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RESICTION O F  COAL WITH STEAM-HYDROGEN MIXTURES 

AT HIGH TEMPERATURES AND PRESSURES 

H. L.  Feldkirchner and J. Huebler. 

I n s t i t u t e  of Gas Technology 
Chicago 16, I l l i no i s  

INTKODJC TTON 

Three basic problems hail? ?leer encolmtere 1 I n  the 
development of processes f o r  t h e  co?ivcr;;im of cc;rzls t o  
pipeline gas by destructive hydrogenatl on a t  high r;r s -" 0 :>Lire -' s : 

1. A t  1300' t o  1500°F., the temperature rarv:e 
which permits the direct  production of  a high- 
heating-value gas, the rate of coal conversion 
i s  re la t ive ly  l ~ .  

2 .  An external source of hydrogen i s  required. 

3. The high heat release 9f the hydrogenation 
reactions cannot be u t i l i zed  t o  the f u l l e s t  
advantage; th i s  creates a serious problem i n  
the design of a reactor i n  which adequate 
temperature control and optimum process heat 
economy can be achieved; 

The f i r s t  l imitation has been pa r t i a l ly  wercome 
by using countercurrent reactor operation with a s t m p  
temperature gradient. The use of t h i s  operating schmn has 
been found t o  be effective for producing a high-heating-value 
gas i n  a single s tep  by destructive hydrogenatlon at 2000 
p.s.i.g. and 1300' t o  1700°F. (11). S e v w ~ 1 1  c ~ b i n e c !  factars 
cause this countercurrent scheme .t;o bs preferred. Ffirsl;, it 
i s  known that, ai; high levels of gasi.fj.cation, the hydro- 
gasification rates of coals increase rapLdly with increases 
i n  temperature: hut a t  low levels of gasj-fication, i n  the 
temperature mnge of 1300° to 1'700'F. the h &ogasifical;icn 
rates a re  nearly independent of temperature r l , 2 ,  5J 15). 
at  a l l  gasificetion levels, [TasificntAon rztes are  roughly 
proportional t o  the hydrogen p a r t i a l  pressure. 'l 'lrird, the 
equilibrium methane content; of the product, gas decreases with 
increases i n  temperature. For example, a t  2700'F. and 
1500 p. s.i. a., the maximum product gas methane concentration 
which can be obtained i n  the reaction of carbon with 
h drogen i s  47 mole $, while a t  2000°F., t h i i s  value i s  only 
28 mole z. 

Second, 

I n  countercurrent operhtion, a.s now contemplated, 
a large excess o f  hydrogen contacts the re la t ive ly  unreactive 

A t  the 
low-temperature end of the reactor, highly reactive feed c1ia.r 
comes i n  contact with the product gas. 
methane concentrations i n  excess of those predicted f o r  the 
carbon-hydrogen rea.ction can be produced when t h e  gas i s  i n  
contact with slightly gasified coal  char ( 1 4 ) .  T h i s ,  the 
contacting of fresh char and product gas at low temperatures 

re=i*ac .&t LL- LLLC iilgh-temperacure end of the  reactor. 

It  has been shown tha t  
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and spent char and feed hydrogen at high temperatures minimizes 
equilibrium limitations. Since the rate of gasification is 
roughly proportional to the difference between the hydrogen 
partial pressure in the gas and the hydrogen partial pressure 
in equilibrium with the char, countercurrent operation also 
provides a maximum average hydrogen partial. pressure and 
thus a maximum average gasification rate. 

operating scheme might allow further increases in gas heating 
value or reductions in reactor size. For example, a reduction 
in the residence time of the residual char,and thus a 
reduction in hydrogasifier size, might be achieved by using 
an even higher temperature in the high-temperature end of the 
reactor. 

an opportunity for reducing external hydrogen requirements. 
At temperatures of 17009. and above, it should be possible 
to supply part of the hydrogen requirements by steam 
decomposition reactions taking place simultaneously w i t h  the 
hydrogasification reactions. 
source of "free" hydrogen, the endothermic steam reaction 
has the advantage of providing a means for temperature control 
by utiUzation of the exothermic heat of the hydrogenation 
reaction. 

that pilot plant studies of the production of methane from 
solid fossil fiels should not be limited to the low tempera- 
ture range previously investigated, but should be extended 
into the temperature range above 1700°F., where very rapid 
gasification rates can be achieved. However, before prototype 
pilot plant equipnent could be designed to investigate such 
high temperature procesaes, it was necessary t o  obtain basic 
data on the gasification characteristics of the various soUd 
fossil fuels under these extreme conditions, No data of 
this type were available because of the great difficulty of 
constructing high temperature apparatus and devising 
experimental techniques capable of achieving the following 
three objectives: 

Other variations of this basic countercurrent 

Increase of the reaction temperatwe also offers 

In addition to providlng a 

On the basis of the above considerationslit appeared 

. 

1. Attainment of temperatures in excess of 
2000°F., at pressures up to 3000 p.s.i.g. 

2. Temperature control in spite of the considerable 
exothermicity o r  endothermicity of the reactions 
of interest. 

time. 
3. Control and rellable measurement of reaction 

, 
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I n  the course of the studies conducted by the 
Ins t i tu te  of Gas Technology i n  i t s  Basic Research Program 
and i n  other studies, techniques had been developed whlch 
appeared t o  give an acceptable solution t o  these problems on 
a laboratory scale (4,5). These techniques minimized un- 
cer ta int ies  resulting from the gasification of a batch f u e l  
charge during heatup, as well as the uncertain solids 
residence times encountered i n  entrained-flow systems where 
the actual rate of flow of the sol id  fue l  through the heated 
zone cannot be measured directly.  

A study of available equipment indicated that the 
above-listedtechniques could be applied t o  a reactor capable 
of operating a t  the extreme conditions desired. A suitable 
reactor was designed and bu i l t  consisting of an external 
pressure vessel operating a t  low temperature, an e l ec t r i ca l  
resistance heating system insulated from this outer shell ,  
and a thin-walled, high-temperaturey al loy s t e e l  reactor 
tube with means provided for  balanced-pressure operation 
and f i t t e d  w i t h  a bellows to  compensate for  thermal 
expansion of the reactor tube. 

Apparatus 

Figure 1 is a flow,diagrsm of the system showing 
a l l  major pieces of equipment and part  of the control 
instrumentation. Coal char w a s  fed i n  single batches from a 
feed hopper. T h i s  hopper was connected t o  the reactor by an 
air-operated, quick-opening ba l l  valve. A pressure equaliza- 
t ion l ine  was used t o  keep the hopper pressure equal to  the 
reactor pressure. A second hopper was a l s o  constructed 
which contained a rotat ing -type feeder for  continuous 
coal char feeding. 

Hydrogen was fed from a high pressure gas storage 
system and w a s  metered by an or i f ice  meter. .Hydrogen flow 
ra tes  were controlled manually. Orifice d i f fe ren t ia l  . 

pressures were sensed and converted t o  a 3- to 15-p.s.1.g. 
air signal by a d i f fe ren t ia l  pressure transmitter. 
signal was then recorded, along wlth the o r i f i ce  and 
reactor pressures, by conventional pneunas t i c  recorder a. 

This air 

Controlled rates of steam feed were obtained by 
pumping water from a weigh tank through a steam generator 
by a positive-displacement, adjustable-stroke metering pump. 
"he steam generator consisted of a c o i l  of 3/!3-inch outside 
diameter by 1/8-inch inside diameter s ta inless  s t e e l  tubing 
contained in  an e l ec t r i c  furnace. The temperature of the 
e t e m  from the steam generator was controlled manually. 
Superneated steam and hydrogen were preheated to  reactfoil 
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temperature i n  passing through the upper heatin& zone of the 
reactor. 

Exit gases from the bottom of the reactor were 
cooled by being passed through a water-.cooled s ta inless  
s t ee l  coil .  Condensed steam was collected i n  a high 
pressure sight glass. To minFmize loss  of carbon dioxide 
or  other dissolved gases i n  the condensed steam, the water 
was drained from the high pressure sight glass f i r s t  into 
a low pressure f lash chamber which w a s  vented in to  the low 
pressure ex i t  gas system, before water was drained from the 
uni t .  

Exit gases were metered continuously by wet t e s t  
meter. A small portion of this stream was passed through 
a recording densitometer ( t o  a id  i n  selection of sampling 
times) and metered with a smaller wet test meter. To avoid 
distortion of the reaction rate-time relationship because of 
backmixing and gas holdup, which would occur if gas samples 
were taken a f t e r  gas metering, the gas sampllng manifold was 
instal led i n  the ex i t  gas =ne m e d i a t e l y  a f t e r  the 
pressure-reducing, back-pressure regulator, which was used 
t o  control the reactor pressure. 

The reactor, shown i n  de t a i l  i n  Figure 2, w a s  
internally insulated and contained a s ta inless  s t e e l  reactor 
tube which consisted of a length of 1 I&inch I.P.S., 
schedule 40, type 310 stainless s t e e l  pipe which was attached 
t o  two adapter f i t t i n g s  by pipe. threads. 
heated e lec t r ica l ly  by a 2 3/8-inch inside diameter heater, 
containing three 8-inch long zones. The heater was fabricated 
from a single length of heating wire whlch was tapped for 
three-zone operation. A balanced pressure was maintained on 
the reactor tube by means of an on-off type pressure-balancing 
system. Full deta i l s  of the design and o 
reactor have been described elsewhere (6y Design of this 
reactor followed closely that o f  reactors described by 
Wasilewski (13) and Hodge and others ( 9 ) .  

This tube w a s  

ra t ion of this 

Satisfactory operation was achieved a t  pressures 
up t o  1000 p.s.i.g. and reaction zone temperatures up t o  
2100'F. Higher-temperature operation should be possible by 
use of higher temperature heaters, such as s i l icon carbide, 
and refractory metal reactor tubes. Insulation having a 
higher operating temperature U t  than that of the insulation 
used here would also be required i n  the vicini ty  of the 
electr ic  heater. 

A n  inser t ,  fabricated from a length of 1-inch I.P.S., 
schedule 40, type 310 stainless s t e e l  pipe, was ins ta l led  
within the reactor tube t o  provide for  containment and complete 
recovery of the coal char charge. An integral themowell, 
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fabricated from 1/8-inch I.P.S., schedule 40, type 310 stain- 
less  s t e e l  pipe, w a s  located axial ly  within the inser t  and 
contained three Chromel-A lume 1, magne sium oxi de -insulated, 
o.062-inch outside diameter, Inconel-sheated thermocouples. 
The temperatures sensed by these thermocouples were recorded 
at approximately one-second intervals by a high speed 
potentiometric-type temperature recorder. 

off, indicating temperature controllers and three thermo- 
couples located w i t h i n  the centers of the heating elements. 
Satisfactory operation was obtained with this type of 
thermocouple mounted i n  the e lec t r ic  heaters as well as 
i n  the inser t  a t  reactor temperatures up to  2 l O O o F .  Electr ic  

a heater l i f e  as possible. 

Reactor temperatures were controlled by three on- 

.heater temperatures were kept below 23009. t o  ensure as long  

Materials 

In  t e s t s  with hydrogen feed gas and hydrogen-stem 
feed gas mixtures, the hydrogen contained a small, accurately 
measured, amount of  hellum or  argon (usually about 1 mole $)  
as a tracer for  exi t  gas flow rate measurement. 
i ne r t  gas mixtures were mixed dur ing compression and s tored .  
i n  a central  gas storage system at pressures up t o  3600 p.s.i.g. 
Commercially ava i lab le  grades of hydro en (99.987% pure), 
hellum (99.99% pure), and argon (99.998$ pure) were used. 

The coal char was separated by screening from that 
used i n  p i lo t  plant tests t o  ensure that the resu l t s  obtained 
i n  these tes ta  would be appUcable t o  work t o  be done in the 
larger, p i lo t  plant reactor system. T h i s  coal char was 
prepared by the Consolidation Coal  Co. from Pittsburgh Seam 

temperature fluidized-bed pretreatment process. 
of the feed char is  shown in Table I. 

Procedure 

In  a l l  of the  tes t s ,  a semiflow technique employing 
a flowing gas and single, s t a t i c  coal chax charge was used. 
It w a s  essent ia l ly  the  same as that used in other studies 
conducted recently on the hydrogasification of so l id  f o s s i l  
f'uels (4,5). Test periods averaged about 1000 seconds in 
length. 

internal ly  3nsulate.d reactors increase greatly when operating. 
at high pressures,it wa8 expedient t o  bring the reactor t o  
operating temperature before preasurizing it to  avoid long 

The hydrogen- 

% * & - - - a  _-__I - - - T  ---... &I-- D I - - L  -__- nT- i n  
UICICULUIlUUD UUO,,I LLUU bllG I'lUllLsUU I Y U .  I W  U l l W  by a h w -  

The analysis 

Because heat losses by f ree  convection from 



Table I. -ANALYSIS OF COAL CHAR 

Sample Designation 
Tme 

Source 
Par t ic le  Size 

U.S. standard sieve 
U l t i m a t e  Analysis, w t . $  

( dry basi 8 ) 
Carbon 
Hydrogen 
Nitrogen 
Oxygen 
sulfur 
Ash 

Total 
Proximate Analysis, w t .  $ 

Moisture 
Volatile Matter 
Fixed Carbon 
A s h  

Total 

5851 
Low -Temperature, 

Bituminous Coal Char 
Consolidation Coal Co. 

-16,+20 

76.6 
3- 25 
1.76 
10.07 

0.9 
18.1 
730 6 

100.0 
7.4 

heatup times. When the reactor had reached the run temperature, 
the reactor pressure was brought t o  the desired l eve l  by 
increasing pressure inside the reactor tube. A s  pressure 
was increased, the pressure-balancing system maintained a 
balanced pressure on the reactor tube by admitting pressurized 
nitrogen to  the insulated area surrounding the reactor tube. 
About 15 minutes was required t o  bring the pressure t o  
1000 p.s.i.g. 

A f t e r  the desired pressure was'attained, the flow 
of reactant gas through the reactor tube was in i t ia ted .  In 
tests with steam feeds, the reactor tube w a s  f i r s t  
pressurized with nitrogen and then, when the stem generator 
pressure had been increased t o  s l i gh t ly  more than the 
reactor pressure, the s$eam was admitted to  the reactor and 
the nitrogen w a s  shut off. This procedure was necessary t o  
avoid introduction of large quantit ies of steam condensate in- 
t o  the instrument lines. In addition, since non-condensable 
exit gas fl-ow rates were very small when using pure stem 
feed gases, the exit gas system w a s  purged at a controlled 
flow rate of 25 SCF per hour w i t h  hellurn t o  avoid any 
d is tor t ion  of the rate-time relationship because of backmixing 
o r  holdup in  the  e x i t  gas system. 

I 
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When feed gas flow rates, temperatures, and pressures 
had become completely stabilized, the feed gas. was sampled. 
One minute la te r ,  the  tests were in i t i a t ed  by opening the 
quick-opening b a l l  valve between the hopper and the reactor. 
Single charges of e i ther  2.5 grams o r  5 grams of  coal char 
were fed and reactant gas flow rates  of 50 SCF per hour 
were employed i n  a l l  tes ts .  The coal charge was supported 
on a stainless s t e e l  screen on top of approximately 19 
inches of h i g h  pur i t  

bottom of the coal char charge and of the centers of the top 
and bottom heating zones were recorded. Exit gas samples 
were taken, i n  the ear ly  stages of a test a t  frequent 
intervals  (as small as 10 seconds) and later as required, t o  
del-tneate the en t i re  cowse of the reaction. 

The f i rs t  reaction products appeared in the ex i t  
gas samplhg system i n  about 15 t o  35 seconds. This holdup 
time depended on the feed gas used, with holdup times be- 
the shortest in t e s t s  with pure hydrogen feeds and holdup 
times being the longest  i n  t e s t s  with pure steam feeds. In 
t e s t s  with steam-containing feed gases, a constant l iquid 
level  w a s  maintained i n  the sight glass, so that gas holdup 
times in  the ex i t  system would not vary. T h i s  was necessary 
because a sizeable v a r i a t i o n  i n  gas holdup times could 
d is tor t  the gasif icat ion rate-time relationship. When the 
reaction ra te  had reached a value too s m a l l  to be measured 
accurately, the run was stopped. The feed gas flow w a s  
stopped, the reactor heaters were turned off, and the unit 
was de-pressurized t o  minimlze fbrther reaction of the coal 
charge a f te r  the run- 

were FerfomeA hefere pa_& 
m e t e r .  
run by wet test meter to  provide a check on the flow ra tes  
calculated with the helium or  argon tracers.. Gas analyses 
were performed by ma89 spectrometer a t  high sensit ivity.  
Carbon monoxide was determined by infrared spectrophotometer, 
since it w a s  not possible t o  measure the re la t ive  amounts 
of carbon monoxide and nitrogen with sufficient accuracy i n  
the presence of methane with the maas spectrometer. 

alumina iner t s  in the form of cylinders, 
l/8-inch long and l/ 8 -inch i n  diameter. Temperatures of the 

The feed gas and helium-purge-gas or i f ice  callbrations 
:.:it” f,ks PYL~ g% yet test 

Exit gas f l o w  measurements were also made during each 

RFSJLTS 

Hydrogen-Coal Char Reaction 

Init ial  teBting was done a t  1000 p.s.1.g. 
t o  21000E”.,with hydrogen feed gas, 5-gram coal char samples, 
and feed gas flow rates of 50 SCF per hour. A t  temperatures 
of 18009. and above, no consistent effect  of temperature on 
rate of gasification could be observed. I n  addition, during 
the t e s t s  at 18009. and above, s ta inless  s t e e l  screens which 

and l700p 



had been used to  support the coal char charges were found t o  
have melted, which indicated that  very large temperature 
r i s e s  had occurred a t  some time during the course of these 
tes t s .  Heat balance calculations were -hqn made usl f ig  €in i te  
difference techniques. A heat of reaction equal t o  that fo r  
hydrogenation of beta graphite t o  methane was assumed. These 
calculations showed that, a t  the high rates of reaction 
obtained w i t h  this highly reactive feedstock, sample tempera- 
tures could eas i ly  rise t o  over 25009. from a s t a r t i ng  
temperature of 2000°FI, even w i t h  the high gas flow rates 
and small sample s izes  used. Further tests were conducted 
with 2.5-gram samples at 1700° t o  2100OF. 
s ize  was deemed the smallest which would give suf f ic ien t  
methane in the product,gas fo r  accurate measurement. How- 
ever, even with such small sample sizes, i t  was found tha t  
sample temperatures increased greatly. For example, pieces 
of -16, +20 U.S.S. sieve s ize  temperature-indicating pe l l e t s  
having fision temperatures of 1700°, 1900°, 2100°, 2250°,and 
2500°F. were mixed with the feed char i n  one check run made 
a t  17009. Here both the 1700° and 1900%’. pe l l e t s  melted. 

Therefore, three more tests were conducted with 
2.5 grams of coal char mixed w i t h  30 grams of alumina i n e r t s  
t o  ac t  as a heat sink. The r e su l t s  of these tests a t  1800° 
and 2000’F. are shown graphically i n  Figure 3 along with 
resu l t s  o f  tests conducted without i ne r t s  a t  1800~ and 
200OOF. This dilution technique was used i n  a l l  further 
tests w i t h  hydrogen feed gas and a l l  further resulta presented 
f o r  hydrogen feed gas were obtained by this method. 
should be pointed out that i n  tests where char and i n e r t s  were 
fed, the indicated bed temperature f i r s t  dropped rapidly 
several hundred degrees but by the time about 40 percent of 
the carbon was gasified, the indicated bed temperature had 
returned t o  the nominal run temperature. A s  can be seen, 
there i s  a gradual decrease in gasification rate with in- 
creasing carbon gasification which indicates a decrease i n  
char reactivity. The degree of reproducibility of these 
tests can be seen by the close agreement of the two tests 
conducted a t  1800%’. The finding that initial rates of 
gasification observed in  these tests were almost as high a8 
those i n  tests conducted without inerts is further evidence 
tha t  i n i t i a l  rates are essentially independent of temperature 
at temperatures above 13009. (5) .  

and von Fredersdorff ( U ) ,  found diffusional limitations were 
present with the carbon-steam reaction. Therefore several 
tests were conducted at 18009. with hydrogen feed gas t o  
show whether diffusional e f fec ts  may have been present i n  
the char-hydrogen system. The r e su l t s  of the tests u s i n g  
char ssmples having different pa r t i c l e  sizes are shown in 
Figure 4. 

A 2.5-gram sample 

It 

Other investigators, for example Hunt and others (10) 

It can be seen that at carbon gasifications above 

, 



about 50 percent, there are no differences i n  the rates  of 
gasification of -16, t 2 0  and -30, +40 [J.S.S. sieve-size 
particles.  
when iner ts  were fed with the char no re l iab le  Mormation 
can be obtained on t h i s  system i'or low carbon gaslfication 
levels. The resu l t s  of tcz1 s cmirIiit.:lwl at different  feed 
hydrogen f low rates  are shown i n  li'i&vrc 5.  
gasifications above about 50 psrcent, there i s  apparently 
no effect  of hydrogen flow rate on gasification rate.  

Because o f  the temperature upsets which occurred 

Again, a t  carbon 

Steam-Hydrogen Coal C h a r  Reactlon 

The next s e t  of tests was conducted w i t h  equimolar 
steam-hydrogen mixtures, at 1700' t o  21009., with 50-SCF 
per hour feed gas flow rates,  and w i t h  2.5-gram coal char 
samples. The resu l t s  of these t e s t s  are  shown grhphically 
i n  Figure 6. Temperature-indicating pel le ts ,  which were 
mixed w i t h  the coal char i n  these tes ts ,  did not indicate 
the presence of large heat e f fec ts  which were found in  t e s t s  
w i t h  hydrogen feed gas. Heat-balance calculations indicated 
that temperature changes during the course of these t e s t s  
would be less than IOOOF. I n  general, the r a t e  of  gasifica- 
t ion increased w i t h  increases i n  temperature. These resu l t s  
also indicate that  greater  s t ruc tura l  changes result ing i n  
los t  reactivity may occur a f t e r  prolonged exposures of the 
char to  steam-hydrogen mixtures at 2lOOOF. than a t  lower 
temperatures, o r  i n  gasif icat ion w i t h  pure hydrogen. 

of formation of carbon oxides and methane, shown graphically 
i n  Figure 7, i s  more pronounced than the effect  of 
temperature on the t o t a l  gasification rate.  Since some 
carbon oxides are evolved d u r i n g  the ear ly  stages of gasifica- 
t ion with hydrogen, these data are also included f o r  comparison. 
A t  higher temperatures, the char i s  apparently more reactlve 
toward steam than toward hydrogen. However, it was not 
possible t o  quantitativelymeasure the rates of the steam- 
char and hydrogen-char reactions here, since it i s  possible 
for  some of the methane formed by the char-hydrogen reaction 
t o  undergo reforming t o  carbon monoxide and hydrogen i n  the 
gas phase or by secondary reaction catalyzed by the coal 
surface. Further work, using isotope- o r  radioactive-tracer 
techniques t o  measure these primary reactions, would be 
desirable. 

about operation of h i g h  temperature hydrogasification 
reactors w i t h  steam-hydrogen feeds. F i r s t ,  since the r a t e  
of carbon oxides formation i s  greater than that of methane 
formation above 1900'F. and i s  less below 1900°F., tempera- 
ture control should not be a severe problem i n  steam-hydrogen 
coai gasifiers.  For exampie, i f  bed ~efrip6P~ikl'eS begmi to  
increase, carbon oxide-forming reactions, which a re  
endothermic, should eventually predominate and provide an 

The effect  of temperature on the re la t ive  rates 

Several conclusions can be drawn from these resu l t s  

I 
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upper Umit on the bed temperature. If, on the other hand, 
the temperatwe began to decrease, exokhermic'methane- 
foiming reactions should eventually predomlnate and provi.de 
a lower limit on the bed temperature. Second, the reactivity 
of the char f o r  carbon oxide-forming reactions and for 
methane-forming reactions depends strongly on the carbon 
gasification level. Thus, selection of operating conditions 
for process design will also depend on the carbon gasification 
level in the reactor. 

carbon system also indicate that temperature control should 
not be a severe, problem in steam-hydrogen coal gasifiers. 
Figure 8 shows the effects of temperature, for three pressure 
levels, on the equilibrium gas composition for steam-hydrogen 
gasification of carbon. In calculating these equilibrium 
compositions, ideal gas behavior and a unit activity for 
carbon were assumed. It can be seen that as temperature 
increases, the yield of methane and carbon dioxide decreases 
and the yield of carbon monoxide increases. 
equilibrium limitations will exert a temperature-moderating 
influence on the reactions. 

The equilibrium relationships for the steam-hydrogen- 

Thus chemical 

It should be pointed out that,since the concentration 
of reaction products in the exit gas was very small in all 
tests, the relative rates of the various gasification reactions 
would probably be somewhat different under actual operating 
conditions than is shown in Figure 7. However, the approximate 
trends shown should still be valld. 

Calculations were also performed to show the degree 
of approach to the carbon monoxide shift reaction equilibrium 
in these tests. 
products in the exit gas was too small at high carbon 
gasification levels for making these calculations accurately, 
it was possible to make calculations for carbon gasifications 
below abaut 50 percent. At temperatures of 2000' and 21009. 
the equilibrium was approached quite closely, but below 20006F. 
the approach to equilibrium became progressively less with 
decreases in temperature. At 17009. the experimentally 
determined value for the ratio : 
approximately 0.55 times the equilibrium value calculated 
from thermodynamic data. 

Steam-Coal Char Reaction 

The final set of tests was conducted with pure 
steam feeds, at 1700° to 2050?., with 50-SCF per hour steam 
rates. Because of the generally lower gasification rates 
measured with steam feed gas, it was necessary to use larger, 
5-gram coal char samples so that the concentration of gaseous 
products in the exit gas would be large enough f o r  measurement 

Although the concentration of reactioa 

(COz ) (& )/( CO ( G O )  averaged 
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by existing techniques. 
also have been increased by using a lower helium sweep gas 
flow rate ,  but this would have resulted in longer holdup times 
i n  the exi t  gas system, which could came distortion of the 
rate-time relationship by 4eclanixing. Proportionately greater 
losses of dissolved carbon dioxide in the condensed steam 
with smaller sample sizes would be a further reason for  
using larger coal char sample sizes. The resul ts  of these 
t e s t s  are shown graphically i n  Figure 9. 

ship i s  somewhat different  from that with steam-hydrogen 
mixtures o r  hydrogen. Here, the rate of gasification i s  
strongly influenced by temperature a t  a l l  levels of  carbon 
gasification, and the char react ivi ty  decreases with increases 
in carbon gasification. The react ivi ty  begins t o  drop very 
rapidly for all temperatures a f t e r  about 100 t o  150 seconds 
from the s t a r t  of the run. A similar, buk less pronounced 
behavior was observed in a t e s t  a t  2100q.. w i t h  steam- 
hydrogen feed gas, which w a s  discussed ear l ie r .  These 
resul ts  would indicate that, a t  higher temperatures, the 
react ivi ty  of the char may be affected by i t s  previous gas 
environment. T h i s  loss iri react ivi ty  with steam-containing 
feed gases may apparently be countmxmimd by operation a t  
higher temperaturesyhowevw3 so th& D M s  should not be a 
serious limitation. 

The concentration of products could 

The carbon gasification-gasification rate  relation- 

f 2 0  u.s.s 
flow ra t e  
It can be 

The combined resu l t s  of t e s t s  conducted with -16, 

are presented graphically i n  Figure 10 and Figure 11. 
seen tha t  a t  lower temperatures, the rate of 

gasification with hydrogen i s  many times tha t  w i t h  steam, 
but as temperature i s  increased, the ra te  of steam gasification 
apprwa~iiw iiiai I"wr hyiuogen. 

. sieve s ize  char and at a 50-SCF per hour feed gas 

The resu l t s  of these t e s t s  do differ from those 
conducted at lower temperatures and pressures with less  
reactive feedstocks. 
at h drogen p a r t i a l  pressures below 30 atmospheres and a t  

i n  the methane formation ra te ,  (3,7,8,16), but no such "activating" 
effect  was found here. 
with previous work conducted a t  the Ins t i t u t e  (5) .  
Figure 11, it can be seen that the methane content of the 
product gas varies almost inversely with the feed gas steam 
content, a t  higher carbon gasification levels. T h i s  decrease 
i n  methane yield with increases i n  feed gas stem content may, 
of course, be pa r t i a l ly  due to  increased steam reforming of * 

product methane with increases i n  steam partial pressure 
which was discussed earlier. I n  addition, the high yields of 
carbcm mddes et h ! = w  c s ~ b o n  gssif icat ion levels  mil a t  law 
feed gas steam concentrations are par t ly  due t o  devolatiliza- 
t ion reactions which occur during the ear ly  phases of 
gasification- 

Previous invegtigators have found that, 
1300 B t o  17009., the addition of steam caused an increase 

This llesult i s  i n  agrement 
From 

The re la t ive ly  high oxygen content of this 
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* .  

coal char (10.07 wt. $), along with the fact that these carbon 
oxide-forming reactions occur very rapidly and in the very 
early stages of gasification (5) would cause the effects of 
these reactions to be accentuated. 

Other investigators have observed an iubition 
of the steam-char reactions by hydrogen when working with 
highly devolatillzed chars (3,8,16). In work done recently 
with low-temperature bituminous coal chars at 1700°F., this 
inhibiting effect was also observed during inltial stages of 
gasification (5). The results shown in Figures 10 and 11 
were studied, therefore, to see whether there was evidence 
of hydrogen inhibition of the steam-char #reactions. If a 
first order rate relationshi for the formation of carbon 
oxides by steam is assumed, t)i.e., the rate of formation of 
carbon oxides proportional to the steam partial pressure), 
the carbon oxide-formation rates per unit steam partial 
pressure were apparently no less in the tests with steam- 
hydrogen mixtures than in the tests with pure steam. This 
result may be due to experimental conditions being somewhat 
different In these tests from previous work (5). h the 
previous work with coal%har the residence times of the exit 
gas in the heated portion of the reactor were only about 
one-quarter as large as those in this work. Therefore, since 
there may have been more steam reforming of exit methane in 
these tests, inhibition by hydrogen may have been obscured. 
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Fig  5 E F F E C T O F H Y D R O G E N F E E D R A T E O N R A T E O F  
HYDROGASIFICATION O F  BITUMINOUS COAL CHAR AT 1800°F  
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