39 64.95 

64.27 

0.2405 0.2937 0.3397 

0.8051 0.831 6 0.8456 

0.8379 0.8229 0.8514 

66.80 67.76 68.10 

3.87 4.02 4.17 

2.89 2.58 2.33 

24.88 23.86 23.38 

128 122 110 

0.691 0.706 0.729 

1800 18nn la00  
401 401 401 
454 454 454 

F rac t i on  : ~ v e r a g e  Sol u b i l  i tyIAverage Pyr id ine  Sol ub i  1 i t y  

Hexane 0.3581 0.3361 0.3442 

Benzene 0.8438 0.8570 0.8558 

To1 uene 0.8506 0.8633 0.8569 

Proper t ies  o f  Vacuum Bottoms 

% Carbon 66.58 66.40 66.53 

% Hydrogen 3.77 3.88 3.92 

% S u l f u r  2.96 2.89 2.62 

% Ash 25.15 25.25 25.05 

Fusiut~ Point  109 120 115 

Rat io  HIC 0.674 0.695 0.701 

Experimental Condit ions 

0.3676 0.3625 0.4384 

0.8077 0.8578 0.8436 

0.8868 0.8607 0.8830 

67.15 67.13 67.44 

4.14 4.03 4.18 

2.83 2.72 2.77 

24.18 23.82 23.77 

136 13 i  133 

0.735 0.716 0.738 

Coal: A l l  samples are run  w i t h  Powhatan Mine 5 sample LS 8275. 
Nominal r e t en t i on  t ime f o r  a l l  samples i s  approximately one hour. 
A91 samples are run  i n  the  upf low reac to r  SRC I 1  mode o f  operat lon. 

Pressure, p s i g  2000 2000 2000 2000 2000 
Preheater Temp. 425 425 1 400 400 400 
Reactor Temp. 454 454 454 454 454 454 



Figure A-1 
Volatile Material in Hexane Extract 

. . 

30M DISULFIDE ( Ii'JJECTION SOLVENT)' 

PROBASLE HXXANE HESITJE 

. . .  

. . 
. , 

. , 
. . . 0 

. . . .  . 
lZ10..- . . . 

. . 

. . 
. 4 S 2  

. . 002 
. 5 6 5  

I - 
650 ' 

NAPHTHALENE INTE!XAL STANDAq D 

2104 

303 . 
353 

2 4 0 3  

2522 

. . ,  . . 

-. .. -- 

/ .. I 

A!!EA ASSOCIATED " 

-\, -172 ':JITH THE . I .  

. .' . 7 r, 

. VOLATILE PUTS 

OF THE 

HEXANE EXTRACT ION 

RESIDUE 



Figure  A-2 

~ o i  li nq ,Hat~qe o f  t h e  , V o l a t i l e  i ~ l a t e r i a l  i n  tlexane E x t r a c t  
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Figure . A-3 

Simulated D i  s t i  1 l a t i o n  Chromatogram f o r  
Run DOE 342RB-24 Process . . Solvent  
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Figure A-4 

B o i l i n g  Range of Process Sol vent from 
Run DOE 342RB-24 
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Figure  4-5 Data 

DOE 342 P-51 BENZENE SOLUBLES FROM VACUUM BOTTOMS 
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Figure A-6 

S imulated D i s t i l  1 a t i o n  o f  
DOE 343-51 To1 uene E x t r a c t  
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Figure A-6 Data 
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A P P E N D I X  B 

REACTOR CHARACTERIZATION BY 

RESIDENCE TIME DISTRIBUTION ANALYSIS 



INTRODUCTION 

Residence time dl stri bution (RTD) measurements were used to  characterize 
the macromixi ng in f i  ve reactor configurations. Two, of these reactors, 
the single tube reactor and modified GU 5 reactor, are shown in figures 
17 and 18, respectively, in the body of the report, The two configura- 
t ions of the continuous s t i r red  tank reactor are  shown in Figure 16. 
One of these configurations had one impeller and no baffles and the 
other had three impel 1 e r s  and baffles. The final re,actor investigated 
was the standard DOE 1 configuration. 

Two mathematical models were used to  correlate the RTD measurements and 
the resu l t s  are  sresented in terms of Holdback Numbers for  a l l  reactors 
and Peclet Numbers for  the tubular reactors ( G U  5, single tube and DOE 
118 

THEORY 

The term Holdback, defined by ~anckwertsl , describes the fraction of the 
f luid flowing through a reactor that  spends more or  less  than the mean 
residence time in the reactor. This parameter i s  useful for  describing . . 
reactors which are  highly backmixed. Mathematically, Holdback i s  de- 
fined by the' equation: 

where H = Holdback 
v = volumetric flow ra te  
V . = volume of the reactor 
8 = time 
F ( e )  = fraction of material that  has been in the system for  

l e s s  than 0  ( resul t ing from a step change in input) 

Holdback Numbers range from H-0 for  ideal plug flow to H=I/e for  a 
continuous s t i r red  tank reactor (CSTR) with intermediate values repre- 
senting varying degrees of backmixing. The numbers may a1 so extend to  a 
maximum value of H=l which represents a dead reactor i n  which no flow 
occurs in the bulk of the fluid ( total  bypassing). Intermediate values 
between H=l/e and H=l represent an increasing fraction of dead space 
(and bypassing) in the reactor. 

The Peclet Number i s  useful for  describing deviations from ideal plug 
flow it1 tubuldr r8eac't;or.s and -is defined as: follows: 

where N p e  = Peclet Number 
. u = l inear  flow velocity 

L = eharacter is t ic  length 
DE = axial di spersion coefficient 



For tubular reactors, the dispersion (bispersed plug flow) model i s  
often applied to  determine the Peclet .number. Based on the E curve*, 
the following equation i s  applied to  closed vessels w i t h  large extents 
of .dispersion, and open vessels w i t h  large extents of dispersion in 
which measurements a re  made by the "mixing cup" method (see ~ e v e n s ~ i e l * ) :  

. . 
where ue2 = E curve variance 

02 = variance 
= mean res.idenue tit-tie 

E curves are related to  F curves by the relation 

Therefore, i n  theory, determination of one curve allows calculation of 
the other. In practice, however, i t  must be realized t h a t  sfnce t h e  E 
or  F curves a re  determined experimentally, graphical integration. or 
different iat ion may increase the error. 

The general relationship for  the e f fec t  of gas flow ra te  and diameter on 
the axial dispersion coefficferlt i n  a two-phase systern i s :  

where DE = axial dispersion coeff ic ient  
Vg = superficial gas velocity 
D =column diameter 

Peclet Numbers may then be estimated for  a l l  of the tubular reactors a t  
the same gas flow rate .  

EXPERIMENTAL 

E and F curves were determined experimentally using the two apparatuses 
shown in Figures B-1 and B-2. Two-phase flow was used to approximate 
the real conditions of slurry and hydrogen flow. Acetone was used for 
the liquid phase and a i r  for  the gas phase.** 

* The E curve represents the fraction of material that  has been i n  the 
reactor for  less  than time 8, based on an impulse injection of tracer 
material. 

** I t  has been shown that axial dispersion i s  only a weak function of 
f luid properties. 



The procedure for  an E curve experiment was to  f i r s t  establish acetone 
and a i r  flow a t  the desired rates  and then inject  a pulse of dyed ace- 
tone (crystal violet  indicator was used as the dye) a t  time = 0. Fif- 
teen to  20 ml samples were collected from the out le t  stream a t  regular 
time intervals,  every 3 or 5 minutes depending on the experiment, for a 
specific time duration, e i ther  30 or 60 seconds. 

The out let  flow between samples was collected and measured volumetric- 
a l l y  to .ver i fy  the flow ra te  of liquid through the reactor. The 
optical densit ies of the samples were measured on a Bausch and Lomb 
Spectronic 20 colorimeter a t  a wavelength of ,575 nm.(the strongest peak 
for  crystal violet) .  E curve experiments were run w i t h  the modified GU 
5, single tube and DOE 1 reactors. . - 

F curve experiments differed from E curve experiments only i n  that  a 
second vessel containing dyed acetone was connected to  the feed l ine  
w i t h  a three-way valve. A t  time=O, the valve was switched from clear 
acetone to  dyed acetone for  delivery to  the reactor (a step change). F 
curve experiments were performed for  the two configurations of the 1 
1 i t e r  s t i r red  autoclave reactor. . 

The optical densit ies were normalized for  the tubular reactor and 
s t i r red  autoclave runs by dividing each measured resul t  by the optical 
density associated w i t h  the characteristic concentration of dye. These 
d'imensionless values ,provided the ordinate for  the E and F curves. The 
abscissas .for the curves were determined using the summation of the 
measured flows through the reactor, ve, (corrected to  provide a continu- 
ous summation over time), and dividing t h i s  quantity by V ,  the reactor 
vol ume. 

Holdback Numbers were determined from the F curves by computing the 
areas under the curves from ye/V=O to  ve/V=l. For the two s t i r red  
autoclave runs this was accomplished by f i r s t  f i t t i n g  the data to  an 
exponential function and integrating the mathematical expression from 0 
' to 1. The equation for  the s t i r red  autoclave without baffles was: 

and for  the configuration w i t h  baffles 

H = (1 -1 .08e 1 . 3 1 ~ ) ~ ~ .  
0 

The areas under the curves for  the tubular reactors were determined by 
physically cutting out the areas under the curves on graph paper, weigh- 
i n g  them, and dividing by the weigh.t of a u n i t  area. 

Peclet Numbers were determined using a discrete approximation ( 2 ) :  



where ti = t ime a t  i 

C j  = concentrat ion ( o r  op t i ca l  dens i ty )  a t  i 

and the equation f o r  mean residence time 

i = v  
D 

The values from these two equations were then used i n  equation 3 t o  
determine the Peclet Numbers. 

RESULTS 

F curves f o r  a l l  reactor  conf igurat ions considered are compared t o  idea1 
curves i r ~  Flyure  8-3. The curves for  the two s t i r r e d  autoslavc configu- 
ra t ions  are v i r t u a l l y  the same, whi le the GU 5 more c lose ly  approximates 
plug f low than the s ing le  tube reactor. It i s  a lso noted t ha t  the DOE 1  
reactor  exh ib i t s  a  large amount o f  backmixing. 

Figure 8-4 shows the E curves f o r  the GU 5 conf igurat ion,  s ing le  tube 
reactor  and the DOE 1  reactor. Again, the GU 5 shows the greatest 
degree o f  plug f l ow  ( the l eas t  t a i l i n g  o f  the Gaussian d i s t r i bu t i on ) .  
The,DOE 1 reactor  d isplays so much t a i l i n g  t ha t  i t  approaches the expo- 
nent ia l  decay o f  a  CSTR. 

Holdback and Peclet Numbers are shown 5ri T'ablc! 6-1 for the various 
reactors. The Holdback Numbers f o r  the s t i r r e d  autoclaves are la rger  
than l / e  (0.368) which ind icates some dead space i n  the reactors. The 
CSTR conf igurat ion w i t h  ba f f l es  and .three impel.lers shows less  dead 
volume tha.n the CSTR wi thout  baf f les ,  as expected, It should be noted 
t ha t  the improvement i n  holdback from adding two impel lers and ba f f l es  
t o  the reactor  i s  ra ther  small (from H = 0.422 t o  0.398). 

The Holdback Numbers show tha t  the s ing le  tube reactor  -. gives condit ions 
which are more plug f low than the GU 5 reactor. 'I h i s  cont rad ic ts  the 
resu l t s  shown by Pec le t  Numbers and may. be due t o  the f a c t  t h a t  the F 
curves f o r  the modif ied GU, 5, s ing le  tube, and DOE 1 reactors were 
determined by.numerica1 methods 'from the E curves ra ther  than by experi- 
ment which may be 1  ess accurate. 

There was also a  s i g n i f i c a n t  d i f fe rence Sn f low ra tes  and nominal r e s i -  
dence times as evidenced by the l i q u i d  l i n e a r  v i scos i t i es  and residence 
times shown i n  the table. The d i s p a r i t y  pers is ts  even when the Peclet 
numbers are adjusted f o r  mixing caused by d i f f e r e n t  gas f low ra tes 
through the l i qu i d .  
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TABLE B-1 

Results of the Residence Time Distribution Studies 

Single Tube 1 1.94 1 0.275 1 0.14 cmlsec 1 0.88 cmlsec 1 I ,87 
L/O = 106 

Reactor 

Modif ied GU5 
L/D - 21 1 

1 1 i t e r  Autoclave 
no b a f f l e s  
1 impel ler  

Super f ic ia l  
Gas 

Veloc i ty  

L ~ . e ; h t 0 ~ l a v e 1  -- 0 . 3 9 8  L 1 -  1 
3 impel lers  

1. Plug Flow, Npe.= -; Completely Backmixed, Npe = 0 
2. Plug Flow, H = 0; Conipletely Backmixed, H = 0.368; Completely Bypassed. H = 1 

3.  Estimated Peclet Number . for a super f i c ia l  gas v e l o c i t y  of 0.99 cmlsec 

~ d j u s t e d ~ '  
Peclet Number 

Pecl e t  ~uniber l  
N ~ e  

4.35 

Nominal 
Residence 

Time 

Holdback2 
Number 

H 

0.290 

Derived 
Mean 

Residence 
Time , 

0.967 h r  

- 
0.358 n r  

0.853 h r  

-- 

- - - - - . 

Super f ic ia l  
L iqu id 

Veloc i ty  

Rat io  
Nominal /Mean 

Residence Time 

1.02 

0.961 

, 1 * I 6  

- A - - -. 

- - . - -. . 

0.09cm/sec 

\ 

0.99cm/sec 4.35 
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FIGURE 8-3 
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