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GASIFICATION OF CAKING COAL I N  A FREE-FALL, FLUID-BED REACTOR 

A .  J .  Forney, R. F .  Kenny, and J. H .  F i e ld  

P i t t sbu rgh  Coal Research Center ,  U.  S. Bureau of Mines, 
4800 Forbes Avenue, P i t t sbu rgh ,  Pennsylvania 15213 

INTRODUCTION 

The Bureau of Mines i s  i n v e s t i g a t i n g  the  g a s i f i c a t i o n  of caking  c o a l s  i n  a 
f lu id-bed  r e a c t o r  a s  p a r t  of t he  Bureau's o v e r a l l  program of conver t ing  c o a l  t o  
l i q u i d  o r  gaseous f u e l s .  The caking  c o a l s ,  common t o  t h e  Eas t  and Midwest, 
cannot be g a s i f i e d  wi thout  b e i n g  p r e t r e a t e d ,  u s u a l l y  wi th  s t e a m  and oxygen. 
The method of g a s i f i c a t i o n  d iscussed  i n  t h i s  r e p o r t  i s  f r e e - f a l l  p re t rea tment  
combined with f lu id-bed  g a s i f i c a t i o n .  

The primary o b j e c t i v e s  of the p ro jec t  a r e :  1) To check OUK e a r l i e r  method 
of p r e t r e a t i n g  caking c o a l s  before gas i f ica t ion ;=/  
minimum amount of oxygen needed f o r  pre t rea tment ;  3) t o  maximize the  methane 
con ten t  i n  the  product gas .  A secondary a i m ,  which developed from the  above 
t e s t s ,  i s  t o  s tudy  a method of s u b s t i t u t i n g  a i r  f o r  oxygen. 

2)  t o  determine t h e  

EXPERIMENTAL PROCEDURE 

The pre t rea tment  i s  achieved by dropping Pittsburgh-seam c o a l  (70 percent  
through 200 mesh) through a f r e e - f a l l  r e a c t o r  6 inches i n  'diameter and 10 f e e t  
h igh  ( l a t e r  reduced t o  7 f e e t ) .  This p r e t r e a t e r  i s  loca ted  above 'a  f lu id-bed  
r e a c t o r  3 inches  i n  diameter and 3 f e e t  h igh  ( l a t e r  increased  t o  6 f e e t ) .  The 
oxygen and steam f o r  t he  g a s i f i c a t i o n  e n t e r  t h e  bottom of the  r e a c t o r ,  f i g u r e s  1 
and 2 .  The gases from the  g a s i f i e r  flow up through the  f r e e - f a l l  s e c t i o n  t o  
p r e t r e a t  and carbonize t h e  c o a l  as  i t  f a l l s .  They a r e  enr iched  with an oxygen- 
steam feed e n t e r i n g  t h e  s i d e  of the f r e e - f a l l  s e c t i o n  t o  f u r t h e r  p r e t r e a t  t he  
coa l  because the  gases r i s i n g  from t h e  g a s i f i e r  d i d  no t  p r e t r e a t  s u f f i c i e n t l y  
t o  prevent agglcmeration. 

P res su res  from 2.5 t o  2 0  atmospheres, temperatures of 835O t o  955" C ,  and 
oxygen-coal r a t i o s  from 0 t o  5.9 were used. 

RESULTS AND DISCUSSION 

Pressure  E f f e c t s  

The pressure  was g radua l ly  increased from 2 - 1 / 2  t o  20 atmospheres as  shown 
in t a b l e  1 and f i g u r e  3. The methane con ten t  g radua l ly  increased  t o  14 volume 
percent  of t he  product gas .  This  means t h a t  more methane can be produced i n  
t h i s  g a s i f i c a t i o n  than would be produced i n  subsequent methanation t o  produce 
high-Btu gas.  For example, i n  experiment N-12 the  50. percent  Hz+CO would y i e ld  
l e s s  methane du r ing  methanation than the  14 percent  methane a l r eady  produced i n  
g a s i f i c a t i o n .  As the  p re s su re  was increased  from 2 - 1 / 2  t o  20 atmospheres,  



f i g u r e  3,  the percentage of methane i n  the  product gas increased from 8 t o  1 2 ,  
while t h e  hydrogen and carbon monoxide percentages decreased. A l so  the  carbon 
dioxide increased while the  hydrogen and carbon monoxide decreased a t  t he  same 
r a t e ,  v e r i f y i n g  Schuster I s s f  claim t h a t  the  methanemaking r e a c t i o n  i n  g a s i f i c a -  
t i o n  is 2H2 + 2CO -. CHq + C 0 2 .  These curves ,  f i gu re  3, based on average values 
from s e v e r a l  experiments a r e  s imi l a r  t o  those of O ' D e l l . ~ /  

Table1.-  E f f e c t  of Pressure  on Methane Yield 

1/ Tes t  N O - -  ..................... F-19 
Pressure ,  atm ................. 2.5 
Coa l l f  ..................... i . . .  D-2 
Coal f eed ,  l b /h r  .............. 0.43 
Input ,  SCFH: 

G a s i f i e r ,  steam .......... 18 
G a s i f i e r ,  oxygen ......... 1 
P r e t r e a t e r ,  steam ........ 10 
P r e t r e a t e r ,  oxygen ....... 1 
Nitrogen ................. 4 

P r e t r e a t e r  ............... 375 

G a s i f i e r ,  max ............ 900 
Opfcoa!, SCF/lb ............... 4.6 
Steamfcoal,  SCFflb ............ 42 
Carbon convers ion ,  pc t  ........ 67 
Steam convers ion ,  pct ......... 1 2  
Product gas,?/SCF/lb .......... 19 
Methane, SCFflb ............... 2 . 1  
Product gas,  pc t :  

H2 ....................... 44 

Temperature, 'C: 

G a s i f i e r ,  avg ............ 893 

C& ...................... a 
co ....................... 21 
c02 ...................... 27 

Tar ,  pc t  of c o a l  feed ......... 10 

F-33 
5 

D -4 
0.70 

25 
1.5 

10 
1.5 

4 

409 
891 
900 
4.3 

36 
68 
10 
19 

1.8 

41 
7 

25 
27 
6 

F-46 
10 

D -4 
1.53 

50 
4 

20 
3 
8 

390 
893 
900 
4.6 

33 
60 
15 
16 

2.5 

39 
11 
22 
28 

3 

N-10 
15 

D-4 
1.60 

60 
4 

30 
4 
6 

375 
880 
900 
5.0 

37 
66 
17 
17 

2.7 

39 
11 
20 
30 
3 

N - 1 2  
20 

D-4 
1.60 

60 
4 

30 
4 
6 

400 
882 
900 
5 .O 

37 
65 
14 
15 

3.3 

34 
14 
16  
36 
4 

N-13 
20 

D -4 
1.63 

60 
4 

20 
4 
5 

400 
876 
900 
4 .9  

37 
7 3  
23 
18 

3.7 

36 
14 
18 
32 

3 

N-17 
20 

D-4 
3.40 

100 
16 
20 
4 
5 

400 
883 
900 
5.9 

29 
68 

16 
3.4 

35 
14 
18 
33 

5 

-- 

- 1/ - 2 1  D-2:  
F s e r i e s  w i th  3-foot r e a c t o r ;  N s e r i e s  with 6-foot r e a c t o r .  

H 5.1, C 72.9, N 1 .4 ,  0 8.2,  S 1 .3 ,  Ash 11.1 percent .  
D-4: H 5.1, C 76.5, N 1.5, 0 8.1, S 1 .0 ,  Ash 8.0,  VM 34.8 pe rcen t ;  

FSI = 7-112. 
- 31 n2+CO+CH,. 

Tar Plus O i l  

As the  pressure  increased  the  t a r  y i e l d  decreased from 10 t o  about 5 percent .  
The tars were analyzed by chromatography t o  f ind  the  e f f e c t  of p re s su re  on the  
composition of the  tar. Resul t s  were inconclus ive ;  no c o r r e l a t i o n  could be made. 

The coa l  feed r a t e  was increased from 1.54 pounds per hour (33 l b f h r  f t 2 )  
t o  6.1 pounds per hour (133 lb /h r  f t 2 )  a t  20  atmospheres pressure  ( t a b l e  2 ) .  
The carbon conversion w a s  lower a t  t h e  h igher  c o a l  r a t e .  The methane y i e ld  was 
almost s teady  a t  3 SCF/lb, although i t s  percentage i n  the  product gas increased 
from 1 2  t o  15 percent .  
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Table 2 . -  E f f e c t  of Increased Coal Feed on Product D i s t r i b u t i o n  
a t  20 Atmospheres Pressure  

~~ ~ ~ ~ ~~ 

Test270.  11 ................ N - 1 1  N - 1 5  N-17  N-19 N - 2 1  N-24 N-22 Lurgi- 
Coal- ................... D-4 D-4 D - 4  D - 5  D-5 D-5 D-5 
Feed, l b / h r  ............. 1.54 2.25 3.40 5.40 5.82 6 . 1  5.2 
Coal feed ,  l b /h r  f t 2  .... 33 49 74 120 127 133 113 
Coal feed ,  l b /h r  f t 3  .... 6 8 12 20 2 1  22  18 

G a s i f i e r ,  steam ..... 60 65 100 150 180 180 198 
G a s i f i e r ,  oxygen .... 4 6 16 24 22 18 6 
P r e t r e a t e r ,  s team ... 30 15 20 24 36 36 36 

Nitrogen ............ 6 6 5 5 5 5 5 

Inpu t ,  SCFH: 

P r e t r e a t e r ,  oxygen . . 4 3 4 6 6 6 6 

Temperature, 'C: 
P r e t r e a t e r  .......... 375 400 400 400 400 400 400 
G a s i f i e r ,  avg ....... 889 885 883 907 864 890 889 
G a s i f i e r ,  max ....... 900 898 900 959 890 910 900 

0 2 / c o a l ,  SCF/lb ......... 5.2 4.0 5.9 5.6 4.8 4.0 2.3 4 
S team/coal ,  SCF/lb ...... 39 29 29 28 31 30 38 19 
Carbon conversion, pc t  .. 73 68 68 75 59 55 52 902' 

Product gas,- SCF/lb .... 1 9  19  16 16 13 12 15 19 
Methane, SCF/lb ......... 3.2 3.3 3.4 3.2 3.0 2.7 3.2 2 .6  
Product gas ,  pc t :  

Steam conver t jon ,  p c t  ... 14 28 21  29 12  12 15 

H 2  .................. 38 39 35 33 33 34 40 40 
C& ................. 1 2  13 14 13 15 15 1 7  10 
co .................. 2 1  23 18 19 16 18 18 25 
co2 ................. 2 9  25 33 35 36 33 25 25 

Tar ,  p c t  o f  feed ........ 4 4 5 9 4 3 3 

- 1/ West f i e ld  p l an t  c o a l :  Moist. = 15.6, ash  = 14.6,  VM = 28.7, FC = 41.1 pc t .  
- 2 /  D-4: H 5.1 ,  C 76.5,  N 1.4,  0 8.1, S 1.0, Ash 8 .0 ,  VM 34.8 p c t ;  FSI = 7-112.  

D-5: H 5.0,  C 74.9, N 1.5,  0 7.6,  S 1.1, Ash 9.9, VM 34.7 p c t ;  FSI = 8-1/2. 
- 31 Est imated.  
- 4 1  H2+COtCH, .  

The r e s u l t s  f N-23 ( t a b l e  3) and N-19 ( t a b l e  2) may be compared wi th  those 
of t h e  Westfield17 Lurgi .  Our methane percentage is h ighe r ,  and ou r  methane 

conversion;  however, t he  Lurg i  could  n o t  be operated wi th  t h e  caking coa l  used 
i n  ou r  t e s t s .  

y i e l d  s l i g h t l y  h ighe r .  We used more oxygen and more steam and had a lower carbon ,I 
E f f e c t  of Low Oxygen Feed 

In t e s t  N-22 t h e  oxygen feed  t o  t h e  g a s i f i e r  was reduced from t h e  4 t o  5 
cub ic  f e e t  per pound used i n  the o t h e r  tests t o  1 cubic  f o o t  per pound. Com- 
p a r i n g  t e s t  N-22 with N-19 shows t h a t  t he  carbon conversion decreased ,  t h e  
methane y i e l d  remained t h e  same, bu t  t h e  percentage of methane i n  the product 
gas inc reased  from 13 t o  17 pe rcen t  ( t a b l e  2) .  This inc rease  i s  d e s i r a b l e ,  but 
a cormnercial g a s i f i e r  would have to  be heated e x t e r n a l l y  t o  ope ra t e  with such 
a low oxygen feed. 

i 

,I 

f 
l <  



Table 3.- E f f e c t  of Temperature on Product D i s t r i b u t i o n  
a t  20 Atmospheres Pressure 

T e s t l y .  ..................... N-26 
Coal- ......................... D-6 
Coal feed ,  l b / h r  f t 2  ......... 123  
Feed, l b / h r  .................. 5.65 
Input ;  SCFH: 

G a s i f i e r ,  steam ......... 180 
G a s i f i e r ,  oxygen ........ 18 
P r e t r e a t e r ,  steam ....... 36 
P r e t r e a t e r ,  oxygen ...... 6 
Nitrogen ................ 5 

P r e t r e a t e r  .............. 400 
G a s i f i e r ,  avg ........... 835 
G a s i f i e r ,  max ............ 857 

Oxygen/coal, SCF/lb .......... 4.3 
S t e a d c o a l ,  SCF/lb ........... 32 
Carbon conversion,  p c t  ....... 51 
Steam conver j jon ,  pct  ........ 4 
Product gas,- SCF/lb ........ 11 
Methane, SCF/lb .............. 2.5 
Product gas ,  pct :  

Temperature, O C :  

H 2  ...................... 31 
C k  ..................... 15 
co ...................... 20 
co2 ..................... 34 

Tar, p c t  of feed ............. 7 

N-25 
D-6 
136 

6.25 

;180 
18 
36 

6 
5 

400 
860 
880 
3.8 

29 
58 

14 
2.9 

36 
14 
17 
33 

8 

-- 

N-24 
D -5 
133 
6.1 

180 
18 
36 

. 6  
5 

400 
890 
910 
4.0 

30 
55 
12 
12 

2.7 

34 
15 
18 
33  
3 

N-27 
D -6 
140 
6.5 

180 
18 
36 

6 
5 

400 
880 
9 10 
3.7 

28 
59 

14 
3.5 

34 
17 
17 
32 
4 

-- 

N - 2 3  
D-6  
133 
6 .0  

180 
2 4  
36 

6 
5 

400 
900 
955 
5.0 
30  
81 
24 
1 9  

3.6 

36 
13 
20 
31 

3 

N-28 
D-6 
140 
6.4 

180 
18 
36 

6 
5 

400 
901 
934 
3.8 

28 
65 

16  
3.2 

36 
14 
20 
30 

5 

-- 

N-30 
D-6 
136 
6 .3  

120 
18 
36 
6 
5 

400 
912 
963 
3.8 

19 
56 

1 3  
2.9 

-- 

33 
16  
18 
33 

4 

- 1/ D-5 :  

- 2 /  H2+C(HCH,. 

H 5.0, C 74.9, N 1.5,  0 7.6, S 1.1, Ash 9.9, VM 34.7 pct :  FSI = 8-112. 
D-6: H 5.1, C 74.4, N 1.5,  0 8.2,  S 1.1, Ash 9.7, VM 36.1 p c t ;  FSI = 8. 

E f f e c t  of Temperature 

For two reasons the temperature  was n o t  v a r i e d  widely i n  these t e s t s .  The 
s a f e  l i m i t  f o r  the r e a c t o r  a t  20 atmospheres is  950' C and carbon conversion de- 
creased markedly below 850' C .  The y i e l d  of product gas increased from about  
11 SCF of H2+COSC& per  pound of c o a l  a t  860' C t o  19 a t  950' C ( t a b l e  3) .  
The methane percentage decreased but n o t  d r a s t i c a l l y .  However, t h e  y i e l d  of 
methane per pound c o a l  feed d id  i n c r e a s e  from 2.5 t o  3.6 SCF per pound. In  
t e s t  N-30 the  steam r a t e  was reduced from 30 SCF per pound of coa l  to  19; 
the temperature increased  i n  the  g a s i f i e r  but  t h e  carbon conversion dropped. 
Some s i n t e r i n g  of the ash occurred a t  t h e  base of the r e a c t o r ,  i n d i c a t i n g  
t h a t  t h e  flow of steam was t o o  low. The optimum temperature seems t o  be about 
900"-950' C .  Further  t e s t s  may be necessary t o  determine the  maximum tempera- 
t u r e  because t h e  methane y i e l d  may decrease so much a t  higher  temperatures  t h a t  
the advantage of our method of o p e r a t i o n  may be l o s t .  

. 
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Oxygen Needed f o r  Pretreatment 

Changing the  po r t  of e n t r y  for. the  p r e t r e a t i n g  steam and oxygen from the  
middle of the  f r e e - f a l l  s e c t i o n ,  a s  shown i n  f i g u r e  1, t o  the  top  of t he  f r e e -  
f a l l  s e c t i o n  reduced t h e  amount of oxygen necessary  f o r  pre t rea tment .  When 
t h e  p r e t r e a t i n g  gases were f ed  a t  t h e  top  they en te red  through a tube surround- 
i n g  the coa l  feed i n l e t  p o r t .  Thus the  c o a l  was en t r a ined  by the  t r e a t i n g  
gases f o r  about 2 f e e t  be fo re  it f e l l  5 f e e t  i n t o  the  f l u i d  bed. In  t a b l e s  1 
and 2 t h e  r e s u l t s  of both systems represented  by t e s t s  N-12 and N-24 a r e  
compared. The amount of oxygen needed f o r  pre t rea tment  was decreased from 
2 .5  SCF per pound (N-12) t o  l e s s  than  1 SCF per pound (N-24). When t h e  pre-  
t r e a t i n g  steam and oxygen were fed a t  the  middle of the f r e e - f a l l  s e c t i o n ,  
some oxygen was used i n  g a s i f i c a t i o n  because of t he  h igh  temperature i n  t h i s  
zone. When they were fed a t  the  top  of the r e a c t o r ,  oxygen was used only  fo r  
pre t rea tment .  

S tud ie s  i n  Glass Equipment of a System Using A i r  I n s t ead  of Oxygen 

Oxygen accounts f o r  about  10 t o  14 c e n t s  per MCF of  t he  c o s t  of making 
high-Btu gas .  Many d i f f e r e n t  systems have been t r i e d  both  i n  England and 
America i n  the  hope of s u b s t i t u t i n g  a i r  f o r  oxygen.-/ Our approach i s  t o  
feed  a i r  and steam through sepa ra t e  e n t r y  p o r t s  t o  a s i n g l e  f l u i d  bed so  the  
products of combustion can be separa ted  from the  products of steam g a s i f i c a t i o n  
Two des igns  t o  achieve t h i s  a r e  shown i n  f i g u r e s  4 and 5,  and g l a s s  models 
based on these  des igns  have been made. The model similar t o  f i g u r e  4 is  
cons t ruc t ed  with a s t r a i g h t  b a f f l e  i n  a 6-inch-diameter g l a s s  tube ;  wi th  an 
L/D r a t i o  of 2 (12-inch he igh t /6 - inch  d iameter ) ,  t he  mixing of the  a i r  and 
i n e r t  gas streams is  only  5 t o  10 percent  i f  the  b a f f l e  extends 1 t o  2 inches 
i n t o  the bed. When t h e  b a f f l e  i s  r a i s e d  above t h e  bed, the  mixing is 30 t o  
40 percen t .   en the  r a t io  i s  3 ,  t he  mixing i s  about 25 percent .  The second 
model s i m i l a r  t o  f i g u r e  5 was cons t ruc ted  wi th  a 4-inch-diameter tube i n -  
s e r t e d  i n t o  a 6-inch-diameter tube.  The a r e a s  of t h e  annulus and the  inner  
tube a r e  about the  same. Th i s  model shows more mixing of the  gases than the 
f i r s t - - 2 1  percent when the  c e n t e r  tube  i s  embedded 2 inches i n t o  a 6-inch 
l aye r  of c o a l .  

Af t e r  a s a t i s f a c t o r y  model has been designed f o r  gas flow, we w i l l  use 
a 6-inch-diameter s t e e l  r e a c t o r  t o  s tudy  t h e  mixing of the  s o l i d s  t o  determine 
i f  uniform temperatures i n  t h e  bed can  be obta ined .  

CONCLUSIONS 

Caking c o a l s  can be g a s i f i e d  i n  a combined f r e e - f a l l ,  f lu id-bed  g a s i f i e r .  
The methane i n  t h e  product gas is about 14 t o  15 pe rcen t ,  which means more 
methane i s  being produced i n  t h e  g a s i f i c a t i o n  than would be produced i n  the  
subsequent methanation. 
f o o t  per pound c o a l  feed .  

The oxygen needed f o r  pre t rea tment  i s  about 1 cubic 

A conceptua l  process  be ing  inves t iga t ed  s u b s t i t u t e s  a i r  f o r  oxygen dur ing  
gas  i f i c  a t ion .  I 
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C O W E R  STUDY OF STAGE 2 REACTIONS IN THE BCR TWO-STAGE 
SUPER-PRESSURE COAL GASIFICPTION PROCESS 

E. E. Donath and R. A. Glenn 

Bituminous C o a l  Research, Inc., MonroeviUe, Pennsylvania 

INTRODUCTION 

In the BCIi two-stage gasification process, recycle char i s  used i n  Stage 1 
t o  produce hot synthesis gas by reaction with oxygen and steam. 
products from Stage 1 heat the fresh coal and steam entering Stage 2 and react 
with them t o  produce methane and additional synthesis gas.(l,2)* A schematic 
flow diagram of the process is given as Figure 1. 

The hot 

Gas Purification 
and Methanation 

Slag 

Recycle 
Dust 

- Oxygeri 

8008G 13 . .  
Figure 1. Simplified flow Diagram for Two-stage 

' Super-pressure Gasifier 

. 

* Numbers i n  parenthesis refer  to l ist  of References at end of paper. 
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For the past two years, laboratory research has been under way t o  estab- 
l i s h  the optimum conditions for operation of Stage 2 of t h i s  conceptual 
process. Results of some of these experimental studies have already been 
reported. (3,4) This paper reports the results of a ccarputer study of the 
thermochemistry of the -:stage process with emphasis on the ef lects  of 
variations i n  the operating condltlons. (a) to 
guide the experimental studies; and, (b) t o  indicate the corresponding ef- 
fects  of these variables on the final cost of pipeline gas as derived in the 
i n i t i a l  economic evaluation of the process. (1,2) 

These data were needed: 

According t o  the i n i t i a l  economic evaluation of the overall process (l), 
the yield of methane produced directly from coal is of major importance for 
the economics of the process. 
consideration must be given t o  th i s  reaction and means must be available for  
determining the extent it occurs. 

I n  a study of the thermochemistry involved, 

A t  the time the study was begun, kinet ic  data for the ra te  of methane 
formation were not available; however, it was known tha t  methane formation 
at the temperatures visualized for  Stage 2 is  a very rapid reaction ( 5 ) ,  and 
tha t  observed methane yields  correspond t o  the thermodynamic equilibri? of 
the reaction 

i f  an act ivi ty  that  varies from 1 t o  3.4 is assumed for the carbon.(6) 
c + 2 *  = cH4 (1) 

Therefore, it was arb i t ra r i ly  assumed for  the present study that methane 
yields computed on t h i s  basis  would be apt t o  respond t o  changes in Stage 2 
temperature and pressure, and thus, they would be more r e a l i s t i c  than selec- 
t ion of fixed methane yields.  In addition, it was assumed that  the r e s t  of 
the carbon would be converted t o  CO + I@ by reaction with steam and oqgen. 

reaction came t o  equilibrium a t  reaction temperature according t o  the 
e q u t  ion : 

For the well known water-gas sh i f t  reaction, it was assumed that the 

co + *o = co t * (2 1 
For the evaluation of the effects of the various operating parameters, 

such as oxygen/coal ra t io ,  steam/coal ra t io ,  operating pressure, preheat 
temperatures, etc.,  one M h e r  assumption is necessary--namely, thermal 
equilibrium i n  each stage of the gasif ier  i s  achieved. 

BASIS AND PROCEDURE FOR COMHJ'lZR PROGRAM 

In making the ccmputer calculations, values for the Various operating 
conditions prevailing in Stage 1 and Stage 2 are first designated, together 
with an a rb i t ra r i ly  chosen Stage 1 product gas composition. Then, the heat 
of reaction is calculated for the reaction of recycle char with oxygen and 
steam i n  Stage 1 t o  form the Stage 1 product gas of the a rb i t ra r i ly  chosen 
composition. The heat of reaction is calculated from the heating value of 
the recycle 
the Stage 1 gas exit  temperature. 

and of the Stage 1 product gas, and then used t o  calculate 

Assuming that  the water-gas s h i f t  equilibrium is  established a t  this 
temperature of Stage 1, a new gas canposition is  calculated next and then 
used t o  correct the gas temperature. 
Stage 1 exi t  gas temperature is  found that has a calculated accuracy of 

This process i s  repeated until a 

2 5 c.  
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I 

I 

The Stage 1 product gas i s  then used i n  Stage 2,where coal and steam are 
added and reacted t o  form CHI+ i n  a concentration corresponding t o  the equilib- 
rium of Equation- 1 a t  a designated carbon act ivi ty  and at an estimated tern- 
Perature. 
reacted Kith steam t o  form CO and 9. 
coal form QO, %, and &S; and the remaining hydrogen i n  the coal is liberated 
as gaseous hydrogen. 

The carbon i n  the coal which is not used in  making methane is 
Oxygen, nitrogen, and sulfur in the 

For th i s  combination of gas from Stage 1 and Stage 2, again the tern- 
perature of the resultant gas  mixture is calculated and the camposition 
adjusted t o  ref lect  establishment of the shift reaction equilibrium. W i t h  
the new composition, the equilibria for  methane formation and the shift 
reaction are cmbined and the calculations reiterated u n t i l  a Stage 2 tem- 
perature i s  obtained which i s  within 2 5 C of the actual temperature. 

Computer Input 

The nature of the input data required for the various individual Computer 
calculations is  shown i n  Table 1. 
parameters were varied from one calculation t o  the next i n  accordance Kith 
the particular effect  being evaluated. 

The values for  the different operating 

!. 

\ 

I tem 
coal, daf, l b  
Coal Preheat, C 
Carbon Reacted,$ 
Carbon Activity, Equation 1 
Oxygen, l b  
Oxygen Preheat, C 
Steam, l b  
Steam Preheat, C 
Pressure, a b  
Heat Loss, Btu/lb Coal 

Stag? 1 -- "- 
67 

71.0 
327 

36.0 
538 

72.4 
250 

-- 

Stage 2 
100.0 

204 
33 

I C  -- -- 
104.9 

538 
72.4 -- 

Total 
100.0 

100.0 

71.0 

140.9 

- 
-- 
-- 
-- 

Available data (7) for  the heats of cambustion, enthalpies, and thermo- 
, dynamic equilibria were used in  the computer program. 

I computer output 

The type of information given in  the printout for  each computer run is  

In addition t o  the resul ts  given in  the ccPnputer output, sane paremeters 

shown in  Table 2. 
\ 

indicative of the cost of the f inal  gas, such as "total  methane after 
methanation," "oxygen consumption l b m  Btu in the final gas," or "the co;! i '- production" have been manually calculated. 

I 
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Stage 1, 
Item Moles 

co 3.900 
&S O.OO0 

0.000 
1.036 

CH4 

O.OO0 
H2 

0.787 
N2 
CQJ 

Gas Composition 

- 

Stage 2, 
Moles 

3.473 
1.165 
0.084 

3-90 
0.057 
2.390 

Total 

WO 
Temperatures, C 
Oxygen/Steem Ratio 
Oxygen/Coal Ratio 
Preformed Methane,$ 
C as Methane,'$ 

(a + % I  

Stage 2, Mole 
Fraction 

0.3138 
0.0076 
0.1052 
0.3524 
0.0052 
0.2159 

1.0001 - - 

COALS USED 

Three coals varying in rank from high volatile A bituminous tc) lignite 
were used in the study to obtain an indication of the effect of coal cam- 
position. "he analyses used f o r  these coals are given in Table 3. 

!!!ABLE 3 .  COAL ANALYSES USED FOR COMPUTER STUDY 

WO, lb per 100 lb 
daf Coal 

Ash, lb per 100 lb 
daf Coal 

Ultimate Analyses, 
Per cent daf 
C 
H 
N 
0 
S 

Net H per 100 C 

Gross Heating Value, 
Btu/lb 

Seem 
Illinois 

Pittsburgh NO. 6 Lignite 

1.3 1.3 1-3 

7.7 9.1 15.5 

84.4 81.3 74.3 
5.7 5.4 4.8 
1.6 1.5 0.9 
5.6 9.6 18.5 
2.7 2.6 1.5 

5.3 4.6 3.0 

i 
I 

I 

I 
I 
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RESULTS ANI) DISCUSSION 

The data from the thirteen runs using Pittsburgh seam coal in  normal op- 
These were Runs 27 

The data from the four runs with char withdrawal are 

Runs 38 and 39 using I l l i no i s  No. 6 seam coal, and Runs 5 1  and 52 

eration of the gasif ier  are summarized in  Tables 4 and 5. 
through 37, k ,  and 43. 
summarized in Table 6 ;  these were R u n s  48, 49, 50, and 53, using Pittsburgh 
Seam coal. 
using North Dakota l ign i te  are  s m e r i z e d  i n  Table 7. 

The computer data were used t o  calculate parameters tha t  can be used 
direct ly  i n  camparing the costs of gases obtained with different computer 
input data or different operating conditions. 
t o  one million Btu in  the f i n a l  gas a f t e r  methanation, and are based on costs 
derived from the i n i t i a l  econcrmic evaluation (1) as follows: 

These parameters are  referred 

coal: 15#/MM Btu 
oxygen: $5/ton = 0.25#/lb 
C q  Removal: $l/ton = O.O5#/lb 

' Steam: 30$/1000 l b  

Owgen/Coal Ratio and Temperature 

For Pittsburgh seam coal, the influence of a change in  the oxygen/coal 
r a t i o  is shown in  Figure 2, the owgen/coal r a t io  is plotted versus Stage 2 
temperature, oxygen consumption, CCQ production, carhon as methane, and 
gasification efficiency. 
r a t io ,  the Stage 2 temperature increases and all parameters connected with 
gasification cost indicate increased costs. 

As expected, with increases i n  the oxygen/coal 

The data shown in Figure 2 are  replotted in Figure 3 to show the effects 
of changes in  Stage 2 temperature on these same parameters. 
studied, a Stage 2 temperature increase of l2 C causes a corresponding decrease 
i n  methane formation equal t o  about 1 percent of the  carbon in  the coal. 

Over the range 

Carbon Activity 

On the  basis that experimental results m a y  indicate a higher conversion 
t o  methane a t  a given temperature than indicated by Figures 2 and 3,  adjust- 
ments were made in the ccanputer calculations t o  re f lec t  a higher act ivi ty  f o r  
the  carbon in Stage 2. 

are  cornpared in  Table 8. The data show the influence of changes i n  methane 
yield frcun 14 t o  24.6 percent on a carbon basis on the cost of the pipeline 
gas. A 1 percent uni t  increase in the conversion of the carbon in  the coal 
in to  methane decreases the cost of raw materials and u t i l i t i e s  fo r  the pipeline 

The resul ts  of ccnnputer runs using carbon ac t iv i ty  3.4 and 2, respectively, 

gas by about o.@/UM Btu. 

In the initial evaluation of the processes ( l ) ,  conversions of carbon into 
cR1, in Stage 2 of 15, 20, and 24 percent were assumed; a 1 percent increase i n  
the  carbon conversion t o  methane decreased the pipeline gas cost by about 
O.&/M Btu. 

Total Operating Pressure 

In th i s  Study, the  thermodynamic equi l ibr im is  Used t o  obtain the methane 
yield; therefore, the  operating pressure exerts a major influence on the  
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TABLE 6. SUMMARY OF RESULTS OF COMAPPER RUNS 48, 49, 50, AND 53 

INAIT DATA 
Type of Coal 
System Pressure, atm 
Input Temperatures , OC 

coa l  
Steam 
Oxygen 

stage -2 
Coal Feed Rate, l b  daf 
Steam Feed Rate, l b  
Carbon Activity 

Stem Feed Rate, l b  
Oxygen Feed Rate, l b  
Heat Loss, Btu/lb Coal 

Stage 1 

CALCULATIONS 
Stage 2 

TemDerature (exit  1 O C  

Temperature (exit)  "F 
Gas Composition, Moles 

co 
H2s w 
% 
N2 
C% 
Ik20 

Stage 1 
Temperature, O C  

Temperature, O F  

Gas, Moles 
co 
H2 
co;, 
%O 

stage-2 
Total Gas,  D r y  Moles 
Total (CO + Hp) Moles 
Preformed m, $ 
Carbon as Methane, (g 
Char Produced, lbs  C 

TOTAL 
Thernal Efficiency 
Steam Decamposition, $ 
Total Methane after Methanation 

Moles 
(g Btu in  Coal 
$ M u  i n  (Cod minus char) 
Btu in char 8 8  $ of Btu in Coal 
 tu i n   as and char as $ of mu i n  c o d  

Oxygen Consumption, l b  MM Btu i n  CH4 
C@ Production, M o l e B l e  
C@ Production, l b  M/MM Btu i n  Oas 

48 

pgh. 
72.4 

204 
538 
327 

100.0 
71.0 
1.0 

24.0 

250 

- 

65.0 

1035 
1895 

3.178 
0.084 
0.583 
3.567 

1.601 
3.378 

0.057 

2355 
e71  

1.737 
0.244 
1.285 
1.088 

9.070 
6.745 
25 -7 
8.3 

20.0 

0.651 
36.1 

2.27 
57.5 
70.2 
18.6 
76.1 
75.5 
1.36 
156 

L 

Pgh . 
72.4 

204 
538 
327 

100.0 
2.0 
1.0 

24.0 
28.0 
250 

945 
1733 

0.354 
0.084 
0.548 
1.668 
0 057 
0 - 572 
1.518 

995 
1823 

1.551 
0.845 
0.522 
0.488 

3.882 
2.621 
45.5 
7.8 

60.0 

0.325 
-5.1 

1.2m 
30.5 
69.2 
55.7 
86.2 
60.5 
0.73 

83 

Run Number 8014 BKC- 
lr9 50 2 2 -  

Pgh. Pgh. 
72.4 72.4 

204 204 

327 327 

100.0 100.0 
2.0 2,o 

538 538 

3.4 7.0 

24.0 24.0 
20.0 20.0 
250 250 

915 945 
1679 1733 

0.526 0.452 
0.084 0.084 
0.933 0.001 
0.91 0.74 
0.057 0.057 

1.445 1.506 
0.572 0.579 

725 725 
1337 1337 

1.129 1.129 
0.981 0 . 9 1  
0.551 0.551 
0.351 0.351 

3.143 2.946 
1 . 4 g  1.225 
71.4 76.6 
13.3 14.2 
60.0 60.0 

0.331 0.327 
0.0 -4.0 

1.306 1.306 
32.9 32.9 
75.0 75.0 
55.7 55.7 
88.6 88.6 
40.0 40.0 
0.56 0.56 
64 64 



INAPT DATA 
Type of Coal 
System Pressure, atin 
Input Temperatures, OC 
coal 
Steam 
Ovgen 

Coal Feed Rate, lb daf 
Steam Feed Rate, l b  
Carbon Activity 
Carbon Reacted,$ 

Stage 2 

Stage 1 
Steam Feed Rate, lb 
Oxygen Feed Rate, l b  
Heat Loss, Btu/lb Coal 

Temperature (exit) OC 
Temperature (exit) OF 
Cas Composition, Moles 

CALCULATIONS 
Stage 2 

co 
H2S 
cH4 
&? 
F2 
c?2 
%O 

Stage 1 
Temperature, OC 
Temperature, OF 
Gas, Moles 
co 
% 
co;, 
%O 

Stage 5 
Total Gas, Dry Moles 
Total (CO + e) Moles 
Preformed q, $ 
Carbon as Methane. 4& 

. I  

Total - 
Thermal Efficiency 
Steam Decomposition, $ 
Total Methane a f t e r  
Methanation, Moles 

Total Methane after 
Methanation, Btu in Coal 

Oxygen Consumption, 
lb/MM Btu in CIP, 

C% Production, Mole per 
Mole C€R+ 

CO;, Production, lb/hM Btu 
inGas 

Run Number 8014 BKC- 
38395152 
Illinois 

72.4 

204 
538 
327 

100.0 
95.4 
1.0 

30.6 

36.0 
71.0 
2 50 

955 
1751 

3.388 
0.081 
0.975 
3.837 
0.054 
2 .bo5 
4.180 

' 1705 
3101 

3.906 
1.052 
0.792 
0.947 

10.741 
7.225 
35 -1 
14.4 

0.822 
43 

2.78 

73.7 

66.5 

3.99 

165 

Illinois 
72.4 

204 
538 
327 

100.0 

1.0 
41.4 

95.4 

36.0 
60.0 
250 

885 
1@5 

2.855 
0.081 
1 * 391 
3.395 
0.054 
2.522 
3 -791 

1635 
2975 

3.196 
0.987 
0.771 
1.oll 

10.299 
6.251 
47.1 
20.5 

0.845 
48 

2.95 

78.1 

53.2 

3 .& 

148 

Lignite 
72.4 

204 
538 
327 

100.0 
55 .O 
1.0 

22.6 

36.0 
65 .o 
2 50 

915 
1679 

3 * 055 
0.047 
0.910 
2.853 
0.032 
2.220 
2.839 

1405 
2561 

4.184 

0.604 
0.669 

1.330 

9.118 
5.908 
38.1 
14.7 

0.833 
44.0 

2.39 

74.7 

71.0 

1-59 

183 

Lignite 
72.4 

204 
538 
327 

100.0 
95.4. 
1.0 

22.6 

36.0 
65.0 
250 

895 
1643 

2.357 
0.047 
1.038 
3 - 039 
0.032 

4.640 

1405 
2561 

2.790 

4.184 

0.604 
0.669 

1.330 

9.304 
5.397 
43.5 
16.8 

0.815 
36.6 

2.39 

74.7 

71.0 

1.59 

183 
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yield. By comparing the results from Run 33 and Run 34 with thcae from a run 
a t  the standard operating pressure, it i s  noted tha t  a change i n  pressure, 
e i ther  fram 72.5 t o  51 a b ,  o r  from 72.5 t o  102 a b ,  produces a change i n  raw 
material and u t i l i t y  costs equivalent t o  about 295/MM Btu pipeline gas; op- 
eration a t  the higher pressure gives the cheaper gas i n  each case. 
ison, the same change i n  gas cost of 2#/M Btu would be produced by a change 
of about $10 million i n  the investment costs for a 250 MM scfd plant. 
economic evaluations and experimental results w i l l  be needed t o  find the 
optimum pressure for the lowest cost of gas and/or c a p i t a  investment. 

By ccmrpar- 

Further 

Heat Loss and Preheat Temperature 

Another factor influencing the gas yield i s  the heat loss in the gasifier.  
A s  reference value, a heat l o s s  of 250 Btu/lb of coal, or 1.6 percent of the 
heating value of Pittsburgh seam coal, has been assumed. This i s  an arbitrar-  
i l y  chosen figure tha t  i s  based on extrapolation of mai lable  data t o  pressure 
operation. 
coal, respectively, were compared with resul ts  f o r  250 Btu heat loss  at the 
same Stage 2 temperature. 
increases the gas cost by about 2$/1.pI Btu pipeiine gas. 
studies will be needed t o  determine whether the actual methane yield i s  
influenced t o  the extent indicated here. 
plant wil l  establish rel iable  data for  the heat loss i n  a commercial unit. 

A study of different preheAt temQei-a:uz:: L iet:ia+z l:5 n;t api;ear 
necessary. Differences i n  the enthalples of tht various Ira-c--.rials due t o  
changes i n  preheat temperature, have the srunr: iiifluence a.: changes i n  heat 
loss.  

Computer Runs 29 and 30 for heat losses of 500 and 0 Btu/lb o f  

A n  increase i n  heat loss of 250 Btu/lb coal 
Again, experimental 

?nly experiments i n  a large p i lo t  

Steem/Coal Ratio 

Several computer runs were uade us i -g  varl  JUS S! ia~,’ccai ratios: 

I n  Computer Runs 28 and 35, data for 24.0 and 104.9 pound stem per 100 
pound coal i n  Stage 2 were obtained for cmparison t o  the “standard” quantity 
of 95.4 pound; no changes were made in  th2 amount of  steam entering Stage 1, 
36.0 pound steam per pound coal being used i n  all instances. 

In Computer Run 26 with 60 pound t o t a l  stem? per 100 pound coal, the 
Stage 2 temperature was 20 C above that  i n  Run 35, being 945 C, as canpared 
t o  925 c. 

Unless reaction kinetics demand a high steam/coal ra t io ,  a r a t io  below 
130 lb/100 l b  coal should be selected fo r  purely heat balance reasons. 
Further study of the u t i l i za t ion  of the gasification steam i n  the s h i f t  
reactor i s  indicated. 
gas plant.  

A 

Such a reactor would be par t  of a n  integrated pipeline 

Withdrawal of Recycle Char 

Cn the premise tha t  it may become desirable t o  withdraw recycle char for  
use as boiler fuel rather than fresh coal, Computer R u n s  48, 49, 50, and 53 
were made t o  indicate resul ts  which m i g h t  be expected with such an operation. 
The Part ia l  gasification shows lower costs for pipeline gas i n  all cases: the 
lowest difference is 2.4 cents, the highest 13.3 cents per MM Btu b e e d  on raw 
material and u t i l i t y  costs only, assuming a char credit  a t  the Btu price of 
the coal and only a minor char handling expense. 
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Additional experimental data w e  needed t o  bet ter  define the methane yield 
and operating temperature for char withdrawal i n  canparison t o  these same 
parameters for complete gasification. 

Changes in  Coal Feed Stock 

To obtain data on the  effect  of coal rank on the cost of pipeline gas, 
Several computer runs were made with coals differing i n  rank from Pittsburgh 
Seam coal, namely, Runs 38 and 39 with I l l i no i s  No. 6 coal and Runs 51 and 52 
with l igni te .  
Price per MM Btu in  the dried coal and the same Stage 2 temperature, the 
Pipeline gas cost i s  similar. On the same basis, the greater thermal bal las t  
i n  the l igni te ,  mainly i t s  high owgen content, leads t o  a higher cost of gas 
made from l igni te .  
for  l ign i te ,  the gas cost becmes the same. 

For Pittsburgh seam coal and I l l i no i s  No. 6 coal a t  the same 

However, if one assumes a 60 C lower Stage 2 temperature 

Again, further experimentation w i l l  lead t o  a bet ter  definition of the 
best operating temperature for  the various coals and a bet ter  comparison of 
cost will  be possible. 

CcPnparison of Experimental and Computer Results 

E?cperimental Stage 2 gasification data fo r  l i gn i t e  (3) are compared with 
COqYuter resul ts  i n  Table 9. The experimental resul ts  show a somewhat higher 
methane yield i n  sp i te  of higher Stage 2 temperatures. 
not surprising since the methane yield is  determined by reaction kinetics and 
factors such as pa r t i a l  pressures of reactants and the ra t ios  of Stage 1 gas, 
steam, and coal, rather than by the thermodynamic equilibria. 

This discrepancy is  

The higher experimental yield of .(CO + (2%) w i l l  lead t o  a smal ler  amount 
of char available fo r  Stage 1 than used i n  the computer run. This will, a t  
the same oxygen/coal ra t io ,  lead t o  a higher Stage 1 temperature. 
the higher temperature i n  Stage 2 indicated by the  experiments, a higher 
owgen/lignite r a t io  than the 0.65 lb/lb assumed in computer Run 51 will be 
needed. I n  the feed streams entering Stage 2 in  the experimental runs, the 
pa r t i a l  pressure of (CO + e) is lower; and tha t  of C i s  higher than i n  the 
computer run. This i s  i n  accord with a higher oxygen$.gnite r a t io  as 
required t o  a t t a in  the higher temperature used in the experimental runs. 
may be noted tha t  the  Stage 1 gas/lignite ra t ios  and the steam/lignite ra t ios  
i n  the two experimental runs bracket these same parameters i n  the ccmrputer runs 

The computer data reported i n  t h i s  study have been useful i n  providing 

To a t ta in  

It 

guidance for  the selection of experimental parameters such as feed stream 
composition and reactant ra t ios  fo r  the externally-heated experimental 5 lb/hr 
flow reactor being used for  the study of Stage 2 reactions. They w i l l  be 
equally useful in the  operation of the intern--heated 100 lb/hr process 
and equipnent developent uni t  now being erected. 

The computer program used i n  t h i s  study mey also be useful as a basis i n  
preparing an improved program in which the  methane content of the Stage 2 gas 
is  determined by kinetic data. 
5 lb/hr unit, and later the  100 lb/hr unit, w i l l .  supply such data. 

It i s  expected that *her operation of the 



Temperature’C, Stage 1 
Stage 2 

Pressure, a b  

Limi te ,  g C/min 

Stage 1 Gas,  Nl/g C i n  Lignite 

Steam, d/g C i n  Lignite 

Par t ia l  Pressure of Gases Entering 
Stage 2, atm 

co 
H2 
co, 
H20 
A r  

YieLls i n  Stage 2 alone as Percent 
of Lignite : 

C i n C H q  
c in (CO + CQ) 
C Gasified in  Stage 2 

Btu in  CI-4 

Btu in  (CO + %) 

Experimental Data 
Run 36 E& 

-- -- 
970 965 
70 81.5 

5.9 18.8 

4.9 1.56 

2.1 0.9 

25.5 26.5 
8.4 8.7 
7.5 7.9 
24.5 34.0 
4.1 4.4 

16.9 15.4 
18.1 
33.5 
- 

33.8 29.5 

4.5 10.2 

I 
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TABLE 9. EXPERlME3TAL AM) COMRPPER DATA FOR 
LIGNlTZ W I F I C A T I O N  IN STAGE 2 

Computer Data 
RU 51 

1405 
915 

72.4 

1.84 

1.22 

30.8 
9.8 
4.4 
27.4 -- 

14.7 5s 
28.2 

3.8 
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CATALFTiC DEHYDROGKNATIM OF COAL 
111. HYDROGEN EVOLUTION AS A FUNCTION OF RANK* 

R. Raymond, L. Reggel, and I. Vender 

Pit tsburgh Coal Research Center, U .  S. Bureau of Mines, 
4800 Forbes Avenue, Pit tsburgh, Pa. 15213 

Dehydrogenation of coa l  us ing  a one percent palladium on calcium carbonate ca ta lys t  
i n  the presence of phenanthridine as solvent g ives  almost pure hydrogen gas as the 
product. 
v i t r a i n ;  fo r  coals ranging from high v o l a t i l e  C bituminous t o  an th rac i t e ,  the 
hydrogen evolution decreases gradually w i t h  increasing rank of coa l ;  l i g n i t e s  and 
subbituminous coa ls  give less hydrogen than do l o w  rank bituminous coals. 
bituminous coa ls ,  the hydrogen evolution ( a t o m  of hydrogen evolved per  100 carbon 
atoms i n  the coal) is a l i n e a r  function of the atomic HJC r a t i o  and a l s o  of the 
atomic O I C  r a t i o .  
def in ing  the bituminous coals. Some ideas on the  process of coa l i f i ca t ion  are 
presented: i t  is suggested t h a t  l i g n i t e s  and subbituminous coa ls  conta in  some 
cyc l i c  carbon s t ruc tu res  which are ne i the r  aromatic nor hydroaromatic; that low 
rank bituminous coals conta in  la rge  amounts of hydroaromatic s t ruc tu res ;  and tha t  
higher rank bituminous coa ls  conta in  increasing amounts of aromatic s t ruc tu res .  

The rank of coal a f f e c t s  the  y i e ld  of hydrogen from the corresponding 

For 

Ligni tes  and subbituminous coa l s  f a l l  outside of t he  l i nea  

INTRODUCTION 

The vas t  l i terature on chemical reac t ions  of  coal1s2 contains (un t i l  qu i t e  recently) 
very few refereuces to any work on dehydrogenation. This may be due In par t  to  the 
paucity of systematic s tud ie s  on the dehydrogenation of organic compounds under 
condi t ions  which might be expected t o  cause r e l a t i v e l y  l i t t l e  d is rupt ion  of the 
coal s t ruc tu re ;  i .e.,  dehydrogenation in the l iqu id  phase? 
below 40OoC. 
meta l l i c  ca ta lys t s3 ,  ru l fur3 ,  aelenium3, and quinones3rk. 
of coal by su l fu r5  has received considerable a t t en t ion ;  t h e  hydrogen removed from 
the  coa l  i s  evolved as hydrogen su l f ide .  Selenium has no t ,  to  our knowledge, 
been used with coa l ;  because of  the higher tempcrature required and the  poor 
y i e lds  usua l ly  obtained, selenium seldom of fe r s  any advantage over su l fur3 ;  in a 
selenium dehydrogenation, the  hydrogen removed is evolved as hydrogen selenide.  
Benzoquinone with coal has been investigated6; the reaction is a hydrogen 
t ransfer4 ,  giving hydroquinone, and the r e s u l t s  are d i f f i c u l t  t o  interpret ' .  
Iodine as a dehydrogenation agent has a l s o  been studied wi th  coal8; the hydrogen 
removed from the  coal is evolved as hydrogen iodide.  Again, t he  r e s u l t s  are not 
easy to evaluate;  the  temperature of reac t ion  is high; and there  is very l i t t l e  
vork on organic compounds which can serve as a bas i s  f o r  c o m p a r i ~ o n ~ , ~ ~ .  
Bromine, one of the o ldes t  dehydrogenation reagents f ,  has  been of l i t t l e  value'. 

a t  temperatures 
The dehydrogenation reagents usua l ly  used f o r  pure compounds are 

The dehydrogenation 

The f i r s t  use of a metallic c a t a l y s t  fo r  the dehydrogenation of coa l  v a s  reported 
by the present au tho re l l ;  the r eac t ion  was conducted in t he  presence of  a solvent 
(vehic le ) ,  and almost pure hydrogen gas vas evolved. The r e v e r s i b i l i t y  of the  
reduction and dehydrogenation of c o a l  has also been investigated1*. 
paper we wish t o  eumarize the  development of the  method, the experimental 

In t h l e  

*or the preceding papersin this serieli, see references 11 and 12. 
t For an exce l len t  and up t o  d a t e  review .see r e f .  3. 
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procedure, and, most important, the e f f e c t  of the rank of the coal upon the amount 
of hydrogen formed. 
information which may give some insight  i n t o  the s t r u c t u r e  of coal ;  second, t o  
obtain large amounts of hydrogen from coal .  It is hoped tha t  development of 
cheaper solvents and c a t a l y s t s  might enable hydrogen t o  be produced economically; 
the coal  residue could then be burned f o r  fue l .  

Thc purpose of these s tud ies  is twofold: f i r s t ,  t o  obtain 

Preliminary experiments i n  which coa l ,  c a t a l y s t ,  and vehicle  were refluxed showed 
t h a t  the hydrogen evolution was influenced by re f lux  r a t e ,  heating r a t e ,  bath 
temperature, and depth of immersion of the react ion f lask  i n t o  the bath. 
Accordingly, the previous apparatus used a stirrer and a heating mantlel1,l2. 
A Hershberg tantalum wire s t i r r e r  with a g l a s s  bearing lubricated with s i l i cone  
grease was used; l a t e r ,  a magnetic s t i r r e r  was found t o  be more convenient, t o  
give superior  r e s u l t s ,  and t o  obviate c r u s t  problems (see below). When the 
Wershberg s t i r r e r  was  used, the reactants  (0.500 g of dr ied ,  -200 mesh coa l ,  
0.550 g of ca ta lys t ,  and 7.50 g of the vehicle)  were weighed i n t o  a 50 m l  two- 
neck f l a s k .  The charge was mixed thoroughly with a spatula .  The f lask  was then 
f i t t e d  with the s t i r r e r  and with an adapter which included both a dip-tube to  
serve a s  a thermocouple well and a s ide  arm which was attached t o  a 250 m l  gas 
buret .  Provision was  made f o r  admission of helium t o  the system and f o r  sampling 
the evolved gas a f t e r  the react ion.  The apparatus was thoroughly flushed with 
helium and pressure-tested f o r  leaks.  
admitting helium t o  the system, expel l ing the gas,  adding f resh  helium, and 
repeating t h i s  procedure three t o  f ive times. 
f lushing,  the l a s t  expelled f lush  can be sampled; it should contain a t  l e a r t  
99 percent helium (a l l  gases were analyzed by mass spectrometry). 
was then vigorously refluxed (heating mantle) with s t i r r i n g  for  5.0 h, preceded 
by a carefu l ly  standardized 0.5-h period of heating up t o  temperature. 
reduced 1 percent palladium on calcium carbonate c a t a l y s t  w a s  prepared by 
Engelhard Industr ies ,  hc.. Newark, N. J .  "he s a m  batch of c a t a l y r t  was uued 

Flushing consis ted e s s e n t i a l l y  of 

As a check upon the eff icacy of 

The charge 

Tha 

i n - a l l  of the runs described here ,  with the exceptions noted below-. 
Discussion.) 
constant w i g h t  a t  looo and 1 mm. 

This experimental procedure yas ef fec t ive ,  but It  was not  convenient, and the 
s t i r r e r  somqtimes j a m v d  i n  the bearing, requir ing r e p e t i t i o n  of a run. 
some c a t a l y s t s  were found t o  convert the coa l  t o  a hard,  b r i t t l e ,  insoluble  

(See 
The catalyst was dr ied a t  6OoC and 1 nm~; coals were dried t o  

Also, 

I 
i., 

crust a f t e r  only a short  heat ing period; t h i s  gave low and e r r a t i c  values for  
hydrogen. 
heating t o  ref lux.)  
problems and was a l s o  m c h  more convenient. 
an e l e c t r i c  mantle was used. A pyrex-enclosed a l n i c o  s t i r r i n g  bar,  7/8 in.  long, 
was placed In the f lask .  An a ln ico  horseshoe magnet (ca. 50 pound pul l )  vas 
located below the mantle and rotated by an ordinary s t i r r i n g  motor. 
of the apparatus was as described above. 

( C r u s t  formation could sometimes be avoided by very slow and prolonged 
It was found t h a t  magnetic s t i r r i n g  c i rcuwented  these 

A 35 m 1  one-neck f l a s k  heated by 

The r e s t  

-re vigorous and crue t  formation urua l ly  d id  not  take place. I f  i n  any 
With t h i s  modification, stirring was 

a s o l i d  crust began t o  form on the surface of the boi l ing l iqu id  o r  011 the 
l r  of the f l a r k ,  r t i r r i n g  was stopped and a r r u l l  a ln ico  magnet warn brought 

ar a point on the s ide  of the f lask ;  t h i s  pulled the r t i r r i n g  bar  away f r a  the 
rge magnet, and the bar w s  moved around t o  break the c r u s t .  The s ~ l l  uwt 
s then removed, and s t i r r i n g  resumed v i t h  the large magnet. A few repa t i t ions  



For mnRt r n n l e ,  the h ~ l k  =f the pee uos = F O ? V ~ ~  daring the first EYO hours of 
r e f lux ,  bu t  gas evolution was s t i l l  continuing a t  a slaw rate (ca. 4 or 5 m1 i n  
3 0  rain) a f t e r  5 h. A t  the end of the reac t ion  period, the gas volume was 
measured and the  gas then thoroughly mixed and sampled. A typ ica l  ana lys i s  
(helium-free b a s i s )  f o r  the gas from an hvab coal is 96.4 percent U2, 0.5 percent 
N2, 0.4 percent CH4, 0.1 percent ethylene,  0.6 percent CO, 0.1 percent ethane, 
1.5 percent CO2, and small amounts (0.1 percent) of o the r  alkanes and alkenes. 
Lower rank coa l s  gave la rger  amounts of CO, C02, and CU4. 
hydrogen i t s e l f  was considered t o  be hydrogen evolved; hydrogen in hydrocarbons 
was disregarded. In the  ca l cu la t ions ,  i t  was assumed t h a t  the gas was saturated 
v i t h  vater vapor. In a l l  instances, blank runs (vehicle and c a t a l y s t ,  no coa l )  
were -de and cor rec t ions  appl ied .  The blanks were found t o  be a function of 
both the vehic le  and the  c a t a l y s t ;  two d i f f e r e n t  batches of the  same c a t a l y s t  
would give s l i g h t l y  d i f f e r e n t  blanks. Coal-vehicle blanks (without ca t a lys t )  
vere  found to be negl ig ib le  and were disregarded. As  would be expected, 
inadequate flushing of the  apparatus led t o  low hydrogen values. It was alsc 
found t h a t  s l i g h t  a i r  oxidation of v i t r a i n s  r e su l t ed  in low hydrogen values;  i t  
is des i r ab le  t o  use a sample wi th in  a period of two weeks of grinding. 

We thank D. E. Wolfaon f o r  obtaining many of the coal samples used. We are very 
g ra t e fu l  t o  B. C. Parks, P i t t sburgh  Mining Research Center,  Bureau of Nines, who 
prepared the hand picked v i t r a i n  samples. 

Only the  molecular 

DISCUSSICN 

I, 
I I  

In the preliminary development of the method, some experiments were done on the  
dehydrogenation of 1,2,3,4,5,6,7,8-octahydrophenanthrene, using a 5 percent 
rhodium on alumina catalyst and re f luxing  o-terphenyl (bp 332OC) as a vehicle.  
No s t i r r i n g  w a s  used. With a ba th  temperature of 3OO0-35O0C f o r  1 h, about 98- 
99 percent of the  theo re t i ca l  amount of hydrogen gas  was  obtained, but the hydrogen 
evolution was never qu i t e  100 percent.  No formation of tr iphenylene (by cyclo- 
dehydrogenation of o-terphenyl) could be detected.  
phenanthrene was dehydrogenated in the  presence of about 5 percent by weight of 
dibenzothiophene (no vehic le ) ;  t he  hydrogen evolution was high (in addi t ion ,  some 
hydrogen probably was used t o  c leave  carbon-sulfur bonds) and the  y i e ld  of 
phenanthrene was over 95 percent.  It is thus apparent t h a t  the  s u l f u r  in coa l  
should not poison the dehydrogenation c a t a l y s t .  This i s  in accord with several 
r epor t s  on the dehydro ena t ion  of p a r t i a l l y  reduced he terocycl ic  su l fu r lo ,  
oxygen13, and nitrogenf4-l7 compounds, in  good y i e l d ,  wi th  l i t t le  cleavage of 
the carbon-hetero a t w  bond; f o r  example, 1,2,3,4-tetrahydrodibenzothiophene is 
converted t o  dibenrothiophene by palladium on carbon in 80 t o  94 percent y ie ld lo .  

Experiments were then done on dehydrogenation of v i t r a i n  from Bruceton coa l  
(hvab, P i t t sburgh  Bed, Bruceton, Allegheny County, Pa.) with various ca t a lys t s .  
V i t r a in  refluxed (without s t i r r i n g )  2 h v i t h  o-terphenyl and 30 percent palladium 
on calcium carbonate gave of f  about 7.3 percent of the hydrogen in the  v i t r a i n  as  
hydrogen gas ;  a pyridine-soluble ex t r ac t  of Brucetm v i t r a i n  under the same 
conditions gave 9.0 percent of i t s  hydrogen; the  pyridine soluble extract with 
phenanthridine as  vehicle and 30 percent palladium on calcium carbonate gave 
13.7 percent hydrogen i n  2 h r e f l u x  and 30 percent hydrogen in 7 h .  
v i t r a i n  with 30 percent palladium on carbon heated at  377O to 402% (no vehic le )  
gave 0.2 percent hydrogen. Bruceton v i t r a i n  refluxed vith o-terphenyl and 
various palladium, ruthenium, and rhodium ca ta lyo t s  gave 3 t o  7 percent hydrogen. 
Bruceton v i t r a i n  refluxed 2 h with o-terphenyl and a molybdenum s u l f i d e  o r  
tungsten s u l f i d e  Catalyst  gave both hydrogen (about 2 percent) aod hydrogen 
s u l f i d e ;  these r e s u l t s  d id  not seem p r w i s i n g  and no fu r the r  work was done with 
s u l  f ide c a t a l y s t s .  

,!i 
/ I  

il 
r i  

In one experiment octahydro- 

I 
I 

\ Bruceton 



A l l  of the experiments dircussed above were done with a re f luxing  system but no 
Stirrer. A t t e n t i m  then turned t o  the develo 
be s t i r r e d .  Our previourly published ~ o r k ~ ~ . ~ w a r  done us- the Hershberg 
stirrer. 
r t i r r e r  (see ExperiPcntal), and is concerned v i t h  the e f f e c t  of the rank of the 
coa l  upon the hydrogen evolved from the corresponding v i t r a i n .  It should be 
pointed out t h a t  comparison of t he  present r e s u l t s  with previous data  shoued 
tha t ,  fo r  must v i t r a i n s ,  magnetic stirring gave s ign i f i can t ly  g rea t e r  y i e lds  of 
hydrogen than did the Herahberg s t i r r e r .  
v i t r a l n s  and ca t a lys t s  which have Little tendency t o  form c r u s t s  with the 
Hershberg stirrer, an ~ s o l u b i l i e a t i o n  reac t ion  (polymerization, cross-l inking, 
e t c . )  takes place during dehydrogenation~uhich r e s u l t s  in the coa l  being made too 
insoluble i n  the vehicle t o  r e a c t  fu r the r ,  a f t e r  partial but not complete dehydro- 
genation. 
more rapid r a t e  and is campleted before in sb lub i l i r a t ion  can have mich e f f e c t  on 
the f i n a l  hydrogen evolution. 
which show that for  tvo representative v i t r a i n s  (Harmattan and Pocahontas No. 31, 
which give more hydrogen with magnetic than wlth Herrhberg s t i r r i n g ,  the 
magnetically s t i r r e d  run evolves gas a t  a f a s t e r  rate. However, f o r  Bruceton 
v i t r a i n  (the only v i t r a i n  givlng e s sen t i a l ly  the sa* hydrogen value f o r  both 
s t i r r i n g  methods) the r a t e s  of gas evolution are almost the same f o r  both runs. 

Table 1 g ives  the' i den t i ty  and source of 36 coals used in t h i s  work. Of these,  
cannel coal was taken with the thought that i t 8  high hydrogen content might lead 
t o  a large hydrogen evolution, a hope which d id  not mater ia l ize .  Cannel coal was 
used as the d o l e  coal. The two sendanthracites were a l s o  whole coals ;  micro- 
scopic examination rhoved that the Western Middle F ie ld  contained over 90 percent 
v i t r a i n ;  the Bernice F ie ld  was less than 25 percent v i t r a i n .  The other 33 coals  
were used i n  the form of hand-picked v i t r a i n s .  Tables 2 and 3 give the ult imate 
analyses of the ramples and the r e s u l t s  of dehydrogenation. The results a r e  
expressed i n  three m e :  percent of the t o t a l  hydrogen i n  the coal which is 
evolved as hydrogen gas;  atom of hydrogen evolved per 100 carbon atoms i n  the 
r t a r t i n g  material; and milliliters of hydrogen evolved per gram of s t a r t i n g  
material.* The last f igure (ml/g) can be converted t o  cubic f e e t  per ton by 
multiplying by 32.0. This would obviously be of i n t e r e s t  in ind ica t i ag  i n  a 
very rough vay the possible economic value of the process. 
obtained is f o r  the v i t r a i n  f r a n  a Utah hvcb coal (Liberty mine) vhich gives 
9380 cubic f e e t  of H2 gas per too on a dry b a r i r ,  or 9890 cubic f e e t  per ton 
on a dry ash-free ba r i s .  The second f igure (E/lOO C atoms) is r e l a t ed  t o  the 
hydroaromatic+ s t ruc tu re r  i n  the s t a r t i n g  coal  (neglecting s ide  reac t ions  fo r  
the  present);  any corp le ta ly  reduced r t ruc tu re  such 8s cyclohexane, decalin,  or 
perhydrocormene vould give a value of 100 H/lW C. 
R2 evolved) is a l r o  r e l a t ed  t o  the amount of hydroaromatic s t ruc tu re  i n  the coal ,  
but not i n  a eimple and d i r e c t  nvPocr; it i o ,  however, a convenient f igure i n  
that it expresrer a yield of product. 

n t  of an apparatus which could 

The remainder of the work discursed in th io  paper used tb magnetic 

It seem8 probable that even with those 

With the more e f f i c i e n t  IsPgnetic r t i r r i n g ,  dehydrogenation goes a t  a 

Sone data  rubs tan t ia t ing  t h i s  ie given i n  table  4, 

The largest  value 

The f i r s t  f i gu re  (percent 

*The f i r r t  two of there  are independent of ash content;  the t h i r d  is no t ,  and ie 
on an m f  baris. 
t The term h y d r o a r a u t i c  i r  used i n  the sense defined by F ie se r  and Fierer l8 .  
Rydro der iva t iver  of arautic coapounds are ca l l ed  hydroaromatic. Alicyclic 
rubrUne88 containing r i x d e r e d  ringr but having m b r t i t u e n t s  t h a t  block 
conversion t o  the arovtic r a t e  an le r r  they are e l b l n a t e d  (such as 1.1- 
d i r t h y k y c l o h e x a n e  or I ) - ~ c t h y l d e u l l n )  are not c l a s r i f i e d  as hydroarcpatic. 
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Table 1. Iden t i ty  and source of samples used %E dehy!rcge==ti=z 

Lign i t e ,  Beulah-Zap Bed, Zap Mine, North American Coal Co., Zap, Mercer County, 
North Dakota 
Ligni te ,  Kincade Mine, Burke County, North Dakota 
L ign i t e ,  Beulah-Zap Bed, North Uni t ,  Beulah Mine, Knife River Coal Mining Co., 
Beulah, Mercer County, North Dakota 
Subbituminous, Roland-Smith Bed, Wyodak S t r i p  Mine, Wyodak Coal and Manu- 
fac tur ing  Co., C i l e t t e ,  Campbell County, Wyoming 
Subbituminous, Dietz Bed, Big Horn Mine, Sheridan County, Wyoming 
Subbituminous, Laramie Seam, Washington n ine ,  Clayton C o a l  Co., Krie, Weld County, 
Colorado 
Subbituminous, Pioneer Canon No. 1 Mine, W. D. Corley Co., Florence, P%mont 
County, Colorado 
Subbituminous, Rock Springs No. 7,  7-112, 9, and 15 Coal Beds, Superior, 
Svee twater County, Wyoming 
High-volati le B bituminous, I l l i n o i s  No .  6 ,  Green Dhmond Mine, MidContinent 
Coal Corp., Marissa, S t .  Clair County, I l l i n o i s  
High-volati le B bituminous, I l l i n o i s  No. 6 Seam, Mecco Mine, Atkinson, Henry 
County, I l l i n o i s  
High-volati le C bituminous, 'No. 11 Coal Bed, Rainbow No. 7 Mine, Gunn-Quealy 
Coal C o . ,  Quealy, Sweetwater County, Wyoming 
High-volati le C bituminous, I l l i n o i s  N o .  7 Bed, Barmatten Mine, Vermillion 
County, I l l i n o i s  
High-volati le C bituminous (possibly h igh-vola t i le  B bituminous), Liberty Bed, 
Liber ty  Mine, Liberty Fuel Co., Helper, Carbon County, Utah 
High-volati le B bituminoue, I l l i n o i s  No. 6 Bed, Orient No. 3 Mine, Preaman Coal 
Mining Corp., Waltonville. J e f f e r son  County, I l l i n o i s  
High-volati le B bituminous, Kentucky No. 9 ,  Pleasant V i e w  Mines 9-11, Western 
Kentucky Coal Co., Uadisonville,  Hopkins County, Kentucky 
High-volati le B b i tudnoua ,  Kentucky No. 9 .  DeKoven Mine, S turg is ,  Union County, 
Kentucky 
High-volati le A bituminous, P i t t sburgh  Bed, Bruceton, Allegheny County, 
Pennsylvania 
High-volati le A bituminous, Pond Creek Coal, Majestic Mine, Pike County, Kentucky 
High-volati le A bituminous, Powellton Bed, Elk Creek No. 1 Mine, Logan County, 
West Virginia 
High-volati le A bituminous, Eagle Bed, Kopperston nine, Kopperston, Wyoming 
County, West Virginia 
Medium-volatile bituminous, Sewell Bed, Lochgelley n ine ,  Rev River Coal Co., 
Lochgelley. M t .  Hope, Payet te  County, West Virginia 
Medium-volat i l e  bituminous (pose i b l y  high-volati  le A bituminous), Lower Preeport  
Bed,  Coal Valley lo. 7 Mine, Indiana County, Pennsylvania 
Low-volatile bituminous, Lower Kittanning Bed, Melcroft Mine, Eastern Asrociated 
Coal Corp., Payette County, Pennsylvania 
Medium-volatile bituminous, Lower Banner, Buccaneer Mne ,  Patterson, Buchanan 
County, Virginia 
Medium-volatile bitumlnous, Sewell Bed, Marianna Mine, Wyoming County, West 
V i rg i n i a  
Low-volatile bituminous, Beckley Bed, Wben nine,  italeigh County, West Virginia 
Medium-volatile bituminous, Sewell Seam, Crab Orchard Mine, Winding Gulf C o a l s ,  
Inc . ,  Raleigh County, West Vi rg in ia  
Lou-volati le bituminous, Lower Hartshorne Bed, Carland Coal and nin ing  Co., 
Prospect opening, Ark- Coal Basin, Le Plore  County, Oklahwm 

(Continued) 
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Low-volatile bituminous, Upper Kittanning Bed, Stineman No. 10 Mine, Johnsto\l[l, 
Cambria County , Pennsylvania 
Low-volatile bituminous, Pocahontas No. 4 Bed, McAlpine Mine, Winding h l f  Coals, 
Inc. ,  McAlpine, Raleigh County, West Virginia 
Low-volatile bituminous , Lover Kit taming  Bed, Toth nine,  Rooversvil le,  Cmnbria 
County, Pennsylvania 
Low-volatile bituminous, Pocahontas No. 3 Bed, Buckeye No. 3 Mine, Page C o a l  and 
C o b  Co.,  Stephenson, Wyoming County, West Virginia 
Semianthracite, Bernice Field,  Buckwheat No. 1 Mine, B and B Coal Co., Mildred, 
Sullivan County, Pennsylvania 
Semianthracite, Western Middle F ie ld ,  Buckwheat No. 5 Mine, Revor ton  Anthracite 
Co., Trevorton, Northumberland County, Pennsylvania 
Anthracite,  Dorrance Mine, Lehigh Valley C o a l  Co., Lueetne County, Pennsylvania 
Cannel coal ,  Mine 27, Island Creek Coal Co., Logan County, West Virginia  

Table 4. a 
the dehydrouenation process 

Gross gas evolved, m l a  
Run No. Vi t ra in  S tirring 1 h 1.5 h 2 h 2.5 h 5.5 h 

8R-61 Harmatten Hershberg 62 a4 100 111 155 
8R-184 Harmatten Magnetic 66 1% 1 2 2  134 172 
8R- 1 @-' Bruce ton Herahberg 51 17 92 104 147 
8R- 172 Bruce ton Uagnetic 60 85 95 111 148 
71-167 Pocahontas Herahberg 26 33 38 41 60 

No. 3 

No. 3 
88-182 Pocahontas Magnetic 37 48 55 61 83 

a Approximate value for t o t a l  gas evolved by the sample a t  the end of 
the indicated time, corrected t o  room conditions (ca. 25OC and 740 
mm Hg pressure).  The time given is from the beginning of the run; 
since the react ion mixture takes about one-half h a w  to reach 
operating temperature, the a c t u a l  react ion time is about 0.5 h l e s s  
than the t i m e  given. No correct ion for gas composition has been mnds. 
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Table 2. Analyses (moisture-free basis)  of v i t r a i n s  used f o r  dehydrogenation 

0 

difference ) 

23.76 

24.56 

(by 

22.84 

H N S Ash 

5.28 0.85 0.58 ' 5.35 

4.59 .61 .55 . 4.73 
5.40 ' .31 1.40 3.60 

ViLrain C -- C ,  maf 

67.81 

Run No. 

98-32 Beulah-Zap (Zap 
>line) 

Kincade 
Beu loh-Zap (Beulah 

X n e  ) 
Roland-Smith (Wyodak) 
Dietz (Big Horn) 
Laramie (Washington) 
Pioneer Canon No. 1 
Bock Springs 
I l l i n o i s  No. 6 

I l l i n o i s  No. 6 

No. 11 (Rainbow 

I l l i n o i s  No. 7 
(Harnn t ten) 

Liber ty  
I l l i n o i s  No. 6 

(Orient No. 3) 
Kentucky No. 9 

(Pleasant V i e w )  
Kentucky No. 9 

(DcKoven) 
Pit tsburgh 

(Bruce ton) 
Pittsburgh 

(Bruceton) 
P i t  &burgh 

(Bruce ton) 
Pit tsburgh 

(Bi-uceton) 
Pond Creek 

():a j es  t i c )  
Powellton (Elk 

Creel: No. 1) 
E ~ Q  l e  (Koppers ton) 
Sewell (Lochgelley) 
Lower Freeport 

(Coal Valley No. 7 )  
Lower Kittanning 

(Melcroft) 
Lower Banner 

(Buccaneer ) 

(Green Diamond) 

(:iecco) 

No. 7 )  

6 4 . 1 8  

8R-190 
9R-40 

64.96 
66 -45 

68.19 / I  

63.93 

70.19 
70.84 
71.54 
72.54 
73.70 
75.65 

I 9R -4 2 
9R-3 
98-134 
98-132 
88-156 
88-161 

62.76 
63.55 
55.11 
68.75 
73.21 
74.30 

5.35 1.01 1.14 10.58 
4.90 .99 .57 3.23 
5.30 1.57 , .45 4.50 
5.01 .90 1.25 5.23 
5.17 1.38 -80 .66 
5.56 1.13 2.52 1.79 

19.16 
21.76 
19.77 

18.78 
14.70 

18. ao 

88-162 74.71 5.39 1.03 2.05 1.77 15.05 76.06 

98-34 

88-134 

75.54 

75.79 

5.63 1.92 .84 1.25 

5.29 1.31 1.76 1.03 

14.79 

14. 82 

76.52 

76.53 

77.65 
79.14 

79.34 

80.69 
I 

83.09 I 
I 

9R-41 
8R-186 

8R-159 

73.72 
77.64 

5.85 1.65 .72 5.06 
5.16 1.87 1.14 1.89 

13.00 
12.30 

78.12 

73.59 

5.89 1.58 1.97 1.54 

5.81 1.30 2.04 2.61 

5.50 1.27 1.30 1.65 

10.90 

81-158 9.65 

8.56 8R-143 81.72 

83.09 / 
53.09 

8R-172 21.72 5.50 1.27 1.30 1.65 5.56 

88-147 81.72 5.50 1.27 1.30 1.65 8.56 

88-149 81.72 

82.41 

5.50 1.27 1.30 1.65 8.56 

8.37 

83.09 

/ I  83.74 8R-160 5.48 1.34 .81 1.59 

5.28 1.53 .96 .69 88-187 

88-157 
88-165 
81-176 

84 -46 -85.05 

86.19 /I 
86.42 ' 
87.28 

87.37 ' i  

7.08 

5.59 
6.04 
4.71 

84.44 
G5.74- 
35.17 

5.52 1.45 .97 2.03 
5.20 1.44 .79 .79 
5.13 1.42 1.15 2.42 

8F.- 17 5 85 -34 

85.37 

5.00 1.51 1.46 2.32 4.31 

88-167 5.23 1.29 .71 3.42 3.98 88.39 

(cant inued ) 
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Run N o .  Vitrain C H N S Ash difference) C, maf 

811-164 Sewell (Marianna) 88.15 5.00 1.43 .77 .88 3.77 88.93 
83-174 Beckley (Maben) 87.79 4.70 1.60 1.12 1.29 3.50 88.94 
8R-166 Sewell (Crab 87.79- 4.99 1.36 .59 1.68 3.59 89.29 

93-133 Lower Hartshorne 86.06 4.80 1.70 .73 3.87 2.84 89.52 
8R-185 Upper Kittanning 87.64 4.84 1.44 .87 2.70 2.51 90.07 

8R-181 Pocahontas No. 4 89.23 4.59 1.49 .81 1.15 2.73 90.27 

(Orchard) 

(Stinernan No. 10) 

(McAlpine ) 

(Toth) 

(Buckeye No. 3) 

(Bernice )a 

(Western 

88-183 Lower Kittanning 88.35 4.82 1.32 -74 2.34 2.43 90.47 

8R-182 Pocahontas No. 3 89.57 4.67 1.25 .81 1.53 2.17 90.96 

9R-119 Semianthracite 79.22 3.43 1.01 .65 11.97 3.72 89.99 

9R-118 Semianthracite 77.55 3.42 1.25 .85 14.36 2.57 90.55 

8R-189 Dorrance an thrac i te  91.06 2.49 .96 .83 1.79 2.87 92.72 
81-188 Cannel coalC 79.93 6.44 1.69 1.05 4.55 6.34 83.74 

a Whole coa l ,  ca. 25 per cent v i t r a i n  (see tex t ) .  

b Whole coa l ,  over 90 per cent v i t r a i n  (see t ex t ) .  
'> 

C Whole coa l .  
i 
i 

1 



Table 3. Results of dehydrogenation with phenanthridine a s  vehicle 
and 1 per cent  palladium on calcium carbonate ca ta lys ta  

)' 

Per cent  

Run No. Vi t ra in  C,  maf evolvedb evolved' ml/gd atomic atomic 
Ho H/100 C H evolved, H f C  O/C 

'7 

9R-32 

8R-190 
9R-40 

9R-42 

9R-3 
9R-134 
98-132 
8R-156 
8R-161 

88-162 

98-34 

88-184 

9R-41 
8R-186 

88-159 

8R-158 

88-143 

8R-172 

88-147 

8R-149 

8R-160 

88-187 

88-157 
83-165 
8R-176 

81-175 

Beulah-Zap 67.81 

Kincade 68.19 
Beulah-Zap 68.93 

Roland-Smith 70.19 

Dietz (Big Horn) 70.84 
Laramie (Washington) 7 1.54 
Pioneer Canon N o .  1 72.54 
Rock Springs 73.70 
I l l i n o i s  No. 6 75.65 

I l l i n o i s  No. 6 76.06 

No. 11 (Rainbow 76.52 

I l l i n o i s  No. 7 76.58 

Liberty 77.65 
I l l i n o i s  No. 6 79.14 

Kentucky No. 9 79.34 

(Zap Mine) 

(Beulah Mine) 

(YTodak 1 

(Green Diamond) 

(Mecco) 

No. 7 )  

(Ham t ten)  

(Orient No. 3) 

(Pleasant View) 

(DeKoven ) 

(Bruce ton) 

(Bruce ton) 

(Bruceton) 

(Bruceton) 

(Majestic) 

Creek No. 1) 

Kentucky No. 9 80.69 

Pittsburgh 83.09 

Pittsburgh 83.09 

Pi t t sburgh  83.09 

Pittsburgh 83.09 

Pond Creek 83.74 

Powellton (Elk 85.05 

Eagle (Kopperston) 86.19 
Sewell (Lochgelley) 86.42 
Lower Freeport 87,28 

Lower Kittanning 87.37 
(Coal Valley No. 7) 

(Melcrof t) 

26.6 

26.1 
39.2 

26.7 

33.9 
24.5 
30.6 
31.2 
39.0 

38.9 

43.6 

44.0 

45.1 
37.1 

39.1 

35.4 

37.4 

37.1 

35.7 

37.0 

33.5 

35.3 

29.0 
27.4 
26.3 

28.3 

Continued 

26.1 165 

21.9 140 
38.0 244 

27.2 178 

28.9 191 
22.8 152 
26.9 182 
26.3 181 
34.8 246 

33.4 238 

38.7 277 

36.6 262 

42.6 310 
29.4 217 

35.1 260 

31.2 235 

30.0 232 

29.8 231 

28.7 222 

29.7 230 

26.6 207 

26.3 2 09 

22.6 182 
19.8 160 
18.9 154 

19.7 160 

0.981 

.842 

.969 

1.016 

.852 

.928 
-879 
.842 
.892 

.860 

.888 

.832 

.946 

.792 

-899 

.881 

.802 

.802 

.802 

.802 

.793 

.745 

.779 

.723 
-718 

.698 

0.278 , 

.284 

.258 

.229 

I 
I 

.238 

.218 

.205 
-193 I 

.149 

,151 

.147 *147 

A 

-132 I , 

i 

.119 ) 
I 

-105 

.0786 '\ 

.0786 

.0786 

-0786 ,I!' 

.0762 

.0629 J' 

.0497 

.OS29 L 

.0415 

.0384 

I 

<I 
r 

I 
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Per cent  
Hz HI100 C H evolved, H/C O/C 

C ,  maf evolvedb evolved' ml/gd atomic atomic 
\\ 

l Run No. Vi t ra in  

8R-167 

J 8R-164 \ 8R-174 
1 8R-166 

9R- 133 
8R-185 

\\ 8R-181 

8R- 183 
I \! 8R-182 

" 9R-119 

9R-118 

Lower Banner 
(Buccaneer) 

S e w  11 (t.lar ianna) 
Beckley (Maben) 
Sewell (Crab 

Orchard) 
Lower Harts home 
Upper Kittanning 

(Stineman N o .  10) 
Pocahontas No. 4 

(14cAlpine ) 
Lower Kittanning 

(Toth) 
Pocahontas No. 3 

(Buckeye No. 3) 
Semianthraci t e  

(Be rn ice  ) 
Senianthracite 

88.39 

88.93 
88.94 
89.29 

89.52 
90.07 

90.27 

90.47 

90.96 

89.99 

90.55 ' 

24.0 

22.3 
21.6 
19.6 

20.5 
21.3 

19.1 

21.2 

22.5 

1.0 

2.4 

17.5 

15.1 
13.8 
13.3 

13.6 
14.0 

11.6 

13.8 

14.0 

. 5  

1 . 2  

144 

126 
115 
110 

114 
118 

99 

116 

119 

5 

11 
1 (Western Middle) 

8R-189 Dorrance an th rac i t e  92.72 0.0 0.0 0 .326 
8R-188 Cannel coal 83.74 30.2 29.0 227 .960 

a A l l  runs used ca t a lys t  l o t  C-2842 except fo r  8R-147, 149 which used l o t  7902. 
A l l  runs used magnetic s t i r r i n g .  Samplgs were -200 mesh. 

Per cent of hydrogen i n  s t a r t i n g  material  which is  evolved as Hz gas. 

I C  Atoms of hydrogen evolved as  Ha gas per 100 C atoms i n  s t a r t i n g  mater ia l .  I '  M i l l i l i t e r s  of hydrogen gas evolved per gram of m.a.f. s t a r t i n g  material .  

.730 

.676 

.638 

.678 

.665 

.658 

.G13 

.650 

.621 

.516 

.526 

.0350 

.0321 

.0299 

.0307 

.024G 

.0215 

.0230 

.020G 

.0182 

.0353 

-0249 

.0237 

.0595 

' I  " 



in Tabie 2, the four runs on Pi t t sburgh  (Bruceton) v i t r a i n  gave some idea of the 
reproducib i l i ty  which can be expected. me f i r s t  two tuns are with one batch of 
c a t a l y s t ,  the second pair is with another batch of c a t a l y s t .  
runs l i s t e d  were made with the same c a t a l y s t  ured for the f i r s t  pair on 
Bruce ton v i  tra in .  ) 

Figure 1 shows the hydrogen evolution as a function of carbon content (maf) of 
noted t h a t  the system 

it sh":!l,49 is not based upon the 
the s t a r t i n g  v i t r a i n .  In discussing t h i s ,  
used f o r  c l a s s i f i ca t ion  of coals according to rank 
chemical s t ruc tu re  of the coa l .  Instead, tank c l a s s i f i c a t i o n  is  based pa r t ly  
upon fixed carbon (which is not d i r e c t l y  r e l a t ed  t o  the carbon content 
determined by a standard combustion ana lys i s ) ,  p a r t l y  upon v o l a t i l e  matter 
(which again does not correspond t o  any usual chemical determination), par t ly  
upon Btu content (vhich of course is re l a t ed ,  but i n  no spec i f i c  way, t o  
chemical composition), and p a r t l y  upon a g g l o a r a t i o n  proper t ies .  In  Figure P, 
f o r  24 v i t r a i n s ,  a l l  obtained from coa l s  ranging i n  rank from high v o l a t i l e  C 
bituminous t o  low-volatile bituminous, the da ta  scatter about a reasonably 
smooth curve, i n  which the hydrogen evolution decreases gradually an the  carbon 
coa ten t  increases from 15.7 percent maf to 91.0 percent maf. 
points.  fo r  semianthracite and an th rac i t e ,  suggest that the hydrogen evolution 
decreases rap id ly  fo r  ranks above low-volati le bituminous, reaching zero f o r  an 
an th rac i t e .  This is reasonable; i t  is generally agreed that the C ~ a l i f i C a t f o n  
process involves an increase i n  the aromatic na ture  of the coal ,  and it i o  not 
surpr i s ing  tha t ,  by the time an th rac i t e  is reached, there  are no hydroaromatic 
s t ruc tu res  remaining i n  the coal.* 

The low rank v i t r a i n s  do not seem t o  f a l l  on the same curve defined by the 
v i t r a i n s  from bituminous coals. Two of the three l i g n i t e  v i t r a i n s  and a l l  
f i v e  of t he  subbituminous v i t r a i n s  f a l l  vel1 below the band es tab l i shed  by 
the bituminous v i t r a i n s .  
by p lo t t i ng  the hydrogen evolved (H/100 C)  aga ins t  t he  atomic H/C ratio, 
o r  even be t t e r ,  aga ins t  the atomic O/C r a t i o ,  of the v i t r a i n .  These two 
graphs a r e  shown i n  Figures 2 and 3. I n  Figure 2, it can be seen that a 
p l o t  of A/l00 C agains t  R/C r a t i o  g ives  a f a i r l y  good s t r a i g h t  l i n e  f o r  the 
24 bituminous v i t r a i n s .  
l i n e  f o r  these 24 points.  
H/100 C - 93.11 (H/C) - 46.68. 
of estimete is  2.54; the multiple co r re l a t ion  coe f f i c i en t  i s  0.966. The 
dashed l i n e s  on e i t h e r  s ide of the s o l i d  line are a t  d is tances  of twice the 
standard e r ro r  of estimate;  t h i s  means t h a t  95 percent of the points should 
l i e  within the tvo dashed l i nes .  
the a rea  between the two l ines  formed by the twice standard e r ro r ,  there  i s  
only a probabi l i ty  of 1/20 t h a t  t h i s  point belongs with the ret of da ta  used 
t o  drav rhe l e a s t  squares l ine.  It can be Been tha t  one subbituminous f a l l s  
wi th in  the a rea ;  one l i g n i t e  and one subbituminous f a l l  barely outside; and 
the o ther  three subbituminous and two l i g n i t e s  f a l l  outside of the a rea .  

*Camel coal i s  included on the graph f o r  the sake of completeness; it is  
a n  a typ ica l  vhole coal and w i l l  not be discussed. 

( A l l  of the other 

Three other 

This di f fe rence  can be brought out more c l e a r l y  

The s o l i d  l i n e  shown is  a least squares s t r a i g h t  
The equation of the l i n e  is given by: 

For the s t r a i g h t  l i n e ,  the standard e r r o r  

Put i n  o the r  vords, i f  a point lies au ts ide  

f 

! 

/' ' 

i 

' L  
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Figure 3 is a similar p lo t  of WlOO C agr in r t  the O/C r a t i o .  For the 24 
bituminous v i t r a i n r ,  the equation of the leart sqcurer s t r a igh t  l i n e  is: 
E/1W C - 190.5 ( O K )  + 10.51. For t h i s  s t r a i g h t  l i ne ,  the standard e r ro r  of 
estimate is 3.20; the u l t i p l e  cor re la t ion  coef f ic ien t  i r  0.946. 
oxygen analysis  is by difference,  it is rubject  t o  a la rger  e r r o r  th8n a re  
the other  amlyeer .  The O/C r a t i o  i r  therefore  1080 accurate than the E/C 
r a t i o ,  and the increased standard e r r o r  and decreased a a l t i p l e  cor re la t ion  
coe f f i c i en t  for  the OIC curve (a0 compared with the E/C curve) is t o  be 
expected . 

S h e  the 

I n  Figure 3, i t  is seen t h a t  a l l  of the l i g n i t e  .ad rubbi tuahous  point. f a l l  
w e l l  outside the area of twice the standard e r ro r .  l o r  any one l i g n i t e  point, 
the  probabi l i ty  of it belonging with the bituminous r t r a i g h t  l i ne  is 1/20; 
therefore ,  i t  might be ra id  that the probabi l i ty  of a11 three l i g n i t e  v i t r a i n s  
belonging t o  the bituminous set is l/8000, o r  0.000125. 
lover probabi l i ty  that a l l  f ive  subbituminour v i t r a i m  belong with the 
bituminous r e t .  
r i de  of the least squares s t r a i g h t  l i ne .  

Another approach t o  the da ta  has been t o  f ind  the  least squares s t r a i g h t  l ine 
f o r  the combined 32 points (24 bituminous, 5 subbituminous, and 3 l i g a i t e r ) .  
The equation f o r  th io  l i n e  (which i r  not  ohow in  any f igure)  is: 
H/100 C - 59.1 (O/C) + 18.1. For t h i s  l i ne ,  the standard e r r o r  of ar thate  
ham increared t o  7.25; the m l t i p l e  cor re la t ion  coef f ic ien t  har decrearod t o  
0.581. 
cor re la t ion  coef f ic ien t  hae decreased grea t ly .  
rubbitminoun and l i g n i t e  v i t r a i n r  are not  par t  of the bituminour group. 

From the above discussion we m y  draw the following conclusion: 
a fundamental chemical difference between bituminour coal. on the  me band, 
and subbituminous coa ls  and l i g n i t e s  on the othor  h a d .  
u a i f e r t s  i t s e l f  in the  amount of hydrogen gas produced by c a t a l y t i c  dehydro- 
genation in the prerence of r solvent. This, in turn, mait be r e l a t ed  t o  the 
general s t ruc ture  of the  coal and in pa r t i cu la r  t o  f t r  hydroarcmaticity. 'Ihor, 
although a high v o l a t i l e  C b i N n o u r  coal and a rubbiturinous A coal are 
distirrguished from each other  so l e ly  09 the barir of c a l o r i f i c  limitr and 
a g g l o ~ e r a t i n g  propertier19,20, there  m e t  naverthelers  be a real differonce in 
t h e i r  chemical s t ruc tu re .  

&e a y  -der uhy t h io  d t lorca t ion  ir =re obvious in the O/C p lo t  (?igure 3) 
than it is i n  the  ?l/C plo t  (Figure 2). One per r ib l e  explanation ir t h a t  fo r  
the e n t i r e  bituminous group of c0.10, the hydrogen var ie r  only s l i g h t l y ,  be- 
in the raoge of 4.5 t o  6.0 percent; the carbon, hOIIver, va r i e s  from 68 t o  90 
percent. 00 the other  hand, the oxygen and carbon valuor both vary caaoiderably, 
and they vary in oppori te  d i rec t iana ;  80 tht the O/C plo t  is  probably a moro 
sens i t i ve  indicat ion of the rtmctaral c w o .  

There is an even 

It is s ign i f i can t  t ha t  a l l  e igh t  point8 f a l l  on the  8- 

The standard e r r o r  has thus =re than doubled, and the o u l t i p l e  
This again ind ica tor  that tho 

that there  i o  

This di f fe rence  

We come now t o  a considerat ion of tho rUIO9S for tho 8 h r p  differonce betmen 
tho bituminous coal. and louer rank coalr, a8 rhoun by dehydrogenation. It is 
general ly  arrumed tha t  one of the u j o r  reaction8 of tho coa l i f i ca t ion  procrrr 
i 8  aromatiration21. A deeroaring y te ld  of bydrogm obtaiuod f r m  coalr of 
iaereaaIq5 rank CUL be rimply explatmod on the buir of tho h-r r m L  emh  
kiag wre aromatic. The low y ie ld  of hydrogen from low rank comlr r.uina Le 
be explained, h o r n n r .  
prwrrr of coptirrrml aroutizatiaa u r t  by it# v.V Mtu- a l r o  k proca$r 
of d e h y d r o a r o r a t i u t i m ;  that i r ,  a r o u t f u t i o o  rhould cmro lore of 

A t  f i r s t  thought, o m  ir i u c l k u d  t o  as- tht a 
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hydroaromatic s t ruc tu res .  Tinis 1s not t rue ,  however, because aromatization m y  
take place by changes in s t ruc tu res  d t i c h  a r e  not themselves hydroaromatic. 
A schematic representation (Figure 4) i l l u s t r a t e s  a possible s e r i e s  of reactions 
f o r  t h i s  process. The 9 portion is intended t o  represent the bulk of a coal 
molecule, with a t t en t ion  ocused on the r ing  system attached t o  i t .  
(I), there i s  no hydroaromatic system (as per the de f in i t i on  given above) and no 
normal dehydrogenation can take place; the angular methyl group s lovs  aromati- 
zetion3, since it rmst e i t h e r  migrate o r  be eliminated before dehydrogenation , 

can take place.  If the na tu ra l  coa l i f i ca t ion  process involves an aromati- 
zation* we may presume that the methyl group e i t h e r  migrates from the  angular 
9-posit ion,  which permits easy dehydrogenation t o  (11) and then fu r the r  dehydro- 
genation to  ( I V ) ;  o r  a l t e r n a t i v e l y  the methyl group is eliminated from (I) as 
methane, which permits dehydrogenation t o  (111) and then fu r the r  dehydrogen- 
a t i o n  t o  (V). 
bituminous coa ls ;  high hydrogen but no hydroaromatic s t rxc tu res .  
consider (11) and (111) as corresponding t o  bituminous coa ls ;  in  the prmess 
of coa l i f i ca t ion  (I +I1 + 111) there has been sirmltaneous formation of aro- 
matic s t ruc tu res  and of dehydrogenatable hydroaromatic s t ruc tu res .  
have a model fo r  a process i n  which a non-hydroaromatic s t ruc tu re  (I) is par t ly  
aromatized t o  give aromatic s t ruc tu res  which a l s o  contain hydroaromatic r ings .  
In a continuation of the c o a l i f i c a t i o n  process, (If) and (111) a r e  aromatized 
to  ( I V )  and (V), which a r e  completely aromatic (an thrac i te )  and hence cannot 
give any hydrogen gas upon treatment with a dehydrogenation c a t a l y s t .  
g rea t ly  simplified s e r i e s  of reac t ions ,  I,+ 11 -* I V  and I +I11 +V ,  of fe r s  a 
model f o r  the seemingly pecul ia r  s i t ua t ion  in coal ,  vhere very low rank coa l s  
y ie ld  l e s s  hydrogen than do some higher rank, more aromatic coals. 

In s t ruc tu re  

We may cons ider  (I) a s  corresponding t o  l i g n i t e s  and sub- 
We may 

Thus we 

This 

It  must be emphasized t h a t  t he  mechanism i n  Figure 4 is very schematic, is 
capable of many va r i a t ions ,  and t h a t  severa l  of these var ia t ions  might proceed 
simultaneously. For example, the blocking group i n  the 9-subs t i tu ted  deca l in  
s t ruc tu re  (I) need not be methyl; i t  could be other groups, e.g., carboxyl. 
The blocked low rank s t ruc tu re  (I) could be a 1.1-disubsti tuted cyclohexane 
type, which would undergo a similar series of transformations, o r  i t  could be 
a bridged six membered r ing  of the bicycloheptane type. 

While t h i s  theory is not without i ts  a t t rac t iveness ,  it aay be asked whether 
coal can reasonably be expected t o  contain blocked s t ruc tu res  of the type of 
(I). Coal is usually considered t o  a r i s e  by changes in the l i  n in  and perhaps 
in the ce l lu lose  of the  p l an t  material which is i ts  precursor2f. Neither l i g n i n  
nor ce l lu lose  contains polycyclic S t ruc tures  of t he  type of (I). 
benzene r ings  with reac t ive  s i d e  chains. It is q u i t e  possible to v i sua l i ze  
formation of condensed r ing  systems from ce l lu lose ,  from l ign in ,  o r  froa en 
i n t e rac t ion  of the two. 
o ther  mater ia l s )  more c l o s e l y  r e l a t ed  in s t ruc tu re  t o  (I). These include 
t r i c y c l i c  diterpenes ( a b i e t i c  ac id  types). pentacyclic t r i t e rpenes  (amgrin 
types),  and t e t r acyc l i c  s t e r o l s  (st igmasterol and lanos te ro l  types), which 
conta in  1.1-dimethyl groups and angular methyl groups; and b icyc l ic  terpenes 

Lignin contains 

Fur ther ,  many p lan t s  conta in  appreciable auOunts of 

*For the purpose of t h i s  discussion we neglect the de t a i l ed  mechanism of the  
c o a l i f i c a t i o n  process and do not consider the lo s s  of oxygen (perhaps as water) 
which takes place during coa l i f i ca t ion .  
t The s t r u c t u r e s  of some of these compounds a re  shown i n  Figure 5.  
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binene, and camphane types) which contain bridged r ings and 1,l-dimethyl groups. 
Also t o  be considered are some of the complex polycyclic a l b l o i d s  containing 
heterocyclic nitrogen, which occur i n  large amounts i n  saate plants .  
possible that  compounds of these types play a more important part i n  the 
coa l i f i ca t ion  process than has heretofore been real ized.  

It  remains to  consider three possible sources of e r ro r  i n  the hydrogen values 
obtained, a l l  of which we believe are minor. h e s e  are in t e rac t ion  of the coal 
w i t h  the vehicle;  c rors - l ink ing  of coal s t ruc tu res  during dehydrogenation, with 
formation of hydrogene; and e f f e c t  of phenolic groupings i n  the coa l .  
k a o m  t ha t  the vehicle r eac t s  v i t h  the coal ,  and it has so f a r  roven impossible 
to remove a l l  of the phenanthridine from a dehydrogenated coal14. Obviously, the 
reaction: Coal -H + Vehicle-H -* C o a l M e h i c l e  + B2 w u l d  lead t o  a high value for 
hydrogen l iberated.  However, vehic le -v i t ra in  blanks have been shown t o  be 
negl ig ib le  and vehicle-catalyst  blanks have been deducted, although t h i s  does not 
preclude Interact ion between coal and vehicle i n  the presence of c a t a l y s t .  
addi t ion,  a reac t ion  of the type: 
vould a l s o  account f o r  the impossibil i ty of removiqg vehicle f r m  dehydrogenated 
coal and yet  would not lead t o  hydrogen formation. 
some l i gh t  on t h i s  process. We do know that one vehiclc (1-azapyrene) l i be ra t e s  
large amounts of hydrogen when heated only v i t h  a c a t a l y s t  and that a t  least one 
other vehicle (2-azafluoranthene) gives very high values f o r  hydrogen evolution 
from coal" which a r e  almost ce r t a in ly  incorrect .  
reason t o  believe that the phenanthridine cont r ibu tes  s ign i f i can t ly  t o  the evolved 
hydrogen, although t h i s  p o s s i b i l i t y  nust be kept i n  mind. Second, there  is the 
question of "cross-linking," a somewhat vague term implying chemical reaction 
between two coal p l a t e l e t s .  
analagoua to the  two given above: 

It is 

It is  

I n  
Coal-H + Vehicle-Ii +H-Coall.ruSchPcle-H 

Further experiments may throw 

Nevertheless, there is no r e a l  

Here again,  there a r e  two possible reac t ions  

Coal-H + Coal-H -+ Coal.rCOa1 + H2 
Coal-H + Coal -H + R-Coal.rrrCoa1-H 

The f i r s t  of these vould lead t o  ex t r a  evolution of hydrogen, the second m l d  
not.  
could be used as an argument i n  favor of crosr- l inking;  however, one might 
reasonably expect the dehydrogenated coal t o  be less soluble than the s t a r t i n g  
material  i n  any case. Third, we have found t h a t  c e r t a i n  phenolic compounds yield 

\hydrogen, probably by reactions of the type 

Ihe inso lubi l iza t ion  of the coal which takes place during dehydrogenation 

1 This reaction can be eliminated by the use of the o i ly1  ether. i n  place of the i '\ f r ee  phenols. flowever. there is some evidence (based on the dehydrogenation of 
s i l y l  e thers  of phenols) t h a t  the phenolic groups i n  coal give l i t t l e  or no 
hydrogen, and that t h i s  s ide  reac t ion  is of a l i g h t  conrequence Fa coal dehydro- 
genation. 

~~ ~- 

*Infrared spectra  did not y i e ld  any usefu l  information. 
the small number of protons; and the d i f f i c u l t y  of griading; a l l  cont r ibu te  t o  
l o s r  of spec t r a l  i n f o w t i a a .  
BregerP2 f o r  a c r o m - p o l p r i z e d  coal formed by neutron i r r ad ia t ion .  

The presence of vehicle;  ' 
A similar  r i t u a t i o n  was found by Frieda1 and 

I 
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Cornphone 

Figure 5-Structures of Cornpound; lound ~n plontr r h l C h  may be 

COO1 D r O C U r S O I ;  (See l C X 1 )  
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OF THE THERMAL CONDUCTIVITY OF SOLIDS 
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The r a t i o n a l  d e s i g n  of equipment such as s h a f t  c o o l e r s ,  h e a t e r s ,  
and r o t a r y  k i l n s  f o r  t h e ' h e a t i n g  and coo l ing  of  s o l i d s  r e q u i r e s  t h a t  
t h e  thermal p r o p e r t i e s  o f  t h e  s o l i d s  be known., Thermal c o n d u c t i v i t y  is 
one of t h e s e  p r o p e r t i e s  t h a t  t o  measure n e c e s s i t a t e s  e l a b o r a t e  equipment 
and time-consuming t echn iques .  

A r a p i d ,  s imple  method has  been developed f o r  de te rmining  t h e  
The  s o l i d s  can be e i t h e r  porous o r  non- thermal c o n d u c t i v i t y  of s o l i d s .  

porous and of e i t h e r  h i g h  o r  low c o n d u c t i v i t y .  I f  h igh -conduc t iv i ty  
m a t e r i a l s  a r e  t e s t e d ,  then both  t h e  thermal c o n d u c t i v i t y  and h e a t  capa- 

a c i t y  can be s imul t aneous ly  measured by t h e  method. 

The procedure  invo lves  p r e p a r i n g  a c y l i n d r i c a l  b r i q u e t t e  of t h e  
test s o l i d  t h a t  has  a thermocouple l o c a t e d  i n  t h e  c e n t e r .  This  b r i -  
q u e t t e  i s  hea ted  t o  a c o n s t a n t  tempera ture  a f t e r  which it i s  suspended 
i n  an open-end g l a s s  t u b e  and cooled  by a known flow of  n i t r o g e n  o r  any 

The thermal c o n d u c t i v i t y  i s  then  computed from 
a d i g i t a 1 , c o m p u t e r  comparison of t h e  coo l ing  cu rves  f o r  t h e  t e s t  s o l i d  \ 

, \ o t h e r  nonreac t ive  gas .  

I ver sus  a r e f e r e n c e  s o l i d  of known thermal  p r o p e r t i e s  and similar s ize  
'I t h a t  has undergone t h e  same h e a t i n g  and coo l ing  c y c l e .  The  method was 
' ;validated by us ing  t h e  known a e r m a l  p r o p e r t i e s  of l e a d ,  aluminum, and 

I \ s i l v e r  and computing t h e  t h e o r e t i c a l  coo l ing  curves .  The t h e o r e t i c a l  
c u r v e s  were i n  close agreement wi th  t h e  expe r imen ta l ly  measured cool ing  

, curves  f o r  t h e s e  m a t e r i a l s .  

Theory 

The mathemat ica l  b a s i s  f o r  de te rmining  thermal  c o n d u c t i v i t y  by 
1 

'% t h e  desc r ibed  method i s  d i s c u s s e d  i n  a paper  by Newmanl) and i s  sum- 
/, 

marized a s  fo l lows .  Consider a c y l i n d r i c a l  b r i q u e t t e  as shown i n  F igure  
1. 
t i o n  i n  t h e  x - d i r e c t i o n  i s  (see nonenc la tu re  f o r  d e f i n i t i o n  of t h e  v a r i -  '\ a b l e s )  : 

The d i f f e r e n t i a l  e q u a t i o n  f o r  uns teady  s t a t e  h e a t  t r a n s f e r  by conduc- 

~ ' I '  

I 

For a b r i q u e t t e  of t h i c k n e s s  2a, the c e n t r a l  p l a n e  be ing  a t  x = 0 and 
assuming : 

1) uniform tempera ture  a t  the s ta r t  of coo l ing  o f  t h e  i n i t i a l l y  ho t  
b r i q u e t t e  

I 

t 
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t = to when e = 0 ( 2 )  t hen  

2 )  t h e  f i n a l  t empera tu re  of t h e  b r i q u e t t e  w i l l  be t h e  tempera ture  of 
the sur roundings  : 

t h e r e f o r e  t = ts when e = ( 3 )  

3) t h e r e  i s  no h e a t  f l o w  a c r o s s  t h e  c e n t r a l  p l ane  because of symmetry: 

consequent ly  -k [E] = o a t  x = o ( 4 )  ' 

1 
The h e a t  ba lance  on t h e  b r i q u e t t e  s u r f a c e  is made by equa t ing  h e a t  t r a n s -  
f e r r e d  t o  t h e  s u r f a c e  by conduct ion  w i t h  h e a t  t r a n s f e r r e d  from t h e  s u r f a c e  
by convec t ion .  I n  d i f f e r e n t i a l  form, t h e  h e a t  ba l ance  is: 

I 

-k [g] = h ( t  - t,) a t  x = +a 

Newman') showed t h a t  t h e  s o l u t i o n  t o  Equat ions  (1) through ( 5 )  expressed  
i n  terms o f  a d imens ion le s s  tempera ture  ra t io  Yx is :  I 

and 

6n are d e f i n e d  a s  t h e  f i r s t ,  second, t h i r d ,  etc., r o o t s  of the t r a n s -  
cenden ta l  equat ion:  i 

' 1  
6n t an  Bn - l / m a  = 0 (7 )  I 

i 
The s u r f a c e  t o  s o l i d  thermal  r e s i s t a n c e  ra t io ,  ma, is d e f i n e d  as:/ 

ma = k/ha 
and Xa is def ined  a s :  Xa = ae /a2  
where t h e  thermal d i f f u s i v i t y  is: a = k/p Cp 

S i m i l a r l y ,  c o n s i d e r i n g  rad ia l .  h e a t  t r a n s f e r ,  t h e  r a d i a l  b r i q u e t t e  
h e a t  ba lance  i s  

4 

at - a[:: ' a t ]  
a e  - I + r a .  

The i n i t i a l  c o n d i t i o n  e q u a t i o n  is: 

t = to when e = 0 '(12) / 
The f i n a l  tempera ture  e q u a t i o n  is: ,/ 

The boundary c o n d i t i o n  e q u a t i o n s  a re :  ' . 

-k (%I,= 0 at r = 0 (14) 
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and = h (t-ts) a t  r = R 

I Solv ing  Equat ions  (11) through (15)  g i v e s :  

d 

where 
1, 

and 8, a r e  t h e  f i r s t ,  second, t h i r d ,  e t c . ,  roots of t h e  equa t ion :  

B n J 1  (Bn) - l/mrJo(Bn) = 0 
I 

The s u r f a c e  t o  s o l i d  thermal  r e s i s t a n c e  r a t i o ,  m r  i s  .\ 
m r  = k/hR 

L 
<, and X, = a0/R2 

'A 
The complete d i f f e r e n t i a l  equa t ion  f o r  t h e  case shown i n  F ig .  1 'h 

i s :  

and t h e  s o l u t i o n  t o  Equation ( 2 1 )  i s :  

. \  

I f  t h e  c e n t e r  tempera ture  d e f i n e d  a t  r = 0 ,  x = 0 i s  tc, then  
Equation ( 2 2 ) becomes : 
J 

J ,  

> YC = tc-ts = y r  . YX 
to- t s  

where Y r  and Yx are e v a l u a t e d  a t  r = 0 and x = 0 .  

The preceding  mathematical  a n a l y s i s  shows t h a t  t h e  r a t e  of  c o o l i n g ,  
o r  change i n  c e n t e r  tempera ture  f o r  a c y l i n d r i c a l  b r i q u e t t e  i s  a func t ion  

' '\. 
1 of time ( e ) ,  d e n s i t y  ( p ) ,  thermal  c o n d u c t i v i t y  ( k l ,  t h e  s u r f a c e  h e a t  

1 t r a n s f e r  c o e f f i c i e n t  ( h ) ,  s p e c i f i c  h e a t  (Cp) and t h e  b r i q u e t t e  dimensions . 
as expressed  by Equation ( 2 3 ) .  

The expe r imen ta l  t echn ique  can now be d e s c r i b e d  i n  terms of t h e  
I 

' s u r e d  expe r imen ta l ly  f o r  a m a t e r i a l  of  known thermal  and p h y s i c a l  prop- 
' er t ies  ( s t a n d a r d  b r i q u e t t e ) ,  t h e  s u r f a c e  h e a t  t r a n s f e r  c o e f f i c i e n t  can be 

' 'previous d i s c u s s i o n .  I f  t h e  chang; i n  c e n t e r  t empera tu re  w i t h  t i m e  is  m e a -  

c a l c u l a t e d  from Equation ( 2 3 ) ,  s i n c e  i t  is t h e  o n l y  unknown. 

I 
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The s u r f a c e  h e a t  t r a n s f e r  c o e f f i c i e n t  (h)  i s  a f u n c t i o n  of t h e  

f l o w  r a t e  of  t h e  c o o l i n g  g a s  and t h e  geometry and s i z e  o f  t h e  b r i q u e t t e .  
it is independent  of a l l  o t h e r  p h y s i c a l ,  thermal ,  or chemical  p r o p e r t i e s  
o f  t h e  b r i q u e t t e .  Therefore ,  any o t h e r  b r i q u e t t e  having s i m i l a r  dimen- 
s i o n s  and cooled a t  t h e  same f low r a t e  w i l l  have t h e  same v a l u e  f o r  ( h ) .  

Once (h)  h a s  been determined u s i n g  t h e  s t a n d a r d  b r i q u e t t e ,  t h e  
thermal  c o n d u c t i v i t y  o f  any t es t  material can be determined from Equa- 
t i o n  (23) s i n c e  a l l  o t h e r  v a r i a b l e s  a r e  known. 

A computer program has  been w r i t t e n  which through an  i t e r a t i v e  
p r o c e s s  determines t h e  b e s t  v a l u e  of (h)  which makes t h e  c a l c u l a t e d  
v a l u e s  f o r  t h e  d imens ionless  tempera ture  r a t i o  e q u a l  t o  t h e  experimental  
v a l u e s  o b t a i n e d  when t h e  s t a n d a r d  b r i q u e t t e  is cooled.  

With (h)  de te rmined ,  a n o t h e r  computor program i s  run f o r  t h e  t e s t  
specimen. Thermal c o n d u c t i v i t y  i s  now t h e  unknown v a r i a b l e  and through 
a n o t h e r  i t e r a t i v e  scheme, t h e  best  va lue  f o r  (k)  t h a t  makes t h e  ca lcu-  
l a t e d  and exper imenta l  v a l u e s  f o r  t h e  tempera ture  ratios e q u a l  is found. 

The i n p u t  d a t a  f o r  bo th  programs c o n s i s t  of d e n s i t y ,  s p e c i f i c  
h e a t ,  t i m e ,  b r i q u e t t e  dimensions,  and s e v e r a l  exper imenta l  v a l u e s  f o r  
t h e  tempera ture  r a t i o .  The o u t p u t  from t h e  f i r s t  program ( s t a n d a r d )  is 
t h e  b e s t  v a l u e  f o r  ( h ) .  Using t h i s  v a l u e  f o r  ( h ) ,  t h e  second program 
used  t o  de termine  t h e  k v a l u e  f o r  any t es t  m a t e r i a l .  I f  a h i g h l y  conduc- 
t i v e  m a t e r i a l  i s  t e s t e d ,  t h e n  i t  is  p o s s i b l e  t o  determine i t s  h e a t  capa- 
c i t y  s i n c e  t h e  s o l i d  t h e r m a l  r e s i s t a n c e  w i l l  be  s m a l l  compared t o  t h e  
s u r f a c e  thermal  r e s i s t a n c e .  A t r a n s i e n t  h e a t  ba lance  can be w r i t t e n  f o r  
t h e  t es t  s o l i d  c o o l i n g  i n  a stream of  c o o l a n t  gas .  

I n  t h e  above e q u a t i o n ,  t = t c  s i n c e  t h e  thermal  g r a d i e n t  i n  t h e  s o l i d  is ) 
n e g l e c t e d .  I n t e g r a t i n g  Equat ion ( 2 4 )  and u s i n g  t h e  d imens ionless  t e m -  
p e r a t u r e  r a t i o ,  Yc g i v e s :  

/J 

Y, = exp -(hA/pCpV) e (25)  

i Thus, if t h e  i n t e r n a l  s o l i d  thermal  r e s i s t a n c e  is  n e g l i g i b l e ,  a plot  of 
t h e  exper imenta l  Yc v e r s u s  e d a t a  on semilog paper  should  be l i n e a r  as 
shown by Equat ion ( 2 5 ) .  The h e a t  c a p a c i t y ,  Cp, can be c a l c u l a t e d  from 
t h e  s l o p e  of  t h e  l i n e  f o r  Yc v e r s u s  0 s i n c e  (h)  is t h e  same as f o r  t h e  

the test  m a t e r i a l  a r e  a l s o  known. 

i' 
s t a n d a r d  b r i q u e t t e  and t h e  d e n s i t y ,  p ,  and t o t a l  s u r f a c e  area, A, for / 

M a t e r i a l s  and Experimental  Work 

A primary advantage .of t h e  t r a n s i e n t  technique  for  de termining  
thermal  c o n d u c t i v i t i e s  i s  t h e  e a s e  and s w i f t n e s s  w i t h  which t h e  e x p e r i -  
ment can be conducted. 

I n  so f a r  a s  sample p r e p a r a t i o n  is concerned,  any solid t h a t  can 
be b r i q u e t t e d ,  c a s t ,  or f a b r i c a t e d  around a c e n t r a l l y  located r i g i d .  
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thermocouple (x = 0;  r = 0 )  may be t e s t e d .  F in i shed  t es t  sample c y l i n -  
d e r s  should be approximately one inch  i n  d i ame te r ,  and one-half  inch  i n  

I h e igh t ;  however, o t h e r  dimensions can be used. 
I 

Experimental  Apparatus 

The exper imenta l  appa ra tus  (see F igure  2 )  c o n s i s t s  s imply o f  a 
3-inch diameter  g l a s s  tube approximately 3 f e e t  i n  l e n g t h .  One end  of 
t h e  tube  i s  completely s toppered  excep t  f o r  a one-half  i nch  c i r c u l a r  
opening through which t h e  coo lan t  gas  f lows .  The o t h e r  end of t he  tube 
i s  open t o  the  atmosphere.  A s m a l l  e lectr ic  fu rnace  i s  used t o  h e a t  
t h e  b r i q u e t t e ,  and an au tomat ic  s i n g l e  p o i n t  tempera ture  r eco rde r  con- 
nec ted  t o  t h e  embedded thermocouple is used  t o  measure t h e  c e n t e r  t e m -  
p e r a t u r e  of  the  b r i q u e t t e .  

Experimental  Procedure 

The exper imenta l  p rocedure  i s  t h e  same f o r  bo th  t h e  s t anda rd  and 
tes t  b r i q u e t t e s .  E i t h e r  t h e  s t a n d a r d  (aluminum was chosen s i n c e  i t s  
thermal  p r o p e r t i e s  a r e  w e l l  e s t a b l i s h e d ) ,  o r  t h e  t e s t  b r i q u e t t e  is  con- 
nec ted  t o  t h e  tempera ture  r e c o r d e r  by way o f  t h e  thermocouple l e a d s .  
The b r i q u e t t e  is hea ted  u n t i l  t h e  c e n t e r  tempera ture  has  reached  a con- 
s t a n t ,  predetermined va lue .  The b r i q u e t t e  i s  then  q u i c k l y  removed from 
t h e  furnace  and suspended i n  t h e  cool ing  tube  wi th  t h e  coo l ing  gas  flowing 
a t  a c o n s t a n t  r a t e .  The b r i q u e t t e  i s  u s u a l l y  cooled  t o  t h e  temperature  
o f  t h e  cool ing  gas w i t h i n  20  minutes .  

Data P rocess inq  

For t h e  stsandard b r i q u e t t e ,  t h e  expe r imen ta l  d imens ionless  t e m -  
p e r a t u r e  r a t i o  ve r sus  t i m e  d a t a  p o i n t s  f o r  t h e  s t a n d a r d  b r i q u e t t e  a long 
wi th  t h e  known thermal  p r o p e r t i e s  a r e  used t o  c a l c u l a t e  t h e  s u r f a c e  co- 
e f f i c i e n t ,  h ,  i n  t h e  fo l lowing  manner. A d i g i t a l  computer program i s  
w r i t t e n  t o  compute Yc from Equat ions  ( 6 )  through (23). By i t e r a t i o n  
and assuming v a r i o u s  va lues  of  ( h ) ,  t h e  computed va lues  of  Y, can be 
made t o  converge on each  o f  s e l e c t e d  expe r imen ta l  Yc ve r sus  0 d a t a  
p o i n t s .  Thus, f o r  a s e l e c t e d  d a t a  p o i n t ,  t h e  b e s t  expe r imen ta l  (h )  is 
t h a t  which when used i n  Equat ions ( 8 )  and ( 1 9 )  r e s u l t s  i n  equa l  va lues  
f o r  t h e  computed and expe r imen ta l  Yc va lues .  

For low c o n d u c t i v i t y  test  m a t e r i a l s ,  t h e  same method is used t o  
determine t h e  b e s t  exper imenta l  va lue  of k by us ing  t h e  h determined f o r  
t h e  s t anda rd  and the o t h e r  p r o p e r t i e s  of t h e  t e s t  m a t e r i a l .  I f  t h e  tes t  
material is a good conductor  as d i s c u s s e d  i n  t h e  theo ry  s e c t i o n ,  then  
exper ience  has  shown t h a t  h should  be computed from t h e  exper imenta l  
coo l ing  curve and then  t h i s  va lue  is used t o  compute k by t h e  same method 
a s  f o r  low c o n d u c t i v i t y  t es t  m a t e r i a l s .  

0 

Discussion and R e s u l t s  

Three b r i q u e t t e s  of aluminum, l e a d  and s i l v e r  were made t o  
t es t  t h e  v a l i d i t y  of t h e  expe r imen ta l  t echnique  s i n c e  t h e i r  thermal  
--opeYties were a v a i l a b l e  from t h e  l i t e r a t u r e  as shown i n  Table  I. 



S i n t e r e d ,  dense hemat i t e  (FeZ03) and a b r i q u e t t e  of  porous carbon 
made from a p a r t i a l l y  d e v o l a t i z e d  c o a l  were used as test m a t e r i a l s .  
lor t h e s e  m a t e r i a i s ,  a l l  p r o p e r t i e s  e x c e p t  t h e  thermal  c o n d u c t i v i t i e s  
shown i n  Table  I w e r e  p r e v i o u s l y  measured. Cooling cu rves  f o r  each 
b r i q u e t t e  were measured f o r  a n i t r o g e n  f low rate o f  0 .9  s c f m .  Sur- 
f a c e  h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  l e a d ,  s i l v e r  and aluminum were 
c a l c u l a t e d  by t h e  method d i s c u s s e d  i n  t h e  d a t a  p rocess ing  s e c t i o n .  
F o r  t hese  m a t e r i a l s ,  t h e  l i t e r a t u r e  c o n d u c t i v i t y  va lues  were used t o  
c a l c u l a t e  t h e  s u r f a c e  c o e f f i c i e n t .  Table  I shows t h a t  t h e  c a l c u l a t e d  
o r  exper imenta l  h va lues  f o r  each  me ta l  a r e  n e a r l y  i d e n t i c a l .  This  
r e s u l t  i s  c o n s i s t e n t  w i th  t h e  t h e o r e t i c a l  b a s i s  of  t h e  exper iment  and 
may be cons idered  as e s t a b l i s h i n g  t h e  v a l i d i t y  o f  t h e  method. Also 
a s  a d d i t i o n a l  ev idence ,  aluminum was chosen a s  t h e  s t a n d a r d  and k 
va lues  f o r  l e a d  and s i l v e r  w e r e  c a l c u l a t e d  us ing  t h e  h va lue  f o r  a lu-  
minum. Table I shows t h a t  t h e  c a l c u l a t e d  o r  expe r imen ta l  k va lues  
were w i t h i n  0 . 5  p e r c e n t  o f  t h e  l i t e r a t u r e  v a l u e s .  The c o n d u c t i v i t i e s  
f o r  hemat i t e  and porous ca rbon  w e r e  c a l c u l a t e d  us ing  aluminum as t h e  
s t anda rd .  F igu re  3 shows t h e  expe r imen ta l  d a t a  p o i n t s  w i th  t h e  s o l i d  
l i n e s  c a l c u l a t e d  from t h e  t h e o r y .  Note t h a t  t h e  l i n e  f o r  t h e  carbon 
is curved whereas t h o s e  f o r  t h e  me ta l s  and hemat i t e  a r e  l i n e a r .  As 
d i scussed  p rev ious ly ,  a l i n e a r  coo l ing  curve  i s  o b t a i n e d  i f  t h e  s u r f a c e  
t o  s o l i d  thermal  r e s i s t a n c e  r a t i o s  a r e  r e l a t i v e l y  l a r g e .  N o t e  t h a t  f o r  

f u s i v i t y  cooled  t h e  f a s t e s t .  
eqn. ( 2 5 )  which shows t h a t  f o r  s imilar  gas  f l o w s  and b r i q u e t t e  dimen- 
s i o n s ,  t h e  r a t e  of coo l ing  f o r  d i f f e r e n t  m a t e r i a l s  i s  de termined  by t h e  
h e a t  c o n t e n t ,  pCp. I t  can  be seen i n  Table  I t h a t  t h e  h e a t  c o n t e n t  f o r  
l e a d  i s  t h e  lowest of a l l  m e t a l s  t e s t e d .  

Summary 

, t h e  metals, l e a d  which h a s  t h e  lowes t  c o n d u c t i v i t y  and thermal  d i f -  
This  r e s u l t  i s  exp la ined  by examinat ion of 

A r a p i d ,  s imple  method f o r  de t e rmin ing  thermal  c o n d u c t i v i t y  f o r  
a s o l i d  has  been developed.  The s o l i d  can  be e i t h e r  porous o r  non- 
porous and of e i t h e r  h igh  o r  low c o n d u c t i v i t y .  I f  h igh  c o n d u c t i v i t y  
m a t e r i a l s  a r e  t e s t e d ,  t hen  bo th  c o n d u c t i v i t y  and h e a t  c a p a c i t y  can be 
s imul t aneous ly  measured from one coo l ing  exper iment .  The method was 
v a l i d a t e d  by us ing  t h e  known thermal  p r o p e r t i e s  o f  l e a d ,  aluminum, and 
s i l v e r  and t h e  expe r imen ta l  coo l ing  cu rves  i n  a comparison w i t h  t h e  
computed r e s u l t s .  / 
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Nomenclature 

= Half h e i g h t  of  b r i q u e t t e ;  f t  

= Area: ft2 

= C o e f f i c i e n t  i n  i n f i n i t e  series s o l u t i o n  f o r  tempera ture  
d i s t r i b u t i o n  i n  b r i q u e t t e  

= S p e c i f i c  h e a t ;  BTU/lb OF 

= Surface  h e a t  t r a n s f e r  c o e f f i c i e n t ;  BTU/hr f t 2  OF 

= Thermal conduc t iv i ty ;  BTU/hr f t 2  OF/ft 

= Axial  s u r f a c e  resistance; d imens ionless  

= Radial  s u r f a c e  r e s i s t a n c e ;  d imens ionless  

= Maximum r a d i u s  of  b r i q u e t t e ;  f t  

= Radius of  b r i q u e t t e ;  f t  

= Temperature; OF 

= Temperature a t  c e n t e r  o f  b r i q u e t t e ;  O F  

= I n i t i a l  t empera ture  of  b r i q u e t t e ;  OF 

= Temperature o f  coo l ing  gas:  OF 

= Distance of d i r e c t i o n ;  f t  

- a 8  - 
3 Dimensionless t i m e  parameter  f o r  a x i a l  component 

= a e  
3 Dimensionless t i m e  parameter  f o r  r a d i a l  component 

= Symbol f o r  tempera ture  r a t i o ,  a x i a l  component; d imens ionless  

= Symbol f o r  tempera ture  r a t i o ,  r a d i a l  Component; d imens ionless  

= (k/pCp) Thermal d i f f u s i v i t y ;  f t 2 / h r  

= Time;  minutes  o r  hours  

= Densi ty;  l b / f t 3  P 



CP 

cP 

h (exper imenta l )  

k (exper imenta l )  

k ( l i t e r a t u r e )  

a (exper imenta l )  

Aluminum 

.01842 

.04208 

168.50 

.2273 

38.30 

5.58 

N o t  
Measured 

12'1.7 

3.178* 

Si lver  

-02059 

.04210 

655.20 

.OS78 

39.31 

5.10 

240.3 

2 4 0 . 0  

6.113 

Lead 

.01842 

.04117 

707.43 

.0306 

21.65 

5.60 

18.99 

19.00 

.8770 

Hematite 

.01842 

.04208 

306.00 

.2090 

63.95 

5.58 

12.10 

none 

.1892 

*Average of l i t e r a t u r e  s o u r c e s  

I 
I Porous Carbo, 

.01958 

.04121 

75.0 

.2360 

17.70 

5.58 

.0307 

I 
I 
ji 

none 

.00173 
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