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HYDROCARBONIZATION ~ R E S E A R C H :  COMPLETION ~ ....._.._..I__._._____.. REPORT il_ 

E .  L .  Younublood, H. D. Cochran. J r . ,  P. R .  Westmoreland, 
C .  H.-.'Brown; J r . ,  G. E. Oswa 

ABSTRACT 

Hydrocarbonization i s  a r e l a t  

R .  E. Barker 

mple process used 
fo r  producing o i l ,  s u b s t i t u t e  natural gas, and char by 
heating coal under a hydrogen-rich atmosphere. This report  
describes s tud ies  t h a t  were performed in a bench-scale 
hydrocarbonization system a t  Oak Ridqe National Laboratory 
( O R N L )  during the period 1975 t o  1978. The r e s u l t s  o f  
mock-up s tud ie s ,  coal metering valve and  flowmeter develop- 
ment, and supporting work in an atmospheric hydrocarboniza- 
t ion  system are  a l so  described. 

d ,  and 

vely s 

Oil , g a s ,  and char y ie lds  were determined by hydro- 
carbonization of coal in a 0 .  l-m-diam fluidized-bed reac tor  
operated a t  a pressure o f  2170 k P a  and a t  temperatures 
ranging from 694 t o  854 K. The nominal coal feed r a t e  was 
4 . 5  kg/h. Wyodak subbituminous coal was used f o r  most o f  
the experiments. A maxiinurn o i l  y ie ld  of qJ21X based on 
moisture- and  ash-free (maf) coal was achieved in the 
temperature range o f  810 t o  840 K.  
bed, unifornily fluidized-bed, and rapid hydropyrolysis 
reactors  were used. A s e r i e s  o f  operab i l i t y  t e s t s  was 
made with I l l i n o i s  No. 6 coal t o  determine whether cakinq 
coal could be processed in the r ec i r cu la t ing  fluidized-bed 
reac tor .  These t e s t s  were generally unsuccessful because 
o f  agglomeration and caking problems; however, these prob-  
lems were eliminated by the use o f  chemically pretreated 
coal .  Hydrocarbonization experiments were carr ied o u t  with 
I l l i n o i s  No. 6 coal t h a t  had been pretreated with CaO-NaOH, 
Na~C03~  a n d  CaO-NazC03. Oil y i e lds  o f  1 4 ,  24 ,  and 21%, 
respec t ive ly ,  were obtained from the runs w i t h  t rea ted  coal .  
Gas and char y ie ld  d a t a  and  the composition o f  the  o i l ,  gas,  
and char products a r e  presented. 

Kecirculatinq f lu id ized-  

1 .  INTRODUCTION 

Hydrocarbonization is  an important type o f  coal l iquefact ion process 
t h a t  comb i nes 1 ow- temper a tu re  , hi g h -pressu r e ,  and f 1 u i d i zed -bed opera - 
t i o n ,  using hydrogen-rich gas f o r  f lu id i za t ion .  The hydrocarbonization 
process can produce l iquid f u e l s  and s u b s t i t u t e  natural  gas and char 
w i t h  a reduced su l fu r  content l  and  the r e l a t i v e  y i e lds  o f  these products 
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can be control led,  In additiori t o  the valuable 
obtdined, the char i s  a l so  useful f o r  y a s i f i c a t  

This project  was sponsored by the Division 
for supporting research and development i n  coal 
program was composed of three tasks .  The f i r s t  

l iqu id  and gas 
on o r  as  a fue 

products 

of Fossil Fuel Processing 
hydrocarbonizatSon. The 
was a review and evalua- 

t i o n  of ex is t ing  process technology. 
report  published i n  Augrrs,fi 1975. Task 2 consisted o f  t e s t ing  models o f  
hydrocarbonization system components a n d  measuring y ie lds  from almospheric- 
pressure carbonization and hydrocarbonization. 'The r e s u l t s  o f  these 
experiments a re  given i n  Appendices A, B ,  and C o f  th i s  repor t .  'Task 3 
consisted o f  the design aiid operation o f  a bench-scale hydrocarbonization 
system. The main purpose of t h i s  report  i s  t o  siimrnarize the r e s u l t s  
obtained from operation of  the bench-scale system. 
have a l s o  been repor-ted i n  monthly and quarter ly  ORNL Coal Technology 
Program progress reports  t h a t  were puts1 i shed from 1975 through 1973. 

This was completed and a simrnary 
1 

Results of t h i s  work 

The object ives  of  the bench-scale hydrocarbonization project  were a s  
follows: ( 1 )  es tab l i sh  the optimum conditions f o r  operation o f  f lu id ized-  
bed hydrocarbonization r eac to r s ,  ( 2 )  operate a f luidized-bed reac tor  
capable o f  continuously processing 4 .5  kg o f  coal per hour a t  conditions 
up t o  a n d  including 5322 K a n d  2170 k P a ,  and ( 3 )  e s t ab l i sh  hydrocarboni- 
zation conditions favoring ope rab i l i t y ,  low char  y i e l d ,  and economics. 

I n  the  course of the program, a bench-scale hydrocarbonization 
reac tor  using a 0.1-m-diam fluidired-bed reac tor  was constructed,  and 
28 experiments were conducted using ldyodak subbituminous coal and I11 ino is  
No. 6 coal .  
r e s u l t s  of the experiments a re  presented in this  repor t .  

Both a descr ipt ion o f  t h e  process and equipment and t h e  

2. SUMMARY 

The bench-scal e hydrocarboni zat ion s tudi  rs were car r ied  o u t  i n  a 
fluidized-bed reac tor  constructed of 0.1-m ( & i n . )  sched 80 pipe. I n  
most experiments, a 0.017-rn-ID x 0.74-m-lonq draft: tube was i n s t a l l ed  i n  
the  reactor  t o  produce a rec i rcu la t ing  f luidized bed. For comparison, 
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experiments were a l so  performed i n  a uni.formly f lu id ized  reac tor  (no 
d ra f t  tube)  and i n  a rapid hydropyrolysis reac tor  i n  which the d r a f t  
tube was connected d i r e c t l y  t o  a cyclone t o  give rapid disengagement of 
the gas and s o l i d s .  Coal (-45 +170 mesh) was processed a t  a nominal 
r a t e  o f  4.5 k9/h+ 
a hydrogen atmosphere i n  the  reac tor .  
the reac tor  was 2170 kPa;  however, two experiments were performed a t  1136 
kPa t o  study the e f f e c t  o f  pressure on product y i e ld .  
experiments were performed. I n i t i a l l y ,  product y i e lds  were determined 
a s  a function o f  temperature f o r  M.yodak subbituminous coa l .  
ope rab i l i t y  t e s t s  were then made with I l l i n o i s  No. 6 coal t o  determine 
whether caking coal could be processed i n  the  rec i rcu la t ing  f lu id ized-  
bed reac tor .  These t e s t s  were qeneral ly  unsuccessful because o f  agglom- 
era t ion  and caking i n  the reac tor ;  however, these problems were eliminated 
by chemical pretreatment o f  the coal .  Hydrocarbonization experiments 
were car r ied  out w i t h  I l l i n o i s  No. 6 coal t h a t  had been pretreated w i t h  
CdO-NaOH, Na2C03, and CaO-Na2C03. 
products from typical  runs were then determined. 

Hydrogen gas was used f o r  f lu id i za t ion  and t o  provide 
The normal operating pressure f o r  

A t o t a l  of 25 

A s e r i e s  o f  

The composition and propert ies  o f  the  

Product y ie lds  were determined as  a function o f  temperature i n  the  
range of 694 t o  854 K f o r  Wyodak subbituminous coal from the  Roland- 
Smith seam. Wyodak i s  a noncakinq coal having a low su l fu r  content 
(0.5 wt ' 4 ) .  Maxitwin o i l  y i e l d s  o f  212 (based on maf coa l )  were obtained 
i n  the temperature ranqe o f  810 t o  840 K u s i n q  coal t h a t  had been dried 
and sized under an inert atmosphere. Coal t h a t  was free1.y exposed t o  a i r  
d u r i n g  preparation gave a considerably lower o i l  y ie ld  o f  only % l l %  i n  
the same temperature range. The typical  o i l  product from Wyodak coal 
had a r e l a t i v e l y  low v iscos i ty  (0.018 Pass a t  311 K ) .  On a dry bas i s ,  
the o i l  contained 86% carbon, 8% hydrogen, 1 %  ni t rogen,  0.4% s u l f u r ,  
and 4.6% oxygen (by d i f f e rence ) .  The gas y i e ld  from hydrocarbonization 
o f  Wyodak coal increased as  a function of temperature from 15 t o  19% 
(based on maf coa l )  over the  tenieerature range o f  700 t o  850 K ,  Coal 
exposed t o  a i r  d u r i n g  preparation gave a somewhat higher gas y ie ld  ( 1 7 %  
t o  28%).  

production or  u t i l i z a t i o n  o f  hydrogen. The composition o f  the gas 
Under the operatinq conditions used, there  was very l i t t l e  
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product, was h i g h l y  dependent on o p e r a t i n g  -teri i r jerature. The concen t ra -  

t i o n s  o f  CFI4, CO, C2I l4  + C p H 6 ,  and C3H6 -t C - t l  i n c r e a s e d  as a f u n c t i o n  
of o p e r a t i n g  tempera tu re  w h i l e  t h e  c o n c e n t r a t i o n  o f  CO decreased. The 
t y p i c a l  c o m p o s i t i o n  ( v o l  % on a H - and N 2 - f r e e  b a s i s )  o f  t h e  3as pro- -  2 
duced a t  840 K was 53% CH4, 22% C O ,  8% C02, 13% C 2 1 4  + C2H6, aiid 4% 
C ti + C3tH8. The H2S c o n c e n t r a t i o n  was n e a r  t h e  l o w e r  l i m i t  o f  detec- 
t i o n  ( < l % ) .  Char y i e l d s  (on  a i i ia f  b a s i s )  decreased as a f u n c t i o n  o f  
terripei-aturc f r o m  ~ 6 0 %  a t  700 K t o  46% a t  850 K .  Yyp ica l  c h a r  prodi rc t  
from runs made w i - th  Wyodak coal a t  840 K (on  a d r y  b a s i s )  c o n t a i n e d  0.3  
w t  % s u l f u r ,  80 w t  7; carbon, 13 w t  % ash, a n d  had a h e a t i n g  v a l u e  o f  31 
FiJ/kg. Experirnents perforrned w i - t h  Wyodak c o a l  i n  t h e  u n i f o r i i i l y  
f l u i d i z e d - b e d  r e a c t o r  and t h e  r a p i d  h y d r o p y r o l y s i s  r e a c t o r  a t  830 and 

854 K gave e s s e n t i a l l y  t i e  same product-. y i e l d s  as t h o s e  ach ieved  i n  t h e  

r e c i r c u l a t i n g - b e d  r e a c t o r .  
p r e s s u r e  (1136 kPa) gave s l i g h t l y  l o w e r  o i l  y i e l d s  as p r e d i c t e d  based 
on c o r r e l a t i o n s  deve loped i n  t h e  Phase 1 s tudy . ’  
per fo rmance w i t h  Nyodak c o a l  was good. P ressu re  surges t h a t  caused 
o p e r a t i o n a l  d i f f i c u l t i e s  d u r i n g  t h e  e a r l  i e r  r u n s  were e l i m i n a t e d  by  
i n s t a l l i n g  a f S l t e r  ups t ream o f  t h e  p r e s s u r e  con-k rc l  v a l v e .  

3 8  
2 

3 6  

Exper iments  done a t  a reduced o p e r a t i n g  

The genera l  equipment 

A l though  noncak ing  cos1 i s  e a s i l y  processed i n  f l u i d i z e d - b e d  
r e a c t o r s ,  most o f  t h e  c o a l  found i n  t h e  e a s t e r n  U n i t e d  S t a t e s  agglom- 
e r a t e s  when heated  abovr  ~ G 1 2  K and r e q u i r e s  s p e c i a l  methods o f  p r o c -  

e s s i n g .  Two methods t h a t  have been used to reduce t h e  problems o f  
agg lomera t i on  a r e  c h a r  d i l u t i o n  and d i l u t e  phase f l o w .  2 9 3  
methods a r e  p r o v i d e d  by  .tile r e c i r c u l a t i n g - b e d  r e a c t o r .  E i g h t  o p e r a b f l  i t y  

t e s t s  were made w i t h  I l l i n o i s  No. 6 b i t u m i n o u s  c o a l  t o  s t u d y  t h e  b e h a v i o r  

o f  c a k i n g  c o a l  i n  t h e  r e a c t o r .  The s t u d i e s  were c a r r i e d  o u t  i n  t h e  tem- 
p e r a t u r e  range o f  794 t o  872 K w i t h  t h e  c o a l  f e e d  d i l u t e d  w i t h  c h a r  a t  

r a t i o s  up  t o  6/1.  The system was s u c c e s s f u l l y  o p e r a t e d  a t  714 K u s i n g  
a c h a r - t o - c o a l  r a t i o  o f  6/1;  however, v e r y  l i t t l e  d e v o l a t i l i z a t i o n  t o o k  
p l a c e  a t  t h a t  t empera tu re .  Bed c a k i n g  o c c u r r e d  a t  t h e  t o p  o f  t he  d r a f t  
t u b e  a t  h i g h e r  tempera tu res ,  i n d i c a t i n g  t h a t  t h e  c o a l  had n o t  been s u f f i -  
c i e n t l y  d e v o l a t i l i z e d  d u r i n g  t h e  s h o r t  r e s i d e n c e  t i m e  ( ~ 0 . 3  s )  i n  the 
d r a f t  t u b e  t o  p r e v e n t  a g g l o m e r a t i o n  i n  t h e  m i l d l y  f l u i d i z e d  a n n u l a r  

These two 
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region of the reac tor .  The length o f  t he  d r a f t  tube was increased from 
0.74 rn t o  2 .26 m i n  order t o  increase the coal residence time t~ d . 8  s. 
Because o f  time lirn-ita.tions9 only one experiment was performed d t  572 K 
w i t h  the longer d r a f t  t,ulw. Caking occurred ea r ly  j n  the exper in lent;  
hc)wever, the amount of t e s t i n g  done was not s u f f i c i e n t  t o  d e f i n i t e l y  
de termi rie whether aggl camerati on p rob  1 ems can be el i m i  nated by 1 onger 
residence times i n  the  d r a f t  tube. 

The agglomeration problems of I11 ins.is No. 6 coal were el-iniinated 
by th ree  chemical pretreatment methods u s i n g  CaQ-NaOH, Na2CD33 and CaO- 
Na2C03. The pretreatment methods a r e  sjmi l a r  t o  those used by Rattell e 
Memorial I n s t i t u t e  f o r  sill fu r  removal from coa l .  ' y 5   he CaO-NaOH a n d  
Na2C03 pretreatments were done by heating a s lurry o f  coal ,  water,  and 
reagents in ari autoclave f o r  9 t o  2 h a t  temperatures i n  the r a n g e  c ~ f  

473 t o  573 K .  
coal slurry a t  353 K for 16 h and i s  based on scouting t e s t s  done a t  
OF!PlL t o  develop a pretreatment method t h a t  could be conducted a t  ntmo- 
spher ic  pressure. 
were conducted a t  ,444 K and a t  2170 kPa. 
coa l )  o f  1 4 ,  24 ,  and 21% were obtained from the Ca0-Na0H-, Na2CU3-, and 
CalO-Na CO, - t rea ted  c o a l ,  respect ively.  The 24% o i l  y ie ld  obtained from 
the Na2C03-treated 1ll;nois No. 6 coal i s  higher than the maximum yie ld  
of 21% obtained from Myadak coal under the same operating conditions.  
Su f f i c i en t  d a t a  a r e  not ava i lab le  t o  determine whether t h e  improved o i l  
y ie ld  i s  a r e s u l t  o f  the  chemical pretreatment method o r  i s  due t o  the  
t ype  o f  coal used. The o i l  product from the  Na2CO3-pretreated coal has 
a somewhat h igher  v i scos i ty  (0.120 Pa-s  a t  311 K )  than the o i l  produced 
from Wyodak coal .  The s u l f u r  content o f  the  o i l  was ~1 5%,  as  compared 
t o  4% su l fu r  i n  the coa l .  
program, the  use o f  chemical pretreatments may a l s o  o f f e r  advantages i n  
improved o i l  and gas qua l i t y  a n d  y i e lds  and increased char  r e a c t i v i t y  
f o r  gas i f i ca t ion .  

The CaO-Nc? CQ pretreatment was performed by hea t ing  the 
2 3  

Hydrocarbonization runs u s i n g  the  pretreated coa? 
Oil  y i e lds  (based on maf 

2 3 

I 

Although r i o t  studied extensively i n  t h i s  

Work done i n  support o f  the bench-scale hydrocarbonization s tud ie s  
included atmospheric-pressure carbonization and hydrocarbonization 
s tud ie s  i n  a 0.1-rn-diatn reac tor .  Eleven experimental runs were made i n  
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the temperature range o f  302 t o  972 K usinq Wyodak subbituminous coal .  
Ambient mock-up s t u d i e s  were performed t o  study f lu id i za t ion  and b r d  
rec i rcu la t ion .  Uork was a l so  donc t o  develop a coal feeder valve and  
coal f1owrnett.r f o r  use in t h ~  bencll-scale system. 

3. E X P E R I M E N T A L  E Q U I P M E N T  

I h P  bcnch-scale hydrocarbonization wquipmmt i s  designed t o  proccss 
coal a t  a nominal r a t e  of 4 . 5  kg/ii a t  temperatures o f  crp t o  927 K and 

prt 'ssuws o f  up t o  7170 k P a .  Ihe equipment i s  s i 7 d  t o  handle a coal 
charye o f  215 kg per rut?. 
LdI;ion reac tor  i n  which a Fluidi7m' bed i s  used to  c o n v e r t  coal i n to  
l i q u i d ,  gas. a n d  char by heating under a hydrogen atmosphere. Minirlla? 
f a c i l i t i e s ,  as  necessary for- the experimentdl ob jec t ives ,  were provided 
fo r  feed preparat ion,  gas  hand1 ing,  and product recovery. 

- 

- I n e  focus o f  t he  system i s  the hydr-ocarboni- 

A simp1 i f i e d  flowsheet o f  t h e  system i s  presented in Fig. 3.1. 
Pulverized coal (nominally -45 +170 mesh) was fed from the  f eed  hopper  
t h r o u g h  a metering valve in to  a pneumatic .t i .-rinsfer l i n e .  A portion o f  

the  hydrogen feed was used t o  t ranspor t  the coal t o  the reac tor .  I n  
l a t e r  runs,  a preheater was used t o  heat the  coal stream .to 4 7 7  K 
b e f o r e  i t  entered t h e  reac tor .  In the reactor-, the coal was pyrolyzed 
under a hydrogen atmosphere i n  produce l i q u i d ,  gas,  and res idua l  so l id  
char.  Ihe l i q u i d s ,  a s  vapors and f i n e  aercosols, were ca r r i ed  with the 
gas  stream t h r o u g h  an in te rna l  cyclone f u r  so l id s  removal and then o u t  
the t o p  o f  the  reac tor .  l h e  so l id s  overflowed from t h e  reac tor  to  the  
char rece iver ,  where they were co7lected. '[he product stream -from the 
reac tor  passed t h r o u g h  a heated l i n e  t o  a scrubber in which vapors were 
condensed and t h e  aerosol removed, ihe cooled product stream then 
passed through a cold t r a p  t o  condense any remaining vapors. 
pressure was control led by a t h r o t t l  ing valve located downstream o f  
the cold t r ap .  After ~ I - ~ S S I J W  letdown, the gases passed t h r o u g h  an 
absolute  f i l t e r  a n d  charcoal t r a p  t o  remove entrained so l id s  and l i g h t  

-. 

- 

System 

hydrocarbon vapors. 
by a f l o w  o r i f i c e  and gas chromatograph located downstream of  the char- 
coal t r a p .  The gas e f f luen t  was vented through s. 4.5-m stack t h a t  

1 he gas  e f t 7  uent r a t e  and cornposi t i o n  were measured 
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extends above the  b u i l d i n g .  A p h o t o g r a p h  of t h e  equipment i s  shown in 
Fig. 3 . 2 .  

- Ihe  f a c i l i t y  was located in B u i l d  
measuring 4 . 5  m w’de and 6 m high were 
equipnient. A block wall separated t h e  
room. Ihe vent i la t ion  system provided 
a1 1 t imes  t h r o u g h  thz experimental a r e  

I 

- ng 2538. l h r e e  b 
located i m m e d i a t e  

Ex per imen t a  1 area 
an a i r f low o f  105 

L o  prevent hydro 
Ihe hydrogen supply l o  thr system was automatically shut 
vent i la t ion  airf low was low or i f  t i l e  hydroge,i f l o w  ra te  
building became excessive. A descr ipt ion of iiic reactor  

owout panel s 
y behind the 
from the control 

3 std m /min a t  
en accuinul a t ion .  
o f f  i f  thc 
into t h e  
i s  given below. 

Other eqi.iipment used i n  the  bench-ssal e hydrozarbonizatioti systeril i s  
described in Appendix D. 

- [ h e  reactor  vessel consisted of a 0.1-m (4-jn.)-diarn sched 80 pipe 
fluidized-bed section and  a 0.15-m (&in . ) -d i am sched 80 pipe expanded 
section f o r  so l ids  disengag2meni from the g a s  stream, a s  shown in F i g .  

3 .3.  A char overflow l i n e  was located on the  s ide  o f  the vessel as  shown. 
The gas d i s t r i b u t o r  p l a t e  a t  the  bottom o f  t h e  reactor  was 0.0064 m t h i c k  
and had a diameter o f  0.097 m with seventy-three 0.001-m-dim holes on 
0.012-m centers  ( s taggered) .  
the  reactor  was 1 . 0 2  ri3 fo r  the f i r s t  26 experiments (HC-1  t h r o u g h  !.IC.-26). 

The 0.1-m-diam section was lenghened t o  2 . 5 4  m for the  l a s t  two experi-  
ments ( H C - . 2 1  a n d  tic-28) t u  provide increased coal res idrnce tiitre i n  t he  
d r a t t  tube. ihe reactor  was heated by t u b u l a r  ell e c t r i c  heaters .Fastened 
t o  the outs ide surface,  The or iginal  reactor  had f i v e  4.7-kW heating 
zones; whi:le the longer reac tor  used f i v e  5-kW heating elements on the 
fluidized-bed section a n d  two 4.7-kW heaters oil the  upper disengaging 
sect ion.  
of the  reac tor  a n d  inser ted in to  the  vessel f o r  temperature measurement 
and control .  A 0.057-m-ID cyclone was located i n  t h e  expanded section 
of the reactor  t o  remove par t icu la tes  From the gas stream. 

Ihe reac tor  was operated a s  a uniformly Fluidized bed (no  dra f t  
tube) f o r  seven experiments ( H C - 7  t h r o u g h  HC-5 and t iC-21) ,  with coal 

The lenq-t;h o f  the  0. I -m-diam bed sect ions of 

Chrome1 - A I  urriel therinncoupl es were attached t o  the outer  surface 

- 



9 

ORNL-PHOTO 2039-78 

c 

i 

Fig. 3.2. Bench-scale hydrocarbonization system. 
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Fig. 3.3. Recirculating fluidized-bed reactor. 
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injected pneumatically near t h e  heattorn of the  bed, 
a 0.017-m-ID x 0.74-rr1-1ong d r a f t  t u b e  was i n s t a l l e d  i n  t h e  reac tor  to 
provide rec i rcu la t ion  o f  the f l u i d i z e d  bed. The d r a f t  tube was centered 
i n  the reactor  0.025 m above t h e  d i s t r i b u t o r  p l a t e .  
t o r  was mounted 0.25 111 above the top  o f  the d ra f t  tube. 
ptieumatical %y fed to  the d r a f t  tube tirirour~h 0.17035-m-IlI ttsb-ing, Iht 
h.ydroyen was f e d  t o  d r a f t  tube and annular reqion (downc:omer) t a  provide 
f lu id i za t ion  and c i r cu la t ion  o f  -the cha r ,  The 0.017-m-T13 d r a f t  t!ibe was 
rasi3.d during runs HC-7 through HC-15; prior t o  r u n  HC-16, the  i ns ide  
diariieter o f  the d r a f t  tube wds changed t o  0.022 m. 
d r a f t  tube was inr:reased t a  2 .26  111 For run HC-27, as shown i n  F i g ,  3.4 .  

Pr ior  t o  r ?~n  H C - 7 ,  

A cup-shaped def lec-  
Coal f e e d  was 

The l e n g t h  o f  t h e  

For run  I-IC-28, the interrli.il c i r c u l a t i o n  pat tern was rrrcadified t o  g i v e  
r a p i d  disengagement o f  t h e  char by a t t a c h i n g  the  d r a f t  tube d i r e c t l y  t o  
a cyclorie, as shown i n  F ig . .  3 .5 ,  The d r a f t  t u b e  was 2 . 6 7  rn l ong  arid was 
constructed to 0.022-m-ID s t a i n l e s s  steel  t u b i n g .  Coal feed  was iiitii’o- 
duced t h rough  a 0.0048-rn-OD 1 i r i e  t h a t  entered the hottorn o f  t h ~  dral-f-t tube 
th rough  0.0077-rn-ID tub ing .  
used  t o  introduce addi t ional  gas t o  .the d r a f t  tube. Char frorn the 
f luidized bed entered the  bi-t tom o f  t h e  d r a f t  tube th~‘ouqbi a s i d e  arm 
h a v i n g  a 0.016-m-TD opening. The u p p e r  end o f  the d r a f t  tube was a t t a c h e d  
to  an open cyclosie (C).048-m I o j  i n  which the  char  was disengaged from the 
gas stream and returned t o  t h e  -f luidized bed f o r  r ec i r cu la t ion ,  

The d n r ’ r d a r  space between the two l i n e s  was 

The gas 
s t r e a ~  passed t h r o u g h  a second ~ y c l o n e  (0.024-m I D )  hefare l e a ~ j n g  t,he 
re a (J t o  r . 

The reactor  and other major vessels i n  the  b c n c h - s c a l e  hydrocarhoni- 
zation sy5tern were c o n s t r u c t e d  o f  316 s t a i n l e s s  s t ee l  and were &signed 
TOU. pressures u p  t o  2515 kPal, Fach vessel was protected by a 1515-kPa 
rupture d i sc .  

4.  E X P E R I M E  TAL i )  llOC E DU R E 

W i t h  minor va r i a t ions ,  a1 1 o f  the bench-scale hydrocarbnnizatisn 
experiments w e w  carr ied o u t  tiss’ng t h e  S a m  general operating pracedure.  
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Approximately 45 kg o f  coal was processed in each experiment. lhe  actual 
r u n  t ime f o r  an experiment was on the order o f  10 h ;  however, l i r e  r u n  
t i m e  varied i n  some experiments because o f  operational d i f f i c i i l t i e s .  
The general procedures used f o r  the  experiments a re  given below. 

4.  'I Prerun Prepay-a t i  on 

The major operations t h a t  were reqiiired t o  prepare f o r  a hydrocar- 
bonization experiment are coal feed preparation, charging material t o  
the  system, leak t e s t i n g ,  instrument cal i b ra t ion ,  and check o f  sa fe ty  
equi pment. 

Coal preparation was necessary in order t o  obtain a p a r t i c l e  s i z e  
d i s t r ibu t ion  t h a t  could be f lu id ized  i n  the reac tor .  Feed f o r  the f i r s t  
seven experiments was prepared a t  Morgantswn Energy Resmrch Center? 
w i t h  unrestr ic ted exposure o f  the  coal t o  a i r  during preparation. 
f o r  t h e  remaining runs was prepared a t  O R N L ,  w i t h  care  be ing  taken t o  
minimize exposure of the  coal t o  a i r  d r i r i n g  preparation. Coal (-1.:- +Q 
mesh) t h a t  Rad been covered w i t h  water and  placed in sealed drums 
was received from the mine. The w a t e r  was removed frot i i  the  coal i n  a 
vacuum dryer a t  a temperature of 323 K .  Pifter drying, the coal was p u l -  
verized in a large-capacjty harmer rnil l and Mi kro-Puiverizer iiacnrner 
mill t o  a nominal p a r t i c l e  s i z e  range o f  -4.5 t o  t170  i i m h .  All p a r t i c l e s  
la rger  than 45 mesh a re  removed i n  a Sweco separator .  Excess undersize 
material was removed by screening through Sonic Sifters. The equipment 
was purged w i t h  argon t o  prevent exposure o f  the  coal t o  a i r  d u r i n g  the 
g r i n d i n g  and sieving operations.  

Feed 

Prior t o  each r u n ,  a weighed quant i ty  o f  d i s t i l l e d  water (18 t o  22 
The charcoal t r a p  was 'loaded w i t h  r b . 3  kg k g )  was added t o  the scrubber. 

o f  coconut charcoal t h a t  had previously been heated t o  4?3 K t o  rrinove 
moisture, and a new high-efficiency f i l t e r  was in s t a l l ed  'n the  o f f - y d s  

l i n e .  After t h e  above material had been charged, t he  systerii was pt-es-- 
sur i red  t o  1480 kPa  w i t h  nitrogen and checked f o r  leaks w i t h  soap bubbles 
and a sonic leak detector .  
combustible gas  monitors a r e  ca l ibra ted  before each experiment u s i n g  

T h e  gas chromatograph, oxygen analyzer ,  and  



15 

standard-cal I'bration gas mixtures. 
system was a l so  checked prior. t o  each experiment. 

Operabil i t y  o-f the  automatic shutdown 

4.2 Run Procedure 

In naking a r u n ,  coal (or char f o r  the s t a r t i n g  bed) was loaded in to  
the feed hopper, and the system was purged with nitrogen t o  remove a i r .  

venting. While the  system was being purged, the  r eac to r ,  preheater ,  and 
l i nes  were heated t o  near operating temperature. 
performed w i t h  nitrogen at operating pressure t o  ensure t h a t  the  systeiii 
was leak t i g h t .  In runs using caking coal ( I l l i n o i s  No. 61, a s t a r t i n g  
bed o f  char was charged t n  the  reactor  a f t e r  the system had been purged. 
Nhen rioncakiriy coal (Wyodak) was used, i t  was fed .to the hot reactor  t o  
provide char f o r  the  bed. 
desired r a t e .  Coal feed t o  the  reac tor  was s t a r t ed  a f t e r  operating 
conditions had been reached. In  most experiments, the pressure,  
flow r a t e s ,  and temperature were maintained a t  near-constant values 
t h r o u g h o u t  the  run, Generally, the run was continued unt i l  the  e n t i r e  
coal charge was fed from the  feed hopper. 
ment, the system was again purged with nitrogen by a l t e r n a t e l y  pres- 
sur iz ing and ven-ting t o  reinove hydrogen. 

i s  was done b,y a s e r i e s  o f  pressurizat ions t o  1480 kPa  followed by 

A h o t  pressinre t e s t  was 

t{ydi-ogen flows were then s t a r t ed  a t  the 

Upon corripletion o f  the experi-  

4.3 Sampl ing and Material Balance Deterrriination 

The system was drained and the material removed wds weighed and 
sariipled t o  determine y ie lds  and the niaterial balances upon completion 
o f  an experiment. The scrubber d n d  coal t r a p  were washed with perchlor- 
ethylene t o  reriiove residual o i l  and  t a r  t h a t  had n o t  drained Freely.  
The o i l  and water  phases from the scrubber and  c o l d  t r a p  were separated 
by decantation. 
been entrained in the reac tor  e f f luen t  gas. 
were analyzed f o r  water, ash,  and carbon so t h a t  the  o i l  content could 
be determined. The char content was determined from the ash ana lys i s ,  
assuming t h a t  a l l  ash was present as  char.  
benzene was a l s o  used i n  some experiments t o  separate  the o i l  and char 

The o i l  phase contained b o t h  water and  char t h a t  had 
Samples o f  the  material 

Soxlet extract ion with 
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f o r  analyt ical  determination. T h e  o i l  content of the perch1oref;hylene 
wash was determined by evaporating the  perchlorethylene and analyzing 
the  residue f o r  ash and carbon content.  The quantity of o i l  col lected 
on the  charcoal t r a p  was determined by the weight gain of the charcoal 
and from samples col lected by desorption of t h e  charcoal a t  700 K .  
organic carbon content o f  the aqueous phase o f  the scrubber was a l s o  
included i n  determining the o i l  y i e l d .  The char y ie ld  was determined 
by summing the weight of char removed from the reac tor  and char receiver 
w i t h  t h a t  i n  the o i l  phases from the  scrubber and cold t r a p .  Samples of 
char were analyzed f o r  ash,  carbon, and sulfur  content f o r  material 
balance calculat ions.  
c H 
from flow and gas chromatograph data by summing the quant i t ies  of each 
component evolved over 8-min in te rva ls  during the run. 

The 

The  gas y ie ld  and quant i t ies  of H 2 ,  C O Y  C02' CH4, 
-k c2ti6' C3H6 4- C3H8, N2, and H2S i n  the gas e f f luent  were determined 2 4  

5. DESCRIPTION OF EXPER1MEN'l"S 

A t o t a l  o f  28 experimental runs was conducted. The primary var i -  
ables s t u d i e d  were fluidized-bed temperature, type of coa l ,  coal pre t rea t -  
ment, and fluidized-bed configuration. Operating var iables  f o r  t he  
experiments a r e  summarized i n  Table 5 .1 .  A de td i l  descr ipt ion of the 
runs i s  given i n  Appendix E .  Thc range of operatjng temperaturP s tudies  
was from 694 t o  854 K for runs u s i n g  Wyodak coal and 714 t o  872 K f o r  
runs using I11 inois  No. 6 coal .  Twenty-six o f  the experiments were 
carr ied o u t  a t  a hydrogen pressure o f  2170 kPa, and the  remaining two 
(tic-6 and HC-25) were done a t  1136 kPa. 
used were Wyodak subbituminous coal from the Koland-Smith seam a t  
G i l l e t t e ,  Wyoming, and I l l i n o i s  No. 6 bituminous coal from River King 
P i t  No. 3 surface minc, Mew Athens, I l l i n o i s .  Wyodak i s  a noncaking 
coal w i t h  a low s u l f u r  content.  I l l i n o i s  No. 6 i s  a caking coal (Free- 
Swelling Index o f  ~ 3 )  having a h i g h  s u l f u r  content.  
of these two types of coal a r e  given i n  Tables 5.7 and 5.3. Wyodak coal 
f o r  t he  f i r s t  seven experiments (HC-1 through H C - 1 )  was f r e e l y  exposed 
t o  a i r  during preparation. Air exposure was found t o  s i g n i f i c a n t l y  

The two types of coal t h a t  were 

The  compositions 



Table 5.1. Descriptjon cf hydrocacbonjzation rims 

Coal feed Char res idence 
Run Ten1 pera t u r e Pres s u re Type of Type c f  r a t e  2 raie titiie i n  r e a c t o r  
Yo. K! i kPa  1 f1u:dized bed coa I ( k g J h )  ( s td  &/riiri) ( n i p )  _ _ _ _ _ _  

cic-7 

ciC- 5 
hC-4 
H C - 2  
+IC-1 
X-8 
HC-13 
HC-9a 
HC-12 
HC-11 
YC-21 
HC-10 
HC-14 
HC-28 
HC-6 
HC-25 
HC-23 
HC-24 
HC-26 

f HC-16- 

HC-19f 
H C - l d  
H C - 2 &  
HC-2Zf 
HC-15f 
HC-27f 

HC-3& 

HC-I 7f 

71 1 
761 
79i 
81 1 
527 
852 
694 
7 58b 
786 
82 5 
830 
83C 
839 
85!F 
853 
827 
844 
844 
844 
841 
71 4 
71 4 
769 
?9! 
539 
852 
866 
872  

?170 
21 70 
2170 
21 70 
21 70 
21 70 
21 70 
21 70 
21 70 
21 70 
21 70 
2170d 
21 70 
21 7G 
21 70 
1136 
1136 
21 702 
2170 
21 70 
21 70 
21 70 
21 70 
21 70 
21 70 
21 70 
21 70 
21 70 

Recirculated 
Uni forr 
i l r i i f o r m  
Uniform 
Uniform 
Ufiiform 
Recirculated 
Recirculated 
Recirculated 
Reci rcu la ted  
RecI rcul  a ted  
Un i farm 
Rec i 1.~111 a ted  
Recirculated 
Rapid pyro lys i s  
Uniform 
Recirculated 
Recirculated 
Rec i rcul a ted 
Recirculated 
Rec i r c  u.1 a t  ed 
Reci rccl  a ted  
Recirculated 
Rec i rcu 1 a t ed  
Recirculated 
Recirculated 
Recirculated 
Lorig r e a c t o r  

Air-exposed Wyodak 
Air-exposed Wyodak 
Air-exposed WJiodak 
/ii r - ex pos ed Idyoda k 
Air-exposed Byodak 
Air-exposed Wyodak 
Wyodak 
Wyodak 
Wyodak 
liyodak 
Wyodak 
Wyoda k 
Wyodak 
Wyodak 
Wyodak 
Air-exposed 3yodak 
Wyodak 
Treated I l l .  ~ o .  6 
Treated 111. No. 6 
Treated I l l .  No. 6 

6.7 
6 . 0  
7 . 0  
5 .4  
3 .8  
0.6 
6 . 2  
5 .0  
3.1 
4 . 6  
4 .0  
4 . 6 
2.0 
4 . 2  
6.2 
7.4 
5.0 
2 . 'j 
4.3 
3.9 

0.22 
0.!4 
0.?4 
0.:6 
0.16 
0.25 

0.31 
0.32 
0.52 
0.32 
0.33 
0.37 
0.33 
0.32 
0.65 
0.07 
0.31 
3.57 
0.57 
0.54 

38 
45 
41 
46 
8C 

54c 
4c 
54 
92 
65 

70 
155 
e 9 

150 
41 
60 
71 
46 
35 

?oi l  y i e l d s  fcom runs HC-3 and h'C-9 a r e  quest ionable .  
)Time-average temperature. Operated a t  783 < f o r  4.6 h; l o s t  bed during shutdown; r e s t a r t e d  a t  783 K f o r  1.3 t i ,  cropped t o  

€Time-average temperature. Operated a t  866 K f o r  3 .3  h; dropped t o  837 K for  1.1 h ;  then 816 K f o r  1 . 5  11. 
d -Reactor  was a t  2170 kPa f o r  f i r s t  5.9 h and 1854 kPa during the remaining 6 .3  h .  
%Reactor pressure was 2170 kPa f o r  f i r s t  4 h and 2032 kPa f o r  t h e  remaining 5.3 h .  
f - I l l i n o i s  No. 6 - Caking occurred before  useful da ta  could be obtained.  

755 K for  0 . 8  h ;  then 705 k f o r  3.1 h .  
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Table 5.2.  Properties o f  Wyodak subhituininous coal 

Shipment No. 1 _a_ 2 

Proximate ana lys i s ,  _ _  wrt %: 
Vol a t  i 1 e matter 
Fixed carbon 
Moj5tuj-e 
Ash 

U1 t i i i iate analys is ,  __ w t  % maf 
Carbon 
Hydrogen 
N i  t r o g m  
S U I  f u r  
Oxygrti (by d i f fe rence)  

Heating value, MJ/kg dry 

40.4 
43.6 
10.0 

6.0 

71.8 
5.5 
1.1 
0 . 4  

2 1 . 2  

26.5 

40.5 
46.9 

6.0. 
6.2b 

7 2 . 5  
5 . 5  
1 .o  
0 .5  

20.5 

2 7 . 2  

%hipr l ren t  1 was dried and pulverized a t  t h e  Morgantown Energy Research 

b 1Yoisture content varied from 5 t o  15%, depending on the  degree o f  drying. 
Center, Morgantwon, W. Va., and  was used f o r  runs 1 through 1. 

Table 5.3.  Properties. of I l l i n o  s No. 6 coal 

_I Proximate ana lys i s ,  .............. ~ w t  % :  
Vol a t i  1 e matter 
Fixed carbon 
Moisture 
Ash 

-. U 1  t imate anal~ys&, w t  % 
Carbon 
Hydrogen 
Nitrogen 
S U I  C u r  
Oxygen (by d i f fe rence)  

Heating value, MJ/kg dry 

38.8 
48.4 

0.6 
12.2 

77.7 
5.8 
1.4  
4.5 

10.6 

39. T 
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reduce the l iqu id  y ie ld  i n  comparison t o  t h a t  obtained using coal prepared 
under ai l  i n e r t  atmosphere, as w i l l  be discussed l a t e r .  

t i g h t  experiments (HC-15 through HC-20, HC-22, and HC-27) were 
attempted using untreated I11 ino is  No, 6 coal ; however, agylmerat ion 
and caking occurred i n  the  f luidized bed before useful d a t a  could be 
obta ined.  
inated by chemical pretreatment p and three experiments were performed 
w i t h  I11inua"s No. 6 coal t h a t  had been pretreated rpiith CaO-NaOH in r u n  
HC-23, Na2C03 in HC-24, and CaO-Na2CU3 in run HC-26. The pretreatment 
procedure i s  described in Appendix E .  

The agglomerating tendency o f  the coal was successful ly  el im- 

The configuration of the f lu id ized  bed in the reac tor  was modified 
in order t o  study the e f f e c t s  o f  increased bed c i r cu la t ion  and  rapid 
disengagement o f  the  gas  phase. Experiments HC-1  through HC-6 and HC-21 
were perforwed with d uniformly fluidized-bed reactor  w i t h  no d r a f t  tube 
present ,  
i n s t a l l ed  t o  provide rapid rec i rcu la t ion  o f  the reac tor  bed. 
la ted  downward t h r o u g h  the annular (downcomer) region as a mildly 
f luidized or moving packed bed. 
the d r a f t  tube in d i l u t e  phase flow. Coal feed was introduced a t  the 
bottom of the d r a f t  tube where i t  mixed and was rapidly heated by the  
c i r cu la t ing  char.  An addi t ional  function o f  the  d r a f t  tube was t o  reduce 
the gas residence time in the f lu id ized  bed in order t o  minimize cracking 
and coking. 
tube a r e  methods t h a t  have been used t o  reduce problems of agglomeration 
t h a t  a r e  associated with caking coal .  2 y 3  

diameter o f  the d r a f t  tube was increased t o  0.022 m in an at%empt t o  
iniprwe the handling of caking coa ls .  In  r u n  HC-27, the  length o f  the  
d r a f t  tube was increased from 0.74 in t o  2 . 2 6  m so t h a t  the residence time 
o f  the  coal in the d r a f t  tube could be increased. One hydropyrolysis r u n  
( t ic-28) was made i n  which the d r a f t  tube was connected d i r e c t l y  t o  a 
cyclone t a  permit disengagement and quenching o f  the v o l a t i l e  products. 

After r u n  HC-6, a 0.017-m-IO x 0.~4-~1i-lOng d r a f t  tube was 
Char c i rcu-  

I t  then flowed rapidly upward t h r o u g h  

Char. d i lu t ion  and the r a p i d  d i l u t e  phase flow i n  the d r a f t  

Before run HC-16, the  ins ide  

Same var ia t ions  occurred in other  parameters such as hydrogen r a t e ,  
caal feed r a t e g  and coal p a r t i c l e  s i z e  during the program, b u t  these 
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were n o t  considered t o  be of major s ignif icance in these experiments. 
Coal feed was prepared by the  same method i n  each experiment. Material 
wi%h a mean p a r t i c l e  diameter i n  the  range o f  135 t o  190 vrn was thus pro- 
duced. 
feed mater ia l .  As shown i n  Table 5 . 1 ,  typical  feed r a t e s  ranged from 4 
t o  7 kg/h, Operational d i f f i c u l t i e s  sometimes caused slower feed r a t e s .  
The average char residence time i n  the  reactor  exceeded 30 m i n  for a l l  
experiments. The hydrogen flow r a t e  t o  the  reac tor  was determined by 
the r a t e  required t o  obtain good f lu id iza t ion  and  c i rcu la t ion  of the 
reactor  bed. As shown in Table 5.1,  the flow ra t e s  were changed for 
d i f f e ren t  bed configurations a n d  operating conditions.  I n  a l l  runs,  the  
flow r a t e  was su f f i c i en t  t o  maintain a h i g h  hydrogen concentration (81 
t o  98%) in the gas  e f f luen t  stream. Typical operating conditions fo r  the 
three  reactor  configurations a r e  given i n  Table 5.5.  

Table 5 . 4  gives a typical  p a r t i c l e  s i z e  d i s t r ibu t ion  fo r  the 

Operational d i f f i c u l t i e s  resul ted i n  changes being made in operating 
conditions d u r i n g  some runs. These changes a r e  noted in Table 5.1 and  
a r e  included i n  the  descr ipt ion o f  the  experiments given in Appendix E .  

'Table 5.4.  Typical s ine  d i s t r ibu t ion  o f  coal 
feed used i n  hydrocarbonization experiments 

Mesh s i z e  W t  7: 

+4 5 
-45  +60 
-60 +80 
-80 +120 
-120 +140 
-140 +170 
-1 70 

----------- 

1 . 1  
28.7 
26.4 
23.6 

5.7 
6.1 
8 .4  

-- 
Mean diameter 157 um 



Table 5.5.  Typical operating conditions 
fo r  hydrocarbonization reactors  

Conditions 

~ ~~ ~~~ ~~ 

Rec i rcul a t  i ng Cln i form1 .y f l  u i d ized Rapid 
bed bed hydropyrolysis 

Coal f eed  r a t e ,  k g / h  
Hydrogen feed r a t e ,  m3/h 
Bed temperature, K 
Draft tube temperature, K 
Pressure, kPa  

Superficial gas ve loc i ty ,  m/sa 
Draft tube 
Reactor 

Char residence time, s 
b Draft tube- 

Reactor 

Bed level m 

5.0 
'17.0 
550 

830 

21 70 

2 . 5  
0.01 

0 .3  

3600 

0.7 

4.6 
22.0 
830 

21 70 

0.11 

4200 

0.3 

6.2 
39.0 
854 
84 7 
21 70 

2.9 
0.05 

0.9 

9000 

2.2 

a --The s p l i t  o f  gas f l o w  between the  d r a f t  tube and downcorner i s  based on inock-up s t u d i e s .  
b -Based on gas super f ic ia l  velocity assuming no sl-s'p. 
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OperatSng cnrd i t fons ,  y i e l d s ,  stead)-state gas analyses:  and hydrogen 
consulliption f o r  runs using Wyodak coal a r c  summarized i n  T a b l e  5.1. 
Rmults  f o r  runs with pretreated I l l i n o i s  No. 6 coal a r e  givcn in T a b l e  

6 . 2 .  P, more detailed discussion o f  ttlr r e s u l t s  is given below. I ~ ! h e r ~  
app l  i cab le?  t h e  expcriiriefital d a t a  a r e  roiiipard with cor re la t ions  of 
pi-fvious data devc lop4  during t h e  f i r s t  phase o f  t n e  procjrm a t  O R N L .  1 

6.1 I, iqlrlid biydrocarbnn Yields and Composition 

6.1.1 Liquid hydrocarboil y ie ld5  - _ _ _ _  -__- __ 

D u r i n g  the e x p r i w r i t z l  program, eltlphasis was plarcd on detcr-lfiining 

conditions undet- which high 1 i q u i d  y i e lds  could be obtained. Liquid 
y i e lds  from h~dt~ocar.bonization a r e  str oiigly drpt ' i ident  on operating I 
perdtiire. 1172 maxiinuni y i e l d s  wct-3 obiainod i n  t h ~  temperature range of 
810 t o  840 K .  
s ignSficant ly  rcdcrced t h ?  l i q u i d  y ip ld .  rhP t y p e  o f  chemical prel w a t -  
men'c 11sed i n  t he  m i s  w i t h  I l l i n o i s  No. 6 coal a l s o  had an c f f e c i .  I n  
addi t ion ,  reduction of i t i t?  c p e r a t i t i g  pressure from 2170 kPa t o  1136 kPa 
and changes in the bed configuration r-esul t r d  in minor- y ie ld  chanyc~s. 

- 

Gross exposure o f  the  coiil t o  a i r  before pr-ocessing 

Liquid y i e lds  from Uyodak i - (J t iS a t  7170 kPa ( a s  a percentage o f  mf)  

a r e  showri a s  a function o f  temperature in t i g .  6.1. Curves a r c  shorvn f o r  
runs using a i r - e x p o s d  coal and f o r  runs u s i n g  coal prsparcd under an 
i n c r t  atmo5pher-a. Runs w i t h  major operatiolial d i f  F icu l t ics  art? ,lot 
included. 
coa l )  was obtained i n  t h e  r m g e  o f  810 t o  840 K u s i n g  coal pt-epdrrd under 
an i n e r t  a%iiiosphPre. 
conditions from air-exposed coal was only ~ ~ 1 1 2 .  Y i e l d s  f o r  coal prepared 
u n d P r  an iticr-t atmosphere are  soniowhat hiqher than  Lhnsc predicted by 
d a h  corre la t ions  based on d a t a  froin ot.hPr bench -%scale s tud ie s ,  as  
showr: i n  F i g .  6.2. The l iqu id  y ie ld  curve shown i n  F i g .  6.1 f o r  Wyodak 
coal prepared under an i n p r l  atmosphere i s  used in the following sec t ion  
a5 the  b a s f s  fo r  compari<on o f  y i e ' d  from pretreated Tl l inv is  No. 5 coal 
and for Wysdak c o a i  processed u n d ~ r  other operating conditions.  

As s l i o ~ ~  in F i g .  6.7, a maxiinuin y ie ld  of Qi% (based oa mf 

I he maximuiii 1 i q i i i d  y ie ld  irnder s imi la r  opcrating 

1 
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Table 6 . 2 .  Summary o f  hydrocarbonization experiments 
!dit11 pretreated I l l i n o i s  No. 5 coal 

_ -  

~ 

!-lydrocarbot-i i za t ion  R u n  No. 
~ ~~ ~ 

tic -23 HC-24 HC-26 

Type o f  f lu id ized  bed? 
Red temperature, K 
Reactor pressure, kPa 
Coal feed 

Rate,  k g / h  
Elapsed time, h 

Hydrogen feed r a t e ,  s td  m /m In  

Iiydrogen consumption, 
kg H2/kg m a f  coal 

Yields, wl; % o f  maf coal 
Oi 1 
Gas 
Char 

(H2 and N2 f ree)  
7; C H 4  

3 2  

Steady-state  gas  ana lys i s  

% c* 
% c3 

% co2 
0 )  10 H2S 

% co 

RFB 

844 
b 2170/2032- 

2.1 
13.3 
0.57 
0.03 

14.0 
18.2 
67 .4  

53.9 
16 .6  
2.1 
24.9 
2 . 1  
0 . 5  

RFB 
844 
21 70 

4 .3  
7 . 7 
0.57 
0.01 

24-0 
13.7 
50.4 

60.3 
15.0 
3.1 
1 4 . 7  
3.1 
4 . 1  

R FB 
84 1 
21 70 

3.9 
12.8 
0.54 
-0.01 

20.8 
15.3 
56.0 

60.2 
13.6 
2 .5  
20.2 
3 .0  
0.5 

%ec i r c u 1 a t i n CJ f 1 u i d i z ed - 1-9 e d re  a c .to r . 
b -Reactor nressure was 2170 kPa fo r  f i r s t  4 .0  h and 2032 kPa f o r  the  

remaining 9.3 h. 
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RUNS WITH COAL PREPARED UNDER 
-llll̂ - 

REClRCUtATiNG FLUIDIZED BED 
0 UNIFORMLY FLUIDIZED BEQ 
A RAPID HYDROPYROLYSIS 

x UNIFORMLY FLUlDiZED BED 
RECIRCULATING FLUIDIZED BED O ~3 

14 

1 2  

10 

8 

6 

4 

2 

0 

a 

650 750 
BED TEMPERATURE f K )  

Fig .  6.1. Oil y i e ld  for hydrocarbonization runs with Wyadak coa l .  



26 

F i g .  6 . 2 .  Oil  y i e l d  for- hydrocarbonization TUi IS  w i t h  treated 
Illinois No. 6 c o a l .  
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As shown i n  F i g ,  6 . 2 ,  the l i q u i d  yields  from t h e  t h r e e  expeririierrts 
u s i n g  prctreat.ed I l l i n o i s  No., 6 coal v a r i e d  from ' i4% f o r  the  Ca0-Na01-1 
pretreatnient t o  24% for  the  li!a2C03 pretreatmerit. 
t h a t  obtaiinei-l from Wyodak runs under sa'ma'1ax. operat-.jon c o t i d i t i o n s  and 
WiJS t h e  highest.  yield obt.a.ined d i - r ~ i r ~ g  the proyrarrj. A 1 i q i . 1  i d  y i e l d  o f  

The 24% y i e l d  exceeded 

20,% was obtained u s i n g  t h e  Na Ul, -(;a0 pretreated coal ~ 2" 3 

The pressure e f f e c t  niay be inferred fi-Qm data f o r  runs HC-6 and 
- I-iC-"25, which were riiddc\ insing Wyodak; coal n t  a pressure o f  1136 kPa. 

a i l  y ie lds  from HC-6 ( a i r - e x p o s e d  c o a l )  and 146-25 were 8 a n d  18X, 
respect ively.  
the average yields  i-htaiaiet-l Frarn runs a t  approxiniately the  same teinpera- 
ture b u t  a t  a pressure o f  2170 kPa. ~ ~ t ~ i ~ ~ g ~ ~  t h e  r e s u l t s  f a l l  witkiiai 
the  sca t te r  of  t h e  d a t a  f o r  t h e  2170-kPa runs, they a r e  cons is ten t  w i t h  
earl iea- data c o r r e l a t i o n s  which predict  a reduction i n  1it:pid yield o f  
4% (based on maf c m l  ) w i t h  a rednc-l- ion i n  hydrogen pressure frsril 2170 
l ip3 t o  1136 k P a .  

I h e  

Both y i e lds  are 2 clr 3% (based or1 maf ccliil) lower than 

Yields from three d i f f e r e n t  t ypes  o f  f1  uidized-bed c;onfiyirat . ians 
are a l s o  5kiown i n  F i g .  6 - 1 ,  Rrilns H C - 9  t h r n ? n g h  HC-6 and run K - 2 1  insed 
u n i  frjrmly fluidized-bed I-c?~~:~;oT"s, and run !-IC-28 used the r i ip id  hydro-  
pyro lys is  reci~;tor. A 7 1  other i w s  shown i n  F i g .  6..1 used a recirculating 
f luidized bed .  Changes i n  bed c o n f i g u r a t i o n  d i d  n o t  appear  t o  resiult i r i  
appreclnkl e ctli.in<jes i n  1 i q u i d  y i e l d  for  t h e  srria1 1 nurrrlaer o f  experirnctnts 
and opera t ing  c o n d i t i o n s  studicrd, 

6 , I . z  .. ..... . Compos i t ion  ... .. . ... . .. . .. .... o f  ... .. . . l i c p i d  hydrocarbons \ ... ... . . . ... .__ .__. . . . . .. . . .- 
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simulated” boi l ing point curves f o r  the temperature range of 311 t o  
817 K a r e  shown i n  F i g .  6.3.  The elemental compositions o f  the products 
obtained from a l l  runs a r e  qu i t e  s imi l a r  w i t h  the exception o f  the 
I l l i n o i s  No. 6 product, which general ly  contains more sulfur and l e s s  
oxygen than the Wyodak product, a s  does the or ig ina l  coa l .  The  v i scos i ty  
of the I l l i n o i s  No. 6 product was a l s o  general ly  higher than t h a t  of the 
Wyodak product. 
Wyodak runs HC-29 and HC-25 was 38.6 MJ/kg (dry bas i s ) .  

The average heating value f o r  the l i q u i d  product from 

Fractionation o f  o i l  from runs HC-21, HC-24, and HC-26 was done by 
Gel Pa r t i t i on  Chromatography, whl’ch is a method t h a t  was developed a t  
Oak Ridge National Lab0rator.y fo r  the separat ion o f  organic niixtures 
in to  chemical compound c l a s ses  u s i n g  Sephadex LH-20 gel .6 Tire r e s u l t s  
a r e  shown i n  Table 6.4.  Run HG-21 was conducted u s i n g  Wyodak subbitu- 
minous coa l ,  whereas runs HC-24 and HC-26 were conducted u s i n g  I l l i n o i s  
No. 6 bituminous coal t h a t  had been pre t rea ted .  Coal f o r  r u n  HG-24 was 
pretreated w i t h  Na2C03 i n  an autoclave,  and coal for run HC-26 was pre- 
t r ea t ed  w i t h  Na2C03 and CaO a t  atmospheric pressure. 
t h a t  the o i l  products obtained from the two ~“rins made w i t h  I l l i n o i s  No. 6 
coal have a s imi la r  composition which is considerdbly d i f f e r e n t  from the 
composition obtained fo r  Wyodak coal i n  r u n  HC-21. 

The  r e s u l t s  ind ica te  

In addi t ion ,  the o i l  product from r u n  tic-12 was analyzed by gas 
chromatography-mass spectroscopy for polynuclear aromatic hydrocarbons 
( P N A ) ,  such as benzo(a)pyrene, - t h a t  a r e  potent ia l  biological hazards. 
The HC-12 o i l  contained 1.8 rng/g benzo(a)pyrene. _._. Other compounds t h a t  
were t e n t a t i v e l y  ident i f ied  a r e  l i s ted  i n  Table 6.5. 

P r io r  t o  run H C - 2 1 ,  an ac t iva ted  charcoal t r a p  was in s t a  
off-gas l i n e  downstream of the cold t r a p  t o  c o l l e c t  v o l a t i l e  components 
t h a t  had n o t  been col lected by the scrubber and cold t r a p ,  
tained three l aye r s  o f  coconut charcoal , with each layer  containing 
$1 kg o f  charcoal.  The material  co l l ec t ed ,  based on the we igh t  gain 

The t r a p  con- 

*Determined by standard method sf test  f o r  boi l ing range d i s t r ibu t ion  o f  
petroleum f rac t ions  by gas chromatography. ASTM designat ion:  D2887-73. 
For  material  w i t h  a f i na l  boi l ing point below 538°C and a vapor pressure 
s u f f i c i e n t l y  low t o  permit sampling a t  ambient temperature. 
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T a b l e  6 .4 .  Fractionation o f  o i l  from runs HC-21, MC-24, 
and IHC-?ki by Gel Par t i t ion  Chrarnatagrdphy 

Fr a C t i Is n" 
HC-21 tlC-24 HC-26 
(wt %) ( b d t  % ( w t  %) 

i-lexane irisol ub les  
I-iydrophil i c  ( p o l a r )  
Polymeric, (:.5OOO mcl .  w l )  
Hydroyeti bond ing  

Monoarotna t i c 
D i -  and t r i a r o m a t i c  
Pol ya roniat i c 
Res -i d 1-1 e 

35.0 64.4 
18.5 11.7 
10.9 0.4 

b 2.2 
10.2 6.7 
15.8 2 . 3  
12.8 6.1 
1 3 . 3 4 . 2  
- C 2 , 5  

66.5 
8 . 8  
0.1 
6.6  
6.9 
1.4 
3.3  
2.1 
0 .6  

a ~ r y  arid vo la t i l e - f r ee  b a s i s .  

%one f ound  * 

 he sum o f  the f rdc t ions  total  t o  ~ I O O Y ~  
due to t h e  incomplete removal o f  the e lut ing solvents. 

c -Rot del rAcrriined 

o f  the  charcodl t r a p ,  W ~ S  ~ q u i v a l c l n t  t o  2 t o  3% o f  the  coa l  (ma f )  Fed. 
The cornposition o f  the  material col lected was determined by desorption 
o f  t h e  charcoal a t  900 K a n d  c o l l e c t i o n  o f  the  product  i n  B dry-ice 
cold t r ap .  The recovered product consisted o f  an organic phase ( ( ~ 9 0 % )  
and an a ipeous  phase (10%).  rypiral  corripositinn a n d  i n i t i a l  and  final 
isoil i i i g  p o i n t s  for  t h e  organic phase collected during runs HC-23 throucjh 
11G-28 a r e  shown i n  Tab le  6.6,  

6.2 Gas Yields and Composition 

Gas effluerit coiiiposition was continuously analyzed by an on-1 ine 
gas chromatograph e Periods of  steddy-state  operation were used t o  deter-  
mine gas cnr i ipos i t ion * 'The gas y i e l d  was determined from the t o t a l  o f f -  
gas minus t h e  hydrogen conten t .  The water content o f  the gas e f f l u e n t  
was n o t  a n a l y z e d  because meaningful y i e lds  could n o t  be obta ined  a f t e r  
the  w a t e r  scrubbing and cold  trapping process s teps .  
composition were dependent on operat.ing temperature, a s  d e s c r i b e d  below. 

Gas y ie lds  and 
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Table 6.5. Direct gas l iqu id  chromatography analysis  
o f  polynuclear aromatic hydrocarbons 

i n  o i l  from r u n  iiC-12 

Est i mated 
Polynuclear aromatic hydrocarbon concentration 

( t e n t a t i v e  ident i f i  c a t i  on) ( m g / y )  

Naphthal ene 
2-Methyl Naphthalene 
1 -Methyl Naphthal ene 
Biphenyl 
2,6-Dimenthyl Naphthal ene 
1,3- and/or 1,6-Dimethyl Naphthalene 
1,s- and/or 2 ,?-Dimethyl Naphthalene 
1,2-Dimethyl Naphthalene and/or Acenaphthalene 
Ace na p h t hen e 
F1 uorene 
9-Methyl F1 uor'ene 
1 -Methyl F1 uorene 
Phenanthrene 
Anthracene 
2-Methyl Anthracene 
1 -Methyl Phenanthrene 
9-Methyl Anthracene 
F1 uoranthene 
Pyrene 
Benzo(a)fl uorene 
Benzo(b)fl uorene 
Benzo( c )  phenanthrene 
Benzo(&)fl uoranthene 
Ben z ( 5)  an t h racen e 
Chrysene/Triphenylenc 
Benz (b-)anthracene 
Benzo( and/or 1 and/or k)fl uoranthene 
Benzo( ;1 + e) pyrenes ( incomp. resol ved) 
Peryl ene 
3-Methyl Cholanthrene 

~ o-Phenylenepyrene and/or Dibenz(a,c - -~ and/or a , h )  _ _  
Picene 
Benzo (el) peryl ene 
A n t  ha n t hren e 
Coronene 
Dibenzo(a.,i.)pyrene 

23 .6  
15.7 

9 . 4  
4 . 2  
3.4 
3.4 
1 . 8  
1.5 
3.1 
8 . 2  
1 . 4  
4.8 

1 1 . 4  
6.1 
2 . 3  
1.8 
4.6 
6.1 
5.6 
(1.1 
4.6 

Q l . 3  
%0.9 

4 .0  
3.0 
%0.2 
%4.6 

3.8 
0 . 7  
1 .4  

anthracene 1 . 9  
0 . 8  
1 .5  
0.7 

' ~ 1 . 3  
'LO. 5 

TOTAI. 154.7 mg/g 
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6 .2 .1  ~. Gas y ie lds  ........ 

The overall  gas yicld as  a percmtage of the InaF coal w ~ i y t - i t  i s  
- shown as a function of operating temper;turp in t i g .  6.4 .  Ihe r e su l t s  

show an increase in the gar; yie ld  from 15% t o  19% ( f o r  Wyodak coal  pre- 
pared in an i n e r t  atmosphere) as the opra-atinq temperature increased 
froin 700 K t o  850 K. The gas y ie ld  Troi i~  Mrysdak coal exposed t o  a i r  
bcforc processing was somewhat higher ( f rom 1 7 %  t o  28%). The use o f  
pretreated I l l i n o i s  No. 6 coal the reduction i n  operating pressure 
from 7170 kPa t o  1136 kPa, and c h a t i y x  iii bed configuration [ l i d  n o t  
r e s u l t  -in major changes in over211 qas y i e lds :  2s shown in Figs. 6 . 4  
arrd 6 .5 ,  a l t h o u g h  the e f f e c t  o f  these var iables  can riot be f u l l y  deter-  
mined from the limitpd number of runs perforinrd. The gaq y iz?ds  
obtained in these s tud ies  a r e  somewhat higher- t h a n  the value of ~ 1 4 %  

I predicted by previous correi  a t ions .  

6 .2 .2  -. Gas ............. compositfoil 
- Ihe composition o f  the  gas ef-fluent streain (downstream o f  the cold 

t r a p  a n d  charcoal f i l t e r )  during s teady-s ta te  operation i s  given f o r  
each experiment in Table 5 .7 .  The composition i s  given on a c a r r i e r -  
f r e e  basis in Tables 6.1 and 6 . 2 .  The hydrogen content of the gas  i s  
due almost e n t i r e l y  t o  the hydrogen t h a t  i s  supplied For f l u id i za t ion  
and  overpressure s ince v e r y  l i t t l e  hydrogen i s  produced o r  consumed 
under the pi-ocess conditions used in the experiments, as  will be d i s -  
cussed in a l a t e r  sec t ion .  A l s o ,  .the ni t rogm content of the gas i s  
largely due t o  the use o f  nitvwgexi purge g a s .  
s i t i o n s  on a H2- and N2-free basis f o r  Wyodak coal prepared under at? 

i n e r t  atmosphere and fo r  pretreated I l l i n o i s  No. 6 coal a r e  shown as a 
function o f  temperature in F i g s .  6 .6  t h r o u g h  6 .9 .  As shown, the gas 
contains a high f rac t ion  o f  methane, thus making i t  valuable as a sub- 
s t i t u t e  na tura l  g a s .  The concentrations o f  C H 4 ,  C2H4 + C2t16, C3N6 + 
C3H8, and CO increase with temperatiire over the temperature range n-f 
700 t o  850 K, whereas the  C02 content decreases.  
the composition of t h e  gas from runs made w i t h  air-exposed Wyodak coal 
exhib i t s  a s imi la r  t rend.  

The gas cFfluent corilpo- 

A! t h o u g h  r io t  shown, 

The higher heating value (HHV) o-f the  ti2- and 
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A i  W -€XPOSED COAL 

0 

‘GAS YIELD PREDICTED BY 
CORRELATION 

I I I I 6 I I I I I 
6 50 700 750 800 $50 900 

lEMPERATUHE ( K )  

Fig .  6.4. Gas y ie ld  f o r  hydrocarbonization r u n s  w i t h  Wyodak coa l .  
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Fig. 6.5. Gas yield froin hydrocarbonization runs with treated 
Illinois No. 6 coal. 
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F i g .  5.6. Concen-LrdL'ioti o f  CK4, C2H, ,+C2 t -16 ,  and C3H6fC3H8 i n  the 
gas  p r o d u c t  f r o m  hydr~ocarboniz? t ion  r ~ n s  w i t h  Nyodak c o a l ,  
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t- R 

70 

F i g .  6.7.  Concentration o f  CO and CCI,  in (32s product from hydro- 
c a r b o n i z a t i o n  T U ~ F  with Nyodak coal  a 
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708 756 806 850 9QO 
TEMPERATURE 

F i g .  6.8. Concentration o f  CH,, C311,++C2H6, a n d  C 3 1 i 6 f C 3 H 8  in the gas 
product from hydrocarbonization runs w i i h  treated I11 inois No. 6 runs.  
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L- 4R 

COAL 
ESS - 24 

I I 4 

F i g .  6.9.  Concentration o f  CO and C02 i n  gas prsiduct from h y d r o -  
carbonization rrrns w i t h  t reated 11 I inois No. 6 m a l  * 



N -fr-ee y z s  increased w i t h  o p e r a t i n g  tunpcraturp,  a s  sho:u'Ti in t i g .  6.10, 
ptilllar-ily a s  a r e s u l t  o f  the  d w r c a s e  < n  CO1 concpntration. 
Np- ,  and C02-frce bas i s .  ihe heai i t ly  value o f  t h e  gas rci,,ainsd rplat ive ' ly  
c o n s t a n t  a t  ~49 MJ/m . No major chaticys i n  gas  eff:iierit comlmsition 
resul ted frmi t k  i i se  o f  prplrcated I11 iriois No. 6 coaf , the reduced 
pressure, o r  ttir bed configurat ion.  The cons is ten t  i r w i b  i n  the  data  a s  
a functiotl o f  temperatiirr suggecits t h a t  the components may be a t  equi l ib-  
rium; however, ca l cu la l  i o t i s  ind ica te  t h a t  althoiiyh the  t t c n d  i s  toward 
cqai l  ibrium, i t  has not been w a c h e d  i n  itirSe expwiimrnts. 

2 
On a H2-, 

3 / 

6.3  Char Yield and Composition 
.c .4lthough Lkar i s  s u i t a b l e  f o r  gas i f i ca t ion  o r  f o r  USP a$ f u e l ,  i t  

i s  des i rab le  t o  min i l l l iLe  i ts  production in favor o f  incrrased l iqu id  
prodirctfon. The char y i e ld  decreases with increased o p e r a t i t l y  tcmpera- 
turcc,, as  sh(jirfr7 in F i g .  6.11. I n  t h ~  temperature range of 811 t o  858 K, 
t h e  char y i c ld  (maf) f rom runs with Wyodak coal (pi-epdr-cd under  ail iner t  
atmosphere) 3t  21 /O kPa [made up 45  t o  50% o f  l i r e  t o t a l  mar" c o a l .  The 
ch6r y i e ld  f o r  the  run  w i t h  Wyodak coal a t  1136 kPa i s  a l s o  showrl i n  
C ig  6.11. 

A summary o f  the  char  d a t a  obtaincd rrom t t ~ c  hydrocarboni7dtion 
expwiments i s  g i v e n  i n  l a b i c  6.8.  11-1 genera l ,  t he  char contains a 
lower moisture c o n k f i t  ( < l o < )  and a higher 351: content than the crigina! 
coal .  
(nois t i r rc-free b a s i s )  w?s ~1~13,  a s  collrpared t o  .Ic: f o r  the or iginal  coa l .  
On 2 rnaf bas i s ,  t he  carbon content and h@at i r rg  value o f  the rha-r 
irlcrcases w i t h  increased operat'n? tcmperai i j r-c,  reas as thc v o l a t i l e  
~mattrr content decreases:  as  shokn i n  F i g .  6.13. Wyodak char produced 
a t  a ternpcrature o f  850 K tias a hedting value o f  ~ 3 1  MJ/kg (dry  bas i s )  
a s  comparcd t o  ?I r\lJ/kg f o r  t h e  c o a l ,  and thc char contains %lo% v o l a t i l e  
rnatler (maf) a s  compdr-ed t o  47% v o l a t i l e  matter ( m a f )  irn t he  or ig ina l  
coa l .  i h e  su l fu r  content o f  lire char from t h e  IJyodak runs averaged 
. ~ 0 . 3 5 %  ( a a f )  z.nd d i d  n o t  appear t u  be teinprrature d e p e n d m t  undpr t h e  
conditions sLkA(iicd, a s  shown i r i  Fig. 6 . 1 2 .  

For  !dyodak experiirients a t  %850 K, t h e  ash content o f  t h ?  char 

- 
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- 9  

TOO 759 803 850 9 01 

PERATURE ( K )  

F i g .  6.11. Char y i e l d  from hydrocarbonizat ion r u n s  w i t h  ldyodak 
c o a l .  
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Table 6.8. Surrirriary o f  char- d a t a  

Ash, Voldt i le  Carbon, S u l f u r ,  Heating 
Run 'Temperature dry b a s i s  ina t te r ,  ma f ma f value 
no. ( K )  ( % I  maf ( % >  ( X i  (U  ( MJ / k 9 

H C - 8  
HC-13 
HC-9 
HC-12 
HC-21 
HC-10 
HC-14 
HC-28 

HC-7 
HC-3 
HC-5 
HC-4 
HC-2 
HC-1 

HC-6 
HC-25 

HC-26 
HC-23 
Hic-24 

694 
7 5% 
786 
82 5 
830 
839 
8 50 
854 

71 1 
761 
791 
81 1 
827 
852 

82 7 
844 

841 
844 
844 

_______-I Wyodak coa? . ,a- 2 170 kPd -- 
1 1 . 4  17.4 86.7 
10" 5 15.8 89. (1 
11.4 1 1 . 2  91 -9 
11 ' 8  10.2 92.3 
12 .2  12.8 92.8 
13.6 9.28 92.3 
12.4 9.94 91.9 
113.6 8.1 93.7 

0.45 
0.33 
0 . 3 6  
0.26 
0.20 
0.47 
0.33 
0.59 

I_ Wyodak coal . 

9.7 18.3 87.5 0.33 
10.1 19.1 87.3 0.29 
10.6 14.4 89.6 0.27 
12.4 13.2 91 . I  0.30 
12.2 14.9 cjl . 6  0.23 
14.7 13.2 92.6 0. G O  

Wyodak c o a l ,  1136 kPa _. ......_....I..__._I ............ 

10.4 14 .6  89.8 0.31 
11.4 1 2 . 5  91 . 3  0.34 

Treated I l l i n o i s  No. 6 coal ,  2170 kPa --.__ .......... _. __411.1-1---- .. 

28.9 12.5 98.6- ts 3.90 
29,O 18.6 %.Ob 2.18 
27 .7  12 ,3  98.8- 3.71 

30.3 
30.9 
31.1 
31 - 4  
31 .o  
30.6 
31 " 0  
31 - 0  

31 - 0  
30.3 
30.7 
30" 9 
30.6 
30.1 

31 .O  
31.6 

26.8 
25.3 
27.9 

a --Prepared under an inert  atmosphere. 
%he apparent h i g h  carbon content may be dire t o  interference o f  Na2C03 

pretreatment w i t h  the  carbon analysis .  
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O R N F - D W G  $0- 801 
-~..- ... .,. ...................... 
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8 RECIRCULATING FLUIDIZED BED 

A RAPID HYDROPY R OLY SIS 
o UNIFORMLY FLUIDIZED eED 

PRESSURE OF 2170 kPo E X C E F '  WHERE NOTED 
WYODAK COAL P R E P A R E D  UNDER AN INEW'I 
AT MOS? H E R E 
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V 

cp: 0.2 0 

g 0 .  ............... I..... 

- 
'2 
LL 

650 700 750 800 85tI 900 
TEMPERAl-URE ( K )  

F i g .  6.12. Char cart iposi t ion (maf b a s i s )  f o r  experiments w i t h  
Wyodak c o a l .  
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6 . 4  Cortiposi t ion  o f  Aqueous Scrubber Sol wt ion 

In  each o f  .the hydrocarbonization experiments, Q(3 R o f  demineral i z e d  
water was used f a r  scrubbing the  off-gas s-tr-eam from t h e  hydrmarboniza- 
t i on  r eac to r ,  E ~ i s  water,  p l u s  water co l lec ted  from the process,  was 
continuously recycled d u r i n g  the run, r e su l l i ny  i n  the accumulation o f  
a variet ,y o f  o r g a n i c  compounds i n  the aqueous phase, 
o f  the aqueous scrubber solutions produced i n  typical  runs with bl.yodak 
subba'turninaus coal a r e  presented in Tables 6 .9  t o  6 J 1 .  
were obtained fr-om another devel rspirien t; program a% ORNL.. ) 
g i v e s  the concentrations o f  m r b o n ,  phenols thiocyanate,  ammonia, 
n i t r a t e ,  and phosphate f o r  runs HC-3 through HC-14. Tab le  6.10 1-l'sts 
organic compounds t h a t  were iden t i f i ed  i n  the scrubber wa%er from run  
HC-6, Analyses were performed by gas and 1 i q u i d  chr.omat:ography. Table 
6.11 presents  de t a i l ed  c h a r a c t e r i s t i c s  o f  scrubber water from run HC-4, 
including the a c i d i t y ,  ainourit o f  suspended sol i d s ,  concentration o f  
pheriol i c  coinpourids , and a cleta i 1 ed t r ace  e.1 ement ana lys i s .  

Detailed analyses 

('These analyses 
Tab1 2 6.9 

Table 6.9.  Analyses o f  scrubber water from 
the hydrocarbonization o f  Hyodak coal 

T o t a l  organic Total  Y h i (2 - Phos- 
R u n  carbon carbon phenols cyanate Ammonia Ni t r a t e  phate 

H C - 3  
IIC-4 
IHC- 5 
I-IC-5 
tic-8 
HC-9 
HC-10 
wc-11 
HC- 1 2 
HC-13 
11C-14 

9,100 8,100 
9,1ou 8,100 

10,200 8,300 
20,000 18,000 
10,000 8,200 

3,820 3,200 
6,7130 5,680 
4,500 3,800 

11,370 10,200 
8,800 7,500 
7,700 6,200 

C ) , l t i O  
1 1 , 2 2 5  

9,850 
10,000 

6,000 
2,460 
6,550 
3,420 
9 ,725  
8,270 
8,820 

427 
21 2 
201) 
350 
330 
400 
62 0 
330 
435 
424 
820 

2,580 
5 I 600 
5,800 
6,900 
6 600 

970 
2,900 
1,200 
3,040 
5,600 
3,050 

9,180 
6,470 

11,600 
6,475 

10,500 
3,750 
5,240 
3,970 
5,670 

10,033 
6,575 

6 
7 
2.4 
4 
5 

11 
5 
3 .6  
2.9 
6.5 
4.8 
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Table 6.10. Ident i f ied soluble  organic compounds 
i n  scrubber water from run HC-6 

Compo u nd 

Concentration ......... .- (pg/cm3) ......... 

BY gas By high-pressure 
. 

c hroma tog ra p hy 1 i q u i d chroma t o g  ra p hy 

Dimethyl - or  ethyl -subst i tuted 

Methyl carbazole 
Hydroxypyri d ine 
Methyl hydroxypyridine 
Catechol 
Hydroquinone 
Resorcinol 
Methyl resorcinol 
Orc i no1 
Methyl catechol 
C2-substi tuted di hydroxybenzene 
C3-substituted dihydroxybenzene 
C4-substituted dihydroxybename 

hydroxypyridine 

_ _ _ -  

20 

4 
10 
10 

4 
29 

1 1  
<1 
<1 
<1 

.il700 
'I 

30 
QOOO 

.izooo 
30 

6 . 5  Trace Element Distr ibut ion 

The t r ace  element d i s t r ibu t ion  was determined f o r  r u n  HC-12 by spark 
source mass spectrometry. Table 6 . 1 2  shows the t r ace  element content in 
the coa l ,  char ,  scrubber water, and o i l .  Coal and  char were ashed a t  
both low and high temperature with v i r t u a l l y  no di.fFerence in the r e s u l t s .  
After ashing, they were mixed w i t h  high-purity s i l v e r  powder containing 
15 separated s t ab le  isotopes a s  internal  standards.  National Bureau o f  
Standards standard reference mater ia ls  1632 ( c o a l )  and 7633 ( f l y  ash)  
were used t o  determine r e l a t i v e  s e n s i t i v i t y  f ac to r s .  N o r m 1  isotopic  
europium was a l s o  present and was used -to measure t h e  remafning elements. 
A total  o f  53 elements were reported,  ranging in concentration from 50,000 
down t o  <1  pg per gram. Oil and aqueous sarrrples were wet ashed w i t h  
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'Table 6.11. Charac ter i s t ics  o f  scrubber water from r u n  tic-4 

I.__I ...................................... - ................. ~ ____ 

Acidity 
~uspended sol ids ,  1-r g/cm3 
Phenol i c  compounds LI g/cm 3 

Phenol 
o-cresal 
in- and p-cresol 
c a t  ec h 67. 

Trace  el errleiits, 1-1 g/cm 3 

Ag 
AI 
AS 
B 
Ba 
Be 
Ca 
Cd 
CO 

Cr 
CU 
Fe 

pH = 8.82 
64 

10,600 
730 
2,560 
2 90 

<(I* 5 
1 .0 
M D d  
0.3 
0.1 
0.07 
5 
<O. 5 
<0,2 
0.5  
0.1 
1 

I- 

H!3 
K 
L i  

Mn 
Mo 
N 21 
N b 

&I 
- 4 . 2  
3 
N E  
0.3 
10 
0.3 

N i  3 
P 3 
Pb N E  
S 20 
Sb N D d  
Se N@- 
S i  20 
St7 ND& 
Sr NDa 

Te N La- 
T i  2 
U NE@ 
V Ne 
Zn 0.5 

Ta iJ Dk 

..... . - .......... ...... .... __ .. 

%li = n o t  detected.  
b 
Tdot  rrieasured 



Table  5.12. T r a c s  e l  ernent meast$rements f o -  dyoclak coa: a r d  h y d r o p y r c l y s i s  p:oi"Jcts by iiass s o e c t r o s c o p y  

':race dernet-.t z o n c a n t r a t j o n  (u<I/s)  - -  

S i  1 _ _ _ ~ .  . . ~ _ _ ~  

I nc 1 ;Id i ';J Char- Aria1 y~ i cs. 
Scrtibber c h a r  f r e e  ~ ? r e c < s i o n  

E1 e r r m t  Coal Cbar wa te r$  

a; 
A S  
An 
B 
aa 
6 r  
Ce 
Cd 
C3 
Cr 
C S  

Cd 
Fe 
Ga 
& 
HF 
Hg 
i n  

i; 
La 

Kn 
?kl 
N i l  

: r  * .  

Fg 

20,000 50,000 1 
3 6 0.004 

< '  <; < Z . C ]  
880 2,000 2 . 5  
510 1 ,570  5 . 4  
6 16 0.02 
8 15 0.901 
0.2 9 .9  < 1  
i 3 0 .03 
7 18 0.1  

<1 < 1  <0.01 
9 1 7  0.06 

5) 2 5  5.008 
I 3 < C i . O l  

< I  <1 .;0.01 
< 1  <1 <0.01 

I,700 3,800 1 

2 . 2  3.7 <; 
1 j: <; 

43 70 0:: 
-: 6 3: .O.OO' 

i 0 30 C.01 
0 . 2  1 . 1  0.01 

5,000 15,000 7 

120 350 3.2 

I , >  
c a r r j - o v e r  D a s i s J  \ 'I) 

160 
0 . 2  

<O. ' i  
0 .2  

1 C  
E. 1 
2.1 
0.1 
0 . 2  

< @ .  ; 
2 . 5  

95 
0.1 

<a .  1 
<,u7.1 
<a .  1 

0.1 

0 . 3  
0.04 

200 
1 
3 . -1 
6 

5 

< /  

~~ ~ ~ ~ 

Trace  el errient c o n c e n t r a t i o n  ( ,Jo /s )  
O i  1 

S c r J b b e r  c h a r  Free  orec- l s jon  

~ 

Inc l  t i d i n g  Char- Ar:al j / t iccl  

I "/ r 7 t : e m e n t  Coal Char w a t e r g  c a r r y - o v e r  basis-  ~i 
~~~ 

-1 
7 

eo .  1 
5 
0 . 2  

<G. 1 
<@. 1 
<@. 1 
.0. 1 
< o .  1 
<(I.'[ 
@.02 

i 00 
400 
2. c 
5 . 2  

< S .  1 
3 7. 

9. -1 
C 3 . 1  

0.07 
0. i 
-1 . '5 
7 

I; 7 

a -1nclL;des suspended soi i d s .  
bCo:.:ipi;ted from ash balar ice ,  assuri;ny a:: 0.3c141 ash ir; o i l  i s  cIeriv2cl -Fro:ri c h a r  (-12.27; a s h ) .  

-Probab:y z e r o ,  s- ince s i l i c o n ,  ? i k e  f uE i i i t lE ,  wou'ld r e i x i n  j n  t h e  c h a r  S,S a r e f r a c t o r y  o x i d e .  

Dash?s a r e  efiterecl f o r  c o n c e n t r a t i o n s  
c a l c c l a t e d  t o  be negat . ive ,  which apsarer i t ;y  a r e  very IOW. 

C 

cn 
0 
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HNQ3/H202 and then spiked with a multielement-separated isotope mixture. 
41.~2 simples were then ashed t o  coiiipl e t e l y  remove organics , redi ssol ved 
in MN03, and dried on graphi te  e lectrodes.  Detection l i m i t s  were lower 
because u-f sample concentration ( 2  ml o f  o i l  a n d  10 ml of aqueous), and  
elements concentrations as low as  0.1 ug/g were reported f o r  the o i l  and 
0.01 pg/g f o r  the aqueous sample. 
those elements n o t  ava i lab le  f o r  isotope d i lu t ion .  Precision f o r  isotope 
clil u t i o n  merfsiireliients was estimated t o  be I- 20%; precision using europium 
was estimated t o  -+50%. 

Europitirii was again used t o  report  

- 
.... 

6.6 Hydrogen Ut i l iza t ion  

I n  the phase I repor t , '  the  ava i lab le  r e s u l t s  f o r  hydrogen u t i l i z a -  
t i o n  in hydrocarbonization processes were found t o  be a function o f  
pressure,  temperature, and  residence time o f  the char in the reactor  and  
could be described by the following equation: 

H _ _  = 3.1089 x TP - 0.02066 I P + 0.39356 - P1'2 + 0.044920 - 5.4816 , 

w t i  e r e 
.- H = 11) H2/ lb  maf coal x 100; 
I T = temperature, " C ;  

- P = par t i a l  H2 pressure,  psia;  
o = residence time, min. 

The data cor re la t ion  i s  shown in graphical form i n  F i g .  6.73. As 
shown, there  i s  a net production o f  hydrogen by hydrocarbonization a t  
low pressures ,  with increased hydrogen u t i l i z a t i o n  a t  increased pressure.  

In the bench-scale hydrocarbonization s tudies  described i n  t h i s  
report,, operating conditions of  2170 kPa and 700 t o  850 E were i n  the  
range a t  which hydrogen u t i l i z a t i o n  was near zero.  Hydrogen u t i l i z a t i o n ,  
which i s  shown as a function o f  temperature in F i g .  6 .14 ,  was determined 
by measuring the difference between the hydrogen i n p u t  arid o u t p u t  
t h r o u g h o u t  the experiment. 
f l o w ,  and hydrogen concentration measurements and  high accuracies a r e  
d i f f i c u l t  t o  achieve. The r e s u l t s  a r e ,  however, in reasonable agreement 
with the  d a t a  cor re la t ion .  

This method is  sens i t i ve  to small e r ro r s  in 
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BKNL DWG 75--1094R2 
HYDROGEN P A R T I A L  PRESSURE (MPe3 
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1 ........ . l . I . I 1 . _ . . _ _ _ l . l  
HYDROGEN PA V I A L  PRESSURE I a s i a )  

F i g .  6.13. Hydrogen consumption from 10-min residence time i n  a 
fluidized-bed reactor.  
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6 . 7  Material 

Components For  \r!hlich material ba 

Bal ances 

ances wcie rout  nely p rppa red  a r e  
carbon, ash,  s ~ l  f u r ,  and an overall  mass balance f o i -  mate:-ial it1 and o u t  
o f  ihr systerr,. I t ic r e su l t5  n i  t h e s e  balairces arr summarized i n  lable 
6 .13 .  Consisteint closur-e o f  matcrial ba lanc?  i s  dif ' i icul t t o  a c h i p v e .  

I n  gpiit-ral, more mphasis  was placed on the mpasurement o f  o i l  and g a s  
yic lds  L h r i  on c o m p l ~ t e  iilaterial balarice c losure.  n a t a  f rom ruils w i t h  
unaccountably paor iristerfal balztices were n o i  used. Ihe overall  material 
ba lance  fo r  most mns was i n  the range  o f  100 I 5;;. Runs HC 9 and  H C - 1 4  
had m t e ~ ~ a l  balances wrl1 above loo? due t o  i n 1  Fakage o f  ~ , a t e r  through 
the scrubber pump s e a l .  t r r o r s  f n  ihr overall  inaterial balanm were diie 
primarily t o  e r ro r s  in scrubber \nrstcr lnakeup due t o  pimp seal leakage. 
Failure o f  r i i p t u r P  d i scs  in S O I I ~ C  o f  tiir runs resu l t rd  i n  'Lhz 'loss o f  char 
frorrl t h e  system. t r r o i s  due t o  scrubber dater- s h o u l d  n o t  s ign i f i can t ly  
a f f e c t  o t h e r  balances or y i e lds .  Car-bori and ash ba lances  t,vere cons is t -  
en t ly  l o w ;  carbon bal:,nces averaged ~ 9 5 %  snd ash balances averaged %90X 

Iur Lhe axper i rnents.  ihe rcason f o r  t h e s e  conqi5tcntly low balance.; 
was n o t  determi l led.  

- 

c,. 

Closurc of  t h e  su l fu r  liiaterial b a l a n c c  was nt71 m a d e  bccaLise O F  
d i f f i c u l t i e s  i n  measuring the quant i ly  i n  the  g a s  stream, s inc r  par t  of 
t h c  su l fu r -  containing gases ~ ~ ' 2 : s  remved by t h e  scrubber a n d  t h e  aiiioirnt 

remsinirig i n  t hp  off-gas was near the ? o w r  lilliit o f  detect ion o f  the  
gar  chromattogr-aph. SulfLir recovery a s  a percentage of the su l fu r  Ted 
was determined f o r  char and  o i l  (Table 6 . 3 3 ) ,  and  the remaining su l fu r  
was assmi& t o  be in the g z 5  phase. 

Direct measurmenl o f  the water produced in t he  promss was n o t  made 
because o f  t h e  use of t h e  m t e r  scrubber arid d i f f i c u l t i c s  i n  separating 
w a t e r  rrom l k p  products  and washes irsed f o r  cleanup. Within t h e  ~ l r r o r s  

o f  t h e  matcrial balances, water can be obtained from ihe differcnce i r i  
t he  w e i g h t  o f  t h e  coal and the char ,  o i i ,  and gas  products. A typical 
d i s t r ibu t ion  o f  t h e  major elements in the process has beeti calculated as  
shown i n  P ig .  5.15 by Iising average values f o r  y i e lds  and compobition of 
p r o d u c t s  from e x p c r i w n t s  conducted w i t h  Wyodak coal a t  ~ 8 3 9  K. Only 
74% o f  the nitrogen aod 66% of t h ~  su l fu r  a r e  accounted for  in the 
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I.. ..... 

CHAR YIELD, 489 
- ................. 

O I L  Y I E L D .  21g  

COMPQSITI@N X OF 
( j v ?  ?%) INPUT 

c 85.4 25  

w 7.4 28 
N 4.0 21 
S 0;3 13 
O0 5.9  6 

111- 

MATEH IAL  BAL4NCE 
- - 
C O M ~ O M E M T  T; 0% INPlfl 

CARBON 4 O! 
t4 Y D WOGE M 128 
N I- iROGEN 74 
S UL FLJR 66  ( t h e  rem;sininp 5 4 %  is assumed to  be in tha scrukh-v w a f e r )  
OXYGEN 90 
O V E R d L l  MASS ( 0 0  ( o b t a i n e d  by d e t e r m i n i a g  water weight  by d i f f e r e n c e )  

(equivalent to a hydrogen u t i l i z a t i o n  of  0015 k g  H 2 / k g  mof  coal)  

F i g .  6.15. Distribution and material balancp f o r  ejeiiients i n  a 
typical hydrocarbonization experiment w i t h  Wyodak coal at 839 K. 



57 

products i n  the exdmple. A large portion o f  the m i s s i n g  Trac ’s ion C O U l d  

be contained i n  the scrubber water. 

The bench-scal e hydrocarSonization studies demonstrated t h a t  hydro-  
carbonization i s  an effective method f o r  p r o d u c i n g  oi l  > gas ,  a n d  char  
products froin c o a l .  ‘The o i l  product has a re la t ively l o w  viscosity and 
appears suitable f a r  u p g r a d i n y  so t h a t  it clijK1 be used as a fuel o r  a s  a 
cherniical feedstock; however, further characterization and eval uat- ion o f  
the o i l  product i s  needed t o  determine i t s  potential uses. The gas 
product has a h i g h  inethane content which can be used as a subst i tute  
n a t u r a l  gas. 
approx-irriately equal t o  t h a t  o f  coal and may be used as  a fuel o r  f o r  
gas i . jT ica t ion .  
o f  o i l  i s  produced per t o n  (1.75 x 
proccss appears t o  tie particularly s u i t a b l e  f o r  use i n  conjunction with 
a gasification o r  poirlcr p l a n t  where v a l u a b l e  oi l  a n d  gas products could 
be removed f rom the coal p r i o r  t o  gasification or  combustion o f  .the char. 

The char has a reduced sulfur content and a heat ing value 

A t  operating conditions o f  840 1( itnd 2170 kPa, 0.~1 barrel 
m’//kg) o f  coal pr-ocessed. The 

R~lcnuse o f  ,tihe large reserves o f  caking coals loca ted  i n  t h e  eastern 
United States ,  i t  i s  desirable t h a t  addit.iorst31 w o r k  be dnne t o  iaavest,i- 
g a t e  reactor designs arid operat, ing c o n d i t i o n s  t h a t  wil l  p e r m i t  t h e  direct  
processing o f  caking coal s .  Although problenas of agglorneratian o f  caking 
coa ls  were n o t  eliminated under t e limited range o f  operatirig v a r i a b l e s  
s t ~ ~ c l i c d ,  the recirculatincq fluidized-bed r e a c t o r  appears t o  o f f e r  poten- 
t i a l  for  direct  processling G f  caking coal. Further s t u d y  o f  t h e  reca’r- 
culating fluidized-bed reactor w i t h  longer residence t imes  i n  the d r a f t  
tube,  larger bed diameter, and w i t h  improved tilettiads o f  introdirc-ing co;nl 
intri the r e a c t o r  -is recomrriended. Additional study on the effect  o f  bed 
configuration and residence time on prodtict yl’elds and c r m p o s i t i o n  .is 
a1 so des i rabl e .  
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t h a t  chemical pretreatment may rcsLjl t in improved o i l  y i e ? d s ,  although 
no d a t a  a r e  available f o r  d i r e c t  compdrison o f  the yield with untreated 
I1 1 inois No. 6 c o a l .  Other potentia? benefits  o f  chemical pretreabnents 
t h a t  appear worthy o f  fur ther  investigation a r p  iiiipi-oved o i l  product 
qual i t y  (reduced asphal tene conten t ) ,  improved gas prodirct y i e l d s ,  sill fur 
removal, and  increased r e a c t i v i t y  of the c-har for  gasif icat ion o r  combus- 
t ion .  
used i n  pretrcatl-lm-it i s  needed so Lhat inexpwsivo pretreatment methods 
can be developed. Additional i n f o r m a t i o n  i s  a l s o  needed on the cornbus- 
t f h i l  i Ly u f  char in conventional coal burners. 

Investiga-tion of iilei;h0dS f o r  recoveriny and t-ecycl i n g  chemicals 
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10. APPENDICES 



A P P E N D I X  A: ATMOSPtiERIC C A R B O N I Z A I - I O N  
AND 1-IYDROCARRONIZATION STUDIES 

As p a r t  of t he  experimental development program ( T a s k  2 )  in support 
O F  the bench-scal e hydrocarbonizatian system, a high-temperature 
f l  uidized-bed reac-tor system was constructed for  operatioii a t  atmospheric 
pressure. Batches of  Mycdak subbituminous coal were heated i n  .u60 min 
from ambient. temperature t o  maximum temperatures o f  802 t o  922 K (985 t o  
1200'F) and maintained a t  temperature until carbonization o r  hydrocar- 
boniration was complete. Analysis of product  sol ids ,  1 iquids and gases 
permitted the calculation o f  carbon balances and re la t ive product yields.  
El even experiments (AHC-l t h r o u g h  A H C - 1 1  ) were r u n  a1 t h o u g h  three o f  
t h e  experiments were n o t  completed because o f  operational d i f f i cu l t i e s .  
Nitrogen or a rgon  was used as the  fluidizs'ng gas for  five experiments, 
and hydrogen was used in six experiments. A unS formly fluidized-bed 
reactor idas used in a l l  b u t  the final two experiments (AHC-10 a n d  l l ) ,  
i n  which a draf t  tube was used t o  provide a recirculating fluidized bed. 

A. 1 Experiment Design a n d  Procediure 

A 0.1-m (4-in.)-diam reactor was used f o r  a l l  of the expcr ime~ts .  
A f l o w  diagram of t he  revised experimental equipment used in the runs 
beginning with AJIC-5 i s  shown in Fig. A.l. 'The reactor. was 1.32 m l o n g  
and  was constructed o f  0.1-m (4-in.)-diam sched 40 347 s ta inless  steel  
pipe, flanged on b o t h  ends e Chrome1 -A1 uilel therinocoupl es ~ri '~re  we1 ded 
t o  the exterior surface and positioned axially within t h e  bed for 
temperature measurenient and control. The reactor was heated w i t h  elec- 
tried1 cl amshell heaters during the f i r s t  two experiments; in the 1 a te r  
experiments, the vessel was heated with tubular el ec t r ic  hea-tcrs mounted 
on the outside surface. P, distribution p l a t e  having sixty-one 0.0012 m 
(3/64-in.)-diam holes on 0.012-.m (15/32-in.) centers ( s t agge red )  was 
used f o r  the uniformly f l  uidized-bed runs. Spiral -wound gaskets (394L 
s ta inless  stee? with asbestos) were used f o r  seal ing t h e  dist r ibutor  
plate flanges. The recirculating fluidized bed f o r  runs ,41-iC-l0 and 11 
was constructed by positioning a 0.019-rn (3/4- ln . ) -d iarn 304L s td in less  
steel d r a f t  tube a long  t h c  reactor a x j s ;  t h i s  tube was supported by 
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0.0032-m pressure t a p  tubes located 0.0: lii above the j e t  riozzle o f  a 
special d i s t r ibu tor  p la te  ( F i g .  A.2). By select ing the proper yas flows 
from the plenum i n t o  the annular downconrrr. and  from the nozzle i n l o  t h e  
d r a f t  tube, so l ids  will  flow downward through the downcomr and t hen  
flow rapidly upward t h r o u g h  the d r a f t  tube. Coal i s  injected w i t h  the 
nozzle g a s .  
pressure w i t h  low v a p o r  residence time should r e s u l t  in increased l iquid 
yields  and decreased agglomeration probl erns. 

I t s  rapid heating by hot rccirculatiriy char under hydrogen 

Reactor e f f luent  passed through a hea-ted cyclone? a cold-water spray 
condenser, a n d  f i b e r  f i l t e r s .  After r u n  AI-IC-3, an e l e c t r i c a l l y  heated 
external cyclone was instal  1 ed t o  reduce sol i d s  carry-over from the 
reactor exhaust. Separated sol i d s  were accumulated i n  a catch p o l  
ra ther  t h a n  being returned. Various condenser designs were used, each 
involving d i r e c t ,  countercurrent contact o f  a cold-water spray with the  
h o t  gas-vapor-aerosol e f f l  uent from t i i c  reactor .  The f ina l  condenser 
design ( f i r s t  used with run AHC-5) con-tdined 1~10  R o f  water, whl’ch was 
f i l t e r e d ,  water-cooled, a n d  metered during rec i rcu la t ion .  A mat of 
f ine glass wool placed a t  the condenser e x i t  f i l t e r e d  out e n t r a i n e d  

water a n d  aerosol. 
used for  fijrther cleanup o f  the  gas. 

After r u n  AHC-5, a car t r idge s t r i n g  f i l t e r  was a l so  

Gas flow r a t e s  were rnonitored using d i f fe ren t ia l  pressure ( d p )  c e l l s  
w i t h  integral  o r i f i c e s  ( t w o  sizes for  two .flow ranges).  Gas composi- 
tions for or i  r ice  meter interpretat ion and  fo r  gas evolution measur-ements 
were determined -from samples collected in ten pre-evacuated s t a i n l e s s  
s tee l  cylinders.  These gas  samples were analyzed f i r s t  by low-reso?ution 
mass spectrometry. I n  a separate s tep ,  gas chromatography was u s d  t o  
resolve nitrogen and CO.  Analyses were corrected f o r  a i r  leakage i n t o  
t h e  samples primarily by measuring the oxygen content,  and from t h e s e  
corrected analyses, gas evolution was determined e i t h e r  from t o t a l  g t i s  

flow or  from a known tie-component flow (ni t rogen,  argon, o r  he1 iiirn). 

Fluidizing gases were preheated upslrearn o f  t h e  reactor.  For experi- 
ments AHC-1 through A H C - 9  (uniform f l u i d i z a t i o n ) ,  ;I s ingle  preheater was 
used. Phis preheater was constructzd of  0.05-m (2- in .  ) - d i m  sched 40 
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flanged 347 s t a i n l e s s  s tee l  pipe measuring 1.52 m l o n g  with surface- 
mounted calrod heating eleiiients. The prehedter was f i l l e d  w i t h  packing 
of 0.025-m segments of 0.0064-m (1/4-in.  ) - d i a m  s t a i n l e s s  s tecl  tubing, 
For recirculat ing fluidized-bed experiments, d r a f t  tube g a s  was pre- 
heated i n  t h i s  u n i t ,  b u t  ga,s f o r  the plenum b e l ~  t h e  doiliricoiiier was 
heated by coiled copper tubing heated i n  a clamshell heater. 

Unweathered srrbbi tu l i i inous coal from the Roland a n d  Smi t h  seams was 
ob ta ined  from Wyadak Resources Develapincni Corporation 
Wyoming. Proximate and  nltirnatt? analyses a r e  presented in Table A . 1 .  
After s i z e  reduction i n  a jaw crusher and hsnimer m i l l ,  t h e  coal was 
sized a t  -40 {-2OO mesh (Experiments 1 t o  6 )  or -50 i-140 mesh (Experi- 
ments 7 t o  1 1 )  i n  a Ro-Tap sieve shaker.  Each 1.8- t o  2 .0-ky reactor  
charge was dried in a vacuum oven maintained a t  near-ambient tariperattire 
~ C J  reduce the moisture content t o  between 7 . 5  t o  27%’. 

G i l l e t t e ,  

Before each experiment, the system was checked for leaks a t  operating 
temperature by helium detectors  arid by pressure t e f ~ t s .  Coal w . 3 ~  then 
charged a s  a batch a t  ambient temperature, oxygen was purged from -the 

system, and  gas flow was discontinued wh-i le the  prehuaters and  cyclone 
were heating. - the reactor  bed was fluidized and rcactDr hestup was 
s tar led w h e n  the des 
ttire o f  802 t o  922 K 
maintained unt i l  gas 
in order t o  best def 
1 i e r  experinicnts d i f  

red temperatures W P ~ C  a z h i a e c l .  
was achievcci in ~ 6 0  rn in ,  and t h i s  temperatidre was 
evolution became negl igi’ble.  gar^ saiiipl i n g  was tiriled 
ne t he  gas evolution curve. 
ered i n  t h a t  heatup beyan simultaneously f o r  t h e  

A inaxiriium ternpera- 

The procedure f o r  ear- 

e n t i r e  u n i t ;  differences i n  the heating ra tes  among various uni ts  made 
t h i s  procedure unsatisfactory.  

After p u r g i n g  and  cooldawn sol i d  and 1 iquid products were recowred,  
Tar carbon and ash contents,  as well weighed, and sampled f o r  analysis .  

as t o t a l  carbon i n  the  water, were measured t o  detecmine the carbon in 
product l iqu id .  
analyses,  and r e l a t i v e  carbon yie lds  i n  the s o l i d ,  l i q u i d ,  and  gas  were 
used as bases for  comparison. 

Carbon balances were determined from these and other 
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Table A. 1 .  Analyses of Wyodak coal 

\ /olat . i le  matter 
F ixed  carbon 

-...I !I1 t i r r iate .. analysis ma-f: .......................... 

Carbon 

tiy d r 0 g e I-! 
N i t r o y era 
S U I  fur 
Oxygen 

72.4% ( s  = 0.86, s i x  samples) 
5.63% ( s  = 0.21, six satiiples) 
1.043% ( s  = 0.005,  s i x  samples) 
0.85$ ( s  = 0.34,  f i v e  samples) 

213.083 (by difference) 

__I__ C a l o r i f i c  _..ll_l._.___ content: 29,1 MJ/kg ( s  = 6 8 ,  f ive samples) ........ 

17: -Dat:a o b t a i n e d  Froin Lawrence Livermore Laboratory. Analysis o f  Rolarid 
~eaiii coal by C T & E  Co., Denver, Colo. ,  Division o f  Cornrriercial Testing 
& Engineering Company, 
s represents standard deviation. 

A. 2 Experimental Kesul t s  

Atmo s phcr i c hydrocarbon i z a t i on ex per i ineri t s a re s unuiia r i zed ch r o n  o- 
logically i n  Table A . 2 .  
when a reactor gasket f a i  1 ed (AHC-2) , when the reactor-tu-cycl one 1 ine 
plugged ( A l l C - 7 ) ,  and  when the cyclorie-to-condenser 1 ine p lugged  (At4C- 

Three experiments were aborted before completion 

1 0 ) .  

Satisfactory carbon balance closure (100 - + 4%) was dchieved i n  only 
three expeririients (AtiC-5, -8, and - l l ) ,  b u t  those three were the most 
important hydrocarbonization experiments. 
t ions can s t i  1 1  be rt-ia.de about other experinients despite incomplete 
recovery o f  products. 

I n  a d d - i t j o n ,  usefu l  observa- 

Carbon balances on these other carbonization 
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Experiments AHC-5 ( 8 6 6  K.) arid AHC-8  (1139 Kj gave carburr 1xilanr;es 
near 3 ( 3 0 % ,  while AHC-9  (81 1 K )  a l s o  gave a reasonably yund carbon balance  
(90.82,  error t hough t  to be char 1 0 s ~ ) ~  T h e  carbon y i e - l d s  f u r  .\;he gas ,  
l i q u i d ,  and c h a r  f o r  these runs 8re cotripcared i n  Tab le  A.3.  In ~ x p ~ i -  
ments AHC-9 and A C-8, carr ied nut a t  till and 839 K ,  the l i y i ~ i d  prwdinct 
can-tained 1 1 . 2  and 12.5% of the carbon in the coal feed, respectively. 
In  run AIIC-5 a t  866 K ,  only 6.9% of the carbon c c n t r n t  o f  t h e  c o a i  was 
col1 ected a s  l i q u i d  p v o d i i c t ,  and  an increased a i ~ i ~ u ~ ~ t  o f  the c n r 4 m n  war; 
f o u n d  .in the  g a s .  T h i s  suggests  t h a t  t h e  a'nck*eased gas evnlut ' ion a t  
the higher temperatures (866 K )  nccrrrred a t  the expense o f  the l i q u i d  
y i e l d  . throuyh thermal hydrocracking; hence, t h e  rtiaximum 1 iquid y i e l d  i s  

obtained a t  4 1 1  t o  539 K .  

Gas yields  i n  t h e  three expcr-i inents incrpase with tcmpcraturc a s  
expected. 
AHC-9 i s  due t o  chdr l a s s .  

Char y ic lds  s tay  nea r ly  c o n s t a n t  i f  a l l  carbon det i r iency i n  

A s i n g 1  e rec i rcu la t ing  fluidized-bed exper-iiiiexit; ( A H C - 1 1  ) was accorn- 
plished w i t h  a sa t i s fac tory  carbon balance. The a p p a r e n t  1 iqui(-1 yiel  
was 11.1%, which was similar  t o  the y i e l d s  o f  uriifnrmly fluidized-bed 
experiments a t  similar temperatures. As was observed i n  the bench-scale 
hydracarbonization, t-esl'dence times may not. be changed enoiicjli a t  th i s  
scale: t o  show a difference between the  reaclns- designs. 



Tab1 P 4,. 3.  Carbon y i e l d s  i n  atmospheric 
h y d r o c a r b o n i L a t  ion s t u d i e s  

Maximum tempera tu rc ,  K 81 1 839 866 

L i q u i d  y i e l d ,  $ 11 . ?  1 7 . 2  6 . 9  

Gas y i e l d ,  17  5 1 3 . 2  19 .1  

Char y i e l d ,  67.1 (76.3-) _ _ _ _ _  74 .6  7 6 . 7  b 
__ ~ 

0ve:-all carbon h a l a n c e ,  % 90.8 (100.0';) 100.0  102.7 

Carhnti  i n  l i q u i d ,  y a s ,  and c i id r  as  a percc:itage o f  t h e  carbon con- 
t a i n c d  i n  ihc  c o a l  feed. 

a 

b i \ , t t r f b u l i r l g  b a l a n r p  d e f i c i e n c y  t o  poor c h a r  r e c o v e r y  or a n a l y s i s  ( see  
t e x t ) .  
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F i g .  B. 1 .  T w o - d i m e n s i o n a l  mock-up 

h ..- a445 m 

i = 0.44 rn 

j = 1.62 rn 

= AQJIJSTABLE 

o f  rec i rcu 1 a t  i ng  f 1 u i d  i z e d - b e d  
r m c t o r .  
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I hs recirculai-iorl r a t e  d i shobv;; i n  iablc D . 7  wnre calculated from 

I(_ 
L I I ~  averzgc  c l : ,psd  time f o r  t e n  p a r t i c l e <  traced i n  each run. Che 55 
runs t i t is  repicsen1 650 observations. Figure R.3 i s  a p l o t  o f  bed 

rccirculat-irrrl r a t e  vs g a 5  f l ow  r a % ~  t o  the dowt-~comers. i i i e  (graph icidi- 
cates  a s t w n y  depericit.rii 1' OII the gas  flow r a t e  l o  t h e  d o s ~ n r o m ~ r s  and a 
wrak dependeriLr 011 the ? a s  rlul:r r a t e  t o  til? d r a f t  tube.  Ilcnce, r-eciror- 
l a i i u n  ra t<.  i s  conlrnlled by. the rat?-, o f  so l ids  transport  t i i r o u g h  the 
dnwcolners o r  on t i i ~  aiiiount of gas  bypassiriy tiis. downcoiili'r i n t o  the d r a f t  
tube.  Operatl 'on in the o t h e r  rqirire ( t h e  recirculat ion r a t e  i s  ron tvo l  led 
by thir a b i l i t y  o r  thc  d r a f t  tube  t o  pick up and t ransfer  s o l i d s )  r e s u l t s  
i n  slugging char-z.tteri;ied by unstable operation and l a r g ~  pressure 
f luctuat ions.  

- %  

5.2  Alternative Distribution P l a t e  Dezign 

it-lp two-dimensional mock-up was a1 so used t o  study t h e  perforniance 
- of  at1 a I t e r n a  dis t r ihi i tor  plate  shosn i n  Fig 8 .3 .  Ihe pirvposc o f  t h e  

a l t e r n a t e  dpsign was t o  reduce bypassing of  gas  f17orn tt ic dovJficomer t o  
the d r a f t  tube, t h u s  ensurirlg good downcoi~ier f lu id iza t ion .  
utor plate  w s  Elevated shove the d r a f t  tube ~ n l r a n c e ,  leaving a gap 
f a r  f l o ~ .  A, O.Ol&=ril-tvide d r a f t  i ~ b c  was used in the s tudies .  Gas f rom 
a sppiirate plenirni (denoted as 1 )  can be injccletl around Ihr axial  g a s  
j e t  t o  supplcrfient the dr-aft-tube g a s  supply, while f lu id iz ing  t h e  sol ids 

The d i s t r i b -  

Z l  I l o w i n g  t h r o u g h  tt1c d r a f t  tiibc d i s t r ib( i to r  y a p .  

Char- recirculat ion data with nitrogen fluidizatiurl  a rc  given i n  
l a b l e  8.2  f o r  char having an average p a r t i c l e  diamete: of 165 um and 

e f f e c t i v e  p a r l i c l c  density o f  1 . 0 5  y j m  . Fnr  C O I I I ~ ~ ~ ~ S O ~ I ,  lab le  B.2 
a1 so cn t i t a i ; i s  t h r  - s e t s  of d a t a  f o r  a f l a t  d i s t r i b u t o r  p l a t e .  I n  F i g .  

char  re t i r ru!ai  i on  rat:! for  the a1 t,crnste d i s t r i b u t o r  p la te  in 
immsional mock-up i s  compared on a conimon b a s i s  w i t h  d a t a  
from the  9.1-m ( 4 .  i n .  ) - I D  three-dimensional inock-up h a v i n g  
a t  distr-ibutor p l a t 9  ( d e s c r i b e d  in t h e  following ser t ion) .  

3 

a t te r r za i  ive d i s t r i b u t o r  requirc? niorp rjas t o  achicvc sol id  L-~P- 

ratcc, eq!rs? to  those o b t a i i l e d  w'th the $ 1  dndard disiributor-;  
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F i g .  8 .3 .  Two-dimensional model o f  dlternative d i s t r i b u t o r  des ign .  
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thus, i t  appears t o  be ll’ml’ted t o  circulation rates below t hose  achiev- 
d b l e  w i t h  the standard distr.ibnt,nt..  However, the al ternat ive design did 
permit dawncorner fluidization t o  continue, regardless o f  whether the bed 
was circulating. Furlher developnient might decrease the gas  t-equirernents 
o f  t h i s  design.  

3.3  rhrec-dimensisnal iJlock-up 

Following the stud.ies i n  the two-dimensional niock-up, a Lucite mock- 
up  of approxiniately t h e  same dimensions as the atmospheric arid pressurized 
hydrocarbonizer (1 .40  m lonq x 0 - 1  lii diam) was constructed. The systeni 
shawn i n  F i g .  B . 5  was used t o  investigate fluidization of  coal and char 
mixtur*es. Figure B.6 g i v e s  the pressure drop vs velocity d a t a  for- Myodak 
coal par t ic les  (average par t ic le  s ize  of 236 p m >  determined i n  the mock- 
u p .  ‘The resul ts  are i n  good agreement w i t h  resul ts  published in the 
open 1 .i tern t r i re .  

The 0. J-m-ID mock-up was used t o  establish operating conditions for 

Prior t o  run AHG-11 , 
recirculating fluidized beds i n  the atmospheric hydromrbonization sys- 
tem arid t h e  bench-scale hydrocarbonization systerri. 
i n  the atmospheric hydrvca rbon i ra t i on  system, a 0.019-m-dim draf t  tube 
was installed i n  the mock-up, and char- from Run FttIC-9 ( 3 . 4  w t  % l ess  than  
200 mesh) was used t o  determine cond i t i ons  t h a t  would provide good bed 
circulation through the draf t  t u b e .  The mock-up t e s t s  showed t h a t  with 
a 0.84-m-long draf t  tube, the coal plume above the d r a f t  tube exceeded 
0.30 KI thx*.oughout the optimal range o f  operation, resulting i n  substan- 
t i a l  s o l i d s  carry-over. Reductiori of the draf t  tube  length from 0.84 m 
t o  0.62 m dnd addition of a s o l i d s  deflector sharply decreased the carry- 
over. 
carboflizer for  r u n  AHC-11 

These niodifications were dupl  icijted on the atmospher 

Coal prepared f o r  Run A @-11 was tested i n  the mock-up 
A plot o f  downcorn gas f l o ~  set t ings f o r  s t a b l e  operations. 

c hydro- 

to  establ ish 
r gas feed 

ra te  vs  draft-tube gas feed r a t e  ( F i g .  B . 7 )  indicated that  s table  reeir-  
culation occurred only within a range o f  f l o w  set t ings.  
range, there was e i ther  low solids circulation or an e r r a t i c  circulation 

0uksl”de o f  the 
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Fig. B. 5. Schemat ic  o f  three-dimensional mock-up. 
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X ZEMB OR UNSATISFACTORY ClRClJLAVGQN 
@ SATsSFAcTORY CIRCULATION 
0 OPERATING POINT PREDICTED BY 6ORREL.ATION 

F i g .  B.7 .  S t a b l e  operating r e g i o n  For  char circulation i n  th ree-  
d irrien s i on a 1 moc k -  u p . 
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with liiyh voiddge in the d r a f t  tube plunie. 
tion flows calcu’ldted by the correlation o f  Wen and Y u , ’  a n d  minimum 
eratrained f l o w  for the d r a f t  t i ibe approximated by Kuriii and  Levenspiel, 
fccd rates were predicted which f i t  within the range o f  stable vecircu- 
l,-it-8’onS Ambient ii:ock-vdp t e s t s  o f  the coal prepared f o r  Run AHC-11 con- 
firmed that s table  recirculation occurred a t  the predicted gas feed 
rates;  so the correlations were used too s e t  f l o w s  for temperatiire 
h y d r ~ ~ ~ e i i  operation o f  Run AHC-11. Tha t  run  was successf~il t h u s  demon- 
s t ra t ing the vdlue o f  the redctor modifications and the f l o w  correlations. 

Using the minirrturri f luidiza- 

2 

After t,he experiments described above were completed, the mock-up 
W ~ S  modified t o  study bed c i r c u l a t i o n  under conditions expected i n  the 
beri ch - s ca 1 e hyd roca r bon 4 z a t i on react o r  

Initially7 behavior  n T  char i n  B unifnrrrrly f l u  dized bed ( n o  d raf t  
Tests used char from bench-scale experiment HC-12 t u b e )  was tested.  

a &  coal hydrocarbonized a t  825 K and 2170 kPa) The char. had an 
average par t ic le  didrrieter o f  165 lrrn dnd effective par t ic le  density o f  
1.05 gJ~:rri~~ as deter-tnined by rnercrnry pycnometry. From d a t a  on bed 
expansion a n d  pressure d r o p  a t  d i f ferent  gas Flow ra tes ,  minimirm f lu id i -  
zation velocit ies f o r  he1 iuni, nitrogen, arid argon were measured. These 
d a t a  acjrce satisfactorsly with predictions frnrri the correlation of lnlen 
and Y u , ’  which has a standard deviation o f  34% (Table 8 . 3 ) .  

Three dis t r ibutor  plates  were evaluated for  the i r  effects  on recir-  
culating fluidized-bed operation: 

1 .  a 54-hole plate with 0.0012-m-diam holes, 
2 ,  ii 42-hole plate w i t h  0.0004-m-diam holes, and  
3 ,  a 42-hole plate with 0.00013-m-diam holes. 

Only the plate with 0.0004-m-diam holes b o t h  distributed gas well into 
the recirculating f l u i d i z e d  bed and operated a t  the desired pressure 
d r o p  o f  2 .9  t o  4 .4  kPa. Also, a’lthough the weeping o f  solids into the 
plenum was a recurring problem i n  the bench-scale hydrocarbonizer, 
decreasing the hole s ize  t o  0.0004 111 o r  0.0001 m reduced t h i s  weeping 
t o  acceptably low levels.  
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Table B.3 .  Minimum fluidizat ion conditions 
f o r  H C - 1 2  chara 

Gas 
2 Mininiuim f lu id iza t ion  vel c i t y  (m/s x I O  } 

Experimental Cal cul a t ed -  g- Perceilt e r ror  

He1 i urn 

Nitrogen 

A r  g o n 

1 . 4 9  

1 . 2 2  

0 . 7 3  

0.956 

0.876 

0.765 

-36% 

-28% 

+4.8% 

%Fluidization t e s t  conditions: .temperature, 293-308 K; pressure,  0.1 
mPa ( 1  .O a t m ) ;  bed cross-sectional a rea ,  81.07 cm2; voidaye a t  minimum 
fluidizat ior i ,  0 .53 ;  bed pressure drop a t  minimurn f l  uidizat ion,  0 .45 m 
I-I20/m bed. 

b aethoci of !den and Y U  ( r e f .  1 ) .  

By experimenting with the recirculat ing fluidimed-bed mock-up, pro- 
cedures and hardware were developed t h a t  led t o  improved s ta r t -up  o f  the 
bench-scale hydrocarbonization reactor and  increased t h e  degree o f  
m i x i n g  o-f feed w i t h  char. 
could be 1 o s t  -from the hydrocarbonization reactor  during s ta r t -up  because 
sol ids  showered d i r e c t l y  from the d r a f t  tube into the char overflow pipe. 
A char bed must a l so  be present d u r i n g  s ta r t -up  t o  d i l u t e  fresh agylom- 
erat ing coal w i t h  dry char. Char l o s s  was s igni f icant ly  decreased by 
using reduced gas  flow r a t e s  d u r i n g  s t a r t - u p ,  by other procedure changes, 
and by i n s t a l l i n g  a def lector  above the entrance t o  the char overflow 
pipe. 

Mock-up t e s t s  confirmed t h a t  the bed o f  char  

I n  order t o  be t te r  extrapolate the r e s u l t s  obtained from the mock-up 
a t  ambient conditions t o  the operation of the bench-scale hydrocarboniza- 
t ion S Y S ~ F ? ~ T I  a t  o p e r a t i n g  conditions,  an empirical correlat ion was tes ted .  
The same combination of dimensionless g a s  ve loc i t ies  ( r a t i o  of super-- 
f i c i a l  velocity t o  miniinurn f lu id iza t ion  veloci ty ,  L]/U+,~ ) should produce 

the same bed behavior independently o-f gas or sol id  properties for a 
given reactor geometry a n d  configuration. 'Co t e s t  t h i s  hypothesis, char 



l h e  dependence of so? ids c'ircul a t i o n  s a t e  o n  dOwnC:r:jlTier g a s  supp' iy 

rate alone i s  graphed f n  f i g .  B.9 .  As wcis ~eer i  ? 'n  the earlier ~-nock-up 
st iudies c i r cu la t ion  rates weye a f f e c t e d  prii i iari ly by tile ~ ~ ~ ~ ~ ~ ~ ~ . ~ i i ~ ~ ~  

s u p p l y .  
represEntfd hy these data  9 b u t  only S I  i y h t  devitIti!,ns from t h e  general 
trend result .  Frtai1-r F i g .  B.9, c h r  c i r c u l a t i o n  r a t e  wou ld  appear  t u  be 
limited t o  a rnaxiii1irn.i value.  Restrictions o f  so l ids  f low in ,  some cross 
section o f  sol i d s  f l o w  path---- downcomer. cross-sectional area d r a . f t  .trrbe- 
d istributsr p l a t e  s p a c i n g  
apparen-t rnaxitnurn 1 ?:mitation. 
increased b,y adjus-tireg t h e s e  geometric factnrs 

A 20- fo ld  va r i a t ion  -in drclf.t-t~ibe gas s u p p l y  feed ra te  i s  

o r  d ra f t ;  tube ai-ea-probably C M I I S ~  t h i s  
M a x i i w n  sol i d  cilrcul a t i o n  raf-es m i g h t  be 

N i t rogen and h e l i m  recirculations a t  305 K and 101 - 3  kPa  (1 iatm) 

correlated we1 '1 w i t h  each e ther  
hydroyefi recirculation a t  839 K and 2170 k P a  required a s ign i f4cant  
e x t r a p o l a t i o n a  Hydroyen supp1.y r a t e r ,  fo r  run l1C-22 i n  the: berich-scal e 
hydroca rbon ize r  were s e t ,  based  on t h e  cold  iiiodel da ta  ,in Table B.6. 
Both good recirccrl a t  i o n  o f  the char  s%artei- bed and prowl sltmmcoiiier 
f?  i i i d i z a t i o n  were achieved based on ternper-ature meas~re rwnt~  i n  t h e  
d r a f t  t ube  and downcomer for run HC-22. 

b u t  a p p l y i n g  t k i  s cor.relat.ion t o  
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I a b l e  B .4 .  Dimensions arid c o n f i q u r a t i o n  o f  
r e c i r c u l a t i n y  $7 u i d i r e d - b e d  r c a c t o r  iriodel 

Draf t  t u b e  

Draf l  tube g a s  supply 
n o z z l e  

Di s Lri butor  p l  a t e  

~ _ _ _ _  ___ ~~ ~- ~ _ _ _  

0.1016-111 ( 4 - S n . )  ID 
1.334 111 (52-1/3 i n . )  long 
0.025-m ( l - i r i . )  ID 
0.9032-12 ( 1 / 8 - i n . )  wall t h i c k n e s s  
0.635 im ( 2 5  1 1 7 . )  lony 
0.025 m ( 1  i n . )  above d i s t r i b u t o r  p l a t e  
8 .  /6-miri3 c r o s s - s e c t i o n a l  a r e a  (3/16-iri.  O D ,  

Aligned with d r a f t  l u b e  a x i s  
t l u c h  w i t h  ( l i s t 1  i b u l o r  p l a t e  
42 holes  s p d c ~ c i  iunder t h p  downcorner on a 

0.01 2 - m  ( 1  5/32- i n .  ) t r i a n y o l  a r  p i t c h  
HolPs?  398-~rn d i a m  ( 1 / 5 4 - i n . )  

0.038- 2. - 1 ~ ~ 1 1  t u  b i  r ig) 

~ _ _ ~  __ ~ ____ ___ 

8 . 4  RPference f o r  A p p m d i x  B 

1 .  C .  Y .  Yen and H .  H .  Y u .  A I C h F  , I .  1 2 ,  - 510 (May 1966) .  

2. U.  K u n i i  and 0. Levenspie l ,  F l u i d i z a t i o n  __ --4- Fnoineoring,  _I_ Wi?ey, N . Y . ,  
19G9. 
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T a b l e  R .6 .  Coniparison o f  d a t a  a t  
f i x e d  d imens ion less  veloci  tya 

He7 i u m  0.421 0.374 4 

Nitrogen 0.409 0.342 3 

a 
= 5 ;  f o r  the d r a f t .  t u b e  u’3nf A t  the  bot tom o f  t;iJ;> a n n u l  a r  downcomer, 

S U P P ~ Y  j e t ,  - 2300. __ 



c .  1 Coal Feeder. \/a1 ve neve1 uprilerlt 

A mod i f i ed  b a l l  va lve ,  i n  which t hc  bore  o f  the b a l l  was D l x k e d  
t o  form two cups, was used f o r  the fa'rst feeder v a l v e  t e s t s ,  IXur ing 

each ~ e ~ o l ~ t r ' o n  o f  the b a l l ,  t ~ o  c u p f u l s  of coal were del i v e t w l  frorii 
the f w d  hopper t o  the pileumatic t r a n s f e r  l i n e  below, as  showti i n  r i g . .  
c. I .  

I n  the f i r s t  experiments, an attempt was made .to feed con1 from the 
hopper a t  atmospheric i',i"essi.ere t t o  the pressurized transport: 1 i ne .  

operation was not obta ined due t o  the blowback o f  gas i n t ~  the kioppel- 
from t h e  "eriipty" cup. 
zation between the  hopper and the transport 1 itwe Steady coal  feeding 
c o u l d  be obt-.ijl"ned fo r .  skior? periods w i t h  t h i s  a r rangemen t ;  however a coal 
f low would s t o p  o c c a s i o n a l l y ,  possibly because o f  blowback or par t ic le  

S t a b l e  

The hopper was Inodified t o  lslllow pressure equil i- 

br l^dging  i n  the hopper. I n  order  t o  p r o v " d @  cont inuous coal feeding 
-for longer pcrirads, the hopper was pressurized t o  ,-1,7 kPa, relative to 
the transport  1 i n e  press~re. T h i s  c ; o n f i g u r a t i n n  prnved s a t i s f a c t o r y ,  
and m a l  could be Fed smoothly and without interruption, The coil1 was 
deposited in a container mounted on ~1 loa,d c e l l .  
from the l o a d  ce l l  was graphically di fferentisted t o  obtain the coal 
flow r a t e .  F i g u r e  C.2 i s  a p l o t  o f  coal flcrw r a t e  vs the s k f t  speed 
o f  the ro ta ry  b a l l  v a l v e  feeder w i t h  pneumatic t r anspor t .  
l ine  represents d a t a  obtained by feeding i n t o  an open ccmtadner. (no 
pneumatic t r a n s p o r t  1 ; the  dashed 1 irie .is tire 1 east-squares a p p r o x i m a t i o n  
of the  da.ta w i t h  pneuriiatic t r anspor t .  

7tie s t r ip-char t  record 

The s o l i d  

After 450 h o f  operat ion,  the mod i f i ed  b a l l  valve feeder d p v e l o p e d  
a leak around the v a l v e  s%em. Tlw bal 1 valve was subseqiiently 
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2 

F i g .  C.2. Cod1 f l o w  ra te  f o r  b a l  I valve feeder a s  2 f u n c t i o n  o f  
s h a f t  speed, 
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disassembled a n d  inspected. The stem packing washer had vJorn out ,  
allowing gas a n d  coal t o  escape t o  the atiiiosphere. The ieflon valve 
sea ts  were a l so  permanently damaged, and a l l  s e a f s ,  washers,  0 r i r~ys ,  
a n d  packing were replaced. 
l i t t l e  or no damage. The ball locked in positiott i n  subsquent  t e s t s  
using brass valve sea t s ,  thus causiny the shaf t  t o  brmk.  

The permanent par ts  of the valve showed 

As a r e s u l t  of t h e  d i f f i c u l t i e s  with the  modified ball valve, t h e  
Feeder valve shown in Fig. ,  C.3 was developed. This valve used a rotat ing 
'Teflon cylinder (0.028-m d i m  x 0.045 m long) containing s ix  C ~ J P S  (0.016 m 
x 0.01 m wide x 0.006 m deep) t o  t r a n s f e r  t h e  coal.  The Te f lon  cy1 incler 
was rotated by a brass shaf t  t h a . t  was driven by a varfable-speed a i r  
motor, a n d  the housing contained cool ing-water channels for  removing tieat 
generated by Friction. This feeder was used i n  t h e  bench-scale hydr-o- 
carbonization system. 
b u l k  density and p a r t i c l e  s i z e  o f  the coal feed. The feeder performed 
s a t i s f a c t o r i l y  d u r i n g  the hydrocarbonization @xperiments, b u t  inspection 
a n d  maintenance were required a f t e r  each r u n  t o  ensidre good performance. 

The feed  ra t?  was found t o  he dependent on the 

Development and t es t ing  of sol i d s  mass f lowi~i~ters  were performed t o  
provide a flow monitor f o r  the coal feed stream t o  the bench-scale hydro- 
carbonization s y s t e m .  
0.013-m ( l /Z-in.) -diam 304 s t a i n l e s s  s tee l  sched 40 p i p e  w i t h  thermocouples 
attached upsLrearn and downstream o f  a 0 . 3 4  heated section. 
gas mfxtui-e has a higher heat capacity t h a n  gas alone, t h e  temperature 
difference be-tween upstream and downstream thermocoupi es w i  11 give an 

indication o f  the  mass flow o f  coal i n  -the gas stream. 

'Yha f i r s t  unit  tes ted consisted of a section of 

Since J c o a l -  

The system shovdn schematically i n  F i g .  C . l  was used i o  t e s t  t he  f low-  
Measurements of the steady-state temperature r i s e  have been made meter. 

a t  several gas  and coal flow ra tes ,  a s  shown i n  F i g .  C . 4 .  

Equation ( 1 )  i s  the l e a s t  squares approximation o f  the coal riowl:icter 
cal ibrat ion d a t d  in the t e s t  u n i t :  

AT = 20.0  + 1 2 7 . 8  G - 1 . 4 7  C , 
~ ~~ - 
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F i g ,  C.4. Coal f1omete.r calibration d a t d .  
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b\rklere 
AT __ := tuiuperature r i se  in the flown:eter, K; 

3 G = giis flow ra te ,  std ill / m i t i ;  

c :: coal Flow vatr!,  k g / h .  

F i g i ~ r e  C - 5  i s  a p l o t  o f  E q .  ( 1 )  \IS the data. The correlation coefficient 
o f  0.91 indicates t h a t  Eq.. ( 2 )  i s  a good approx i i na t i on  o f  the d a t a .  
Eqi.cation ( ' 1 )  i s  rearranged s o  t h a t  i t  can be used t o  calculate the coal 
feed ra te ,  .... &,  ias a futict,ion o f  t h e  known gas  f l o w  r a t e ,  -~ G ,  a n d  the 
miasuired temperature difference, AI: 

C .z 1 3 , 6  -I 86.9 G + 0.68 r,T . 
I 

1 % ~  estimated standard error- i n  the calculated value of  & i s  _. -GO%, 
A l t h o ~ r y h  t h i s  s t a n d a r d  error i s  unsuitably large f o r  quantitative 
i ' i ieasuremmts, t h e  coal flowiiieter appears t o  be of'  value f o r  ninnitora ' t ig 
tht? coal F l o w ,  espec ia l ly  as an indicator o f  flow st,oppage. 

To reduce t.he sensi t . l iv . i t ,y  o f  t h e  coal f'locv monitor t o  the gas 
transport r a t e ,  heating tapes were attached t o  the coal transport l ine  
upstream arid downstream o f  the coal  feeder valve, as shown in F i g .  C . 6 .  

Heat ing  tapes of-' equal resistance were used a n d  were connected to a 
u m m n  power supply t o  ensure equal  power i n p u t  t o  each leg of the 
monitor, Both heated s e c t i o r i s  were thermally insulated t o  prevent heat  
lo . ;s .  

heated sect ' ior i ,  The thermocouples were connected in oppos i  t im and 
corinected t o  d milliuoit recorder, a s  shown i n  F - i y .  C.F. With proper 
adjustment, the recorder receives a zero s i g n a l  when gas alone -is 
flowing a n d  a positive signal when coal i s  flowing. The systerri was 

Thermocouples were a t t a c h e d  a t  the i n l e t  arid exit ends o f  each 

used f o r  the: bench-scale runs. 
f l o w  cdn also be o b t a i n e d  w i t h  t h i s  system. 

A semiquantitative indication of  coal 
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A P P E N D I X  D: D E S C R I P T I O N  OF C Q u I P M E N  I 

The reactor a n d  the modifications t h a t  w r e  rnacie during the experi- 
mentdl program are  desrribcd i n  Sect. 3. M a j o r  pieces of equipment, 
t h e  instrumenldlion, and the gas siipply systeiil f o r  t h e  bench-sralc 
hydrocarboniration system a r e  described bcloki. The rtiairi process vessels 
were constructed o f  316 s t a i n l e s s  s t e e l .  

D . 1  Gas Preheaier 
- lhe prehcater ‘\i3r ai7 external ly  hcatcd IJ-shaped vessel made o r  

0.016-m ( 3 - i n . )  sched 80 pipe. 
o f  u p  t o  1033 K a n d  pressures u p  t o  2515 k P a .  Room-twporature  gas 
c n t r t ?  via a 0.013-m ( l / Z - i n . )  sched 80 nori lc  flanged to otip ley o f  the 
U, and heated g a s  c x i t s  t h r o u g h  a 0.035-m ( 1 - i n . )  schprl 80 nozzle located 
on  t h e  oppos i t e  1 eg. Iicati ng  was p rov i  ded by surface-mounted cl w t r i  cal 
resistance heaters.  Origindl l y ,  the ver t ical  legs o f  the prcheater were 
f i l l e d  with packing mad? From 0.0064-11r-OD tubing iwasilring 0.075 rn l o n g .  
After r u n  H C - 9 ,  t h e  packing was replaced w i t h  a F i l le r  constructed o f  
0.063-m-OD tubing closed a i  each end, Ihe  f i l l e r  rods were used to  
increase the gas velocity and  l o  improve t h e  heat t r a n s f p r  in t h e  pre- 
heater. 

I t  was desigrred to operate a t  tcmperatures 

- 

D.2 teed Hopper 
- 
Ihr. feed hopper was a flanged vessel made of 0.25-m (10-in.)  sched 

40 pipe with a conical lower s c c t i o n  rolled from 0.009-m p l a t ? .  A 
0.025-in (l-in.)-diatri sched 40 nozlle was used f o r  coal fcrd.  A 0.05-111 

h a l l  valve was located a t  the l o p  o f  the v ~ s s e l  for- coal charging. The 
vcsscl has a design r a t i n g  o f  2515 kPa a i  533 K .  

D.3 Coal Feeder Valve 

The coal feed valve, l o c a k d  a t  the b o t t o m  o f  the feed hopper, was 

used t o  meter coal into the transport  l i n e  wh;.:-e i t  was pneumatically 
t r d n s p o r t e d  t o  the reactor (shown in F ig .  C.3 in Appendix C ) .  T h e  valve 
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A l w j o r  s a f e t y  f ea tu re  o f  the  f a c i l i t y  i s  an automatic. shutdoh!n 
s y e t r , , ,  t h a t  p u i i  the eqi1ipiiir:iLL i'n a c a f ?  5tandby condiil 'on i n  L!IF ?vent  
t h a i  d rs$id shu";icrwn i s  necPss2,ry. Ihe Chutdowt~ s y s i r l i i  could be a r t i  
vated e i t h e r  manually by s!u.i itches locai  ed iri t h P  cont ro l  roolit arid o u t s i d p  
Lhe bui ld inq  Or- autort-iatically i r unsa fe  o p ? t a t i n q  c o n d i t i o n s  e x i s t .  
Condi t ions tha t  a c t i v a t e  a n  automatic  <hlJtdoW7 a r e  inadeqlAai P v c n t i l a i i u r ~ ,  
l o s s  o f  i n s i r u m n t  air, l o s s  of plm-ti-ical  pow:-, e x c e c s i v r  flow o f  

hydtuycn i n t o  t i)e system, or Z R  abnormally low gas efT:r:ent r a t e  ( i n d i -  
c a t i n g  a poss ib ;c  ' , P  

t u r n s  o f f '  p o w r  i u  t i ic  h e a t e r s ,  ver, ts  ihe zvstem L ~ J  atlilospheric p r c s s u r e ,  
s ioos the Flow o f  hydrogeri, and s t a r - t s  a nitr*oge:i purge. 

iri the  s y s t w i ) .  AcLua'c ion o f  i l l ?  shutdown systrl?: 

0.11 Gas S u p p l y  Sysi.c;n 

I he riiajor gas sIJpO1 i e s  f o r  t k ~ c  brnrti-scale hydrocarboni /d t ion  s y s t e z  
e niir*og;n and hydrogcn. Piping was a v a i l a b l e  f o r  ;irethane c c r v i c ? ,  

a l though i t  : m e  n o t  used. N i t i o  w ? ~  used p r i m a r < l y  for pir-giny lhe 
5;stem and f o r  f l u i d i r a t i o n  dirrir ig s t a r t - u p  and shutdowi.  Duriny hydr-o- 
c a r b o n i z a t i o n ,  hydrogen w s  used f o r  r i u i d i z a t i o n  and f o r  coa: t r a n c p o r t  
i v l  orde r  t o  maintdin a hydrogen a t r a s p h e r e  i n  the  r e a c t o r .  
atlJ iii troger,  =:-? suppl ied f r o m  934 s td  rn3 t t ~ l ~  : ;-ailere l o c a t e d  r i m y  the  
f a c i l i t y .  Pressure  wzs r-eciiicec! t o  2657 k P z  a t  the  t ra i ler . -  cldticrn f o r  
de! ivcry  i n t o  tllc bui ld  i t l y .  Individual  gas cy1 ind?:-s c o n t a i q i n g  s tandard  
gas  mixtures  a r e  used f o r  cal  i b r a t ' s n  C T  thc gas r.hromatogrdpti, oxygeri 
rnoni Lor, and combiistible g a s  moiii l u r s  b e f = r c  ei7,rli exppi-iiiiPnt. 

Both  hydrocjm 





106 

- 
l a b l e  E . ] .  Summary o f  experimental c o n d i t i o n s  f o r  

u n i f o r l l l l y  i l u i d i 7 ~ d . b e b  runs  w i t h  It'yzdak coal'; 

HC-1 852 21 /u  0. s 0.20 9.6 
I fC-2 82 i 71 70 3.8 0.16 13 .2  
HC 3 / b l  21 /o 6.0 0.14 8 .1  - -  

HC-4 81 1 21 70 6.4 0.16 1 . 3  

HC 5 /9 1 31 70 1.0 0.14 / . 7  
HC 5 82 7 1136 7 . 4  0.07 5.1 
I iC .21 830 21 70/1894- 4.6 0.37 12 .2  b 

a -  - d g a l  f o r  runs  HC-1 t l i r-ot igh !IC-6 \:,as c x p o s ~ d  tu a i r  d u r i n g  g r i n d i n g  and 

b i Z e a c t o r  p ress i r r c  Yas 7170 kPa f o r  t h e  f i : i -st 5 . 9  i i  o f  (,oa7 f w d i r i g  and 

s i z i rig . 

1894 kPa f o r  t h e  reniainiilg 6 .3  h. 

t o  r e c i r c u l a t e  t h c  bed. Coal was p n c m a i i c a l l y  t r a n s r e r r e d  t o  t h e  bottom 
o f  t h o  d r a f t  tubc th roug l i  a 0.0035-XI-ID l i n e  t h a t  ended f l u s h  !t / i th t h e  
c i i s t r i h i i t o r  p l a t e .  P, more &tailed d c s c r i p t i o n  o f  the r eac lo r  i s  giver1 

i n  S r c t .  3. I incs wei-c i nc luded  f o r  i n t r o d u c i n g  a d d i t i o n d l  gas i n t o  t h e  
d r a f t  l ube  and d i s l f i b u t o r  p l a t c  i n  o r d e r  t o  p r o v i d e  p r o p e r  f l u i d i z a t i m  
3iIki b d  I i r  c c l l a t i o n .  C o n d i t f o n s  t h a t  gave s a t i s f a t t o r y  f 1 u i d i L d t i o r - i  and 
bPd ~ i i c u l a i  i o n  w e w  dctcsmi,~rd i n  I I I O ~  k-up  s t i i d i e s  d e s c r i b e d  i n  Appendix 

B.  l h e  opr . :a t inq  cclndi i ioils  used f o r  t h e  r c c i r c u l a t i n g  f l l A i d i z e d - b e d  
rutrj w i t h  Ldyotlak c o a l  a rc  sunanar-ired i n  T a b l e  F.9.  Runs I 1 C - /  t t i r obgh  
HC 7 4  were m d e  a t  a r e a c t o r  pt-2ssui-e of  n e a p l y  7170 kPa; run  HC--25 r*~a$ 

made a t  an ~ p v r a t i i i c j  prcssuv-c o f  1136 kPa. 
~ x p o s e d  t o  a i r  dlarGng p r e p a r a t i o n  was used f o r  r u n  HC-7. Riitrs IdC-8 
i i l r o u j h  HC-14 a!id I i C  25 u s 4  Wyodak c o a l  p reya r?d  i i ndc r  an i n e r t  ati i io 

spi.l,o:*ti. k luidizcd-bed t cmpera tu res  r a n y i r i g  from 694 t o  850 K 
i r i v c s t i  ga  i 4. 

Wyodak c o a l  t h a t  had been 
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of  t h e  regulator- on tiln ~ u p p i y  t r a i l e r .  Only 9 kg o f  coal was f c d ;  
he::ce, no lllaterial ha7 ance was d t t z l n p t e d .  

Oprra t ion  d i i r i n g  run HC-12 w=s q1Jit.r s a t i s f a c t o r y .  R u n  HC-13 p r o -  

duced uscful  data. b u t  i t  w?< ir-iterrirplcd a f t e i -  ’t.5 h of  Sr l lOoth  o p e r a t i o n  
e r a t u r r  o f  / W  K by a l o s ?  o f  f e e d .  Appa:->ntly, t k  coal f t w d  

1 ilie heranl: $lugged di~k-ii-ir~ systrili pressure f1 u c t u d l i o n s .  
iiie l i n e ,  o p e r a i i o n  was resulned a t  a i e r l i p r a t u r e  o r  18.3 K To, 1.8 h 
before  the b ~ d  tenipcratut-e drop f i r s t  t o  755 K f o r  50 m i n  a n d  then t o  
105 K f o r  th? rcrnajt3irig 3.1 h .  A time-teirtpprattire avc ragc  was used t o  
e v a l u a t e  the o i l  y i e l d  fro111 t h e  run. S i m i l a r  temperaturP c h a n g ~ s  werc 
OklSCi^L’e:! in  rut1 HC 1/1. h i r i n g  t h e  f i r s t  3 . 3  h uF operation, the b r d  
t m ! ) ~ v a t i ~ r ?  was 856 K .  I t  iticr1 d r o p p ~ d  t u  84 /  K f o r  1 .1 h and t o  81 6 K 
f o r  the l a s t  1 . 5  h .  (he l o s s  o f  t empera ture  coritrol  a p p a r e n t l y  resisltecl’ 
froni a chatlye i n  the  q u a l i t y  of  bed c i r c u l a t i o n .  

After c l e a n i n g  

R u n  :IC ?5 conducted using a r e c i r c u l a i f n g  bed wjth a 0.022-m- 
ID x O.//!-m-long d r a f t  tube.  A systetr: pressure o f  1136 kPa wits  used, a s  
compared t o  ?I70 kPa used f o r  t h e  o t h e r  r e c i r c u l a t i n g  rluidiLed-b?d runc.  

I l it? system opera ted  sitioothly throughout thc run a t  a iempera turc  of  
844 I(. 

- 

E . l  . 3  Rapl’d - ~ _ _ _  hydropyrolys is  run 

For  Run HC-?8, t h e  reac tor  was modified l o  y vc r a p i d  disengagement 
and qicenchinfl o f  thr v o l a t i l e  products .  
d r a f t  L~ i t i e  d i r e c t l y  t o  a cyclor-ic, a s  silobin i n  F i g  3 . 5 .  Rutn HC 78 was 
roriciljctcd u s i n y  t h c  rev ised  c i r c u l a t i o n  systrrii t o  s tudy  rap id  hydro- 
p y r o l y s i s  o f  b!yodak caa l  a t  854 K and 2110 kPa. \ h e  system ope’:aic.d 
very smooLI11y throdghoui  the r u n .  

I-his w?s done by a t t a r h i n g  the 

Design o f  I ~P char  r c c S r c b l a t i o n  system fsi- the  reactor- it’.:5 based 
- on s t u d i e s  performed in the  0.1-lrl-ID Liicite mock-up. l h e  d r a f t  tube  

llieasured 2 . 6 7  rn long and w!ac c o n s t r u c t e d  o f  0.027-ri-ID s t a i n l e s s  s t e e l  
t u b i n g .   tic coal f e e d  was int roduced thraugh a 0.0048-111 O D  l i n t ?  t t i a t  
e n t c r e d  the  boitoni of i l l ,  d r a f t  t u b e  throuqh 0.0077 m-ID t u b i n g .  Ihc 
aIinLJ;dI- s p r l r e  betw?P:i t h e  tw 1 ines  was used l u  intr-odiicc a d d i t i o n a l  

- 
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gas t o  the d r a f t  tube. Char from the f luidized bed enters  the bottom 
of the d r a f t  t u b e  through a s ide arm hdv i r ig  a 0.016-m-ID opening. 
upper end of the d r a f t  tube js  attached t o  a open cyclone (0.015-ni ID) 
in which the char i s  disengaged from the gas streani and retirrried t o  the 
f luidized bed f o r  rec i rcu la t ion .  
cyclone (0.024-m ID) before entering the scrubber-, where i t  i s  rupidly 
quenched t o  305 K by a water. spray. 

The 

The gas streani passes throuqh a second 

The recirculat ion systeni was tes ted in the mock-up before being 
i n s t a l l e d  i n  the reactor .  A t  gas ve loc i t ies  equivalent t o  those used i n  
r u n  HC-28, the char c i rculated smoothly a t  a r a t e  of  272  k g / h .  
cyclone eff ic iency was %99.8%, resul t ing i n  a char carry-over o f  
ib0.5 kg/h .  
to  reduce the amount of so l ids  collected with t h e  o i l  product, the 
r a t e  was considered acceptable f o r  the run. 

The 

Although a lower char entrainment r a t e  would be desirable  

Run HC-28 was made a t  
temperature o f  817 K .  ‘The 
854 K. The t o t a l  hydrogen 
w i t h  0 .48 s td  rn / m i n  g o i n g  3 

a pressure o f  2170 kPa  and  a d r a f t  tube 
average temperature o f  the f luidized bed was 

3 flow r a t e  to  the systeni was 0.65 std ni /min, 
t o  the d r a f t  t u b e  and 0.17 std m3/min t o  the 

f luidized bed. 
2 .9  m/s, giving a gas residence time i n  the d r a f t  tube of oil s .  

The superf ic ia l  g a s  velocity i n  the d r a f t  tube was 
The 

coal feed stream t o  the d r a f t  tube (0 .14  s td  rn3/min) was preheated t o  
477 K ,  while the remaininq d r d f t  t u b e  qas (0 .34  s td  ~li /min) was preheated 
t o  644 K .  The r u n  duration was 6 h and  56 r n i n ,  d u r i n g  which time 42 .7  k9 
of coal was fed a t  an  average r a t e  o f  6 . 2  k 9 f h .  

3 

The system operated very smoothly throughout the r u n ”  The tenipera- 
t u r e ,  pressures,  and gas f low r a t e s  remained steady, The temperatures 
i n  the reactor  were uniform, indicating good f luidizat ion and char 
c i rcu la t ion .  
t h e  char overflow l i n e  and the off-gas l i n e  between the reactor  and 
scrubber were h i g h e r  t h a n  those at ta ined i n  previous runs because of 
the circulat ion o f  char t o  the top of the reactor .  

The teniperntures i n  the upper section o f  the reactor  above 
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E . 2  Description o f  Runs w i t h  Untreated I l l i n o i s  No. 6 Coal 

Some un ique  problems are  encountered when processing caking coals 
in a high-temperature fluidized bed. C a k i n g  coals such as I l l i n o i s  No. 6 
have a Frw-Swelling Index i n  the upper p a r t  o f  the 1 t o  10  range. [hey 
soften a t  temperatures t h a t  exceed .A72 K. The ou.ter surface o f  t i l e  

p a r t i c l e  becomes p l a s t i c ,  and  small bubbles appear i n  t h e  coal .  As the 
ttniperature i s  increased, the walls s u r r o u n d i n g  the bubbles may ruptur-e. 
A t  s t i l l  higher temperature, referred t o  a s  the reso l id i f ica t ion  p o i n t ,  
the p a r t i c l e  becomes a hard, porous mass. Resolidification occurs a t  a 
temperature of ~ 7 8 3  K. 

- 
1 

Whrn a highly caking coal i s  introduced into a f l u i d i z d  bed m a i n -  
tained a t  3 temperature above the i n i t i a l  softening p o i n t ,  i t  hpconies 
p l a s t i c  a n d  heyins Lo swell. Individual coal par t ic les  contacting onr  
another t m d  t o  adhere and f o r m  agglomerates. Thus, thr incoming 2031 

stream must be rapidly diluted with i n e r t  char t o  avoid agglolneration. 
The recirculat ing f luidized bed can be extremely pf rcc t ive  i n  accoiii- 
plishing t h i s  di lut ion because o f  the high char recirculat ion r a t e  
t h r o u g h  the d r a f t  tube in to  which t he  coal feed stwain i s  introduced. 

Eight operabi l i ty  t e s t s  (runs HC-75 i h r o u g h  HC-20, HC-22, and HC-77) 
Lvith I l l i n o i s  No. 6 caking coal were conducted. Table E.3 sumnarizes 
the experimental conditions for each cxperirnent. 

I l l i n o i s  No. 6 coal di luted with char (devolat i l ized a t  322 K i n  
t he  atmospheric pressure carbonizer) was fed t o  the reactor ,  ~ h t c h  was 
operated a t  a hydrogen pressure o f  2170 kPa  and  bed temperatures r a n g i n g  
from 714 t o  872  K. Three char-to-coal di lut ion r a t i o s  'slere investigated - 
6 / 1 ,  5 /1 ,  a n d  3/1. D u r i n g  r u n  IiC-17 ( reac tor  bed .temperature o f  714 K ) ,  
a sustained feed period, with good reactor bed rec i rcu la t fon ,  o f  7 h a t  
a feed r a t e  o f  4 . 4  k g / h  was achieved. For  the  other runs, reactor  bed 
recirculat ion was ?imited by agglomeration on the h o t  reactor  wall o r  by 
equipment problems. 
qtianti t i e s  o f  coal fed t o  the reactor  were small, the amount  o f  o i l  pro-  
duced was n o t  s u f f i c i e n t  t o  determine l iquid y ie lds .  

Since the reactor  feed was di luted with char and .the 
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A recurrent problem i n  runs HC-18, -79, and -20 in which the reactor 
bed temperature was i n  the range o f  769 t o  839 K was blockage of the 
downcomer region by agglomerated so l ids  adhering t o  the hot ( ~ 8 6 6  K )  
reactor  w a l l .  Although coal was fed t o  the reactor  for  considerable 
periods, t h i s  blockage prevented proper bed circulat ion and resulted 
in incomplete devolat i l izat ion o f  the coal f e d .  Since much o f  the 
reactor heat load was supplied by the e l e c t r i c a l  heaters on t h e  exter ior  
o f  the reactor wall ,  a substantial  temperature d i f f e r e n t i a l  existed 
between the reactor  wall and the reactor bed. 

The f i r s t  two experiments ( H C - 1 5  and HC-15) were hasical ly  shakedown 
t e s t s  w i t h  caking coal .  
The feed mixture consisted of f i v e  parts char t o  one part  I l l i n o i s  No. 
6 coal .  klheti the feed was introduced i n  run  HC-15, the reactor  was a t  
a temperature o f  866 K and  a pressure of 2170 kPa. Three attempts were 
made t o  feed coa l ,  b u t  each attempt was terrriinated a f t e r  a few minutes 
by plugging of  the coal transport  tube a t  the entrance t o  the reactor .  
Several modifications were iiiade before the next r u n  (IHC-15). The 
hydrogen sclpply t o  the d r a f t  tube nozzle, which blankets the coal t rans-  
port tube as i t  enters  the reactor ,  was n0.f; heated i n  order t o  provide 

No system modifications were made f o r  1-IC-15. 

cool i ng 
w i t h  a (3 

pres s u re 
t ion b u i  

'The 

or the transport  tube. The 0.017-rn-ID d r a f t  tube was replaced 
022-m-10 d r a f t  tube since experience w i t h  the atmospheric 
carbonizer had shown the l a t t e r  t o  be less  prone t o  ayglornera- 
d u p .  

modification improved 5ystem operation. R u n  11C-16 was ihc f i r s t  
successful attempt t o  feed caking coal t o  the reactor .  A mixture o f  one 
p a r t  I l l i n o i s  No. 6 coal t o  f i v e  par ts  char was fed t o  the reactor  a t  a 
r a t e  of 5 . 2  kg/ti  For a period of 1 . 2 5  ti. The lemperature a n d  hydrogen 
pressljre of the reactor bed were 774 K and 2170 Pa,  respectively.  Po 
a i d  i n  the h a n d l i n g  o f  agglomerating coa l ,  the hydrogen feed r a t e  was 

increased from 0.30 s t d  m / m i n  used in r u n  ; iC-l5 t o  0.54 std rn /min. 
The higher hydrogen supply r a t e  improved recirculat ion o f  the char  bed 
in the reactor .  The a x i a l l y  spaced reactor.-bed tenrperature measurements 
were reasonably uniform d u r i n g  the feed period. The r u n  was terminated 

3 3 
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remainder of the r u n  ( 9  h ) ,  a n d  the main so l ids  flow p a t h  was a s ingle  
pass thro i igh  the d r a f t  tube a n d  out: the overflow p o r t .  W i t h  t h i s  flow 
pat tern,  the sol ids  residence time in the  reactor was less  than 2.10 s ,  
whereas the so l ids  residence time w i t h  normal bed recirculat ion i s  ~ L G O  min. 
Glithout the benefit  o f  recirculat ing char t o  heat t h e  coal r i s ing  
through the d r a f t  tube a n d  with essent ia l ly  a l l  o f  the hydrogen t h a t  

d r a f t  t u b r ,  the maximum tempera- 
t o  be 2.589 K. This temperature 

entered the reactor flowing through the 
calculated iure  reached by the coal was 

i s  not suf f ic ien t  f o r  e x t r n s  
erated material blocking the 
10  h o f  operation. 

ve devolat 
char overf 

l i za t ion  o f  the coal.  Agglom- 
ow l i n e  teminated the r u n  a f t e r  

A lower char-to-Tllinois No. 6 coal r a t i o  (3/1)  was used i n  run 
HC-19. 
bed i n  the reactor  a t  the beginnitiy o f  the run: however, much of  t i l e  

bed Mas discharged t o  the overflow l i n e  while t h e  system was being 
pressurized and depressurized to remove a i r .  The temperature o f  t h e  
hydrogen entering the downcoiner p l c n u m  was increased t o  866, K t o  
reduce the heat load on the reactor .  rhe behavior o f  the bed during 
r u n  HC-19 was simi'lar t o  r u n  H-18, with the downcomer apyarent ly  
becoming blocked ~ 2 5  i n i n  a f t e r  t h e  Fred operations were i n i t i a t p d .  
Under these conditions,  the feed was continued a t  3.9 k g / h  f o r  4 ti. 

Attempts were made t o  ensure that ,  thcre was an adequate s t a r t e r  

Run HC-20 was made w i t h  the 3/1 char - to- I l l ino is  No. 6 coal feed 
mix as i n  r u n  HC-19. To miniiiiize loss of the char s t a r t e r  bed, a 
def lector  p la te  was ins ta l led  a t  -the reactor  char overflow p o r t ,  and 
the experiniental procedure was iiiodified so tha t  the char s t a r t e r  bed 
could be introduced a f t e r  completion of the purge cycles. 
flow ra tes  into the reactor were chosen t o  give maximum bed recircula-  
t ion based on recent; ambient mock-up work. 
2170 k P a .  About half of the char s t a r t e r  bed remained a n d  was recsrcu- 
la t iny  a t  839 K a f t e r  the coal .feed was introduced. As i r i  the previous 
two runs, the bed temperature dropped t o  714 K 20 min a f t e r  the feed 
was i n i t i a t e d .  
a few degrees o f  714 K f o r  the next 40 min. 
apparently beciine blocked a s  be fo re ,  the bed temperatures showed a wider 

_. ltie hydrogen 

The  reactor  pressure was 

The temperature measurements of the bed remained within 
Then, the downcomer 



1 ‘I 5 

variation, and the bed different ia l  pressure went t o  zero. The feed was 
con t inuou i  a t  a ra te  o f  3.9 kg/h f o r  4 . 5  h .  The max.imurn temperature 
reached by the coal d u r * i n q  the l a s t  3 .5  h of operation was calculated 
t u  be 505 K. The run was terrrrinated by I% p l u g  a t  the char overflow 
pcjrt I 

T h e  main objective o f  run HC-22 W C ~ S  to determine whether the cakinq 
prcsblenis i n  the reactor t h a t  had been experienced i n  prev ious  runs with 

ledving t h e  draF% tube had been heated above 817 K. To accomplish t h i s ,  

a preheater \vas -installed in the coal t r a n s p o ~ t  l ine  t o  the reactor, and 
a thenilscouple was installed t o  riieasiire the temperature inside the d r a f t  
tui.e- A started bed o f  char was added t u  the reactor before tine run was 
s t a r t e d .  The feed was a 311 mixture of  char and 1l’iinoa”s No. 6 coal., 
Iiydrogeat f l o w  rates of 0.14 s t d  m3jrri in t o  the transport line, 0,40  std 
m‘J//riiin t o  the downcomer, anti 0.03 std n3/min t o  the draf t  tube were used. 
The flow rates  were based on conditions t h a t  gave good char circulation 
and fluiddzdtion in mock-up studies.  The i n i t i a l  bed temperature in the 
reactor was 852 K .  A ? ]  t he  temperatures i n  t h e  fluidized bed were f a i r l y  
close,  and the temperature o f  the material flowing th rough  the d r a f t  
t ube  was 836 K, indicating t h a t  there was good fluidization in the bed 

a .  6 coal c o u l d  be eliminated by ensuring t h a t  the material 

7 

good circulation th rough  the d r a f t  tube. The coal preheater performed 
we?] 
Coal feed was star ted a t  a re la t ively slow ra te  of 1.1  kg/h, The ra te  
was increased t o  2.3 kg /h  a f t e r  5 min; 1 2  nin l a t e r ,  the ra te  was 
increased t o  3 - 2  kg/h. During t h i s  period, the system appeared to per- 
form well, and there was a high gas evolution r a t e ,  indicating that  the 
coal was being devolatilized. After rb.20 min of operation, however, the 
teinperatmre o f  %he material passing t h r o u g h  the draf t  tube began t o  
decrease, a n d  the bed temperatures began t o  diverge, indicating t h a t  
caking had occurred. Operation was continued until the draf t  tube became 
plugged a f t e r  q.35 rnin o f  r u n  time. 
downcarrier a rea  was caked around the top of the draf t  tube. Evidently, 
t h e  coal had n o t  been suff ic ient ly  devolatilized i n  the  d r a f t  tube t o  
prevent cak ing  a f t e r  i t  was discharged into the downcomer region. 

heating the  feed stream t o  469 K before i t  entered the reactor. 

Post-run inspection showed t h a t  the 
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An objective o f  r u n  H C - 2 7  was t o  determine whether increased r e s i -  
dence time i n  the reactor would s u f f i c i e n t l y  devola t i l i ze  coal in the 
d r a f t  tube so that .  the caking problems a t  the t o p  o f  the d r a f t  tube which 
had occurred i n  previous runs w i t h  untreated I l l i n o i s  No. 6 coal could be 
eliminated. To accomplish t h i s ,  the length o f  the f l u i d i z e d - b e d  section 
o f  the reactor  and the d r a f t  tube were increased by 1 . 5 2  m, as shown in 
F i g .  3 .4 .  Operating conditl'ons f o r  the riin were s imilar  t o  those used i n  
rtuns HC-23, tic-24, and HC.-26, with the exception t h a t  the bed temperature 
was ~ 2 8  K higher (872 K ) .  
total  hydrogen Flow t o  the system was 0 . 5 1  s t d  m / m i n ,  with 0.17 s t d  
m /min being fed t o  the d r a - f t  tube and  3-40 s t d  m / m i n  t o  the d i s t r i b u t o r  
p la te .  Assuming t h a t  .it80% of gas from the d i s t r i b u t o r  plate  entered the 
d r a f t  tube, as observed in mock-up s tudies ,  the gas residence t i m e  i n  
the d r a f t  tube was ~ 0 . 8  s .  The feed riiirtwial was undiluted I l l i n o i s  No. 
6 coal .  Before beginning -the r u n ,  8 .5  kg o f  char was fed t o  the reactor 
as a s ta r - te r  bed. W i t h  the s t a r t e r  bed i n  t h e  reactor  a n d  w i t h  the 
hydrogen flow a t  the desired r a t i o ,  temperatures i n  the  downcoiner were 
uniform, indicating good c i rculat ion o f  the char.  The t ransport  gas 
stream was preheated t o  461 K. The temperature o-f material leaving the 
d r a f t  tube was ~ 8 5 1  K ,  o r  ~ 1 1  K cooler t h a n  the bed i n  the downcomer. 
Coal feed t o  the reactor was s ta r ted  a t  a slow r a t e  of %1 .4  k g / h .  Almost 
immediately a f t e r  the feed was s t a r t e d ,  the temperature prof-ile i n  the 
reactor- changed, probably a s  a r e s u l t  of caking. 
plugged 30 min a f t e r  the coal feed was s t a r t e d ,  and  i t  was necessary t o  
reduce the system p r e s s u r e  t o  c lear  the l i n e .  Coal was -fed t o  the 
reactor  during three other periods f o r  a t o t a l  time o f  1 hr and  40 min, 
d u r i n g  which time a to ta l  of 2 . 3  kg o f  coal was fed;  however, operation 
was e r r a t i c ,  and bed c i rculat ion a n d  f lu id iza t ion  were poor. The r u n  
was therefore terminated. 'The reactor was examined a f t e r  the r u n ,  a n d  
caking was f o u n d  t o  have occurred b o t h  a t  the top and b o t t o m  o f  the 
fluidized-bed sect ion.  We have n o t  determined a t  what location the 
caking f i r s t  began t o  occur. Performances of the system with caking 
coal could probably be improved by more vigorous f lu id iza t ion  o f  the 
downcomer a n d  by improving mixing and the method of  introducing coal 
at. the bot tom 0.F the d r a f t  tube. 

The operating pressure was 2170 kPa, a n d  the 
3 

3 3 

The transport  l i n e  
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E.3 Description o f  Runs. w i t h  Treated I l l i n o i s  No. 6 Coal 

Three experiments (HC-23, HC-24, and t-IC-26) were r i i i ld~ usi r tc j  11 1 i ~ o i c ,  
No. 6 coal t h a t  had been pretreated t o  el - iminct te  the c d k i n g  tendencies 
of the coal . Treatrrient methods simi 'I a r  t o  those d e v ~ l  oped is I B.it ts11 e 
Memoria' I n s t i t u t e  were lased. Coal f o r  run H C - 2 3  was prepared h i  pre- 
treatment with CaO and NaOl-l, and coal for rut1 HC-24 w d ~  pretredted w i t h  
Wa2CO:3. Both pretreatments were done i n  an autoclave. i l r f o r e  run HC-76,  
scouting t x t s  were perfornied t o  f i n d  a pretroatrrient method i h a t  c o u l d  tw 
conducted a t  atmospheric pr-essurc. Based on thcse tes ts ; ,  a Na,CO, -CnO 

pretrecitment was developed f o r  use i n  run WC-26" (3pcrat7nq corid i t i o n s  
for  t h e  runs dre g i v e n  i n  T a b l e  E.4. A more detai led descr ip t7on  o f  t h ~  
coal pretreatiiient methods i s  9ivet-1 bel ow. 

L 3  

E .  3.1 Coal pretreatment -- .- ___ method 

Coal f o r  r u n  HC-23 was prepared by r n i x i n q  1 .8  kg o f  ~ o a l  ( -45 +I70 
mesh) w i t . h  0 .24  kq of CaO, 1 . 3  kg NaOH,  and 7 . 3  kg o f  water, The iiiixturr 
was heated i n  a rocking autoclave a t  teriiperat,i.cres i n  the r a m p  o f  47'3 t o  
548 K for " ~ 1  h .  After removal from the autoclave,  the coal was washccf 
with water, fi I tcred,  and dried i n  a vacuum dryer.  The tseat,ed con1 h ~ i d  
a Pree-Swelling Tridex of 4 arid exhibited o n l y  a s l i g h t  tendency t o  
aqqlornerate. The t reated coal was passe th rough  a SWElCD Separator t o  
remove oversize (t-38 mesh) p a r t i c l e s .  
been reinoved, the remaining coal contained d 1 %  f ines  (-140 ~ n e s h ) .  
Apparently, the caust ic  treatment had caused considerable comminution of 
t h e  cod1 p a r t i c l e s ,  A stria11 p o r t i o n  o f  the mdterrial was tes ted i n  the 
feeder t o  the Bench-Scale Hydrocarbonization System a n d  was found t o  have 
poor f l o w  c h a r a c t e r i s t i c s .  The f ines  content o f  the cad1 was thcn reduced 
t o  25% by one pass through the Sonic S i f t e r s .  The resul t ing material had  
acceptable flow c h a r a c t e r i r t i c s  and was used a s  the  feed for t h e  run .  
The s u l f u r  and ash content o f  the coal before and a f t e r  treattiicznt a's 
g iver ]  in Table E.5.  Approximately half o f  the su l fur  content o f  the coa 
was removed by the pretreatment. 

A f t e r  the oversize par t ic les  had 

Feed f o r  run HC-24 was prepared by heating 1.8- t o  1.3-kg  kdtches o 
I l l i n o i s  No. 6 coal ( -50 +170 mesh) w i t h  0 . 9  kg o f  Na2C03 and 7.0 kg o f  
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Tab le  E.4. Surilriiar-y o f  e x p p r i n e n t a l  coriditi 'ons Tot- runs 
with p r e t r p a t c d  I l l i r i o i s  No. 6 coal  

HC.-23 844 21 70/2032-'- 2.1  0.57 1 3 . 3  
HC-24 844 21 70  4 . 3  0.57 7 . 7  

klC-25 84 1 21 70 3 . 9  0.54 12.8 

a Reactor p i p s s u r e  was 2110 kPa TOI- t h e  f i r s t  (1.0 h a n d  2032 kPa f o r  ihr .  
reiiiaininy 5 . 3  t i .  

T a h l c  E.5.  S u l f u r  arid ash content  o f  CaO-l'!aOH- 
t r e a t e d  coa?  used in r u n  HC-23 

__ -__ _ _ _ -  __ 

I l l i n o i s  No. 5 I l l i n o i s  No. 6 
coa 1 coal a f t p r  

berorc t rea  i incnt c a 0 - ria 0 H i re  a t men t 
(U (U 

Organic su l fbr  3 - 3 1  ( 2 . 1 0  maf: 0.90 ( 1 . 4 7  m a f )  
io ta1  sulfur  3 .86  (4 .51  n a f )  1 . 3 8  (?.26 ma?) 
Cal c i  urn 0 .94  4 .55  
Sod i urn 0.09 4.46 
pis !I 1 2 . 1  23.5 

- 

w a t e r  i n  a b a t c h  a u t o c l a v e .  Tt7e s l u r r y  was heated t o  5 i 3  K and h e l d  a 1  

t h a t  tempera ture  f o r  2 h .  A f t e r  c o o l i n g ,  the coal was wzshed w i t h  water, 
T i 1  tercc!, and dried i n  a vacuum d r y e r .  i r cc -Swel l ing  Index  rneasurmcnts 
i n d i r a t d  t h a t  th? t r r a f r d  coal  had oiily a s l i g h t  tendency to aqglonera tp .  
<4nirlysis of t h e  coal  b r f o r e  and a ftcr- treatment w i  t h  Ns?C03 i s  given i n  

- 



Table E.6. The resul ts  . ir id.icate t h a t  t h e  t rea t i i i en t  removed a small 
amount o f  t h e  sulfur.  The treated ccal conta ined 2.9% sod.iutii arid had a 
h i g h e r  n-oisture and ash contenit t,iian t h e  s r i y i n a l  coal . 

2.2 
12.2 
37.4 
8.1 0 

6.4 
1 . 3  
4.5 
3*2  
0.09 

4. . 2 
16.8  
33 I 0 
8 2 . 5  

5 ” 8  
1 . 4  
4 .2  
3.7 
2 .9  

agnisture and ash free.. 
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T a b l e  E . 7 .  Scouting t e s t s  t o  de te rm ine  a c o a l  
p r e t r e a t m e n t  method f o r  run HC- 26 

Amount o f  P h o u n i  o f  Resul t s  o f  
Sample I l l i n o i s  No. 6 wa t r r  Free-Swell i n g  

No. coal  ( 9 )  ( m l )  Chemical 5 Added Index 

A- 1 
A-2 
A-  3 
P,-4 
A,.. 5 

A-6 
A-  7 
A- 8 
A-  9 
A - 1 0  

A-1 1 
A-1 2 
A-1 3 
A-1 4 
A-1 5 
A-1 6 
A-1 7 

1 5  
15 
15 
15 

15 

15 
15 

25 
25 
25 

25 
25 
25 

15 
15 
15 
15 

- Sample’s hea ted  __ t o  80°C f o r  74 ~ h 
75 
75 
75 
75 

75 

7 5  
75 

75 

75 
75 

75 
75 
75 
75 
75 
75 
75 

Nonc (con t r -o l  ) 
15 g tK-14B c h a r  
30  g HC- 14B c h a r  

15 g i iC-23 c h a r  
30 g HC.?3 c h a r  
1 5  g :1C-24 c h a r  
30 g HC-24 c h a r  
6 g CaO 
3 g CaO 
5 g a c t i v a t e d  

ca rbon  
5 g NaOH 
2 g NaOH 
10  g Na2C03 
15 g FeC13.Sti20 

30 g Fe2(S04)3 
5 m l  conc. ii2S04 
15 cj HC-14B c h a r  

(powdered b e r o r e  
m i  x i  rig ) 

- Sampl es I b e l  ow ref 1 i ixed f o r  24 h 

B - 1  50 400 131 ’J FeCl3*6li20 

B-2 50 4 00 103 Fe2(SQ4)3 

B-3 50 400 6 . 5  g CaO, 
5 g Na2C03 

3-1/7 
1 
1 

No c a k i n g  

No c a k i n g  

No c a k i n g  

No c a k i n g  
No c a k i n g  
No c a k i n g  

2-1 / 2  

3-1 / 2  
2-1 / 2  
2 

7 -1/2 
3 
3-1 /2 
1-1 /2 

No c a k i n g ,  
c r u s t y  

1 -1 / 2  

No c a k i n g  

B-4  50 400 5 g NaOH, 5 g Na2C03 2 

Samples hea ted  a t  80°C f o r  17 h -____ 

c -1  300 1000 30 g CaO, 128 g No c a k i n g  
Na2C03 

- -  -_ - _  - 



Feed f o r  run HC-26 was prepared by t rea t ing  I l l i n o i s  No. 6 c,o;rl 
(-45 t o  +770 mesh) w i t h  CdO, Na2G03, and  water a t  f ~ 3 5 3  K f o r  1 6  h .  
treatment was perfortried i n  two batches. Edch batch consisted of  3‘1 -2 
kg coal ,  3.12 kg CaO, 13.13 kg Na2C039 and 104 8, o f  water. 
W ~ S  agi ta ted i n  a 55-gal drum containing a stearn c o i l ,  The coal was 
washed w i t h  water, f i l t e r e d ,  and dried i n  a v~icuum dryer a f t e r  treatrrient. 
The t rea ted  coal had a Free-Swelling Index o f  zero. F,nalysis indicates 
t h a t  this  coal contained 4.4% sodium and 2 .6% calcjiirri, a5  shown i n  

Table E.S. Sulfur was n o t  removed by thc pretredtrnent. 

The 

The mixture 

E.3.2 Description of  runs w i t h  pretreated I l l i n o i s  No. 6 coal .._. . . . ..... ~. ............................................................................ 

The d r a f t  tube i n  run HC-23 was used t o  rec i rcu la te  t h e  reactor hed. 
P r i o r  to t h e  run, 4.2 kg o f  char was fed t o  the reactor  f o r  the s t a r t i n g  
bed. The 
average hydrogen flow r a t e  t o  the coal t ransport  l i n e  was 0 .12  s td  

3 m /min, and the hydrogen rates t o  the downcomer and driift tube were 0.40 
and 0.05 std rn / i n i n ,  respect ively.  The coal  feed stream e n t e r i n g  the 
reactor  was preheated t o  464 K ,  
good, w i t h  t h e  exception t h a t  the coal feed r a t e  was lower t h a n  had  been 
planned, p o s s i b l y  due to  the large aniount o f  fines present i n  the feed. 
Flijidization of the  bed appeared to be good throughout the  run, as i n d i -  
cated by uniform temperatures i n  the bed and a constant pressure d i f -  
fe ren t ia l  across the bed. The temperature of the material c i rcu la t ing  
through the d r a f t  tube was only 43 t o  11 I(’ lower (833 K )  t h a n  t h a t  of 
the dawncorrier region, indicating good c i rcu la t ion  of c h a r  through the 
d r a f t  tube.  
trea-ted c o a l ,  as had  been observed i n  previous runs w i t h  untreated 
I l l i n o i s  No. ti coal.  From the s t a r t  o f  the ruri, the coal feed r a t e  was 
low. The feed hopper was pressurized s l i g h t l y  i n  an attempt t o  increase 
the feed rate. After 4 h o f  operdtion, the system pressure was reduced 
f r o m  2972) kPa  i o  2932 kPa ,to avoid the p o s s i b i l i t y  o f  blowing a ruptured 
d i s c .  T h e  r u n  con-tinued for 13.3 h u n t i l  a l l  the coal ( 2 9  k g )  had been 
fed.. The average feed r a t e  f o r  the  r u n  was 2 , 1  kg/h. 

The reactor temperature was held at 844 K t h r o u g h o u t  t h e  r u n .  

3 

Operation o f  the system was generally 

There were no indications o f  caking o f  t h e  bed Ct’ith the 



1 2 2  

T a b l e  E.8. Analysis  o f  I l l i n o i s  No. 5 coal  b e f o r e  
and a f t c r  treatmefit w j t h  CaO and Na2C03 f o r  I-liil HC-26 

I l l i n o i s  No. 6 I l l i n o i s  No. 6 coal  
coal  before  a f tcer Cail-Na? CO 3 

t r e  a tmen t t re rT tmen t 
( X )  

Mo i s til r e  

Ash 

Vola t i  1 e matter  
C ( m a f )  
H ( m a r )  
N ( t r ia f )  

Io ta1  s u l f u r  (mf) 
Organ ic  sul fu i -  (ciiar) 
Ca 
Na 

- 

0.7 
11 . o  
39.7 
/ / .  7 

5 . 9  
1 . 4  
4.7 
2 . 3  
0 . 6  
0.09 

-- 

2.78 
27.1 
35.1 
81.7 

5 . 8  
1 . 5  
4 .4  
2.8 
3.4 
2 . 5  

R u n  HC-24 was made with t h e  d r a f t  tiibe i n  p l a c e  t o  provide  a r9cir-  
c u l a t i n g  f l u i d i z e d  bed in t h e  r e a c t o r .  
cti i r i i -~g which t ’ ime 33 k q  o f  coal was fed.  the r u n  proceeded v e r y  snioothly 
w i t h  no i n t e r r u p t i o n s .  The fluidized-bed tenperatur? wa.s u n i  Form a t  
844 K ,  anr..i t h e  t o p  o f  t h e  draf t .  tube was a t  830 K, ii7dical:ing t h a t  good 
f l u i d i z a t i o n  and c h a r  r e c i r c u l a t i o n  had been ach ieved .  I lie sys tem 
pressure - fo r  t h e  run wzs 2170 kFa. The t o t a l  ihydrogon f low r a t e  t o  the  

3 3 r e a c t o r  was 0.57 s td  tri /min, w i t h  0.40 s t d  m / i n i n  g o i n g  t o  t h e  do~rdncom~r, 
3 3 0.14 std m / m i t i  t o  the  csal  t r a n s p o r t  l i n e ,  and 0.03  s.td (11 /min t o  tiis! 

d r a f t  tube n o z z l e .  The coal Feed was preheated -to 461 K b e f o r e  entering 
the rcac.tor.. No caking  o r  agglomeration problems o c c u r r e d  d u r i n g  .Lhe 

The run d u r a t f o n  was 7 . 7  h, 
- 

- 

t‘(ll1 - 

I n  rlrn HC-26. ihc r e a c l o r  id;!$ a l s o  o p e r a t p d  a s  a r $ c i r c u l a t i n g  
fluidiird bnd. [he s t a r t e r  bed consist& o f  2.45 kg o f  c h a r  f r o m  run 
X 25. During t h e  run, the  “Lcmperahre o f  the  f l l r i d i z e d  bed ivt2s uniform 
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