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In t roduc t ion  

The use  o f  an e l e c t r o f l u i d  r e a c t o r  f o r  t he  product ion  o f  s y n t h e s i s  gas from 
coa l  cha r  and steam is being  i n v e s t i g a t e d .  In t h i s  type  of  r e a c t o r  h e a t  i s  sup- 
p l i e d  e l e c t r i c a l l y  by p a s s i n g  c u r r e n t  between e l e c t r o d e s  which a r e  placed i n  a gas- 
f l u i d i z e d  bed of conduct ing  p a r t i c l e s .  Thus, i n  e f f e c t ,  t h e  f l u i d i z e d  bed i s  a 
r e s i s t a n c e  hea te r .  P re l imina ry  experiments have been c a r r i e d  out  i n  a 4-in.-diam, 
bench-scale r e a c t o r .  Some t y p i c a l  r e s u l t s  of  t h e  ba t ch  g a s i f i c a t i o n  runs a r e  
p re sen ted ,  t oge the r  w i t h  informat ion  about the  e l e c t r i c a l  c h a r a c t e r i s t i c s  of  t he  
system and a d i s c u s s i o n  of  problem areas .  

The previous ly  r e p o r t e d  work on the  g a s i f i c a t i o n  o f  carbonaceous m a t e r i a l s  
w i t h  steam is e x t e n s i v e  and s e v e r a l  reviews of t h i s  work a r e  a v a i l a b l e  (27,  23). 
A t  one atmosphere, t h e  pr imary  r e a c t i o n s  are 

(1) 

(2) 

C + H20 = CO + H2 

CO + H 2 0  = C02 + H2. 

The rate of  r e a c t i o n  2,  t h e  water-gas s h i f t  r e a c t i o n ,  is r a p i d  above 1600OF and 
approaches e q u i l i b r i m .  The carbon-steam r e a c t i o n ,  r e a c t i o n  1, goes e s s e n t i a l l y  
t o  completion i f  allowed to  r each  equi l ibr ium.  The steam decomposition v i a  t h i s  
r e a c t i o n ,  t hen ,  depends on the re s idence  t i m e  and r e a c t i o n  rate.  Methane-forming 
r e a c t i o n s  can be  ignored a t  a tmospher ic  p re s su re  s i n c e  t h e  e q u i l i b r i m  cons tan t s  
a r e  extremely small. h 

The carbon-steam r e a c t i o n  is heterogeneous and occurs  by a series of d i f f u s i o n a l  
and chemical s t e p s .  The rate o f  t h e  chemical s t e p s  follow a Langmuir-type r a t e  
equa t ion  of  t h e  form 

k lPH20  
Rate = 

where k l ,  k2, k3 = k i n e t i c  r a t e  cons t an t s  

pH20 = p a r t i a l  p r e s s u r e  of steam 

= p a r t i a i  premeure of hydrogen. 
pH2 

S ince  k l  i nc reases  with i n c r e a s i n g  tempera ture ,  wh i l e  k2 and k3 dec rease ,  t h e  ap-  
pa ren t  o r d e r  of  t h e  r e a c t i o n  w i t h  r e s p e c t  t o  steam v a r i e s  from 0 t o  1 depending 
upon t h e  temperature.  
k2 is l a rge .  

I 

Hydrogen has  a s t r o n g  i n h i b i t i n g  e f f e c t  on t h e  r e a c t i o n  and 

As noted ,  t h e  e l e c t r o f l u i d  r e a c t o r  is an  e l e c t r i c a l l y  hea ted ,  f l u i d i z e d  bed o f  
conducting e o l i d r .  
c a r r y i n g  o u t  r e a c t i o n s  which are favored by h igh  tempera tures ,  r e q u i r e  s u b s t a n t i a l  
energy i n p u t s  and, i n  a d d i t i o n ,  may involve  r e a c t a n t e  t h a t  a r e  co r ros ive  and d i f f i -  
c u l t  t o  conta in .  
energy t o  hea t  w i t h i n  t h e  r e a c t i n g  system. 

It offe- gevera? i m p c r t a t  advantages Over o t h e r  s y s t e m s  f o r  

These advantages  are due t o  t h e  d i r e c t  convers ion  of e l e c t r i c a l  
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Johnson (8) was among t h e  f i r s t  t o  d e s c r i b e  t h e  c h a r a c t e r i s t i c s ’  and p o t e n t i a l  
a p p l i c a t i o n s  of  t h e  e l e c t r o f l u i d  r e a c t o r :  He noted t h a t  Ohm’s Law was obeyed ex- 
cep t  a t  h igh  vo l t ages  where a r c i n g  occurred i n  t h e  bed. 
workers have obta ined  p a t e n t s  on a number of  processes  which u t i l i z e  t h e  e l e c t r o -  
f l u i d  r e a c t o r  (9-15). These inc lude  processes  f o r  t h e  manufacture of  hydrocyanic 
a c i d ,  carbon d i s u l f i d e ,  carbon monoxide and t i t a n i u m  t e t r a c h l o r i d e .  

Johnson and h i s  co- 

The only  r e p o r t  of a coaunerical a p p l i c a t i o n  of an e l e c t r o f l u i d  r e a c t o r  is i n  
a process  t o  produce hydrocyanic ac id .  In  t h i s  process  a bed of coke i s  f lu id i zed  
w i t h  a mixture  o f  armnonia and a hydrocarbon gas. 

Goldberger,  Hanway, and Langston (2)  have r epor t ed  development work on t h e  
e l e c t r o f l u i d  r e a c t o r .  They sugges ted  t h a t  i ts  major p o t e n t i a l  u ses  l i e  i n  1) t he  
m e t a l l u r g i c a l  f i e l d ,  2 )  t h e  chemical i n d u s t r y ,  p a r t i c u l a r l y  i n  o rgan ic  chemical 
p rocess ing ,  and 3) as  a h igh  tempera ture  gas h e a t e r .  They found t h a t  t h e  system 
could be r a p i d l y  hea ted  and had e x c e l l e n t  c o n t r o l  p r o p e r t i e s .  

A number o f  i n v e s t i g a t o r s  have measured f l u i d i z e d  bed r e s i s t i v i t i e s  ( 3 ,  5, 6 ,  
1 7 ,  20). 
conduct ing  p a r t i c l e s .  
f o r  s e t t l e d  beds. I t  pas ses  through a maximum j u s t  a f t e r  t h e  i n c i p i e n t  f l u i d i z a t i o n  
v e l o c i t y  is reached, and then  dec reases  somewhat t o  a f a i r l y  cons t an t  va lue  wi th  

They have concluded t h a t  t h e  c u r r e n t  flows a long  continuous cha ins  of  
The bed r e s i s t i v i t y  inc reases  wi th  inc reas ing  gas  v e l o c i t y  

f u r t h e r  i n c r e a s e  i n  gas flow r a t e .  

Reed and Goldberger (20) s t u d i e d  t h e  r e s i s t a n c e  of  
They found t h a t  t h e  f lu id i zed -bed  behaved as a r e s i s t o r  
r e s i s t a n c e  could be  w r i t t e n  as 

1 R =  p si 
where p = r e s i s t i v i t y  

1 = l eng th  of  c u r r e n t  pa th  

A = c r o s s - s e c t i o n a l  a r e a  of c u r r e n t  pa th .  

a f l u i d i z e d  bed o f  g raph i t e .  
element and t h a t  i t s  

Fac tor6  that  caused break-up o f  p a r t i c l e  c h a i n  l i nkages ,  such  as  v i b r a t i o n  of t he  
bed, were found t o  i n c r e a s e  bed r e s i s t a n c e .  Arcing was observed a t  h igh  c u r r e n t  
d e n s i t i e s ,  g r e a t e r  than  2 amps per  square  inch ,  b u t  d i d  n o t  a f f e c t  t h e  bed 
r e s i s t a n c e .  i n  t h e  range o f  v a r i a b l e s  i n v e s t i g a t e d .  These i n v e s t i g a t o r s  observed 
a d e v i a t i o n  i n  t h e  v o l t a g e  p r o f i l e  nea r  t h e  e l e c t r o d e  and a t t r i b u t e d  t h i s  t o  t h e  
con tac t  r e s i s t a n c e .  This  r e s i s t a n c e  was s t r o n g l y  inf luenced  by t h e  cond i t ion  of 
t h e  e l e c t r o d e  s u r f a c e .  

Apparatus 

The appa ra tus  c o n s i s t e d  e s s e n t i a l l y  of  a ba tch- type ,  f l u id i zed -bed  r e a c t o r  and 
a gas  f eed ing  and r e c y c l e  system. The gas sys tem could supp ly  e i t h e r  steam o r  
n i t r o g e n  or a mixture o f  t h e s e  gases  t o  t h e  r e a c t o r  a t  a measured bu t  manually 
c o n t r o l l e d  rate.  Nitrogen w a s  used f o r  f l u i d i z a t i o n  du r ing  s t a r t - u p  and warm-up 
pe r iods  and i n  experiments where t h e  b a s i c  c h a r a c t e r i s t i c s  o f  t h e  system were 
be ing  i n v e s t i g a t e d .  Steam, o f  course ,  was fed du r ing  the c o a l  cha r  g a s i f i c a t i o n  
experiments.  
allow r e c y c l i n g  o f  t h e  n i t rogen .  

S ince  n i t r o g e n  is r e l a t i v e l y  expens ive ,  a system was cons t ruc t ed  t o  

F igu re  1 shows the  equipment a s soc ia t ed  wi th  t h e  g a s i f i c a t i o n  experiments.  
D i s t i l l e d  water w a 8  fed a t  a cons t an t  r a t e  through a c a l i b r a t e d ,  cons t an t  volume 
Zeni th  gea r  pump. It w a s  vapor ized  i n  a double  p ipe  h e a t  exchanger and t h e  r e -  
s u l t i n g  steam was conducted i n t o  t h e  r e a c t o r .  
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i 
1 m e  r e a c t o r  w a s  made of  4-in.-diam, 446 s t a i n l e s s  s t e e l  p ipe  and is  shown i n  

more d e t a i l  i n  Fig. 2. It was opera ted  a t .a tmospher ic  p re s su re .  The steam 
en te red  t h e  bottom o f  t h e  r e a c t o r  th rough a d i s t r i b u t o r .  
p l a t e  and a capped, s t a i n l e s s  s t e e l  p ipe  w i t h  f o u r  1 /8- in .  ho le s  d r i l l e d  i n  i t  
were used a s  g a s  d i s t r i b u t o r s .  Each of t h e s e  was covered w i t h  a l a y e r  of  ceramic 
p e l l e t s .  
t h e  t o p  of  the column. A s i g h t p o r t  was s i t u a t e d  a t  t h e  t o p  of  t h e  reactor, and a 

Both a porous Alundum 

1 The s team r e a c t e d  w i t h  the carbon i n  the bed and the  o f f - g a s e s  l e f t  a t  

thermocouple w e l l  of Kanthal a l l o y  p r o j e c t e d  i n t o  t h e  bed f r o m  t h e  bottom. I 

The r e a c t o r  w a l l  s e rved  as one e l e c t r o d e  f o r  i n t e r n a l l y  hea ted  runs  and was 

I grounded. 
r e a c t o r  and extended 12 i n .  i n t o  t h e  un f lu id i zed  bed. It was cen te red  i n  t h e  
r e a c t o r  by a tube  whose i n s i d e  d iameter  was only s l i g h t l y  g r e a t e r  t han  t h e  ou t s ide  
d iameter  of  t he  e l e c t r o d e .  This o u t s i d e  tube  extended about 2 f t  i n t o  t h e  r eac to r .  

The o t h e r  e l e c t r o d e  en te red  t h e  bed through t h e  top  cover p l a t e  o f  t h e  

' 

i An e x t e r n a l  fu rnace  was  provided t o  keep t h e  o u t s i d e  w a l l  o f  t h e  r e a c t o r  a t  

elements and a s s o c i a t e d  i n s u l a t i n g  materials were used t o  c o n s t r u c t  t h e  e x t e r n a l  
furnace .  

t h e  temperature of t he  bed so as t o  minimize hea t  l o s ses .  Kanthal t u b u l a r  furnace I 

I 
h i g h  
were 

I The o f f - g a s e s  from t h e  r e a c t o r  f i r s t  passed through a P a l l  Corpora t ion  
tempera ture ,  s i n t e r e d ,  s t a i n l e s s  s tee l  f i l t e r  where any e n t r a i n e d  p a r t i c l e s  
removed. They were then  cooled to about 50°F i n  a double p ipe  h e a t  exchanger 

and any en t r a ined  moi s tu re  w a s  removed i n  a knockout drum. 
metered i n  a d r y  gas meter and vented t o  the atmosphere through a compressed a i r  
e j e c t o r .  

The gases  were then  , I 
I 

I 
Samples of t h e  o f f - g a s e s  were withdrawn a f t e r  t h e  knockout drum and analyzed 

i n  a gas  chromatograph. 
gases  a t  t h i s  po in t .  

P rov i s ion  was also made t o  t a k e  t h e  dew p o i n t  of  t h e  , 

A v a r i a b l e  v o l t a g e  t r ans fo rmer  was  used t o  manually c o n t r o l  t h e  vo l t age ,  and 
hence t h e  temperature,  in  t h e  r e a c t o r .  An i s o l a t i o n  t r ans fo rmer  was i n s t a l l e d  i n  
t h e  l i n e  between t h e  incoming power and t h e  Variac. This  allowed t h e  r e a c t o r  w a l l  
t o  be  grounded. 

1 

Materials 

' b o  d i f f e r e n t  c o a l  c h a r s  were used du r ing  th i s  s tudy .  F ive  runs were conducted 
u s i n g  a Rock Spr ings  coal c h a r  supp l i ed  by t h e  FMC Corpora t ion  from its COED pro- 
cess (18). Ihe o r i g i n a l  c o a l  came from t h e  Rainbow No. 7 Mine o f  t h e  Gunn-Quealy 
Coal Company, and w a s  p rocessed  i n  a m u l t i s t a g e  f lu id i zed -bed  p y r o l y s i s  system 
us ing  fou r  l e v e l s  of t empera ture ,  600, 860, 990 and 1600OF. Three runs were made 
w i t h  a cha r  produced from a P i t t s b u t g h s e s m ,  h igh  v o l a t i l e  bituminous coal. This 
material was supp l i ed  by  t h e  Institute of Gae Technology and w a s  a h y d r o g a s i f i e r  
r e s i d u e .  

An a n a l y s i s  of the chars is  shown i n  Table  I and Table I1 shows t h e  weight-size 
d i s t r i b u t i o n  of t he  t w o  cha r s .  The minimum f l u i d i z i n g  v e l o c i t y  o f  the FMC cha r  
between 1500 and 20000F w a s  about 0.0015 lb/min (0.024 f t / s e c )  o f  steam, while fo r  
t h e  IGT char a t  1600°F i t  w a s  0.0026 lb/min (0.0415 f t l s e c ) .  

Procedure 

The first charged v i t h  c o a l  char.  A s e t t l e d  bed he igh t  of about 
20 i n .  w a s  used. 
e x t e r n a l  Kanthal h e a t e r s .  
system. 

The r e a c t o r  w a s  hea ted  to  t h e  d e s i r e d  tempera ture  u s i n g  the 
During t h i s  t i m e ,  n i t r o g e n  was c i r c u l a t e d  through the 

When t h e  bed tempera ture  reached t h e  d e s i r e d  l e v e l ,  c u r r e n t  w a s  allowed 

J 
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Table I. Analysis of  coa l  chars .  

Proximate a n a l y s i s ,  u t  % FMCchar IGT cha r  

1.6 Moisture 
V o l a t i l e  m a t t e r  I 4.0 2.9 

.Fixed carbon 89.8 79.1 
Ash 6.2 16.4 

Ul t imate  a n a l y s i s ,  w t  % 

- 

Carbon 88.0 79.6 

Nitrogen 1.6 0.46 
S u l f u r  0.8 1.42 
Oxygen 2.4 0.66 
Ash 6.2 . 16.65 

Hydrogen 1.0 1 . 2 1  

Aah t o  carbon r a t i o  0.071 0.209 

Surface  a r e a  

Sq mete r s /g  40.0 500.0 

(a)Proximate a n a l y s i s  on d ry  b a s i s .  , 
Table 11. D i f f e r e n t i a l  s c r e e n  

a n a l y s i s  of chars .  

Ty le r  
mesh 

ut  % 
FMC IGT 

B i z e  cha r  char  

Grea te r  
than  20 5.3 
20128 12.6 
28/35 12.2 
35/48 16.4 
48/65 16.6 
65/100 15.4 
1001 150 11.3 
150/200 6.1 
Less t h a n  
200 3.6 

15.8 
22.4 
21.0 
15.3 
12.4 
7.9 
2.4 
2.4 

0.5 

to  flow through t h e  r e a c t o r .  The power t o  , t he  e x t e r n a l  h e a t e r s  w a s  t hen  reduced 
' to  a low l eve l .  Af t e r  t h e  temperaturebof t h e  bed had s t a b i l i z e d ,  the  v e n t  l i n e  was 
i opened a d  the  p r e s s u r e  a t  t h e  o u t l e t  of t h e  r e a c t o r  w a s  ad jus t ed  so t h a t  i t  was 
' s l i g h t l y  less than  atmospheric.  The steam flow w a s  then  s t a r t e d .  During t h e  course 

of  t h e  run, the  e x t e r n a l  h e a t e r s  were ad jus t ed  to  hold the  w a l l  o f  t h e  r e a c t o r  a t  a 
t empera ture  nea r  t h a t  of t he  bed. 
f i c a n t  h e a t  l o s s e s  f r o m  t h e  r e a c t o r .  

It was hoped t h a t  t h i s  would prevent  any signi- 

0 
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During a run, t h e  bed tempera ture ,  t he  o f f -gas  flow r a t e ,  and the  steam flow 
r a t e  were recorded. The bed temperature was  measured by t h e  thermocouple i n  the 
bed, whi le  the  steam flow r a t e  was c a l c u l a t e d  from t h e  speed of  t h e  gear  pump. 
The average o f f -gas  flow r a t e  was c a l c u l a t e d  from t h e  amount of gas pass ing  through 
a d ry  t e s t  m e t e r  i n  a known per iod  of t ime.  This  r a t e  d id  nnt inc lude  any un- 
r eac t ed  steam as t h i s  was removed from t h e  system be fo re  t h e  meter.  The of f -gas  
was analyzed w i t h  t h e  o n - l i n e  chromatograph. 

The c u r r e n t ,  v o l t a g e ,  and power suppl ied  t o  the r e a c t o r  were a l s o  noted. The 
vo l t age  and power were measured d i r e c t l y  on t h e  appropr i a t e  type  of  e l e c t r i c a l  
meter.  The cu r ren t  v a r i e d  i n  a r ap id  and e r r a t i c  manner due t o  v a r i a t i o n s  i n  the 
bed dens i ty .  The re fo re ,  t h e  c u r r e n t  was c a l c u l a t e d  us ing  t h e  measured vol tage  and 
power. 

Resu 1 e s 

Some r e s u l t s  of  a t y p i c a l  run  which u t i l i z e d  f l u i d i z e d  ,bed r e s i s t a n c e  hea t ing  
a r e  shown i n  F igs .  3 and 4. This  run  was made a t  1700°F wi th  FMC char .  The o f f -  
gas flow r a t e  and composition remained e s s e n t i a l l y  cons t an t  du r ing  most o f  t he  
run .  This  was the  case  i n  a l l  runs, even those  i n  which a l l  of t he  steam was not 
r eac t ing .  Af t e r  85 t o  90 pe rcen t  of t he  o r i g i n a l  carbon had r e a c t e d ,  the  off-gas 
r a t e  began t o  dec rease .  The amount of carbon d iox ide  and hydrogen i n  the  gas began 
t o  inc rease  a t  t h i s  p o i n t ,  whi le  t he  percentage  o f  carbon monoxide decreased .  The 
percent  o f  carbon g a s i f i e d ,  then ,  increased  a t  a cons t an t  r a t e  dur ing  most of  t h e  
run. 

The r e s i s t a n c e ,  c u r r e n t  and vo l t age  remained cons tan t  f o r  a time a f t e r  the 
s ta r t  of the run ,  a s  shown i n  Fig.  4.  Even tua l ly  the  r e s i s t a n c e  of t h e  bed began 
t o  inc rease ,  n e c e s s i t a t i n g  an inc rease  i n  thc  vo l t age  app l i ed  t o  t h e  bed and causing 
a dec rease  i n  t h e  c u r r e n t  flow. The power inpu t  was f a i r l y  cons tan t  throughout the 
run .  ?he t rends  e x h i b i t e d  i n  Fig.  4 a re  t y p i c a l  of t h e  d a t a  c o l l e c t e d  i n  a l l  of 
t h e  runs.  However, t h e  r e s i s t a n c e  o f  t h e  bed began t o  inc rease  e a r l i e r  i n  the  
runs  made with ICT cha r  than  i n  those  made wi th  FMC cha r .  

Table  I11 summarizes t h e  i n t e r n a l l y  hea ted  runs .  Column 1 lists the  e i g h t  
runs and column 2 shows the  type  of  char  uscd. The o p e r a t i o n  of t he  e l e c t r o f l u i d  
r e a c t o r  w a s  i n v e s t i g a t e d  a t  va r ious  tempera tures  and s e v e r a l  steam flow r a t e s  and 
t h e s e  a r e  shown i n  columns 3 and 4 .  As noted p rev ious ly ,  t h e  r e a c t o r  was operated 
i n  a batch-wise manner and t h e  number of hours of ope ra t ion  a r e  shown i n  the  next 
column. Five e l e c t r o d e  m a t e r i a l s  were t e s t e d ,  and t h e s e  appear i n  column 6 .  

Column 7 shows t h e  m u n t  of char  charged t o  the  r e a c t o r .  An i n i t i a l  bed 
he igh t  o f  20 in. was used i n  each run  and t h i s  was obta ined  by us ing  e i t h e r  2000 g 
o f  FMC c h a r  o r  1000 g o f  IGT char .  
l e f t  in t h e  r e a c t o r  and f i l t e r  a f t e r  the  r u n ,  and i ts  carbon composition. The char 
i n  the f i l t e r  is m a t e r i a l  t h a t  was en t r a ined  in t h e  o f f -gas  du r ing  the  course of  
t h e  run. 
f i n e s  from the o r i g i n a l  charge .  
o r i g i n a l  carbon t h a t  was g a s i f i e d .  This was c a l c u l a t e d  from t h e  r e s u l t s  i n  the  
prev ious  f i v e  columns . 

The next  four  columns g ive  the  amount of char 

It con ta ins  a f a i r l y  h igh  percentaee  of  carbon and appa ren t ly  is mostly 
In  the  next  column is  r epor t ed  the  percent  of the 

Column 13 shows t h e  t o t a l  amount of water  removed from the  o f f -gas  i n  t h e  knock- 
o u t  d r u m  dur ing  t h e  cour se  o f  t he  run .  . T h i s  was e s s e n t i a l l y  a l l  of t h e  unreacted 
wa te r  s i n c e  the gases  con ta ined  very l i t t l e  vc?ter vapor beyond t h i s  po in t .  The 
average f r a c t i o n  of  t h e  e n t e r i n g  wa te r  be ing  converted i n  t h e  r e a c t o r  i s  reported 
i n  column 14. 
of f -gas  r a t e  wae r e l a t i v e l y  cons t an t  ( see  F i e .  3 ) .  

The va lue  l i s t e d  was measured du r ing  t h e  p o r t i o n  of t he  run when the 
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Table  111. Summary o f  i n t e r n a l l y  hea ted  runs. 

Steam Char r e s idue  
Reactor F i l t e r  1 Source Bed flow Char 3 Run Of , temp r a t e  Hours E lec t rode  charged w t  w t  % W t  w t  % 

number char  (OF) ( lb /min)  r a n  m a t e r i a l  (9) (9) (C) (g) (0 

10 
11 
9 

13 
7 

24 
25 
28 

FMC 
FMC 
FMC 
FMC 
FMC 
IGT 
IGT 
IGT 

1500 
1600 
1700 
1900 
1960 
1600 
1600 
1600 

0.0085 
0.0085 
0.0085 
0.0085 
0.0085 
0.0245 
0.0245 
0.0245 

10.5 
7.5 
9.8 
8.0 
9.8 
6.3 
8.0 
6.0 

Carbon 
Copper 
Carbon 
Tungs t e n  
Carbon 
Carbon 
Tantalum 
Molybdenum 

2044 
1917 
1967 
2000 
2136 
1000 
1000 
1000 

1433 
12 32 
191 
2 34 
205 
456 
320 
459 

88.7 27 79.8 
89.8 20 89.4 
58.5 114 88.1 
59.9 123 71.8 
52.0 158 90.0 
59.0 42 61.7 
44.0 76 69.2 
62.6 50 78.2 

Avg f r a c t i o n  Avg Avg of f -gas  
of Off-gas o f f -gas  composition 

produced r a t e  (vol %) 
Carbon H20 

gas  i f  i ed  condensed H20 
GO co2 H2 (%I (g)  converted (SCF) (S CF/min) 

27 
33 
88 
87 
87 
62 

\\ 75 
58 

1514 
676 
156 
0 
0 

2763 
3562 
1467 

0.34 
0.60 
1.00 
1.00 
1.00 
0.25 
0.27 
0.65 

90.2 
85.7 
222.0 
220.5 
240;5 
74.1 
85.2 
39.2 

0.12 
0.19 
0.41 
0.39 
0.43 
0.19 
0.11 
0.11 

57 15 23 
59 20 19 
53 46 1 
54 41 1 
54 45 1 
57 17 26 
57 30 11 
58 23 16 

The t o t a l  o f f -gas  produced du r ing  t h e  run ,  exc luding  any unreac ted  water ,  and 
the  average  r a t e  o f  product ion  o f  of f -gas  a r e  shown i n  t h e  next  two columns. The , average o f f -gas  ra te  is t h e  r a t e  du r ing  t h e  pe r iod  when i t  was r e l a t i v e l y  cons tan t .  

, The average composition o f  t h e  o f f -gas  is  shown i n  t h e  l a s t  t h r e e  columns. Again, 
1 t h i s  i s  t h e  composition du r ing  t h e  time when t h e  o f f - g a s  r a t e  was cons t an t .  As can 
, be s e e n ,  t h e  o f f -gas  w a s  g e n e r a l l y  50 t o  60 percen t  hydrogen. A t  15000F the re  were 

equa l  amounts of carbon monoxide and carbon d i o x i d e  p re sen t .  As t h e  tempera ture  
w a s  increased ,  t h e  concen t r a t ion  of carbon d iox ide  i n  t h e  of f -gas  decreased ,  and 

' above 17000F the  o f f -gas  conta ined  less than one pe rcen t  C02. The gas a l s o  con- - t a i n e d  ve ry  small amounts of methane and n i t rogen  which a r e  not shown i n  the Table.  

The energy l o s s e s  from t h e  r e a c t o r  were l a r g e  d e s p i t e  the  f a c t  t h a t  the 
e x t e r n a l  h e a t e r s  were used. The energy supp l i ed  t o  the  r e a c t o r  v i a  i n t e r n a l  hea t ing  
was 4 t o  8 times t h e  amount r equ i r ed  by the  r e a c t i o n  and t h a t  needed t o  hea t  t h e  
steam t o  t h e  r e a c t o r  temperature.  

Discuss ion  of Resu l t s  

! Rate o f  Reaction 

Both the FMC and IGT cha r s  gave about t he  same o f f - g a s  r a t e  a t  16000F. This 
i n d i c a t e s  t h a t  they  a r e  about equa l ly  r e a c t i v e  s i n c e  the  o f f -gas  r a t e  is an i n d i c a t i o n  

I 
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of t h e  r e a c t i o n  r a t e  i n  runs i n  which a l l  of t h e  steam is not consumed.. Also, s ince  
t h e  o f f -gas  r a t e  was f a i r l y  cons t an t  throughout a l l  t h e  runs ,  t he  r e a c t i o n  r a t e  ap- 
p a r e n t l y  increased  w i t h  carbon burn-off f o r  bo th  chars .  
run  24 bea r  t h i s  out.  

The d a t a  shown below frm 

S p e c i f i c  g a s i f i c a t i o n  
r a t e  

1 Carbon burn-of f l b  C g a s i f i e d l h r  
(x) ( l b  C i n  bed 

7.6 - 

19.2 
29.7 
39.2 
48.1 
57.1 

0.12 
0.12 
0.14 
0.15 
0.17 
0.21 

I 

Other  i n v e s t i g a t o r s  have  r e p o r t e d  a similar i n c r e a s e  i n  s p e c i f i c  g a s i f i c a t i o n  r a t e  
w i t h  carbon burn-off ( 4 ,  16 ) .  

The g a s i f i c a t i o n  rates f o r  t h e  FMC and IGT cha r s  a r e  similar t o  those  found i n  
o t h e r  s t u d i e s  where a l o w  tempera ture  char  w a s  g a s i f i e d  i n  a f l u i d i z e d  bed. May, - e t  a l .  (19), ob ta ined  g a s i f i c a t i o n  r a t e s  a t  1600°F between 0.05 and 0.12 l b s  of 
carbon p e r  hour per  l b  o f  carbon i n  the  bed, wh i l e  Goring, et. (4 ) ,  r epor t ed  
va lues  between 0.07 and 0.10. 

To determine i f  t h e  passage  of e l e c t r i c  c u r r e n t  through t h e  bed .a f f ec t ed  the  
r e a c t i o n  rate, and hence o f f -gas  rate, a few runs  were made w i t h  e x t e r n a l  hea t ing  
a lone .  These runs  are srmrmarized i n  Table I V  a long  w i t h  t h e  appropr i a t e  i n t e r n a l l y  
hea ted  runs .  The d a t a  i n d i c a t e  t h a t  any e f f e c t  o f  i n t e r n a l  hea t ing  w a s  smal l  as 
t h e  v a r i a t i o n s  between run8  at t h e  same c o n d i t i o n s ,  except  f o r  method of  hea t ing ,  
were of t h e  o r d e r  o f  20 t o  30 pe rcen t .  These v a r i a t i o n s  a r e  similar t o  those  
found between runs  u s i n g  t h e  same hea t ing  method and a r e  w i t h i n  exper imenta l  e r ro r .  

Table I V .  Comparison o f  e x t e r n a l l y  and i n t e r n a l l y  heated runs.  

Steam Average 
Type Bed flow Char t o  Carbon Off-gas of f -gas  

Run o f  temp r a t e  Hours bed g a s i f i e d  produced r a t e  
no. hea t ing  (OF) (lb/min) r an  (9) ( X )  (SCF) (SCF/min) 

10 
15 
11 
1 7  
24 
25 
28 
26 

Im 
EXT 
INT 
EXT 
INT 
INT 
IHT 
EXT 

1500 
1500 
1600 
1600 
1600 
1600 
1600 
1600 

0.0085 
0.0085 
0.0085 
0.0085 
0.0245 
0.0245 
0.0245 
0.0245 

10.5 
51.5 

7.5 
22.0 

6.3 
8.0 
6.0 
a. 3 

2 0 G  
2009 
1917 
2005 
1000 
1000 
1000 
1000 

27 
74 
33  
9 1  
62 
7 5  
58 
51 

90.2 0.i2 
255.5 0.10 

85.7 0.19 
289.5 0.23 

74.1 0.19 
85.2 0 .11  
39.2 0.11 
40.6 0.09 
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E l e c t r i c a l  P r o p e r t i e s  

AS noted ,  t h e  r e s i s t a n c e ,  c u r r e n t  and v o l t a g e  remained cons t an t  f o r  a t i m e  a f t e r  
t h e  start  o f  each run. During t h i s  t ime, t he  r e s i s t a n c e  between t h e  c e n t e r  e l e c t r o d e  
and t h e  wall  was about 3 ohms. It then  began t o  i n c r e a s e  s lowly  and reached a 
va lue  between 8 and 10 ohms near  the  end o f  t h e  run. This i n c r e a s e  i n  bed r e s i s t a n c e  
was probably caused both by an inc rease  i n  t h e  r e s i s t i v i t y  of t he  bed m a t e r i a l  as 
t h e  carbon content  of  the  p a r t i c l e s  was d e p l e t e d ,  and by a dec rease  i n  bed he igh t .  
(This dec rease  i n  he igh t  decreased  the  con tac t  a r e a  between t h e  e l e c t r o d e  and bed.) 
As t h e  r e s i s t a n c e  of  t he  bed inc reased ,  t h e  c u r r e n t  f lowing through t h e  bed de- 
c reased .  Therefore ,  t o  ma in ta in  a cons t an t  power i n p u t  t o  t h e  r e a c t o r ,  t h e  v o l t a g e  
had t o  be increased .  The d a t a  do show t h a t  t h e  power inpu t  t o  t h e  r e a c t o r  was 
f a i r l y  cons tan t .  I n  some of  t h e  runs ,  t h e  power r e q u i r e d  decreased  l a t e  i n  t h e  run 
as  t h e  r e a c t i o n  r a t e  decreased .  The r e s i s t a n c e  a l s o  inc reased  a t  t h i s  po in t  t o  a 
va lue  nea r  30 ohms. 

The behavior  of  t he  bed r e s i s t a n c e  d u r i n g  t h e  runs  resembled the v a r i a t i o n  of 
bed r e s i s t a n c e  measured as a nonconductor i s  added t o  a bed of conduct ing  m a t e r i a l  
(1, 21). In  t h i s  l a t t e r  ca se ,  f l u i d i z e d  beds con ta in ing  50 pe rcen t  o r  more o f  non- 
conducting m a t e r i a l  had t o  be prepared before  the  r e s i s t a n c e  of  t h e  o r i g i n a l  g raph i t e  
bed was g r e a t l y  increased .  Concent ra t ions  of nonconducting m a t e r i a l  g r e a t e r  than  
50 percent  caused the  bed r e s i s t a n c e  t o  i n c r e a s e  r a p i d l y  and n o n l i n e a r l y .  

The inc reas ing  concen t r a t ion  of t h e  nonconducting ash ,  then ,  is one of t h e  
causes o f .  t h e  r i s e  i n  t h e  f l u i d i z e d  bed r e s i s t a n c e .  However, t h e r e  is a l a rge  
v a r i a t i o n  between runs  i n  t h e  a sh  t o  carbon r a t i o  i n  t h e  bed a t  t h e  p o i n t  t h a t  the 
bed r e s i s t a n c e  began t o  i n c r e a s e  ( see  Table  V). (The i n c r e a s e  r e f e r r e d  t o  h e r e  
occurred a t  about 410 minutes f o r  run  9 . )  

Table V. Ash t o  carbon r a t i o s  a t  
t i m e  t h a t  bed r e s i s t a n c e  
began t o  inc rease .  

Carbon Ash t o  
burn- o f f  carbon 

Run (%I r a t i o  i n  bed 

7 54 0.16 
9 66 0.23 

11 23 0.09 
1 3  66 0.13 
24 29 0.29 
25 31 0.30 
28 1 7  0.25 

Examination of  t he  c u r r e n t  and v o l t a g e  p l o t s  i n d i c a t e  t h a t  t h e  power f a c t o r  f o r  
t he  system was nea r  one. 
t o  f l u c t u a t e  r a p i d l y ,  no d i f f i c u l t i e s  were experienced i n  c o n t r o l l i n g  the  power sup- 
p l i e d  t o  t h e  r e a c t o r .  This meant t h a t  t h e  tempera ture  o f  t h e  r e a c t o r  w a s  he ld  

It should a l s o  be noted t h a t  a l though t h e  c u r r e n t  tended 

1 q u i t e  conr t an t .  

, '  Elec t rode  M a t e r i a l s  

I S i x  d i f f e r e n t  e l e c t r o d e  m a t e r i a l s  (0.5 i n .  d i m )  were t r i e d  du r ing  t h e  course 
o f  t h e  s tudy .  
shown are: 

Figure 5 shows some of t h e  e l e c t r o d e s  used w i t h  t h e  FMC char .  Those 

I 
I 
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Elec t rode  A: 446 s t a i n l e s s  s t e e l  p i p e ,  used a t  19000F f o r  1 .5  h r s .  The end 
mel ted  o f f .  

E lec t rode  E:  Copper p i p e ,  used a t  1600OF f o r  2.7 h r s .  The p ipe  corroded i 
badly  and f i n a l l y  mel ted.  

E l e c t r o d e  C :  Carbon rod ,  used a t  1960OF f o r  10 h r s  ( run 7 ) .  The a t t a c k  on the 
rod w a s  s l i g h t .  However, a l l  t h e  steam was be ing  reac ted  i n  t h i s  
run. 

E l e c t r o d e  D: Tungsten r o d ,  used a t  1900°F f o r  8 h r s  ( run 13). This  e lec t rode  , 
I w a s  n o t  a t tacked .  However, 100 percent  of  the  s team vas  be ing  

conver ted .  
1 

I Figure  6 shows t h r e e  e l e c t r o d e s  used i n  i n t e r n a l l y  heated beds of  Im char .  
The e l e c t r o d e s ,  from t o p  t o  bot tom, are tantalum, carbon and molybdenum rods.  Each 
of  t h e s e  rods were used  i n  r u n s  a t  1600OF f o r  between 6 and 8 h r s  ( r u n s  24, 25 and 
28) .  

I 

1 
I Both t h e  t a n t a l u m  and carbon rods were s e v e r e l y  a t t a c k e d  and each  s u f f e r e d  

about a 2 5  percent  weight  loss. The molybdenum rod d i d  not  l o s e  any weight. 
! 

A rough c o a t i n g  was formed on t h e  e l e c t r o d e s  used wi th  t h e  IGT char .  This 
can be s e e n  on t h e  carbon and molybdenum rods in Fig.  6 .  
a t  l e a s t  p a r t l y  ashy m a t e r i a l  and d i d  not  form when FMC char  w a s  used. Presumably 
t h e  h i g h e r  ash c o n t e n t  o f  t h e  IGT c h a r  accounts  for  t h e  formation o f  t h e  coa t ing .  
A second run  was made w i t h  t h e  molybdenum rod a t  the  same condi t ions .  The o v e r a l l  
r e s i s t a n c e  between t h e  e l e c t r o d e s  d i d  n o t  change and, d e s p i t e  t h e  c o a t i n g ,  no d i f -  
f i c u l t i e s  were encountered  i n  u s i n g  the  rod .  

This  c o a t i n g  appears t o  be 
{ 
I 

I 

1 

The copper and s t a i n l e s s  s t e e l  p ipes  ( e l e c t r o d e s  A and B in F i g .  5) bo th  
melted a t  bed tempera tures  w e l l  below t h e i r  m e l t i n g  p o i n t s .  Evident ly ,  the  
e l e c t r o d e s  were a t  l e a s t  s e v e r a l  hundred degrees  h o t t e r  than t h e  bed. The tempera- 

power i n p u t  t o  t h e  r e a c t o r  and gas  flow r a t e  and t h e  r e s u l t s  are shown i n  Fig.  7. 
The e l e c t r o d e  temperature  w a s  measured w i t h  a s h i e l d e d  thermocouple which was in- 
s e r t e d  i n t o  the %-in .  s t a i n l e s s  s t e e l  p i p e  t h a t  se rved  as t h e  e l e c t r o d e  dur ing  t h i s  
run.  Ceramic i n s u l a t o r s  were p laced  between the  thermocouple and t h e  e l e c t r o d e .  I 
The bed temperature  w a s  h e l d  c o n s t a n t  a t  1500°F d u r i n g  t h e  run  and was f l u i d i z e d  
w i t h  n i t r o g e n .  I 

I 

The temperature  d i f f e r e n c e  increased  w i t h  power i n p u t  a lmost  l i n e a r l y  between 4 
0 and 4 k i l o w a t t s .  I 
t h e  temperature  d i f f e r e n c e .  The e x a c t  reason  f o r  the  temperature  d i f f e r e n c e  i s  as 
y e t  unknown. I 

t u r e  d i f f e r e n c e  between t h e  e l e c t r o d e  and bed w a s  measured as a func t ion  of  t h e  1 

The g a s  v e l o c i t y  d i d  n o t  seem t o  have a s i g n i f i c a n t  e f f e c t  on 

Conclusions and Future  Work 

The i n v e s t i g a t i o n  t o  d a t e  has  shown t h a t  it is  t e c h n i c a l l y  f e a s i b l e  t o  g a s i f y  
c o a l  c h a r  wi th  s team i n  an e l e c t r o f l u i d  bed r e a c t o r .  The product ion  r a t e  of s y n t h e s i s  i 
gas was h igh  and o p e r a t i n g  tempera tures  i n  the  range o f  1600 t o  18000F seem f e a s i b l e .  l 
The r e s i s t a n c e  o f  t h e  f l u i d i z e d  bed o f  c o a l  char  allowed use  of  reasonable  applied 
v o l t a g e s  and tempera ture  c o n t r o l  of  t h e  r e a c t o r  was n o t  a problem. 

The i n v e s t i g a t i o n  i s  be ing  cont inued and a lZ-in.-diam, cont inuous r e a c t o r  i s  
beinn C~n~'".̂ ....A - L Y - . C C U  c- L V  L U L L I I C L -  C..-..L s t u d y  and develop  t h e  process .  This  r e a c t o r  w i l l  be 
32 i n .  h i g h  and w i l l  o p e r a t e  a t  tempera tures  approaching 2000OF. 
be fed to  the  r e a c t o r  w i t h  a Vibrascrew f e e d e r  and s o l i d s  w i l l  b e  removed from the 
bottom of  the  bed a n d / o r  through an overf low tube.  
t h i s  r e a c t o r  w i l l  be s imilar  t o  t h e  one p r e v i o u s l y  used, a l though another  arrangement 
may be used a t  a l a t e r  d a t e .  During o p e r a t i o n  o f  the cont inuous r e a c t o r ,  a t t e n t i o n  

Coal char  w i l l  

The e l e c t r o d e  arrangement i n  
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w i l l  a l s o  be g iven  t o  methods of power c o n t r o l  and t o  the  development' o f  s u i t a b l e  
e l e c t r o d e s .  
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Fig. 1. Gasification apparatus. 
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Fig. 2. 
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Electrofluid reactor. 
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Fig. 5 .  Electrodes used with FMC char. 
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