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INTRODUCTION 

P r i o r  s t u d i e s  i n  which finely-ground coal was hea ted  very r ap id ly  have 
shown t h a t  t h e  f r a c t i o n  of  t h e  coa l  t h a t  can be v o l a t i l i z e d  increases  wi th  
both t h e  r a t e  of  hea t ing  and t h e  f i n a l  temperature t o  which t h e  coa l  i s  
heated. 
en t ra ined  flow r e a c t o r  which show t h a t  v o l a t i l e  products amounting t o  49.9 
percent  of t h e  coa l  f ed  may be  produced from a finely-ground coal having 
an AS'IM v o l a t i l i t y  o f  on ly  35 .5  percent ,  even though maximum reac to r  
temperature was less than t h e  95OoC reached i n  t h e  standard v o l a t i l i t y  
t es t .  Kimber and Gray 
r e a c t o r  operated a t  temperatures up t o  2200'K. 
much as 87% grea te r  than  that  from t h e  s tandard  t e s t  and concluded both h ighe r  
hea t ing  rates and higher f i n a l  temperatures inc rease  the  amount of  v o l a t i l e  
products.  

Another c h a r a c t e r i s t i c  of  h igh - ra t e ,  high-temperature py ro lys i s  o f  coa l  
t h a t  is  not  found i n  normal carboniza t ion  i s  t h e  production of s i g n i f i c a n t  
q u a n t i t i e s  of ace ty lene  and e thylene  i n  t h e  p y r o l y s i s  gas. These products  
are commonly observed dur ing  coa l  py ro lys i s  i n  a plasma o r  by f l a s h  hea t -  
ing.  

The present  study was undertaken t o  i n v e s t i g a t e  t h e  p o t e n t i a l  for  in- 
creased v o l a t i l i t y  and also the production of  unsaturated hydrocarbons as 
a r e s u l t  o f  rap id  py ro lys i s  us ing  p a r t i a l  combustion as t h e  source of 
py ro lys i s  energy. This paper r ep resen t s  a progress  r e p o r t  on the  exper i -  
mental work accomplished t o  da te .  

For example, Eddinger, e t  a1 l ,  have presented d a t a  from an 

repor ted  coa l  py ro lys i s  d a t a  i n  an  en t ra ined  flow 
They observed v o l a t i l e s  as 

EXPERIMENTAL PROCEDURES 

An en t r a ined  flow r e a c t o r  was designed i n  which t h e  finely-ground coa l  
could be r ap id ly  mixed with oxid iz ing  combustion gases .  
gases were produced from a pre-mixed flame of pure oxygen with hydrogen. 
The r e a c t o r  volume was designed f o r  s h o r t  r e s idence  times, and the  products 
were quenched by water spray  immediately downstream of the r eac to r .  

The combustion 
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A diagram o f  t h e  r e a c t o r  is  shown i n  Figure 1. The r e a c t i o n  tube was 
made of alumina. 
ing  element f o r  preheat ing and t o  reduce hea t  l o s s  during the  run. The 
r e a c t i o n  tube and hea t ing  elements were insu la ted  with a f ibrous  alumina 
i n s u l a t i o n  and encased with a water-cooled s e c t i o n  of 6-inch aluminum 
pipe.  
1 1 / 2 ,  and 2 inches were t e s t e d .  The use of smaller diameter tubes per -  
mi t ted  t e s t i n g  a t  reduced residence t imes.  
was made of aluminum. 
located 180° apar t  and a t  an angle  of  30° with t h e  c e n t e r l i n e  of  the  r e -  
a c t i o n  tube.  
3 inches below the o r i f i c e  through which premixed combustion gases were fed 
t o  t h e  r e a c t o r .  
near  the  base of the r e a c t o r  t o  record the  r e a c t o r  temperature.  

The coal  t e s t e d  was a high v o l a t i l e  B Utah coal  from t h e  Orangevi l le ,  Carbon 
County, a r e a .  Typical proximate and 'u l t imate  analyses  of coal from t h i s  
a rea  are l i s t e d  i n  Table 1. The coa l  was d r i e d ,  ba l l -mi l led ,  and screened 
t o  minus 200 mesh for these  t e s t s .  The moisture as  used i n  t h e  t e s t s  was 
less than  one percent .  

The coa l  was en t ra ined  i n t o  a s t ream of c a r r i e r  gas ,  e i t h e r  hydrogen or 
ni t rogen ,  with an auger-driven feeder .  A variable-speed auger d r i v e  was 
employed t o  obtain feed r a t e s  ranging from 0.5 t o  5 . 0  pounds of coal p e r  
hour. Entraining gas flows of from 13 t o  15 SCFH were used i n  the  1/4-inch 
diameter feed l i n e .  

The product gas was separa ted  from t h e  quench water,  passed through a f i l t e r  
and then through a gas meter.  Samples of f i l t e r e d  gas were withdrawn f o r  
a n a l y s i s  w i t h  a gas chromatograph. The char  w a s f i l t e r e d  from the  quench 
water,  d r i e d  and analyzed f o r  ash content  t o  v e r i f y  mater ia l  balance c a l -  
c u l a t i o n s .  

This tube was placed i n s i d e  an annular  e l e c t r i c a l  heat-  

Reaction tubes 4 5/8 inches i n  length with i n s i d e  diameters of 3/4,  

The water-cooled i n j e c t o r  head 
The c o a l  was i n j e c t e d  through two copper i n j e c t o r s  

The impingement poin t  f o r  these  i n j e c t o r s  was a d is tance  of 

A plat inum/fJ% platinum-rhodium thermocouple was i n s e r t e d  

The opera t ing  parameters v a r i e d  were the  feed r a t e s  of t h e  coa l  and combus- 
t i o n  gases  and the s toichiometry of t h e  combustion gases.  
ing  preheat ing of t h e  r e a c t o r  ranged from 2 t o  22 minutes.  The range of 
feed r a t e  var iab les  t e s t e d  and t h e  range of r e a c t o r  opera t ing ,condi t ions  
t h a t  r e s u l t e d  a r e  l i s t e d  i n  Table 2 .  

Run times follow- 

RESULTS 

A t o t a l  of th i r ty- two t e s t  runs  were made with t h e  2-inch diameter r e a c t i o n  
tube,  twenty with hydrogen as t h e  c a r r i e r  gas and twelve with n i t rogen .  
Twelve tests were made with t h e  1 1/4-inch diameter reac t ion  tube,  and 
seven t e s t s  were made with t h e  3/4-inch diameter tube.  
t a i n e d  from these  t e s t s  a r e  presented  i n  Table 3.  

Typical da ta  ob- 

Y 
I 
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Effect of Hydrogen Concentration. 
the hydrocarbon gases were generally higher the greater the concentration 
of hydrogen in the reactor. Data illustrating this effect are presented 
in Figure 6. In this figure the conversions to methane, ethylene, and 
acetylene at temperatures ranging from 1200 to 1400'K are plotted versus 
the hydrogen partial pressure at the reactor outlet. 
methane is shown to be the most sensitive to this operating variable. 

Although the observed effect of hydrogen concentration on the methane yield 
is in the direction expected from the hydrogenation reaction, i.e., 
C + 2H2 = CH4, the equilibrium constant, Kp, for this reaction is much low- 
er than the observed ratio of PCH4/P2H2. 
with the curve representing hydrogenation equilibrium in Figure 7 .  
seems clear from this comparison that the hydrocarbon gases are nonequi- 
librium species resulting from pyrolysis reactions. 

Steam Carbon Reaction. 
dicated that a significant fraction of the steam produced by the combus- 
tion gases reacted with the coal to form hydrogen and carbon monoxide. 
calculated steam decomposition is plotted versus the oxygen/coal ratio in 
Figure 8. 
gen and nitrogen. 
use of hydrogen carrier gas is shown to suppress the steam decomposition. 
The approach of the reaction C + H20 = CO + H2 toward equilibrium is indi- 
cated by the data presented in Figure 9 .  
son that the steam-carbon reaction is far from equilibrium for all of the 
run conditions that were tested. 

It was observed that conversions to 

The conversion to 

The observed ratios are compared 
It 

The composition and volumes of the product gas in- 

The 

This plot also shows the effect of the-two carrier gases, hydro- 
The higher hydrogen concentrations resulting from the 

It is apparent from this compari- 

Shift Reaction. The conversion of carbon to carbon dioxide was observed to 
be rather low relative to the conversion to carbon monoxide, as mentioned 
above. 
CO + H20 = C02 + H2, was observed to exceed the observed ratio of 
PCOz pH2/pC0 pH20. 
observed ratios are seen to correspond to equilibrium Kp's at substantially 
higher temperatures than those measured at the reactor outlet. 

Volume and Heating Value. 
of coal carrier 
tion of the oxygen/coal ratio. 
uniformly with this ratio. 
carrier-free gas is shown in Figure 1.2. 

In all cases the equilibrium constant, Kp, for the shift reaction, 

This is illustrated by the data shown in Figure 10. The 

The volume of dry gas produced, less the volume 
gas fed to the reactor, is shown in Figure 11 as a func- 

The volume produced is seen to increase 
The corresponding heating value of the dry, 

Combustion Equivalence Ratio. 
of combustion hydrogen to combustion oxygen was tested by operating the 
reactor with coal feed rate, oxygen to coal ratio, and carrier gas rate 
constant, and varying the combustion hydrogen feed rate. Combustion hydro- 
gen was varied to give an equivalence ratio, i.e., the moles H2 per mole 
0, from 0.4 to 1.1. As illustrated in Figure 13, the weight of carbon in 
hydrocarbon gases per 100 pounds of coal increased and the molar ratio of 
carbon dioxide to carbon monoxide decreased with the equivalence ratio. 

The effect of varying the equivalence ratio 
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Reactor Temperature. Analysis of t h e  da ta  showed t h a t  t h e  primary v a r i -  
a b l e  governing the composition o f  t h e  r e a c t o r  products was t h e  tempera- 
t u r e .  The temperature as indica ted  by t h e  thermocouple measurements was 
observed t o  increase wi th  t h e  amount of combustion gas fed  t o  t h e  r e a c t o r  
per  pound o f  coa l ,  Although the r e a c t o r  tube was e l e c t r i c a l l y  heated,  t h e  
feed r a t e s  and heat t r a n s f e r  a rea  were such t h a t  t h e  hea t ing  elements ex- 
e r t e d  a r a t h e r  small  e f f e c t  on the  r e a c t i o n  temperature,  se rv ing  pr imar i ly  
t o  reduce heat  losses .  Figure 2 presents  t h e  measured temperatures a s  a 
funct ion of the  r a t i o  of combustion oxygen per  pound of coal .  The e f f e c t s  
of r e a c t i o n  tube diameter and coa l  feed r a t e  a r e  a l s o  ind ica ted  on t h i s  
f i g u r e .  

Ef fec t  o f  Temperature. 
t h e  carbon i n  t h e  coa l  t o  t h e  hydrocarbon gases methane, acetylene,  and 
ethylene,  and t o  carbon monoxide and carbon dioxide.  The conversion d a t a  
a r e  p l o t t e d  versus t h e  measured temperature without regard f o r  v a r i a t i o n s  
i n  t h e  o t h e r  operat ing v a r i a b l e s .  
t h e  measured volume and composition of the  gas produced, a f t e r  condensation 
of t h e  water vapor, and the  feed  r a t e  of t h e  coal .  I t  i s  of i n t e r e s t  t o  
note  first t h a t  i n  c o n t r a s t  t o  g a s i f i c a t i o n  products  of conventional low- 
pressure coa l  g a s i f i e r s ,  s i g n i f i c a n t  conversion t o  the  t h r e e  hydrocarbon 
gases ,  methane, acetylene,  and ethylene,  were observed. Secondly, t h e  t rend  
of  conversion w i t h  r e a c t o r  temperature i s  c l e a r l y  evident .  
conversion r i s e s  t o  a maximum and then decreases  with increas ing  tempera- 
t u r e ,  t h e  conversion t o  ace ty lene  increases  with temperature,  and t h e  
conversion t o  e thylene decreases  with temperature.  

The e f f e c t  of replacing hydrogen as t h e  coa l  c a r r i e r  w i t h  n i t rogen  on t h e  
conversion t o  carbon oxides i s  a l s o  ind ica ted  on t h i s  f i g u r e .  
vers ion  t o  carbon monoxide appears t o  be p r i n c i p a l l y  dependent on tempera- 
t u r e ;  however, the  carbon dioxide y i e l d  i s  s i g n i f i c a n t l y  g r e a t e r  with t h e  
lower hydrogen concentrat ions r e s u l t i n g  from the use  of n i t rogen  c a r r i e r  
gas.  
r e l a t i v e  t o  the amount of  carbon monoxide i s  low as compared t o  the  pro- 
ducts  from conventional g a s i f i e r s .  

Ef fec t  o f  Residence Time. 
r e a c t o r  on the  conversion t o  t h e  t h r e e  hydrocarbon gases i s  indica ted  by 
t h e  d a t a  shown i n  Figures  4 and 5. 
t h r e e  d i f f e r e n t  sizes of r e a c t o r  tubes each operated a t  a coal  feed r a t e  
of 1 .2  pounds of  coal p e r  hour. These d a t a  show only a s l i g h t  e f f e c t  of 
r e a c t o r  s i z e  on the product y i e l d s .  In  Figure 5 t h e  conversions f o r  r e -  
a c t o r  temperatures i n  t h e  range 1200-1400°K a r e  p l o t t e d  versus  t h e  average 
residence time. Although t h e  d a t a  a r e  s c a t t e r e d ,  t h e r e  is a t rend  t o  lower 
conversions with increasing res idence  time. This t rend  is most evident  i n  
t h e  conversion t o  acetylene.  
r e a c t o r  res idence  t imes of  less than f i f t y  mil l iseconds a r e  s u f f i c i e n t  f o r  
g a s i f i c a t i o n  t o  occur i n  t h i s  temperature range and t h a t  these  products 
tend t o  disappear  as t h e  residence t ime increases .  

Figure 3 presents  d a t a  showing t h e  conversion of 

These conversions were computed from 

The methane 

The con- 

I t  is of i n t e r e s t  t o  n o t e  t h a t  t h e  amount of  carbon dioxide produced 

The e f f e c t  of average residence time i n  t h e  

Figure 4 shows conversion da ta  from 

The d a t a  corresponding t o  Figure 4 and 5 show t h a t  
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SUMMARY 

The observations and conclusions drawn from the experimental runs may be 
summarized as follows: 

1. 

2 .  

3. 

4. 

5. 

6. 

7. 

Reactor temperature was found to be the most important parameter 
affecting the overall gasification of coal. 
trolled principally by the combustion oxygen fed per pound of coal. 
As much as 57 percent of the mass of coal fed was gasified, and the 
space time conversion corresponding to this yield was 408 lb carbon 
gasified/ft3 hr. 

Significant yields of methane, ethylene and acetylene were produced. 
Up to 14 percent of the coal carbon was converted to these gases. 
The yield of ethylene was observed to decrease with increasing 
reactor temperature while the yield of acetylene increased. 
version to methane was observed to pass through a maximum at a re- 
actor temperature of about 1200'K. Maximum yields of methane, 
ethylene and acetylene were 6, 4 ,  and 6 percent of the coal carbon 
respectively. 

The yield of hydrocarbon gases was observed to increase with in- 
creasing hydrogen concentration and to decrease with increasing resi- 
dence time. Residence times shorter than 50 milliseconds are indi- 
cated for optimum yield of hydrocarbon gases. 
methane yield data with hydrogenation equilibrium indicates that the 
hydrocarbons in the product result not from hydrogenation reactions 
but from non-equilibrium pyrolysis reactions. 

Although significant steam decomposition was observed, conversion of 
carbon to carbon monoxide was substantially less than predicted for 
steam, carbon equilibrium. The conversion of carbon to carbon dioxide 
was observed to be much lower than predicted by the shift reaction 
equilibrium. 

The yield of hydrocarbon gases and the yield o f  carbon dioxide relative 
to carbon monoxide depends strongly on the stoichiometry of the combus- 
tion gas. 
carbon gas yield to be reduced and the ratio of  COz to CO to be in- 
creased from the yields with stoichiometric combustion gases. 

The volume of gas produced per pound of coal increases uniformly with 
the oxygen/coal ratio. 
carbon gas yield the volume produced is 22 SCF per pound of coal. 

The carrier-free heating value of the product gas decreases uniformly 
with increasing oxygen/coal ratio. 
maximum hydrocarbon gas yield, the heating value is in the range of 

The temperature was con- 

The con- 

Comparison of the 

Combustion gases lean in hydrogen fuel cause the hydro- 

A t  the ratio corresponding to maximum hydro- 

At the ratio corresponding to 

370-420 BTU/SCF. 
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TABLE 1.- Coal ana lys i s  - weight percent  as received 

PROXIMATE ULTIMATE 

Moisture 5.65 
Ash 6.20 
Vo la t i l e  Matter 34.35 
Fixed Carbon 53.80 

100.00 

Carbon 70.05 
Hydrogen 5.76 
Nitrogen 1.30 
Sulphur 0.64 
Oxygen 10.40 
Moisture 5.65 
Ash 6.20 

100.00 

Coal s ize  (-200 MESH) 

TABLE 2.- Range of Feed Rate Variables 

Coal Feed Rate, lbs /hr  0.7-4.1 
Oxygen/Coal Rat io  0.3-1.6 
Combustion Gas Equivalence Rat io  0.4-1.1 
Coal Ca r r i e r  Gas (13-15 SCFH) Nitrogen or Hydrogen 

0 

Range of r eac to r  opera t ing  condi t ions  

Average Temperature 1200-2500°F 
Average Residence Time 0.012-0.343 sec. 
Space Time Conversion 
Steam Par t ia l  Pressure (Reactor e x i t )  0.125-0.255 atm 
Hydrogen P a r t i a l  Pressure (Reactor e x i t )  0.194-0.553 atm 

13-408 l b s  C gas i f ied / f t3-hr  
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1 TABLE 3.- Typical d a t a  obtained from g a s i f i c a t i o n  t e s t s  

Run No. 5-8-4 5-8-2 5 -8 -1  6-9-4 7-31-1 8-23-2 

Reactor Diameter, inches 

Feed Rates,  l b s l h r  
Coal 
Hydrogen C a r r i e r  
Hydrogen Combustion 
Oxygen 
Nitrogen C a r r i e r  

Oxygen/Coal Ratio 

Combustion Equivalence Rat io  

Reactor Temperature, O F  

Volume Gas Produced (Dry) 

T o t a l ,  SCFH 
C a r r i e r  Free Basis, SCF/lb 

Coal 

Gas Analysis (Dry, Volume %) 

Hydrogen 
Oxygen 
Nitrogen 
Methane 
Carbon Monoxide 
Ethane 
Ethylene 
Carbon Dioxide 
Acetylene 

C a r r i e r  Free Heating Value, 
BTU/CF 

Steam Decomposed, Percent 

Ash i n  Char, Weight percent 

2 .ooo 

1.590 
0.082 
0.069 
0.540 

-- 

0.339 

1.022 

1445 

30.9 
10.2 

74.12 
0.20 
0 . 8 1  
5 .33  

15.35 
0.14 
1.62 
1.55 
0.88 

449.4 

18.28 

9.3 

2 .ooo 

1.590 
0.082 
0.102 
0.800 

-- 

0.503 

1.025 

1750 

37.6 
14.4 

69.88 
0.42 
1.33 
5.02 

18.41 
0.04 
1.26 
2.06 
1.58 

430.2 

28.79 

14.9 

2.000 

1.590 
0.082 
0.140 
1.050 

-- 

0.660 

1.066 

1955 

45.9 
19.6 

69.75 
0.15 
0.45 
3.85 

20.85 
0.01 
0.64 
2 .51  
1.79 

395.0 

38.81 

15.8 

2.000 

2.043 

0.167 
1.260 
1.020 

0.616 

1.060 

1966 

- -  

56.5 
21.2 

26.38 
8.30 

46.89 
1 .81  

12.96 
0.00 
0.12 
2.68 
0.86 

358.9 

48.67 

16.5 

1.250 

1.670 
0.082 
0.167 
1.340 

-- 

0.802 

0.997 

2157 

60.3 
27.3 

64.23 
1.65 
4.12 
2.34 

23.48 
0.00 
0.19 
2.39 
1.60 

365.7 

46.86 

15.68 

0.750 

I 1.180 

0.113 
0.900 

0.082 1 
1 

- -  
I 

0.762 

1.008 

1913 

39.7 
21 .1  

67.14 
1.39 
4.66 
3.22 

18.83 
0.01 
0.52 
2.57 
1.66 

392.1 r 

36.84 
9 

13.94 
1 
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7 Coal Injector 

P r r l x e d  Hydrogen-Dxygen 

Coal Injutor 

Alumina Tube 

Electr ica l  
tleatinp Element 

Cooling Coil 

To Filter. Gas Meter 

Figure 1. Schematic Diagram of Reactor.  

... 
0 . 2  0 . 4  0 . 6  0 . 8  1.0 1 . 2  1.4 1.6 

Pounds Oxygen per Pound Coil 

Figure 2 .  Measured r e a c t o r  o u t l e t  temp- 
e r a t u r e  versus t h e  oxygen fed 
pe r  pound o f  coa l .  
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Carbon 40 
Monoxidc 

20 

t o  

0 

Percent  
Conversion 8 
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t O  4 
Carbon 
Dioxide 

Reac tor  Diameter 
0 2 i n c h e s  
0 1 1 /4  inches 
A 3/4  i n c h e s  

- u - - L o  %-- n c-.p 
0- 
'9 \ 

0 . 2  0.4 0.6 0 .8  1.0 1 . 2  1 . 4  

Lbs Oxygen / 1.b Coal 

Figure 4 .  Conversion d a t a  showing small e f f e c t  
o f  varying t h e  r e a c t o r  s i z e .  
shown a r e  f o r  a coa l  feed r a t e  of  
1 . 2  l b s / h r .  

Data 
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Figure 5.  Conversion d a t a  showing small  e f f e c t  
of average r e a c t o r  res idence  t ime. 
A l l  d a t a  shown a r e  f o r  a coal feed 
r a t e  o f  1 . 2  l b / h r .  
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6. Data showing t h e  e f f e c t  of  hydrogen 
p a r t i a l  p ressure  on hydrocarbon 
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Figure 7 .  Comparison of  equilibrium pressure  
r a t i o s  for t h e  hydrogenation reac- 
t i o n  with measured r a t i o s .  
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Figure 8. Calcu la ted  steam decomposition versus  
t h e  oxygen fed  pe r  pound of coa l .  
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Figure 9. Comparison of equilibrium pressure 
ratios for the steam-carbon reaction 
with measured ratios. 
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Figure 10. Comparison of equilibrium pressure ratios 
for the shift reaction with measured values. 
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