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ABSTRACT 

This r epo r t  summarizes the progress o f  the Exploratory Research on 
Solvent Refined Coal L iquefact ion p ro j ec t  by The P i t t sburg  & 
Midway Coal Mining Co. ' s Merriam Laboratory f o r  the per iod Ju l y  1 , 
1979 through September 30, 1979. I n  a ser ies  o f  experiments w i t h  . 
vary ing feed gas composition, h igh l e v e l  s  (20-40 mole %) o f  carbon 
monoxide resu l t ed  i n  a general degradation o f  o p e r a b i l i t y  and 
reduced o i l  y i e l d s  from Powhatan coal (P i t tsburgh Seam). Add i t ion  
o f  f i n e l y  d i v ided  p y r i t e  t o  the reac t i ve  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  although the molecular weight o f  the d i s t i l -  
l a t i o n  residue was apparently decreased. When f i n e l y  d iv ided 
p y r i t e  and magnetite were added t o  the  less  r eac t i ve  Loveridge 
coal  (a1 so P i t tsburgh Seam), however, a substant ia l  increase i n  
o i l  y i e l d s  a ~ d  product qua1 i t y  was obtained. 



I. SUMMARY 

Three ser ies o f  experiments were conducted w i t h  P i t tsburgh Seam coals i n  
the SRC I 1  mode w i t h  30% coal i n  the s l u r r y  a t  one hour residence time, 
455OC and 1800 psig. I n  the  f i r s t  ser ies,  the e f f e c t  o f  h igh l eve l s  o f  
carbon monoxide (20-40 mole %) i n  the feed gas on processing o f  coal 
from the  Powhatan No. 5  Mine was invest igated.  I n  the second, add i t i on  
o f  f i n e l y  d iv ided p y r i t e  (FeS2) t o  Powhatan coal was studied. I n  the 
l a s t  series, f i n e l y  d iv ided  p y r i t e  and magnetite (Fe304) were added t o  
coal from the Loveridge Mine. 

High carbon monoxide concentrat ions were found t o  con t r ibu te  t o  a  gen- 
e r a l  degradation 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 l t e r e d  
coal so lu t ion  (UFCS) v i s c o s i t y  and plugging o f  the s l u r r y  feed and d is -  
so lve r  systems. Carbon monoxide l eve l s  o f  20-40 percent resu l ted  i n  
o i l  y i e l d s  subs tan t i a l l y  below those found i n  e a r l i e r  work a t  5-10 per- 
cent  concentrat ions. SRC and inso lub le  organic matter (IOM) y i e l d s  
were increased and t o t a l  hydrogen consumption decreased. Car-burl monoxlde 
consumption and carbon d iox ide production were consistent  w i t h  the s h i f t  
r eac t i on  a t  a l l  l e ve l s  o f  CO addi t ion.  

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 Powhat.an coal w i t h  added 
p y r i t e ,  apparently due t o  the already h igh i r o n  content and r e a c t i v i t y  
o f  the coal.  Heavy d i s t i l l a t e  q u a l i t y  was a lso unchanged, except for  
decreased desu l fu r i za t ion  w i t h  p y r i t e  addi t ion.  The fus ion po in t  o f  the 
d i s t i l l a t i o n  residue was reduced 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 was increased. 

I n  contrast ,  t o t a l  o i l  y i e l d  from the less  reac t i ve  Loveridge coal 
was increased 8-11% (absolute) by p y r i t e  add i t i on  and t o  a  lesser  ex tent  
by adding magnetite. A corresponding decrease i n  SRC and I O M  y i e l d s  
was observed. Desu l fu r i za t ion  and deni t rogenat ion o f  the heavy d i s t i l l a t e  
product were a lso  enhanced by the add i t i on  o f  i r o n  contain ing compounds. 
A1 though o p e r a b i l i t y  was sa t i s f ac to r y  whi le  processing t h i s  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. 

Data on solvent ex t rac t ion  o f  vacuum d i s t i l i a t i o n  residues w i t h  hexane, 
benzene, toluene and py r id ine  are reported t h i s  quarter  and w i l l  be 
included f o r  the  remainder o f  the contract .  

11. INTRODUCTION 
i 

This  r epo r t  covers work a t  The P i t t sburg  & Midway Coal Mining Co.'s 
Merriam Laboratory on the Solvent Refined Coal (SRC) process dur ing the 
per iod J u l y  1, 1979 through September 30, 1979. 

t 

A, Reports -- --- o f  Previous Work 

Previous work a t  t h i s  laboratory  has been described i n  in ter im,  
f i n a l ,  monthly, qua r te r l y  and annual repor ts  t o  the O f f i ce  o f  Coal 
Research, the Energy Research and Development Administrat ion and 
the  Department o f  Energy. A summary o f  these d0~1~ment.s appears 



i n  t he  second qua r te r  1979 r e p o r t *  a long w i t h  a d e s c r i p t i o n  o f  t he  
c u r r e n t  c o n t r a c t  o b j e c t i v e s  and a h i s t o r y  o f  t he  Merriam Laboratory 
i n  so lvent  r e f i n i n g  o f  coal .  

B. Cu r ren t l y  Reported Work 

During the  t h i r d  qua r te r  o f  1979 a c t i v i t i e s  a t  t he  Merriam Labora- 
t o r y  i n c l  uded : 

SRC I 1  processing o f  P i t t s b u r g h  Seam coa l  from the  Powhatan 
No. .5 Mine t o  i n v e s t i g a t e  the  e f f e c t  o f  h igh  l e v e l s  (20-40 
mole %)  o f  carbon monoxide i n  the  feed gas. 

A d d i t i o n  o f  f i n e l y  d i v i d e d  i r o n  compounds t o  P i t t s b u r g h  Seam 
coa ls  f rom the  Powhatan No. 5 and Loveridge Mines. 

Development o f  a procedure fo r  so lvent  e x t r a c t i o n  o f  d i s t i l -  
l a t i  on res idues w i t h  hexane, benzene, t o 1  uene and p y r i d i  ne t o  
cha rac te r i ze  n o n - d i s t i l l a b l e  products. . 

Condi t ions and r e s u l t s  f o r  a l l  runs repo r ted  t h i s  qua r te r  a re  
summarized i n  Table 1. 

DISCUSSION 

A. I n v e s t i g a t i o n  o f  High Levels o f  Carbon Monoxide 
i n  t he  Feed Gas 

Background 

These experiments a r e  an extension o f  work repor ted  prev iously**  on 
low 1 eve1 (5-1 0%) carbon monoxide add i t i on .  Whereas the  e a r l  i e r  
work was r e l a t e d  t o  op t i ons  i n  hydrogen enrichment, the  present  
s tudy explored the  use o f  synthesis  gas w i t h  h igher  l e v e l s  o f  . 
carbon monoxide (20-40%) i n  t he  SRC I I process. 

Experimental 

The run  cond i t i ons  and r e s u l t s  a re  summarized i n  Table 1:. The feed 
gas conta ined about 20 mole % CO i n  run  DOE 331RB and 40 mole % CO 
i n  r u n  DOE 332RB w i t h  a constant  molar f l o w r a t e  o f  H? p l u s  CO. An 
equimolar q u a n t i t y  o f  water was added w i t h  the  CO t o ' a l l o w  t h e  
s h i f t  r e a c t i o n  t o  occur i n - s i  t u .  To ta l  r e a c t o r  pressure was 2565 
p s i g  f o r  bo th  runs. An a d d i t i o n a l  run  was.attempted a t  2065 p s i g  
t o t a l  pressure and 20% CO i n  t he  feed, bu t  was unsuccessful .  

* Exp lora tory  Research on Solvent  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  Per iod A p r i l  1, 1979 through 
June 30, 1979; J u l y  1980, FE/14800-10. 

** Sol vent Ref ined Coal (SRC) Process, Q u a r t e r l y  Technical Progress 
Report f o r  t he  Period January 1, 1979-March 31, 1979, The P i t t s b u r g  & 
Midway Coal Min ing Co. ; t o  be publ ished, FE/496-172, 



Carbon monoxide a d d i t i o n  con t r i bu ted  t o  a general degradation o f  
ope rab i l  i ty. The u n f i  1 te red coal  sol  u t i o n  (UFCS) , and hence feed 
s l u r r y ,  became i n c r e a s i n g l y  viscous as the CO l e v e l  was increased. 
I t  was, there fore ,  necessary t o  r a i s e  the  temperature o f  t he  feed 
s l u r r y  system t o  main ta in  c i r c u l a t i o n .  This cond i t i on  was a con- 
t r i b u t i n g  f a c t o r  i n  subsequent p lugging o f  feed l i n e s  from mate r ia l  
which had "baked o u t "  on t h e  sides o f  feed vessels. A p lug  a l so  
developed i n  t h e  d i sso lve r ,  shu t t i ng  down t h e  f i n a l  experiment 
(332RB) which had 40 percent CO i n  the  feed. 

The l a r g e  amounts o f  water added i n  the  feed genera l ly  prevented 
t h e  downstream depos i ts  o f  ammonium carbonate (b icarbonate)  ex- 
perienced i n  e a r l i e r  CO runs, however. 

The e r r a t i c  opera t ion  reduced the  l eng th  o f  t ime a v a i l a b l e  f o r  
m a t e r i a l  balances a t  s teady-state cond i t i ons  and in t roduced 
s c a t t e r  i n  the  data. Although t o t a l  mass balances were reason- 
a b l y  good, ash cou ld  n o t  be accounted f o r  p roper l y  and l i q u i d  
y i e l d s  should be considered q u a l i t a t i v e .  

Y ie lds  

Carbon monoxide consumption and carbon d iox ide  product ion were 
cons is ten t  w i t h  t h e  s h i f t  r e a c t i o n  as shown i n  Table 2. E a r l i e r  
r e s u l t s  a t  0 and 10 percent CO l e v e l s  are  inc luded f o r  comparison. 
I n  a1 1 cases, CO appeared a t  t he  same r a t e  CO disappeared, on a 6 molar  basis, w i t  i n  experimental e r ro r .  The s h i f t  r e a c t i o n  was 
apparent ly  i n h i b i t e d  i n  DOE 298R due t o  l ack  o f  water s ince the  
percentage o f  CO feed converted was s u b s t a n t i a l l y  l e s s  than i n  
subsequent runs. An e s s e n t i a l l y  constant  p ropor t i on  o f  feed CO was 
consumed d u r i n g  runs DOE 331RB and 332RB which had equimolar amounts 
o f  water added t o  the  feed. 

A comparison o f  runs DOE 331RB and 332RB shows a f u r t h e r  degrada- 
t i o n  o f  performance as CO i s  increased, p a r t i c u l a r l y  i n  I O M  y i e l d .  
The change i n  o i l  y i e l d  i s  n o t  as great ,  however, as might he 
expected f rom t h e  change i n  hydrogen p a r t i a l  pressure. A t  these 
cond i t ions ,  p roduct ion  o f  i n - s i t u  hydrogen apparent ly  compensates 
somewhat f o r  l a c k  o f  feed hydrogen. 

Product Q u a l i t y  

The e f f e c t  o f  feed gas composition on product q u a l i t y  i s  shown on 
Table 4 . There a r e  no c l e a r  t rends regarding the  e f f e c t  o f  
carbon monoxide a d d i t i o n  on heavy d i  s t i  1 l a t e  o r  d i  s t i  11 a t i o n  
r ~ s i r i u e  analyses. 

I'he 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 i ons  (UFCS) are  shown i n  
Table 5 and on F igure  1 . UFCS v i s c o s i t y  increased as the  carbon 
monoxide i n  t h e  feed was increased. V i s c o s i t y  a l so  tended t o  
increase as hydrogen p a r t i a l  pressure (and consumption) decreased. 



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

1. E f f e c t  o f  Adding F i n e l y  D iv ided P y r i t e  t o  
Powhatan Coal 

Background 

Previous p y r i t e  a d d i t i o n  experiments a t  t he  Merriam Laboratory 
demonstrated t h a t  a d d i t i o n  o f  coarse p y r i t e  ( ~ 1 5 0  mesh) d i d  
n o t  change o i l  y i e l d s  i n  SRC I processing a l though product  
hydrogenation was increased. I n  t he  SRC I 1  mode, however, 
coarse p y r i t e  a d d i t i o n  increased o i l  y i e l d s  by about 7% abso- 
l u t e  ( a t  a  7.5% a d d i t i o n  l e v e l  ) w h i l e  i nc reas ing  hydrogen and 
decreasing s u l f u r  and n i t r o g e n  i n  the  heavy d i s t i l l a t e .  Use 
o f  f i n e l y  d i v i d e d  p y r i t e  (-1 micron) i n  t he  SRC I process i n -  
creased r e c y c l e  so lvent  by 8% absolute i n  c o n t r a s t  t o  r e s u l t s  
w i t h  coarse m a t e r i a l  . 
Th is  sec t i on  o f  t he  r e p o r t  covers the  f i r s t  experiments w i t h  
f i n e l y  d i v i d e d  p y r i t e  i n  t he  SRC I 1  mode. It i s  a l s o  t h e  
f i r s t  t ime p y r i t e  was added t o  Powhatan coa l .  The r e s u l t s  o f  
f o u r  SRC I 1  experiments w i t h  f i n e l y  d i v i d e d  p y r i t e  and magne- 
t i t e  a d d i t i o n  t o  a  l e s s  r e a c t i v e  coal  (Loveridge) a r e  d e t a i l e d  
i n  t he  nex t  sec t ion .  

Experimental 

The run  cond i t i ons  and r e s u l t s  a re  summarized i n  Table 1:. Run 
DOE 333R was a  base l ine  experiment w i t h  Powhatan coal  i n  t h e  
SRC I 1  mode w i thou t  add i t i ves .  I n  run  DOE 335R, p y r i t e  was 
added a t  a  l e v e l  o f  5.0% (as pure FeS2) based on feed coal  and 
t h e  u n f i  1  t e red  coal  s o l u t i o n  (UFCS)/heavy d i s t i l l a t e  (HD) 
r a t i o  was ad jus ted  t o  keep t h e  t o t a l  s o l i d s  i n  t he  feed essen- 
t i a l l y  the  same as i n  run  DOE 333R. I n  r u n  DOE 335RB, the  
same amount o f  p y r i t e  was added bu t  t he  UFCS/HD r a t i o  was kept  
t h e  same as i n  run  DOE 333R, r e s u l t i n g  i n  a  h igher  t o t a l  
s o l i d s  l e v e l  i n  t he  feed. 

The p y r i t e  used i n  t h i s  experiment ( " p y r i t e  I " )  was obta ined 
from the  coal  c lean ing  opera t ion  o f  t he  U. S. Steel  Robena 
Mines, Greene County, Pennsylvania. An ana lys i s  i s  shown i n  
Table 6.. The p y r i t e  was f i n e l y  ground by The J e t  P u l v e r i z e r  
Company, Palmyra, New Jersey. 

The p a r t i c l e  s i z e  o f  t he  p y r i t e  has been measured by two 
methods: t h e  F isher  Subsieve S ize r  and Cou l te r  Counter. The 
former method inc ludes  p a r t i c l e s  from 0.2-25 vm i n  the  average, 
whereas the  l a t t e r  inc ludes  o n l y  those from 1-25 pm. The 
average obta ined by the  F isher  Subsieve Sizer ,  there fore ,  i s  
genera l l y  lower. The p a r t i c l e  s i z e  d i s t r i b u t i o n  o f  the  
p y r i t e  I obtained by the  Counter Counter method i s  shown i n  
F igure 2. 



Operat ion o f  t h e  u n i t  was s a t i s f a c t o r y  except f o r  p e r s i s t e n t  
depos i ts  downstream o f  the  d i s s o l v e r  which have charac ter ized 
processing o f  Powhatan coal.  Post-d issolver  water i n j e c t i o n  
was used t o  prevent p lugging o f  t he  l i n e s .  

Y ie lds  

The e f f e c t  o f  p y r i t e  a d d i t i o n  on the  y i e l d  s t r u c t u r e  i s  sum- 
marized below: 

Condi t ions 
P y r i t e  a d d i t i o n  rate,* 

% MF Coal 
S l u r r y  Formulat ion 

% UFCS 
% Heavy D i s t i l  l a t e  
To ta l  So l i ds  

DOE DOE 
333R 335R 

DOE 
335RB 

Yields, W t  % MF Coal 
c1 'cf 15.5 14.0 14.7 
Tota O i l  36.6 37.9 39.5 
SRC 23.3 25.9 23.2 
I n s o l u b l e  Organic Mat ter  5.0 5.1 4.9 
Hydrogen Consumption 4,6 4.7 4.5 

* As pure FeS2, based on 81% FeS2 i n  as received Robena p y r i t e  I. 

The v a r i a t i o n  i n  y i e l d s  i s  c lose t o  experimental e r r o r  a l -  
though t h e r e  was a s l i g h t  increase i n  t o t a l  o i l  when p y r i t e  
was added i n  run  DOE 335R and a f u r t h e r  increase a t  t he  h igher  
t o t a l  s o l i d s  l e v e l  i n  run  DOE 335RB. Since these increases 
are n o t  complete ly  accounted f o r  by changes i n  o the r  hydro- 
carbon y i e l d s ,  i t  cannot he unequivocal ly  s ta ted  t h a t  p y r i t e  
a d d i t i o n  had an e f fec t .  I nso lub le  organic mat ter  (IOM) y i e l d  
and hydrogen consumption were v i r t u a l l y  constant.  

The r e l a t i v e  y i e l d s  o f  heavy d i s t i l l a t e  and middle d i s t i  l l a t e  
were cons is tent  w l t h  changes i n  the  feed s l u r r y  fo rmula t ion  
(see Table 1 ). For example, more heavy d i s t i l l a t e  was r e -  
cyc led  i n  r u n  DOE 335R t o  keep the  t o t a l  s o l i d s  l e v e l  t he  same 
as i n  run  DOE 333R, so l e s s  was a v a i l a b l e  as product.  

Product Qua1 i t y  

The e f f e c t  o f  p y r i t e  a d d i t i o n  on product q u a l i t y  i s  shown 
below: 

P y r i t e  a d d i t i o n  r a t e *  
% MF Coal 

Heavy U i  s t i  l l a t e  Analyses 
' % H  

% s 
% N 

DOE DOE DOE 
333R 335R 335RB 



DOE DOE DOE 

D i s t i l  l a t i o n  Residue 
Fusion Point ,  "C 152 114 107 

* As pure FeS2, based on 81 % FeS2 i n  as received Rcbena p y r i t e  I. 

The heavy d i s t i l l a t e  n i t r o g e n  l e v e l  was unchanged and t h e  
v a r i a t i o n  i n  hydrogen content  was small. The d e s u l f u r i z a t i o n  
was decreased w i t h  p y r i t e  a d d i t i o n  i n  con t ras t  t o  prev ious 
SRC I 1  work w i t h  coarse p y r i t e  where d e s u l f u r i z a t i o n  was 
increased. 

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 s i g n i f i c a n t l y  
reduced by p y r i t e  add i t i on ,  dropping from 152 t o  107-114°C. 
I n  add i t i on ,  t he  s o l u b i l i t y  o f  t he  d i s t i l l a t i o n  res idue i n  
hexane and benzene was s i g n i f i c a n t l y  increased (see sec t i on  
111-C). 

U n f i l t e r e d  coal  s o l u t i o n  (UFCS) v i s c o s i t i e s  are  shown on 
Table 7 and Figure 3. The v a r i a t i o n  i n  UFCS v i scos . i t i es  
r e s u l t e d  p r i m a r i l y  from changes i n  the  fo rmula t ion  w i t h  a 
c o r r e l a t i o n  apparent bettdeen the  amount o f  res idue (IOM + SRC) 
i n  t he  feed and UFCS.viscosity.  

Comparison o f  r e p l i c a t e  v i s c o s i t y  measurements w i t h  two d i f -  
f e r e n t  products du r ing  steady s t a t e  opera t ion  o f  runs DOE 333R 
and 335R shows an average v a r i a t i o n  o f  about 10%. This i n -  
cludes an3 d i f f e r e n c e  between products as we l l  as v 3 r i a t i o n  i n  
t he  v i s c o s i t y  measurements. 

The feed s l u r r y  v i s c o s i t i e s  are  shown on Table 8 and F ig-  
u r e  4. A minimum w i t h  temperature t y p i c a l  o f  coal feed 
s l u r r i e s  was obtained. Since the  UFCS, which i s  uszd t o  make 
up t h e  feed s l u r r y ,  had a v i s c o s i t y  i n  run  DOE 335R3 which was 
lower than i n  run  DOE 333R, the  h igher  feed s l u r r y  v i s c o s i t y  
i n  run  DOE 335RB may be a t t r i b u t a b l e  t o  the  3% h igher  s o l i d s  
1  eve1 . 
Rep1 i c a t e  measurements a t  270°F and a  shear r a t e  o f  0.415 s-' 
on t h e  same sample from run DOE 335RB showed about 5% va r ia -  
t i o n  between t r i a l  s. 

2 .  E f f e c t  o f  Adding F i n e l y  Div ided P y r i t e  and 
Maaneti te t o  Loveridae Coal 

Background 

The r e s u l t s  o f  prev ious p y r i t e  a d d i t i o n  experiments a t  the  
Merriam Laboratory were summarized i n  sec t i on  111-B-1. It was 
a l s o  found t h a t  magneti te a d d i t i o n  genera l l y  increased t o t a l  
o i l  y i e lds .a l t hough  the  e f f e c t  was n o t  as great  as w i t h  
p y r i t e .  Magneti te a l so  removes H S q u a n t i t a t i v e l y  from the  
gas stream, r e s u l t i n g  i n  lower su f f u r  l e v e l s  i n  the  products, 
and tends t o  lower gas product ion. 



This sect ion describes add i t i on  o f  f i n e l y  d iv ided p y r i t e  and 
' 

magnetite t o  the less  reac t i ve  Loveridge coal i n  the SRC I 1  
mode. 

Experimental 

The run condi t ions and resu l t s  are summarized i n  Table I. I n  
runs DOE 336R and 337R two d i f f e r e n t  l o t s  o f  p ~ r i t ~  were used 
as addi t ives,  w i t h  h igh and low pu r i t y ,  respect ively.  I n  run 
DOE 338R, magnetite was added a t  a  l eve l  s u f f i c i e n t  t o  remove 
a l l  t races o f  H2S from the d isso lver  e f f l uen t .  R U ~ I  DOE 339R 
was a base1 i n e  experiment wi thout  added cata lys t .  

Run DOE 336R was completed w i t h  on ly  about 4 percent recyc le  
sol  vent i n  the formulation. The s l  u r r y  became unmanageable 
a f t e r  a  swi tch from p y r i t e  I t o  p y r i t e  11, however, so the 
recyc le  solvent l eve l  was increased t o  10 percent i n  run DOE 
337R. This formulat ion was continued through the nagneti t e  
and con t ro l  runs. 

A1 1 add i t ives were from the coal cleaning operation o f  the U. 
S. Steel Robena Mines, Greene County, Pennsyl var,ia. Analyses 
are shown on Tab1 e 6. The two samples o f  py r i te ,  I and I I, 
were obtained a t  d i f f e r e n t  times and d i f fe red  s i g n i f i c a n t l y  i n  
p u r i t y  and apparent p a r t i c l e  size. The addi t ives were f i n e l y  
ground by The Je t  Pulver izer Company, Palnyra, New Jersey. 

The p a r t i c l e  s ize o f  the add i t ives has been me,2sured by two 
methods: the Fisher Subsieve Sizer and Coulter Counter. The 
average obtaSned by the Fisher Subsieve Sizer i s  general ly  
lower, as discussed i n  sect ion 111-B-1. The p a r t i c l e  s i ze  
d i  s t r i  but ions o f  the add i t ives obtained by t he  Cou,l t e r  Counter 
method are shown i n  Figures 2, 5 and 6. 

Py r i t e  I and p y r i t e  I 1  were added a t  l eve ls  corresponding t o  
5.0% pure FeS2 based on coal as was done i n  the Powhatan runs 
reported above. Magnetite was added i n i t i a l l y  a t  the same 
i r o n  l eve l  as the p y r i t e  add i t ives and then increased gradu- 
a l l y  u n t i l  a7 1 t races o f  H2S were removed from the reactor  
e f f l uen t .  

Further add i t i on  o f  magnetite would not  be expected t o  have 
any e f f e c t  since there would be no s u l f u r  ava i lab le  f o r  con- 
version o f  Fe304 t o  a  c a t a l y t i c a l l y  ac t tve Fel-,xS compound. 

Operation was sa t i s fac to ry  during runs DOE 336R, 337R and 338R 
w i t h  p y r i t e  o r  magnetite added t o  the feed. Uhen run DOE 339R 
was attempted wi thout  an addi t ive,  however, o p e r a b i l i t y  
qu i ck l y  deteriorated. Continued operation becane impossible 
j u s t  as 1  ined-out condi t ions were achieved. :hi s  corresponded 
t o  the po i  ~ t -  where essent ia l  l y  a1 1  magnetite from run DOE 338R 
had l e f t  the system. This confirmed e a r l i e r  r e s u l t s  ind ica t -  
i n g  t ha t  i t  i s  not  possib le t o  run Loveridge ccal a t  these 
condi t ions i n  our equipment wi thout  an a d d i t i v ~ .  



Yie lds  

The e f f e c t  o f  adding p y r i t e  and magneti te on y i e l d s  and pro- 
duc t  q u a l i t y  i s  shown i n  Table 9. Tota l  o i l  y i e l d  i s  i n -  
creased s i g n i f i c a n t l y  (8-1 1 % absolute)  by p y r i t e  a d d i t i o n  and .. 
t o  a l esse r  ex tent  by magnetite add i t ion .  Most o f  the  increase 
i s  i n  t h e  heavy d i s t i l l a t e  f r a c t i o n .  There i s  a corresponding 
decrease i n  SRC and I O M  y ie lds .  There i s  a1 so a small increase 
i n  gas y i e l d s  due t o  the  add i t i ves .  

A comparison o f  p y r i t e  I and p y r i t e  I 1  i s  confounded by the  
d i f f e r e n c e  i n  formulat ions.  It appears, however, t h a t  py- 
r i t e  I was more a c t i v e  than p y r i t e  I 1  due t o  the  5.2% d i f f e r -  
ence i n  SRC y i e l d s  which i s  more than would be expected from 
t h e  change i n  formulat ion.  Th is  i s  ' i n  s p i t e  o f  t he  smal ler  
p a r t i c l e  s i z e  o f  p y r i t e  11, a1 though the d i f f e r e n c e  obtained 
by Coul t e r  Counter may be due t o  non-py r i t i c  f i n e s  inc luded i n  
t h e  mater ia l .  

Product Qua1 i ty  

Desul f u r i  z a t i o n  and deni t rogenat i  on o f  t he  heavy d i  s t i  11 a t e  
product were increased by the  add i t i ves  i n  the  order :  

p y r i t e  I > magneti te > p y r i t e  I 1  > no a d d i t i v e  

The vacuum d i s t i l l a t i o n  res idue fus ion  p o i n t  was lowered from 
149°C t o  113-11 g°C by i r o n  conta in ing  add i t i ves .  The solu- 
b i l  i t y  o f  the-res idue was a lso j  increased (see sec t ion  111-C). 

The v i s c o s i t i e s  o f  u n f i  1  te red coal so lu t ions  (UFCS) a re  shown 
on Table 10 and Figure 7. The UFCS v.i scosi t y  was reduced con- 
s ide rab ly  by p y r i t e  and magneti te add i t ion .  The r e l a t i v e  v i s -  
c o s i t i e s  o f  UFCS from runs DOE 336R, 337R and 338R appear t o  
be co r re la ted  w i t h  t h e  amount o f  s o l i d s  (ash + IGM) i n  the  
corresponding feeds. 

The v i s c o s i t y  o f  run  DOE 337R feed s l u r r y  i s  shown on Table 11 
and Figure 8; The v i s c o s i t y  decreased s i g n i f i c a n t l y  as shear 
r a t e  was increased. It was a l so  observed t h a t  the  minimum i n  
v i s c o s i t y  w i t h  temperature t y p i c a l  o f  coa l .  feed s l u r r i e s  was 
l e s s  pronounced .a t  h igher shear rates.  

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

The s o l u b i l i t i e s  o f  t he  vacuum d i s t i l l a t i o n  residues i n  var ious 
solvents a r e  reported f o r  t he  cu r ren t  runs and w i l l  be presented 
f o r  experiments conducted dur ing  the  r e s t  o f  the  con t rac t  period. 
A complete desc r ip t i on  o f  the  experimental procedure, equipment, 
sample se lec t i on  and p rec i s ion  i s  given i n  Appendix A. 

These s tud ies  were undertaken t o  charac ter ize  the  non-di s t i  11 able 
products from coal  1 iquefac t ion .  These f r a c t i o n s  represent the  
major f u e l  product from the  SRC I process and i t  i s  des i rab le  t o  be 



able t o  measure the e f fec t  of process variables direct ly  on these 
materials. In the SRC I1 process, the residue i s  t o  be used for  
the production of hydrogen. Characterization of the d i s t i l l a t ion  
residue, however, i s  expected to  yield useful information about the 
chemistry of the process. 

The objectives of these studies were, therefore, to:  

1. Determine the . e f f ec t  of operating conditions on the solubi l i ty  
of the di s t i  l1.ation residues in various solvents. 

2. Study the extracts  by elemental analysis and determine the 
amount of vola t i le  matter in the residue. 

3.  Compare the s c 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 in benzene 
and toluene. 

I t  was found tha t  solvent extraction of d i s t i l l a t ion  residues can 
be done w i t h  reasonable precision. An occasional sample may give 
a peculiar r e su l t  so that  duplicate extractions are  recommended. 
Evaluation of a sample should include a ser ies  of extractions w i t h  
d ifferent  solvents since the re la t ive  so lubi l i t ies  will change with 
operating conditions. 

Hexane, benzene, to1 uene and pyridine were chosen as  solvents 
i n i t i a l l y  and gave a reasonable spread in solubi l i ty .  As expected, 
the so lubi l i ty  in toluene has been close to  tha t  in benzene, b u t  
some var iab i l i ty  was observed. Solubili ty in benzene was usually 
s l ight ly  l e s s  and occasionally the spread was appreciable. When 
the spread between benzene and toluene was large,  the hexane solu- 
b i l i t y  was generally large as well. 

The so lub i l i t i e s  o f  the vacuum d i s t i l l a t ion  residues in various 
solvents are  shown i n  Table 12. 

The absolute so lub i l i t i e s  a re  confounded by the amount of ash in 
the sample but  the amount of organic matter soluble i n  pyridine i s  
f a i r l y  constant. The ra t ios  of so lubi l i t ies  in  other solvents to  
tha t  i n  pyridine are,  therefore, included to allow comparison of 
mater,ials derived from different  types of runs (with different  ash 

, contents) on a common basis. 

, A comparison of the experiments with 20 and 40% carbon monoxide in 
the feed gas, runs DOE 331RB and DOE 332RB, respectively, indicates 
a s ignif icant  decrease in hexane so lubi l i ty  and smaller decreases 
i n  benzene, toluene and pyridine solubi l i ty  as the carbon monoxide 
concentration was increased. 

When pyrite was added to  Powhatan coal in r u n  COE 335RB, the yields 
were essent ial ly  the same as i n  the control r u n ,  DOE 333R. There 
was a significant increase in the hexane solubi l i ty  of the d i s t i l -  
l a t ion  residue w i t h  added pyr4 t e ,  however, alorg with snal l e r  
increases in benze.~e and toluene solubi l i ty .  The apparent reduc- 
t ion i n  molecular weight of the non-disti 1 lable fraction brought 



about by t h e  c a t a l y s t  was a l so  evidenced by a lower res idue fus ion  
p o i n t  and 1 ower UFCS v i  scosi t y  . 
When i r o n  conta in ing  compounds were added t o  Loveridge coal , the  
r a t i o s  o f  hexane, benzene and toluene s o l u b i l i t i e s  t o  p y r i d i n e  
s o l u b i l i t y  were genera l ly  increased by the  add i t i ves  i n  the  order: 

p y r i t e  I > p y r i t e  I1  > magneti te 

T h e r e s u l t i s s i m i l a r t o t h e e f f e c t o f t h e a d d i t i v e s o n t o t a l  o i l  . 
y i e l d  and ind i ca tes  t h a t  molecular weight reduct ion  i s  enhanced by 
i r o n  compounds i n  the  n o n - d i s t i l l a b l e  as we l l  as v o l a t i l e  product 
f r a c t i o n s .  

D. Maintenance and Modi f i ca t ions  
' 

-1 . ' Maintenance 

a. During the  f i r s t  r u n  o f  the  carbon monoxide ser ies,  a 
v e r t i c a l  l eng th  o f  9/16" O.D. p ipe  connecting t h e  i -n te r -  
mediate temperature, h igh  pressure separator t o  a con- 
'denser f a i l e d .  When the  f a i l u r e  was analyzed, i t  was 
found t h a t  i t  was probably the  r e s u l t  o f  c h l o r i d e  s t ress  
cor ros ion  cracking. It was recommended t h a t  t he  316 
s t a i n l e s s  s tee l  be used on ly  i n  the  s o l u t i o n  annealed 
condi t ion.  I f  the  problem continues, Inco loy  800H may 
have t o  be subst i tu ted.  The d e t a i l s  o f  the  ana lys is  are  
inc luded i n  Appendix B. 

b. The intermediate temperature, h igh  pressure (ITHP) sepa- 
r a t o r  developed r e s t r i c t i o n s  throughout runs DOE 331RB- 
335RB. P I  uggi ng and cor ros ion  problems have occurred 
whenever Powhatan coal has been used. A sample o f  p lug  
ma te r ia l  from one o f  these runs was analyzed and the  
f o l  1 owing mater ia l  s  were detected : 

Ni  and Fe are  present i n  t h i s  res idue i n  about the  same 
r a t i o  as i n  316 s t a i n l e s s  s tee l ,  t he  cons t ruc t i on  mater- 
i a l  f o r  t he  ITHP separator. Although the  q u a n t i t a t i v e  
ana lys i s  accounts f o r  on l y  68.22% o f  the  residue, i t  i s  
apparent t h a t  t he  316 SS corroded a t  an accelerated r a t e  
when Powhatan coal  was used. 

c. During run DOE 335RB, several o f  t he  Love temperature 
c o n t r o l  1 e r s  arced shut. Af ter  consul t a t i o n  w i t h  the  
manufacturer, i t  was determined t h a t  t h e  r e l a y s  would 
have t o  be replaced more f requent ly  (once a quar ter )  than 
o r i g i n a l l y  scheduled. 



2. Modifications 

a .  Slurry Feed System 

The slurry feed system has been modified as shown on 
Figure 9*. The unfiltered coal soluti.on (UFCS) i s  forced 
t o  the feed system by 30-40 psi pressure in the atmos- 
pheric f lash and i s  collected on one of two weigh scales. 
One part  of the UFCS i s  collected in a boiling flask and 
-taken off as  product (UFCS product return) .  The other 
pa r t  of the UFCS i s  directed to  a collection 'pot to  be 
reformulated (UFCS weigh pot).  When the desired quantity 
of UFCS i s  present in the weigh pot, it i s  transferred by 
,gravity to  the slurry mix pot. W i t h  t h i s  configuration, 
the weigh scale i s  not subject t o  the vibrati,on and 
torque required to  mix the slurry.  (The soiids in the 
s lurry mix are  kept in suspension by recirculation and 
s t i r r ing . )  When the slurry in the feed pot drops to  a 
cer tain 1 eve1 , the recirculation stream from the slurry 
:mix pot i s  directed to  the feed pot. The recirculation 
loop on the feed pot, in turn, feeds the Hills-HcCanna 
high pressure metering pump. 

b. Dist i l la t ion Column 

The d i s t i l l a t ion  column was taken apart  t o  replace the 
s ta in less  s tee l  packing with glass packing because of 
suspected corrosion of the packing. I t  was fouad, 
however, tha t  while the packing was in good condition, 
the support blocks a t  the ends of the column were badly 
corroded. These were found to  be constructed from 400 
ser ies  (magnetic) s ta inless  steel and were yeplaced w i t h  
316 s tainless  s tee l .  

c. Temperature Control of the Slurry Mix and Feed Pots 

The temperature of the slurry mix and feed pots was 
raised during the carbon monoxide runs due to thickening 
of the slurry.  Since the heaters on the sides and bottom 
of the pots were regulated by the same control ler ,  the 
sides tended to  overheat as  the levels i n  the pots were 
reduced. This was corrected by placing the side heaters 
on variacs, independent of the controllers,  so heat input 
to  the s i d ~ s  could be reduced as the level i n  the pots 
dropped. 

* The slurry feed system has been described previously; Solvent Refined 
Coal (SRC) Process, Quarterly Technical Progress Report for  the Period 
April 1 ,  1978 through June 30, 1978, The Pittsburg .!I Midw~y 3oal Mining 
Co. ;  May 1978, FE/496-157. 



d.  Disso lver  

I t  was necessary  t o  send t h e  DOE 1 d i s s o l v e r  o f f  s i t e  t o  
a machine shop a f t e r  i t  was coked so l  i d  i n  run DOE 332RR. 
To avoid a de l ay  i n  s t a r t i n g  t h e  next  run,  a "modified 
GU5" d i s s o l v e r  was f a b r i c a t e d  from 11/16 inch (17.5 mm) 
I.D. tub ing  a s  shown on Figure 10. 



TABLE 1 

Summary o f  Process Conditions, Yields and Product Analyses 

Condit ions 
Coal 
Di ssol ver 
Nominal S lu r ry  Residence Time, k r  
Coal Feed Rate, l b j h r / f t 3  
Average Dissolver  Temperature, 'C 

=F 

DOE 331RB DOE 3?2RB - P i t t s b i r g h  seam& - DCIE 1- 

O i  ssolver  Pressure, ps ig  
Feed Gas Composition 

Mole % H 
Hole % ~8 

Hydrogen Feed 
W t  % based on s l u r r y  
MSCF/ton o f  coat 

S l u r r y  Formulation, k t  % 
Coal 
Recycle Coal Solut ion 
Recycle Solvent 

S l u r r y  Blend Compcsition 
Coa 1 
Middle D i s t i l  l a t e  (1 93-28E°C, 380-550°F) 
Heavy D i s t i l  l a t ~  (=288'C, >550°F) 
SRC 
Ash (from recycle coal so lu t ion )  
Insoluble Organic R t t e r  ( f r o o  

recycle coal ' o l ~ t i o n )  
Tota l  Sol ids 

Yields 

c1 
c2 
c3 
c4 
Tota l  Cl-Cd 
~ a ~ h t h a ;  C ' - 1 9 3 0 ~  
Middle  isf fill ate. 193-288'C 
Heavy D l s t i  l l a t e .  >28g0C 

SRC 
Insoluble Organic b i t e r  
Ash 
Tota l  
H2 Reacted, gas balance 
CO Reacted, gas be1 a x e  
Lineout Index 

Product Analyses 
Heavy D i s t i l l a t e  Analyses 

% C 
% H 
% s 
% N 
% 0 (by Differema?) 
Speci f ic  Grav i t y  

D i s t i l l a t i o n  Residue Analyses 
% C 
% H 
% s 
% N 
% Ash 

a Powhatan Mine k. :5. 
b l  LOSS; water prcduced from d r y  coal l e s s  water consumed i n  s h i f t  reac t to r .  



TABLE 1 (Continued) 

Condit iocs 

Coa 1 
Reactor 
Nominal S lu r ry  Residence Time, h r  
Coal Feed Rate. l b / h r / f t 3  
Average Dissolver  ~emperature, O C  

OF 
Oi ssol ver Pressure, ps ig 
Hydrogen Feed 

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

Add i t i ve  
Add i t i ve  l e v e l ,  wt % based on MF coalC 

S lu r ry  F o m l a t i o n ,  wt % 
Coal 
Recycle Coal Solut ion 
Recycle Solvent 
P y r i t e  I 

Slur ry  Blend Composition, wt % 
Coal 
Middle D i s t i l l a t e  (1 93-28E°C, 380-550°F) 
Heavy D i s t i l  l a t e  (>28E°C, >550°F: 
SRC 
Ash (from recycle coal so lu t ion )  
Insoluble Organic Matter (from 

recycle coal so lu t ion )  
P y r i t e  I 
Total  Sol ids 

Yields 
H 0 
c% 

c; 
Total  C1-C4 

Naphtha, C~,-193~C 
Middle D i s t i l l a t e ,  193-288°C 
Heavy DZs t i l l a te .  >28E°C 
Tota l  O i l  

SRC 
Insoluble Organic Matter 
Ash 
Tota l  

H ~eac ted ;  gas balance 
~ $ d i t i v e  Conversion L3yproductsd 

Product Analyses 
Heavy D i s t i l l a t e  Analyses 

% C 
% H 
% s 
% N 
% 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 
% C 
% H 
% s 

. 
% Ash 
Fusion Point, 'C 

DOE 333R ~ 0 F . 3 3 5 ~  DOE 335RB --- 
-Pittsburgh Se ma- - Modified GU59- 

1.04 1.02 1.01 
20.8 21.2 21.2 
455 455 455 
851 851 851 

1800 1800 1800 

4.15 4.08 4.07 
52.6 51.6 51.6 . -- P y r i t e  I P y r i t e  I ' - - 5.0 5 .'O 

30.0 30.0 30.0 
60.0 53.2 58.2 
10.0 15.0 10.0 . - - 1.8 1.8 

a1 Powhatan Mine No. 5. 
b Two upflow d isso lve r  sections made from 11/16" I.D. tubing connected by a 

5/16" 1.0.- t r a n s f e r  l i n e .  
c Addi t ion l e v e l  based on pure FeS2. 
d j  Add l t i ve  fed-ash from addi t ive.  



TABLE 1 (Continued) 

Condit ions 

Coal 
O i  ssol ver 
Nominal S l u r r y  Residence Time, h r  
Coal Feed Rate, lb /hr . / f t3  
Average Dissolver  Terj?erature. O C  

= F 
Dissolver  Pressure. p i g  
Hydrogen Feed 

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

Add i t i ve  
Add i t i ve  leve l  (%  tased on MF c 0 e 1 ) ~  

S l u r r y  Formulation, w t  % 
Coal 
Recycle Coal Solut ion 
Recycle Solvent 
Add i t i ve  

S l u r r y  Blend Composihior., wt % 
coai 
Middle D i s t i l l a t e  (19>-288°C. 380-5W0F; 
Heavy D i s t i l l a t e  (;28E°C, >550°FI 
SRC 
Ash (from recycle coa: so lu t ion )  
Insoluble Organic Ra t te r  (from recycle 

coal so lu t ion )  
Add i t i ve  
Tota l  Sol ids 

Yields 

c1- 
c2 

Tota l  Cl-Cq 
Naphtha,' C -193'C 
Middle  isf fill ate. 133-?88°C 
Heavy D i s t i l l a t e ,  >23B0: 
Tota l  O i l  
SRC 
Insoluble Organic Mat ter  
Ash 
Tota l  
H Reacted, gas balance ' 

~ i d i t i v e  conversion bypoductsd 
L ineout  Index 

Product Analyses 
Heavy D i s t i l l a t e  Ana'lyses 

% C 
% H 
% s 
% N 
% 0 (by d i f fe rence)  
Spec i f i c  Grav i t y  + 

Vacuum Bottoms Analyses 
% C 
% H 
% S 
% N 
% Ash 
Fusion Point, OC 

DOE 336R DOE 337R iDOE 338R DOE 339R ---- - Pittsburg t  sepma-i 
Modif ied GU5D- 

1 .OO 1.02 1.03 
21.5 21.1 20.9 
457 455 456 

4.03 3.92 3.99 4.02 
50.9 49.5 50.4 5Cz.8 

P y r i t e  I P y r i t e  I 1  PBgnetite -- 
5.0 5.0 5.7 -- 

a) Loveridge Mine 
b) Two upflow d isso lve r  sections made from 11/16" 1.0. tubing connected by a 

5/16" I.D. t ransfer  i i n e .  
c )  As pure FeS o r  Fej04. 
d) Add i t i ve  fea-ash 5-0" addi t ive.  
e)  Negarive. 



TABLE 2 

Sumnary o f  CO Addit ion and Consumpti on 

DOE 2 9 6 ~ ~  2 9 8 ~ ~  331 RB 332RB 
Feed Gas Cmposi ti onb 

100.0 90.0 80.3 60.3 
0 10.0 19.7 39 .%7 

Total Pressure, ps i  g 

CO Added 

moles/hr 
g/hr 
w t  %, based on coal 
MSCF/ton o f  coal 

CO Consumed (o r .  produced) 

m o l e s / h r . ,  . . 

g/hr 
w t  %, based on coal 
MSCF/ ton o f  coal 

COP Produced 

moles/hr . . 0.04 0.40 1.49 2'. 85 
g/hr 1.9 17 -4 65.4 . . 125.3 
wt %, based. on coal ' . .  ,0.7. . . . 5.1 78.28 35.65 
MSCF/ton o f  coal . . 0.09 0.89 3.16 6.15 

X Feed CO Consumed . -  -- . .  21 31' 

a) From t h e  Quarter1.y Technical Progress Report f o r  the period. 
January 1, through March 31, 1979; FEl496-172. 

b )  Water-free basis, mole %.' 



TABLE 3 

E f f ec t  o f  CO Addi t ion on Yields 

Run Condi ti ons 

Average Dissolver Temp, OC 
Nominal S lu r ry  Resid nce Time, h r  
Feed Gas Composition % 

Mole % H2 
Mole % CO 

Total  Pressure, p s i  g 
Par t i a l  pressure H ', psia 

, Pa r t i a l  pressure c&, psis 

Total  C1-C4 . 
Total 011 
SRC 
I OM 

d Hydrogen Consumpti on . 

From Feed c "8 - 
To t a  1 . . 

DOE 2 9 6 ~ ~  

a )  From the Quar te r l y  Technical P r o g r ~ s s  Report for  the per iod January 1 through 
March 31 , 1979; FE/496-172. 

b) Water free. 
A t  d isso lver  i n l e t ,  includes vaporization of 1 i q u i d  feed. 
Mei ght  % o f  MF coal. 



TABLE 4 

E f f e c t  o f  Feed Gas Composition on Product Q u a l i t y  

DOE 296R* DOE 298Rf DOE 331RB DOE 332RB 

Feed Gas Composi ti on 
Mole % H 
Mole.% ~6 

Total  Pressure, ps ig  
P a r t i a l  pressure H , psia 
P a r t i a l  pressure ~ 8 ,  psia 

Heavy. Di s t i  1 l a t e  Analyses 
% c 
% H 
% S 
% 'N 
% 0 (by d i f fe rence)  

D i  s t i  11 a t i o n  Residue Analyses 
% ' C  
% H 
% S 
% N 
.% Ash 
Fusion Point, "C 

* -  From the Qua r t e r l y  Technical Progress Report f o r  the per iod January 1. 
through March 31 , 1979; FE/496-172. 



TABLE 5 

U n f i l t e r e d  Coal Solut ion V i  scosi t i e s a  
Runs DOE 331RB and D0,E 332RB 

Run No. Temperature, Shear Rate Visc s i t y ,  
DOE-. s 'F Sec' 9 10 CP 

a )  Brookf ie ld Model LV v i  scometer 
Spindle No. 28 
Procedure: 45 minute j n i t i a l  warmup and equ i l ib ra t ion ;  

20-30 minute equ f l ib ra t ion  a f t e r  temperature change; 
10  minute equ i l  i bra t ion  a f t e r  shear rate change. 



TABLE 6 

Addi t i  ves Analyses 

P y r i t e  I Pyr i  t e  I I Magnetite 
weighta 

% 
Fe 37.95 30.20 61.70 . 

S 42.38 34.38 0.20 
C .  3.97 5.81 0.20 
H 0.53 0.69 0.17 

~ d l e  Rat io S/Fe 
P u r i t y  80.33% 64.58% 85.29% 

FeS, FeS, 
Fe304 

, Average P a r t i c l e  Size, pm 
by Fisher Subsieve S izer  0.6 -- 1.3 
by Coul t e r  ~ s u n t e r d  3.1 1.7 4.3 

a) dry  basis 
a b) as v o l a t i l e s  a t  llOoC under He atmosphere 

c )  as received 
d l  p a r t i c l e  s i ze  d i s t r i b u t i o n s  shown on Figures A-1, 2 ,  3 



TABLE 7 

Unf i l te red Coal Solut ion V iscos i t iesa 
Runs DOE 333R, 335R and 335RB 

Run No. Temperature, Shear Rate, V i  scosi t y  , 
DOE- OF ~ e c - 1  . -c P 

a)  Brookf ie ld  Model LV viscometer. 
A l l  spindle #34 except 335RB which was spindle 28. 
Procedure: 45 min. i n i t i a l  warmup and equ i l i b ra t ion ;  

20-30 min. equ i l  i bra t ion  a f t e r  temperature change; 
10 min. equ i l i b ra t i on  a f t e r  shear r a t e  change. 



TABLE 8 

Feed S lu r ry  V i  scosi t i esa  ' 
Runs DOE 333R and 335RB 

Run No. Temperature 
Shear Rare , Viscosity, 

DOE- OF Sec ' CP 

a )  Brookf ie ld  Model LV viscometer 
Spindle 28. 
Procedure: 45 minutes i n i t i a l  warmup and equi l  i bration;, 

20-30 minutes equi 1 i bra t ion  a f t e r  temperature change; 
10 minutes equ i l i b ra t i on  a f t e r  shear r a t e  change. 



'TABLE 9 

E f f ec t  o f  Addit ives on Yields and Heavy D i s t i l l a t e  Q u a l i t y  

Conditions 

Addi t ive 
Additi 'on Ratea 

as received mater ia l  
as pure FeSq - o r  Fe304 

S lu r r y  Blend Composi t i ona  
Coal 
Naphtha & Mlddle D i s t d l l a t e  
~ e a v ~  D i s t i l l a t e  
SRC 
Ash (from UFCS) 
I O M  (from NCS) 
Addi ti vs 
Total Sol i d s  
9 

Results 

c, 'C4 
Naphtha, Cg-193°C 
Middle D i s t i l  l a te ,  193-28B°C 
Heavy D i  s t  i 1 1 ate, >288OC 
Total O i l  
SRC. 
IOM 

Hydrogen Consumpti ona 

Heavy D i s t i l l a t e  Analyses 

% c 
% H 
% S. . 

% PI 
% 0 (by d i f ference)  

Vacuum Bottoms Fusion 
Polnt, "C 

DOE 336R DOE 337R 

Py r i t e  I Pyr i t e  I1 

DOE 338R DOE 339R 

Magnetite - - 

a) Weight $, based on d ry  coal 



TABLE 10 

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 336R, 337R, 338R and 339R 

Run No. Temperature, . Shear Rafe, V iscos i ty ,  
DOE- ' O F  Sec ' c P 

21 0 1.66 1253 
'21 0 3.32 956 
21 0 8.30 7 34 
21 0 16.61 636 

a) Brook f i e l d  Model LV viscometer 
Spindle #28 
Procedure: 45 minutes i n i t i a l  warmup and equi 1 i brat ion;  

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



TABLE 1 1  

Feed Slurry Vi scosi tya 

Run DOE 337R 

Temperature Shear Rate, ~ i : s c o s i ' t ~ ;  
O F  ~ec -1  '103 C P  

a )  Brookfield Model LY vi scometer 
Spindle f28 
Procedure: 45 minutes initial warmup and equtlibration; 

20-30 minutes equilibration after temperature change; 
10 minutes equilibration after shear rate change. 



Conditions 

TABLE 12 

Solvent Extraction o f  Distillation Residue 

Coal -Pow tan-- 
Carbon Monoxide 1 eve1 

i n  feed gas, mole % 
Additive 

20 -- 1 40 -- 
Solubi l i t  o f  D i s t i l l a t i  
-7Emh+ 

Hexane 
Benzene 
To1 uene 
Pyridine 

Ratio o f  Solubi l i t ies  I 

Vacuum Residue Propertie 

% Ash 
Fusion Pt, OC 
H/C r a t i o  



















1 0 1 
Pot 

UFCS 
Product 
Flask 

Figure 9 

SLURRY MIXING, PUMPING AND METERING SYSTEM 

SI ur iy  
nix 
Pot 

slurry 
Feed Pot 

Hi 11 s-McCanna Pump 

Top V i e w  

M - Valve 
AMI - Flex Line 

@ - Back Pressure Regulator 
To Preheater 

Process Sol vent 
Circulation Loop 

Hi 1 1 s-nccanna hnrp 

Side Vim 
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A P P E N D I X  A 

EXTRACTION ANALYSES OF DISTILLATION RESIDUES 

FROM SRC PROCESSES 



Introduction 

The method which follows i s  intended for general inspection of vacuum 
d i s t i l l a t i o n  residues from e i ther  SRC I or SRC I1 process studies. The 
sol ubi 1 i t y  i s  determi ned by extraction of weighed samples using hexane, 
benzene, to1 uene, and pyridi ne. 

Sol vents 

In the work to  be presented, a number of substi tutions in solvent have 
been considered. I t  i s  usual t o  separate o i l s  by use of pentane. This 
material i s  too low boiling fo r  routine use in our laboratory, however, 
and normal hexane has been used instead. The toxicity of benzene 
renders i t  a problem to  use; therefore, substitution of toluene has been 
proposed. Correlation studies have been made with benzene and to1 uene 
in the work to  be discussed. Finally, pyridine has been used as the 
correlating solvent which i s  assumed to dissolve coal products normally 
soluble in hot solvent derived i n  e i ther  the SRC I or  the SRC I1 pro- 
cess. (Insoluble organic matter, or IOM, in our operations i s  defined 
as material not soluble in hot pyridine and th i s  has been found to  
correlate  well wi l th  the material actually insoluble in hot coal derived 
process sol vents. ) 

Sampl es 

Samples are  to  be selected from the lined out portion of an experiment 
and should be as  near to  average for  the period in question as i s  prac- 
t i c a l .  In t h i s  regard, the fusion point, the ash in the vacuum bottoms, 
and any elemental analysis resu l t s  available should be considered i n  
selection ~f a sample. In addition, the vapor temperatures and pot 
temperatures for  the vacuum d i s t i l l a t ion  should have been normal (or  
average fo r  the run in question) fo r  the sample chosen for  analysis. In 
the event tha t  unusual resu l t s  are  obtained on the f i r s t  sample chosen, 
a second sample should be extracted to  see i f  the unusual pattern holds 
for  other samples from the experiment. 

All samples should be ground and s if ted to  pass a 100 mesh screen before 
use i n  the sol ubi 1 i t y  measurement procedure. 

E q u i  pment 

Extractions with benzene, toluene, or pyridine are  done i n  a medium size 
Soxhlet extractor,  Corning #3740 (Scient i f ic  Products Cat. No. E6260-2), 
with a 45/50 standard taper joint  a t  the top and a 24/40 standard taper 
a t  the bottom. A Corning #3840 condenser i s  used to return the reflux- 
ing solvent to  the extractor. A one l i t e r  round bottom flask i s  used as  
the solvent boiler and i s  si.tuated in an electr ical  heating mantle. 

The preferred thimble i s  the   or ton AL 889 Alundufi thimble (34 X 100 mm) 
of medium porosity. The round bottom s ty le  (Scient i f ic  Products Cat. 
No. E6465-5) has been used for  th i s  work. A Whatman paper thimble of 
the same approximate dimensions i s  useable b u t  i s  d i f f i cu l t  t o  bring to  
constant weight in humid weather. 



It has been observed t h a t  the  temperature o f  t he  r e f l u x i n g  so lvent  as i t  
accumulates i n  the  e x t r a c t i o n  th imble may vary w i t h  the  r e f l u x  r a t e  and 
t h e  design o f  the  ex t rac tor .  Therefore, i t  appears necessary t o  stand- 
ard ize  the  type o f  e x t r a c t o r  and t o  reproduce the  d i s t i l l a t i o n  r a t e  o f  
so lvent  from one setup t o  the  next. 

Hexane ex t rac t i ons  have been done i n  a modi f ied e x t r a c t o r  designed t o  
suspend the  th imble chamber and the  siphon t u b e . i n  the  solvenL vapors i n  
order  t o  main ta in  the  temperature o f  t he  e x t r a c t i o n  constant a t  t he  
b o i l i n g  p o i n t  o f  t he  solvent.  The same th imble type i s  used fo r  a l l  
ex t rac t ions .  

Procedure 

When an Alundum th imble i s  used repeatedly, i t  i s  necessary t o  
c lean i t  before use. Remove any e x t r a c t i o n  res idue which can be 
brushed o r  scraped o u t  by use o f  a spatula. Put the  th imble  i n  a 
cool  m u f f l e  furnace and heat t o  750-800°C by a l l ow ing  t h e  furnace 
t o  heat up a t  i t s .  na tura l  ra te .  When the  th imble i s  burned clean, 
t u r n  o f f  t h e  power and a l l ow  t h e  furnace t o  coc l  we l l  below red 
heat before removing the  thimble. Because o f  t.he t ime required, i t  
i s  best  t o  c lean thimbles i n  batches before use., Since th imbles do 
n o t  stand abrupt  thermal shock we l l ,  t h i s  methcd o f  c lean ing i s  
p re fe r red  t o  p lac ing  thimbles i n  a preheated furnace. 

When th imbles are  .used w i t h  f i l t e r e d  samples, t h e  ash res idue i s  
q u i t e  small and the  i g n i t i o n  w i  11 produce a p e r f e c t l y  c lean wh i te  
th imble f o r  reuse. When recyc le  (SRC 11) ma te r ia l s  are  run, t h e  
res idue i n  the  th imble w i l l  con ta in  ash and a residue r i c h  i n  i r o n  
w i l l  be observed. This w i l l  s t a i n  the  th imble red. Whev t h e  r e s i -  
due i s  blown o u t  w i t h  compressed a i r ,  t h e  th imble w i l l  be d isco lored 
b u t  f r e e  o f  any loose mater ia l ,  and the  res idue remaining w i l l  n o t  
impa i r  t he  f l ow  o f  solvent  through the  thimble. I n  any case, i t  
.appears p r a c t i c a l  t o  reuse the  th imble many times wi thout  any addi- 
t i o n a l  c leaning o ther  than i g n i t i o n  o f  t he  residue. 

3 .  Grind a 5 gram p o r t i o n  o f  t he  vacuum d i  s t i l . l a t i o n  res idue and s i f t  
i t  t o  pass a 100 mesh s ieve f o r  each ex t rac t i on .  The e x t r a c t i o n  i s  
done on a separate sample f o r  each solvent.  

4. Wri te  the  sample number and e x t r a c t i o n  so lvent  t o  be used on the  
Alundum th imble us ing a lead. penc i l .  Weigh the  -thimble and record 
i t s  empty weight. 

5. Use a weighing paper t o  in t roduce a 5 gram sample i n t o  the  weighed 
thimble. The powdered sample should be we l l  down i n  the  th imble  
before i t  s l i p s  o f f  t he  weighing paper i n  order  t o  minimize dus t ing  
3 f  the  sample i n t c  the  a i r .  Reweigh the  th imble p lus  the  sample. 
The sample weight i s  then obtained by d i f fe rence.  

6 .  S a r e f u l l y  s l i d e  the  th imble i n t o  the  e x t r a c t o r  and pu t  the  ex t rac-  
t o r  i n  p lace on a clamp on a r ings tand o r  o ther  s u i t a b l e  rack which 
can ho ld  the  heat ing mantle, f l a s k ,  and e x t r a c t o r  i n  place. Add 



500 m l  o f  t h e  so lvent  t o  be used and a  few boi  1  i n g  chips t o  the  one 
l i t e r  f l ask .  It i s  pre ferab le  t o ' s e t  t h i s  up i n  a  hood; f o r  benzene 
i t  i s  mandatory. 

7. Assemble t h e  f l ask ,  e x t r a c t o r  and condenser on the  rack using no 
stopcock grease on the  j o i n t s .  This prevents contamination o f  t he  
e x t r a c t  s o l u t i o n  i n  case i t  i s  t o  be used f o r  f u r t h e r  studies. 

8. Repeat t h e  procedure, preparing an e x t r a c t i o n  apparatus w i t h  hexane, 
benzene, to luene and p y r i d i n e , a s  e x t r a c t i o n  solvents. 

9. At tach t h e  heat ing mantle t o  a  var iac  power supply and heat the  
so lvent  t o  b o i l i n g .  Adjust  the  r e f l u x  r a t e  t o  produce a steady 
r e t u r n  o f  so lvent  from the  condenser t o  the  e x t r a c t o r  and t o  cause 
t h e  e x t r a c t o r  t o  f i l l  and empty i n  a  few minutes time. Al low the  
e x t r a c t o r  t o  run  f o r  18 t o  20 hours (overn ight )  then t u r n  o f f  t he  
heat and a l l ow  t h e  e x t r a c t o r  t o  cool.  

10. Use forceps t o  remove the  e x t r a c t i o n  thimble. Place t h i s  i n  a  
c lean beaker i n  the  hood t o  a l l ow  the  res idua l  so lvent  t o  d r a i n  ou t  
o f  t h e  thimble. This can be f a c i l i t a t e d  by p lac ing  3 Kimwipe o r  
paper towel i.n t h e  beaker t o  draw ou t  solvent  by c a p i l l a r y  act ion.  
By d e f i n i t i o n ,  any mater ia l  which migrates from the i n s i d e  o f  the  
tb imble t o  the  outs ide  i s  considered t o  have been extracted. On 
t h i s  basis, t he  ou te r  sur face o f  the  th imble i s  t o  be wiped clean 
o f  p r e c i p i t a t e d  mat ter  which o f t e n  develops i n  the  l a t t e r  stages o f  
t he  ex t rac t i on .  

1,. when t h e  contents o f  t he  th imble are  f r e e  o f  l i q u i d ,  place the  
th imble  i n  a  c lean beaker and pu t  i t  i n  a  d ry ing  oven a t  100 t o  
105OC. Al low t h e  th imble t o  d r y  u n t i l  i t  i s  f r z e  o f  solvent  odor 
(normal ly  f o u r  t o  s i x  hours w i l l  be required) .  Cool and weigh. 

12. Ca lcu la te  the  percentage o f  t he  sample which has been ex t rac ted by 
t h e  so lvent  i n  question. For SRC I 1  type samples, an appreciable 
amount o f  mineral mat ter  and inso lub le  organic mat ter  w i l l  remain 
i n  t h e  th imble used f o r  p y r i d i n e  ex t rac t ion .  For SF!C I type sam- 
ples, t h e  p y r i d i n e  e x t r a c t f  on w i l l  normal ly d isso lve  s u b s t a n t i a l l y  
a l l  o f  t he  f i l t e r e d  mater ia l .  SRC I 1  samples may be compared t o  
o the r  k inds o f  samples by s t a t i n g  the  r e l a t i v e  amount o f  so lub le  
ma te r ia l  i n  a  f r a c t i o n  compared t o  the  p y r i d i n e  s o l u b i l i t y  o f  t he  
sample i h  question. 

When any so lvent  which d issolves an appreciable f r a c t i o n  o f  the  
sample f s  al lowed t o  cool,  p a r t  o f  the  d issolved mater ia l  normally 
p rec ip i ta tes .  This i s  an i n d i c a t i o n  t h a t  r e s u l t s  w i l l  be tempera- 
t u r e  s e n s i t i v e  (and hence may vary w i t h  barometr ic gressure and the  
a1 t i tude of t he  laboratory,  f o r  example). The p r e c i p i t a t e d  mater ia l  
i s  q u i t e  d i f f i c u l t  t o  recover q u a n t i t a t i v e l y ;  therefore,  the  d i  f- 
ference between the  s o l u b i l i t y  ho t  and a t  room temperature would be 
d i f f i c u l t  t o  use as t h e  basis fo r  an add i t i ona l  separat ion step. 

It i s  poss ib le  t o  recover samples o f  the so lub le  mater ia l  f o r  
subsequent i n v e s t i g a t i o n  by ca re fu l  l y  evaporat ing the  sol  vent away. 



Complete t r a n s f e r  from f l a s k s  and e x t r a c t i o n  e q ~ i  pment i s  d i f f i c u l t  
and t h e  quant i ta t Ive ' remova1 o f  solvent  i s ,  a t  l eas t ,  t ime consum- 
ing. A t  t h i s  t ime, the  proce,dure i s  no t  genera l ly  used becatise o f  
t ime required. 

Once t h e  method had been run enough times t o  develop a  standardized 
r o u t i n e  and t o  determine the  main causes o f  dif'erence, a  se t  o f  
t r i a l s  was run  w i t h  to luene as the  e x t r a c t i o n  so lvent  t o  determine 
the  p r e c i s i o n  obtained by a  s i n g l e  ana lys t  w i t h  natched e x t r a c t i o n  
equipment. Data a r e  presented below f o r  a  t y p i c a l  SRC I ~ o c e s s  
vacuum d i s t i l  l a t i o n  res idue sample. 

Precis. ion Obtained by a  S ing le  Anaiyst  

T r i a l  
No. 

Percent 
Extracted 

Mean 62.31 
Standard Dev ia t ion  = 1.08 

I n  t h i s  study, a l l  th imbles had been p rev ious l y  used w i t h  d i s t i l l a t i o n  
residues conta in ing  ash. I n  add i t i on ,  t he  study used a se t  o f  th ree 
th imbles tw ice  and a  separate se t  o f  th ree thimbles. Presence o f  
res idua l  ash causes v a r i a b l e  weights i n  the  used thirribles but  the  pre- 
sence o f  t he  f i n e l y  d i v ided  ash seems t o  cause no problems i n  the  opera- 
t i o n  o f  t h e  ex t rac to r .  Good p rec i s ion  was obtained as i nd i ca ted  by a  
standard d e v i a t i o n  j u s t  over one percent absolute o r  3ne and th ree 
quar ters  percent re1  a t i ~ e .  

In a second study, one ana lys t  ran  a  se r ies  o f  ex t rac t i ons  using hexane, 
toluene, and pyr id ine .  A second ana lys t  ran  a  s i m i l a -  se t  o f  ex t rac-  
t i o n s  us ing  benzene, toluene and pyr id ine .  I n  t h i s  manner, a  long se t  
o f  dhpl i c a t e  t r i a l s  us ing  to luene on d i f f e r e n t  samples, i n c l u d i n g  both 
SRC I and SRC 11 runs, MIS obtained. I n  add i t i on ,  a  second s e t  o f  
comparisons w i t h  p y r i d i n e  on SRC I 1  mate r ia l s  i s  ava i lab le .  Since 
p y r i d i n e  d isso lves  e s s e n t i a l l y  a l l  o f  t he  SRC I ( f i l t e r e d )  product, t he  
comparisons w i t h  p y r i d i n e  us ing  t h i s  type o f  sample are  o f  l i t t l e  i n -  
t e res t .  The f o l l o w i n g  p a i r s  o f  data are  a v a i l a b l e  from SRC I type 
samples . 



Dev ia t ion  i n  Resul ts  Between Two Analysts 

Sample Percent Soluble i n  To1 uene 
Analyst  A Analyst  B Dev ia t ion  

P rec i s ion  s tud ies  w i t h  hexane o r  benzene have n o t  been done, b u t  i t  i s  
expected t h a t  r e s u l t s  w i t h  to luene o r  p y r i d i n e  w i l l  be t y p i c a l  f o r  o the r  
so l  vents as we1 1. 

For t h e  most par t ,  d u p l i c a t i o n  was good i n  the  samples analyzed once the  
procedure had been reasonably we l l  establ ished. I n  two cases, samples F 
and G, t he  d i f f e r e n c e  between ana lys ts  was unaccountably la rge .  I n  both 
o f  these cases, a v a i l a b l e  sample was i n s u f f i c i e n t  t o  a l l o w  enough repeat  
work t o  s e t t l e  t he  quest ion o f  which value should be preferred.  For 
experiment F, a separate sample was run  w i t h  benzene and the  s o l u b i l i t y  
o f  62.64% used t o  j u s t i f y  d iscard ing  the  49.62% value. I n  t he  case o f  
sample G, t he  value from benzene e x t r a c t i o n  was 65.45% which seems t o  
j u s t i f y  d i  scard ing t h e  1 ower to1  uene so l  ub i  1 i ty  value. 

The sample used i n  computing the  p r e c i s i o n  obta ined by a s i n g l e  ana lys t  
above was from the  same run  as sample G. The two samples were s i x  
product  per iods apar t .  The d i f f e r e n c e  observed i n  to luene s o l u b i l i t y  
(68.70 versus 62.31 percent)  i s  probably s i g n i f i c a n t  and i 11 us t ra tes  the  
v a r i a t i o n  t h a t  can occur between samples dur ing  a given l i ned -ou t  
per iod.  I n  p a r t i c u l a r ,  t h e  vacuum d i s t i l  l a t i o n  i s  d i f f i c u l t  t o  repro-  
duce due t o  poss ib le  reve rs ion  o f  product t o  h igher  molecular weight 
ma te r i a l .  The r e s u l t s  above suggest t h a t  a s i n g l e  sample can be ex- 
t r a c t e d  w i t h  a standard d e v i a t i o n  o f  about 1.1%, b u t  i n c l u s i o n  o f  
separate samples w i l l  spread t h i s  dev ia t i on  appreciably.  Dev ia t ions  
between separate samples a re  smal ler  f o r  SRC I 1  opera t ion  (discussed 
be1 ow). 

The ,comparison was cont inued f o r  t he  e x t r a c t i o n  o f  SRC I 1  products. I n  
t h i s  case, comparisons a r e  a v a i l a b l e  both w i t h  to luene and p y r i d i n e  as 
e x t r a c t i o n  solvent .  These r e s u l t s  a re  g iven on the  t a b l e  below: 



DUPLICATION OF RESULTS USING 
SRC I1  VACUUM DISTILLATION RESIDUE SAMPLES 

bte:  Values Tn brackets ( ) compare the average o f  d u p l l c r k  results on one sample 
wlth another sanple fmj the sam run. 

Sample Number Toluene Sclubil i t y  Oevlatlon 
Analyst A Analyst B 

00: 330RB-51 49.56 50.32 0.76 

00: 331RB-43 55.17 54.40 0.77 

WE 332RB-36 45.11 46.03 0.91 

WE 333R-30 53.28 53.08 0.20 
DOE 333R-40 49.56 (3.62) 

DOE 335R-25 51.91 (0.59) 
DOE 335R-32 49.92 52.72 2.80 

335RB-60 47.16 49.25 2.09 

DCE 336R-40 51.39 52.13 0.74 

WE 337R-62 49.76 52.79 3.03 

WE 338R-45 57.33 
WE 338R-51 55.37 (1 *%I 
iNt 339R-25 54.76 (3.50) 
DOE 339R-31 53.50 (2.24) 
DOE 3398-38 50.99 51.54 0.55 

I n  t h i s  tab le  enough informat ion i s  ava i lab le  t o  a l low comparison o f  the 
prec is ion between analysts f o r  the ex t rac t ion  o f  the same sample and t o  
gain some informat ion about the increase i n  spread when d i f f e r e n t  samples 
are included i n  the comparison. For toluene e x t r a c t i ~ i ,  the standard 
dev ia t ion i s  1.74 f o r  comparison o f  r esu l t s  on the same sample and i n -  
creases t o  2.94 when data f o r  d i f f e r e n t  samples i s  considered ( i n  each 
case these values are determined by two analysts using separate equip- 
ment). For the py r id ine  ex t rac t ion  the standard dev ia t ion i s  1.21 when 
the data f o r  the same sample i s  considered. This increases t o  1.81 when 
the va l  ues f o r  d i f f e r e n t  samples i s  considered. (Various combinations 
o f  data from d i f f e r e n t  analysts are considered i n  the py r id ine  resu l t s .  ) 
Thus, the pat tern  assumed by the data appears normal. That i s ,  a s ing le  
operator can achieve be t t e r  prec is ion than several, and rea l  d i f ferences 
are present from sample t a  sample w i t h i n  the same run. 

Pyrldine Solubll i t y  Oeviatlor 
Analyst A Analvst B 

61.43 62.16 0.73 

61.18 61.77 0.59 

59.82 54.36 0.46 

55.94 59.11 3.17 
6C.55 (3.03) 

55.11 (1.49) 
56.73 56.47 0.26 

52.39 52.55 - 0.16 

58.03 58.14 0.11 

59.38 59.32 0.06 

65.01 
64.15 (0.86) 

71.03 (0.981 
70.24 (0.19) 

69.69 70.41 0.72 



A P P E N D I X  B 

ANALYSIS OF TUBING FAILURE 



I n  the  sec t i on  o f  f a i l e d  pipe, approximately two f e e t  l o n g  and threaded 
on both ends, a l o n g i t u d i n a l  crack, approximately 1 cm lon.g, was loca ted 
p a r t l y  i n  t he  threads and p a r t l y  i n  the  main sec t i on  o f  the  p ipe  a t  one 
end (F igures B-1 and B-2). The pipe, which c a r r i e d  the  vapor e f f l u e n t  
from the  in te rmed ia te  temperature separator, operated i n  a v e r t i c a l  
o r i e n t a t i o n  w i t h  the  f a i l e d  end next  t o  the  separator. The p ipe  was 
mace o f  316 s t a i n l e s s  s tee l .  

I n  t h e  main sec t ion  o f  t he  pipe, the  crack appeared t o  have propagated 
f rcm the  O.D. t o  t he  I.D. Several sho r te r  cracks were found s t a r t i n g  a t  
the O.D. very  near t he  main crack. However, some p i t s  a t  the  I.D. a l so  
had cracks i n i t i a t i n g  from them. I n  the threaded sec t ion  3 f  pipe, the  
crack i n i t i a t e d  a t  the  I .D .  sur face (F igure  B-3). About h 2 l f  o f  the  
I . C .  sur face i n  t he  threaded sec t ion  was covered ~i t h  a b l3ck adherent 
scale and the  main crack, and a number o f  sho r te r  cracks, 2ppeared t o  
have s t a r t e d  under the  scale. Several very  sho r t  'cracks s t a r t e d  a t  t he  
0.0. very  near the  main crack. I n  general, t he  cracks wer,? branched and 
t ransgranular ;  t y p i c a l  o f  c h l o r i d e  s t ress  cor ros ion  cracks (F igures B-3 
and B-4). The p ipe  was h e a v i l y  co ld  worked, p a r t i c u l a r l y  a t  the threads. 
Chlor ides were found i n  the  crack, and the  combination o f  res idua l  
s t resses from c o l d  work and ch lo r i des  (probably from the  process stream) 
l e d  t o  t h e  f a i l u r e .  

It i s  n o t  c l e a r  whether c rack ing  s t a r t e d  a t  the  I.D. o r  the  O.D. I f  
c rack ing  s t a r t e d  a t  t he  I.D., the  main crack could have leaked e f f l u e n t  
t o  t h e  O.D. and caused c rack ing  there. On the o the r  hand, i f  the re  were 
c h l o r i d e s  i n  t he  heav i l y  c o l d  worked threads ( f o r  instance, i f  the  f i t- 
t i n g  wasn't  p rope r l y  cleaned) i t  could e a s i l y  have s t a r t e d  cracks from 
t h e  O.D. 

The use o f  316 s t a i n l e s s  s tee l  i n  t he  s o l u t i o n  annealed c o n d i t i o n  should 
mirl imize f u t u r e  c h l o r i d e  s t ress  cor ros ion  c rack ing  f a i l u r e s .  I f  the  
problem pe rs i s t s ,  Inco loy  800H can be used t o  prevent c h l o r i d e  s t ress  
co r ros ion  cracking.  



Flgure 0-2 

Cl+ose+up o f  the crack [ i n  kh$' pipe. BX . 



150X 

Figure B-3 

Section o f  th2 main crack showing branched, transgranul ar morphology. 



Figure B-4 

Cracks starting at ID of pipe. Note parallel deformation 
lines in grains indicating cold work. 300X 
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