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ABSTRACT 

This work, which is part of the ANL energy program for DOE, 
is directed toward support studies for the national endeavor on. 
i n  s i t u  coal gasification. The objective of this work is to 
determine the reaction-controlling variables and reaction kin- 
etics for gasification of chars resulting when coal is pyrolyzed 
in underground gasification. The reactions being studied include 
steam-char, C02-char, H2-char, and the water gas shift reaction. 

In this report are additional kinetic data related 
to the reaction .of steam with Hanna and Wpodak subbituminous 
coals. In addition, the catalytic effects of coal mineral matter 
on the water gas shift reaction and the effects of brackish water 
on the steam-char reaction rates are discussed. 

SUMMARY 

This work has the objectives of providing engineering data for process 
control and resource evaluation for' underground coal gasification. This is 
to be accomplished by providing kinetic data for gasification of chars under 
simulated i n  s i t u  processing conditions. The coa1,samples studied are rep- 
resentative of coals at sites where field tests either are currently being 
conducted or are under consideration. Chars for gasification are prepared 
by pyrolyzing t h e  coal under conditions characheiis~lc of the Cn &tu gasi- 
fication processes.' Studies carried out this year continue the investigation 
of the reaction of steam with chars prepared from Wyodak and Hanna western 
subbituminous coals. 

At high temperatures (700-750'~); Wyodak char is 50-100% more reactive 
than is Hanna char, although at lower temperatures (600-650°C), the two have 
essentially equal reactivities with steam. . T.he apparent activation energy 
(E,) for the reaction of steam with thewyodak char varies from 53 to 
235 kJ/mol (12.8 to 56.3 kcal/mol) while,for the Hanila char,.Ea varies from 
.89 to 156 kJ/mol (21.2 to 37.2 kcal/molj , depending on the reaction tempera- 
ture and the extent of carbon conversion. The lower apparent activation 
energy'observed for the Hanna char indicates that its'average pore size is 
smaller than.that of the Wyodak char. The' reaction order.with respect to 
stea~u is greater for the Wyodak char than for the Hanna chars--undoubtedly 
also because of the differences in pore structure. The steam-char reaction 
is also severeh inhibited by hydrogel?, and this inhibition increas,es 9s a 
greater fraction of' the carbon is gasified. 



Mineral matter catalyzes. the water gas shift reaction, and thermodynamic 
equilibrium is reached at approximately 550°C. 

The alkali and alkaline earth cations present in brackish waters charac- 
teristic of western in situ gasification sites have been found to exert a 
minimal catalytic effect on the steam-char reaction. 

I. INTRODUCTION 

Current and predicted shortages of energy in this nation have led to 
increased effort to develop processes for the underground conversion of coal 
to cleaner fuels or petrochemical 'feedstocks. The concept of in situ coal 
gasification has been investigated intermittently in the U.S.A. and European 
countries since the early part of this century. Extensive testing of the 
concept has been carried out in the U.S.S.R. However, underground gasifica- 
tion development has been interrupted in the past either by war or by a+levi- 
ation of the need for gasification as a result of the discovery of extensive ' 

reserves of natural gas (as in the case of the Soviet Union). The increased 
interest in underground gasification in this country can be attributed to the 
shortage of gaseous fuels and to a number of potential advantages: 

1. Recent cost evaluations indicate that capital expenditure 
would be lower for underground gasification .than the com- 
bined expenditures for strip or deep shaft mining and above- 
ground conversion to comparable gaseous fuels by Lurgi'gas- 
ifiers. 

2. Less disruption of the environment is caused by in situ gas- 
ification than by above-ground processing. 

3 .  Coal that cannot be economically mined and utilized above- 
ground could be gasified vnderground. 

4. Personnel would no't be subjected to hazards associated with 
undergrou'nd mining. 

5. Gas produced in situ can be used for local power production 
or chemical feedstock or can be converted tu synthetic pipe- 
line gas. 

During underground.gasification of coal, three distinct reaction zones 
can be identified. In the first zone, drying and pyrolysis (devolatilization) 
of the coal occur. Following pyrolysis, a portion of .the char is gasified 
in the second zone By reaction wit11 steiilu aiid c a ~ L o u  dioxide. Carbsn.diaxide 
is produced in the third zone, where the remaining char burns by combustion 
in air or oxygen injected into.the coal seam. The combustion zone generates 
the heat for the process; the heat is carried into the other zones by the ' .  

flow of the hot gaseous.products of combustion. 

A number of different models of underground gasification have been des- 
cribed in recent literature. 1-6 All of the models ar.e currently limited in 
utility because of a lack of kinetic data for the primary reactions involving 
coals of interest for in situ gasification. The reaction of carbon with oxy- 
gen is very rapid, and differences in the physical and chemical nature of the 



chars and coals have minor effects on the rates of this reaction. However, 
chars obtained from different coals and at different pyrolysis conditions 
,vary in reactivity. Little information on these reactions is available in 
the literature for chars prepared (1) from coals important in underground 
gasification and (2) under conditions similar to those encountered under- 
ground. 

The purpose of our work at ANL is to obtain kinetic information that 
is directly applicable to mathematical models for i n  s i t u  gasification. 
These studies will allow the important processing variables in underground 
gasification to be identified. The coals being'utilized are similar to those 
used in current field tests or proposed for use in commercial underground 
gasification. The processing conditions surveyed include those expected to 
be encountered in i n  s i t u  gasification. 

The kinetics of the reaction of oxygen with carbon is not included in 
our work. As stated above, this reaction is rapid, and the results obtained 
in the mathematical models are quite insensitive to errors in the rate con- 
stants for this reaction. The reactions being studied in this program 
include : 

H20 + C + H2 + CO . 

Only the first three of the above reactions contribute directly to conversion 
of char to gaseous products. The final two reactions affect the composition 
of the product gases and are of considerable economic importance in relation 
to tailoring the product gas to the needs of various industries which would 
make use of the end products of i n  s i t u  gasification. 

Variables bcing invcotigntcd in this ~tudy include total pressure, 
reaction temperature, coal devolatilization condi,tions,.and partial pressure 
of steam. Kinetic data to be obtained include rate constants, reaction orders 
with respect to each of the reactants, and apparent activation energies. 
These parameters are to be determined for bituminous coal from the Pittsburgh 
seam and are being determined for subbituminous coals from Wyodak and Hanna 
seams of Wyoming. , .  

In this annual report, Linetic data are given for the reaction of steam 
with chars prepared.from Wyodak,and Hanna subbituminous western coals. In 
addition, the degree to which the water gas shift reaction is catalyzed by 
the coal mineral matter is discussed, as well as the effects on the steam-char 
reaction'rates of using as the source of steam the highly brackish waters 
.indigenous to the westefn subbituminous coal seams being considered for under- 
ground coal gasification. . , 



The kinetics studies are carried out in a packed-bed differential reactor 
system in which steam, carbon dioxide, and/or other reactants are blended with 
nitrogen to obtain the desired total pressure and pressures of reac- 
tants. The experimental apparatus and detailed operating procedures have been 
described in detail. 

Pyrolysis to form char is carried out immediately prior to gasification 
in the gasification reactor under conditions of pressure, heating rate, and 
sweeping gas composition similar to those encountered in underground gasifi- 
cation. The heating rate currently being used is 3"C/min up to the reaction 
temperature, the system pressure is 0.79 MPa (100 psig), and the sweeping gas 
consists of a blend of approximately 20 mol % hydrogen in nitrogen (the 
reason for selecting this gas composition is discussed below). 

111. RESULTS AND DISCUSSION 

The product gas in an ilnrl~rgrni~lnd ga~ificr consiats p~-i~lld~ily u1: hydrogen, 
carbon monoxide, carbon dioxide, methane and higher hydrocarbons, and nitrogen. 
This mixture constitutes a reducing atmosphere which sweeps through the coal 
bed during pyrolysis, immediately prior to gasification. It was our inten- 
tion to reproduce underground processing conditions during the pyrolysis 
phase of our experiments and therefore to use in our studides a sweeping gas 
that contains each of these constituents. 

However, at temperatures below approximately 700°C, the equilibrium 
constant for the reac.tion: 

2co 2 c + CO, 

is greater than one; hence, at lower temperatures there is danger of prnd~icing 
carbon by the disproportionation of carbon monoxide. We have observed that 
this disproportionation reartion is indeed catalyzed by thc coal ash and Lhe 
a-alumina packing used in our reactor system. Hence, if we were to include 
carbon monoxide in the sweeping gas during the pyrolysis phase of our gasifi- 
cation kinetics experiments, we would be adding additional carbon to the 
system. This deposited carbon would not be quantitatively determinable and 
would have to be eliminated or made negligible in order to obtain carbon bal- 
ances for our kinetics studies. Therefore, our pyrolysis reactions have been 
carried out in a reducing atmosphere consisting of only hydrogen and nitrogen. 
Our experiments have indicated that in the case of Wyodak coal, pyrolysis in 
a reducing atmosphere (20% H2, 80% N2) results in approximately ten percent 
less char being recovered following pyrolyois than when pure 11iLrvgen is 
used as the sweeping gas. However, the reactivity of char produced in the 
nitrogen-hydrogen mixture is the same as that for char produced in pure 
nitrogen. 

A. Temperature Dependence of Rate of Reaction of Steam with Wyodak Char 

The rate of reaction of steam with chars prepared from Wyodak coal has 
been measured in the temperature range, 600 to 775OC, with a partial pressure 
of steam of about 250 kPa (2.5 atm) and a total pressure of about 900 kPa 
(9 atm). In all of these experiments, the coal was pyrolyzed immediately 



prior to gasification by heating to gasification temperature, using a heating 
rate of 3"CImin in an atmosphere of 20% H2/80% N2 at a pressure of 700 kPa 
(7 atm). 

P-lots of the reaction rates us. fraction.of'carbon converted at 600, 650,. 
700, and 750°C and. a steam partial pressure of 250 kPa (2.5 atm) are shown in 
Figs. 1-4. The reaction rate unit of.measurement is grams of carbon gasified 
per hour per gram of ash-free carbon remaining, simplified to h-l. . At .600°C 
(Fig. l), it is apparent'that the fresh char is quite reactive, but this 
reactivity decreases to an approximate plateau in the conversion range from 
10 to 35%; the reactivity of the residual carbon then decreases quite rapidly. 
At 650°C (Fig. 2), the overall reaction rate is, as expected., apprec'iably 
greater than at 600°C. However, the very .high initial.reactivity.observ'ed at 
600°C is no longer apparent and the reaction rate remains fairly constant un- 
til approximately 40% of the carbon is gasified. 

; .L I 1 1 '-7-7 I 1-17 
0.C ' 1 0 . 0  20.0: 30.0 40.0 50.0 60-0 70.0 80'0 90'0 lOOi0 

CARBON CONVERTED, % 

Fig. 1. Reaction Rate us. Percent conversion 
.for Wyodak.Char at 600°C and 270 kPa 
(2.66 atm) Steam 

At higher temperatures (Figs. 3 and 4), the reaction rate for the fresh 
carbon is actually less than that for carbon which has been partially gasified. 
The most probable cause for this decreased reaction rate for fresh char at the 
higher temperatures is restricted diffusion of the steam reactant and the 
product gases through the pore structure of the char. (At 750°C, however, 
the first two data points are of questionable validity because the reaction 
rate was so high that, during the time necessary for the product gases to 
flush the reactor, the product-gas concentrations were excessively diluted 
by nitrogen.) At high temperatures, the reactivity of the carbon-is great 
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0 -0  10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0 

CARBON CONVERTED, 'lo 

Fig. 2. Reaction Rate us. Percent Conversion for Wyodak 
Char at 650°C and 262 kPa (2.62 atm) Steam 

CARBON CONVERTED, 'lo 
. . . ,  

. Fig. 3. Reaction Rate us. Percent Conversion for Wyodak 
Char at 700°C and 247 kPa (2.47 atm) Steam 



CARBON CONVERTED, O/o 

Fig. 4. Reaction Rate us .  Percent Conversion for Wyodak 
Char at 750°C and 235 kPa ( 2 . 35  atm) Steam 

enough that the pore structure must be opened before the reaction can proceed 
at its full rate. At 750°C, the reaction rate does not reach its maximum 
until approximately 65% of the carbon has been consumed, .indicating a very 
severe diffusion limitation at this high temperature. 

The high initial reaction rate observed at 600°C is probably due to the 
presence of residual hydrocarbons in the coal, resulting from the low temp- 
erature at which pyrolysis is terminated for this run. These hydrocarbons 
would undoubtedly 'be steam-gasified more readily than would the residual char. 
  ow ever, these residual hydrocarbons account for a very small ,percentage of 
the overall carbon inventory and can essentially be ignored when determining 
a reaction model. The physical and chemical characteristics of the char ob- 
tained by pyrolyzing to 600°C will be quite different from those of a char 
pyrolyzed to 800°C. The hydrogen content of the low-temperature char will be 
higher than that of, the high-temperature char. The carbon in the high- 
temperature char will have had greater .opportunity. to recrystallize, becoming 
more refractory and potentially less reactive than the low-temperature char, 
although this potentially lower reactivity is more than offset by the exponen- 
tial temperature effect on the steam-carbon reaction., 

During normal operation of an underground gasifier, the coal would nuL 
encounter temperature cycling, i.e., would not encounter temperatures during 
the pyrolysis stage higher than those at which the reaction with steam would 
occur. Although pyrolyzing our coal samples to a uniformly high temperature 
would ensure that we were studying chars having uniform reactivities, this 
would not be a realistic condition for use in modeling an underground gasi- 
fier. The reaction model derlved Iui use in i?t s i t u  gasification must in- 
clude the effects of differing char properties, and so the experimental data 
must be obtained by,,utilizing realistic pyrolysis conditions. 



The rate of reaction is plotted as a function of reciprocal temperature 
(Arrhenius plot) in Fig. 5 for the temperature range from 600 to 775OC. At. 
each temperature, reaction rates given are those following gasification of 
10% of the carbon and of 50% of the carbon. The rate at 10% carbon conversion 
corresponds to the rate for fresh char, while the rate at 50% conversion cor- 
responds to the rate for the more refractory residual char. 

The effect of diffusion limitation on the reaction rate appears in this 
plot as a flattening of the curves at higher temperatures. The decrease in 
slope at high temperatures is much more apparent.at 10% conversion than at 
50% conversion, ~u~gesting'continual opening of the pore structure during 
gasification and consequent enhancement of the reaction rate. 

Fig. 5. 'lemperature Dependence of 
Reaction Rate of Wyodak , 

Char with Steam at 250-kPa 
(2.5-atm) Partial Pressure 



. A straight line fit to most of the data points gives the solid curve 
in Fig. 5, which curve corresponds to an avera e apparent activation energy 
of 184 kJ/mol (44 kcal/mol). Taylor and Bowen' investigated the reaction 
of ,steam and carbon dioxide with '~oland seam char at atmospheric pressure. 
(The Roland seam char is very similar in reactivity to Wyodak char.) Their 
study indicated no curvature of the Arrhenius plot; however, they included 
temperatures only as high as 675OC. They also obtained a value of 184 kJ/mol 
(44 kcallmol) for the temperature range.05 their study. Their study was , 

carried out. at a lower partial pressure ,of steam, so that restricted diffu- 
sion would be expected to be a less serious problem. Earlier experiments in 
our, own study8 indicated that, at a steam partial pressure of 700 kPa (7 atm) , 
the curvature of the Arrhenius plot resulting from diffusion limitations is 
even greater than that observed at 250 kPa (2.5 atm) . 
B.. Reaction Order of Wyodak Char with Respect to 'Steam Partial Pressure 

Wyodak chars prepared by pyrolysis at 3OC/min in either nitrogen or 20% 
H2 in nitrogen were gasified at 700°C with steam at partial pressures'of 120 
to 650 kPa (1.2 to 6.5 atm). The reaction rates are plotted as a function 
of steam partial pressure in Fig. 6. At low partial pressures of steam 
[GOO kPa (13 atm)], the curve is nearly linear, with a slope of approximately 
0.85, which corresponds to a reaction order .of 0.85. At higher steam partial 
pressures, the reaction order decreases. Since underground gasification of 
coal would generally involve partial pressures of steam at the lower end of 
this range of steam partial pressures, the value of 0.85 is probably more 
applicable for use in mathematical models than the lower reaction-order 
values. 

100 . '  200 ,500 l 000 
Steam, kPa 

Fig. 6. Dependence of Reaction Rate 
of Wyodak Char oil Partial 
Pre~sure of Steam at 700°C 



C. ~nhibitibn of the Steam-Wyodak Char ~eaction by Hydrogen 

All experimental runs made in the past have.been designed to maintain . 

the partial pressures of product gases at values as low as possible. . Runs 
in which the gasification rate was extremely high (e.g., at high temperatures 
or high partial pressures of steam) gave product gases with hydrogen contents 
of 2-4 mol %, but the majority of the runs resulted in product gases with 
hydrogen contents of considerably less than 1 mol %. Inhibition of the 
steam-char reaction by product hydrogen was investigated in a series of ex- 
periments in which hydrogen was added to the reactant steam. The range of 
hydrogen partial pressures investigated included hydrogen pressures expected 
to be encountered in the current low-pressure underground field tests--i.e., 
up to approximately 100 kPa (1 atm). Four temperatures were investigated-- 
600, 650, 700, and 750°C. 

The results of these experiments are shown in Figs. 7-10. At 600°C 
(Fig. 7);hydrogen inhibition offsets the effects of the very reactive ,fresh 
char, resulting in quite a rapid decline in reartion rcrta ao the c l w r  lb: 
~u~lsurned. At /OOuC (Fig. 9), the hydrogen inhibition of the steam-char re- 
action is sufficient to obscure the effects of diffusion limitations during 
the early stages of the reaction. At 750°C (Fig. lo), the diffusion limita- 
tions are severe enough that they are apparent even at a hydrogen partial 
pressure of 75 kPa (0.75 atm). At each temperature, higher partial pressure 
of hydrogen causes the final decrease in the reactivity of the char to occur 
at a lower extent of conversion. She inhibitory effect of hydrogen is greater 
at higher temperatures and as the extent of conversion increases. 
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Fig. 7. Effect of Hydrogen Inhibition on Reaction 
of Wyodak Char at 600°C and PH = 250 kPa 
(2.5 ,atm) 2 
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Fig. 8. Effect of Hydrogen Inhibition on Reaction 
- of wyodak Char at 650°C and PH20 = 250 kPa 

(2.5 atm) 
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. .. Fig. 9. Effect of Hydrogen Inhibition on ~ e a c t i o k  
of Wyoda1c.Char at 700°C and P-- - = 250 kPs 
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Fig .  1 .  Effect of Hydrogen Inhibition on Reaction 
of Wyodak Char at 750°C and PHpO = 250 k.Pa 
(2.5 atm) 

D. Temperature Dependence of the Reaction Rate--Hanna Char 

In seven experiments, Hanna coal was pyrolyzed to char immediately prior 
to gasification by heating to gasification temperature, using a heating rate 
of 3"~/mln in an atmosphere of 202 H ~ / ~ o %  N2 at a pressure of 700 kPa 
(7.0 atm). Following pyrolysis, the char was gasified at the appropriate 
temperature, a partial pressure of steam of about 260 kPa (2.6 atrn), and a 
rota1 pressure of about 900 kPa (9 atm). 

Plots of the reaction rate us. percent carbon converted at 600, 650, 
700, and -750°C and a steam pressure 260-275 kPa (2.6-2.75 atm) are 
shown in -Figs. 11-14, respectively. At 600°C, a small fraction ('<5%) of 
the char was observed to be highly reactfve (Fig. 11). The reaction rate 
then decreased rapidly. During gasification of the next 50% of the char, 
diffusion was limited due to the micropore structure of the char, and the 
maximum reaction rate was not attained until approximately fifty percent of 
the char had been gasified. The reaction characteristics of the Hanna char 
are quite different from those observed for Wyodak char under similar oper- 
ating conditions, A, larger fra .c t ion  of the Wyodak char exhibits high initial 
reactivity, and, in the case of the Wyodak char, limitation of reaction by 
diffusion is not apparent at all at 600°C (Fig. 1). For the higher tempera- 
ture reactions of the Hanna char (Figs. 12-14), the delay before reaching the 
maximum reaction rate (due to the time necessary to-open the pore structure) 
increased and is even more apparent, as expected. 
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Fig. 11. Reaction Rate us. Percent  Conversion f o r  
Hanna No. 1 Char a t  600°C, 271 kPa Steam 
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Fig. 12.  ~ e i c t i o n '  'Rate US. Percent  Conversion for . 
Hanna No. 1 Char a t  650°c, 277 kPa Steam 
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F i g .  1 3 .  Reaction Ra te ,v s .  Percent  Conversion 
for Hanna No. 1 Char a t  700°C, 
263 kPa Steam 

0.0 ! 8 1 1 I 8 1 I I 1 

0.0 10.0 20.0 30.0 40.0 50.0 60.0 ' 70.0 80.0 90.0 
CARBON CONVERTED, % 

Fig. 14. ~ e a c t i o n  Rate vs.  Percent  Conversion f o r  
Hanna No. 1 Char a t  750°C, 274 kPa Steam 



The rate of reaction of Hanna char with steam is plotted as a function 
of reciprocal temperature (Arrhenius p-lot) in Fig. 15 for the temperature 
range, 600 to 775OC. Shown for each temperature, are the reaction rates 
after gasification of 10% of the carbon and after gasification of 50% of the 
carbon. The rate at 10% carbon conversion corresponds to the rate for fresh 
char, while the rate at 50% conversion corresponds to that for the more re- 
fractory residual char. 

t A 5 0 %  CONVERSION 
10% CONVERSION 

FIT TO IOOb CONVERSION 

Fig. 15. 

Temperature Dependence of Steam-Char 
Reaction Rate. Hanna Nu. 1. 260 kPa 
Steam. 

The apparent activation energies (Ea) for reaction of both the Wyodak 
and Hanna chars are summarized in Table 1. For both chars, the decrease in 
Ea as the temperature increases is indicative of the mfcropore dlffuslul~ , 

limitation observed for this reaction. The temperature dependence of Ea is 
more severe for the fresh char (10% carbon conversion) than for the char at 
50% conversion. This suggests that by the time 50% of the carbon has been 
gasified, the pore structure of the carbon has been opened appreciably, re- 
ducing the effects of pore diffusion on the overall reaction rate. At the 
lower temperature, the micropore structure (i.e., smaller average pore di- 
ameters) of the Hanna char has a greater limiting effect than that of the 
Wyodak char. However, at the higher temperature, the intrinsic reactivity 
of the Wyodak char is sufficiently greater than that of the Hanna char su 
that reaction is more severely limited by the pore structure of the Wyodak 
char than by the pore structure of the Hanna char. 



Table 1. Apparent Activation Energies for 
Steam-Char Reaction 

Ea at 10% 
Conversion 

Ea at 50% 
Conversion 

Wyodak 

.6OO0C 

Hanna No. 1 

600°C 

182 kJ/mol 
(43.6 kcallmol) 

53 kJ/mol 
(12.8 kcallmol) 

235 kJ/mol 
(56.3 kcallmol) 

109 kJ/mol 
(26.1 kcallmol) 

156 kJ/mol 
37.2 kcallmol) 

E. ~eaction Order of Hanna Char with Respect to Steam Partial Pressure 

Hanna chars prepared by pyrolysis at 3OClmin in 20% H2 in nitrogen were 
gasified at 70U°C in steam at partial pressures of.107 to 270 kPa (1.07 to 
2.7 a h ) .  The measured reaction rates in five experiments are plotted as a 
function of steam partial pressure in Fig. 16. The reaction rates for con- 
version of 10, 30, and 50% of the carbon are ploCLe3. In rhe case nt  the 
Haillla cl!qr, a series of parallel otraight li~les car1 he. f i e  through the points 
for the three extents nf rqsbon sonvcroion. The d u p e  ul: chese straight lines 
corresponds to a reaction order of 0.56 with respect to steam. This value is 
considerably lower than that obtained for the Wyodak char (0.85 for the same 
range of steam partial pressures, (Fig. 6)--undoubtedly, this is due to dif- 
fusion of steam being limited hy the finer potc 3eructu1-e uf L11e Hanna char. 

F. Inhibition of the Steam-Hanna Char Reaction by Hydrogen 
- -  . . 

Inhibition of the steam-Hanna char reaction by product hydrogen has been 
investigated in a series of experiments in which hydrogen was added to the 
reactant steam. The range nf hydrogen partial pressures investigated included 
those expected to be encountered in the present low-pressure underground field 
tests, i.e., up to approximately 100 kPa (1 atm). In the case of chars pre- 
pared from the Hanna coal, four temperatures were investigated--650, 700, 750, 
and 800°C. 
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Fig. 16. 

Dependence of Reaction Rate 
of Hanna No. 1 Char on 
Partial Pressure of Steam 
at 700°C. 

The results of sixteen experiments are shown in Figs. 17-20. For Hanna 
chars, hydrogen exerts the greatest inhibitory effect at low te~llperatures 
(Fig. 17, 650°C), and inhibition of the steam-char reaction by hydrogen de- 
creases markedly at high temperatures (Figs. 19 'and 20 for 750 and 800°~, 
respectively). This is in contrast to the effects of hydrogen on the reac- 
tion u f  steam with the Wyodak char (Figs. 7-10), in which even at high 
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Fig. 17. 

Effect of Hydrogen Inhibition 
on Reaction of. Hanna No. 1 
Char at 650°C. Partial pres- 
sure of steam: 250-270 kPa 
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Fig. 18. 

Effect of Hydrogen Inhibition on 
Reaction of Hanna No. 1 Char at 
700°C. Partial pressure of steam: 
240-260 H a .  
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Fig. 19. Effect of Hydrogen Inhibition on Reaction , 

of Hanna No. 1 Char at 750°C. Partial 
pressure of steam: 240-250 kPa. 
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Fig. 20. Effect of Hydrogen Inhibition on 
Reaction of Hanna No. 1 Char at 
800°C. Partial pressure of 'steam: 
240-250 kPa. 

temperatures the inhibition is great. At all temperatures except the lowest 
studied, partial pressures of hydrogen approaching 1 atm were insufficient 
to reduce the reaction rate to a level at which diffusion through the pore 
structure was no longer the limiting factor in the reaction of ,steam with 
the char. At 650°C, when a high hydrogen concentration reduced the reaction 
rate to approximately 0.03 h-l , the reaction became chemically controlled 
rather than diffusion-controlled.. In the Wyodak char, this transition from 
diffusion control to chemical control of the steam-char reaction occurred at 
a reaction rate of 0.3 h-l (Figs. 9 and lo), indicating that the pore struc- 
ture of the Wyodak char is considerably more open 'than that of the Hanna 
char. 

G. Catalysis by Coal Ash 

Many coals which wnv1.d he good candidates for underground coal gasifica- 
tion have too high an ash content for economical aboveground utilization. 
Ash in such coals, would be expected to have a catalytic effect on gasifica- 
tion reactions~accl~rring underground. The data presented below show that the 
ash in Hanna coal catalyzes the water gas shift reaction under the conditions 
expected in underground coal gasification. 



To i n v e s t i g a t e  t h i s  r e a c t i o n ,  a  s e r i e s  of experiment's i n  which carbon 
monoxide and steam were r eac t ed  a t  v a r i o u s  temperatures  (250-650°C) over  a 
bed of cha r  prepared from Hanna c o a l  was c a r r i e d  out  i n  t h e  following.manner: 
The cha r  was prepared by hea t ing  t o  a  tempera ture .of  600°C a t  a  hea t ing  r a t e  
of 3OC/min. Th i s  p y r o l y s i s  was c a r r i e d  ou t  i n  a  reducing gas  mixture con- 
d i d t i n g  of 20% H2 i n  n i t rogen .  The o v e r a l l  p r e s su re  was 0.76 MPa (100 p s i g ) .  
The temperature was l i m i t e d  t o  600°C dur ing  p y r o l y s i s  i n  o rde r  t o  minimize 
chemical  changes t h a t  might occur  i n  t h e  minera l  mat te r  of t h e  coa l .  On t h e  
o t h e r  hand, a t  600°C, most of t h e  hydrocarbon decomposition would have occur- 
r e d ,  so  t h a t  a  c l ean ,  r e l a t i v e l y  hydrocarbon-free char  would be exposed t o  
t h e  steam u t i l i z e d  f o r  t h e  r e a c t i o n  s tudy.  

Following p y r o l y s i s ,  t h e  temperature was reduced t o  t h e  d e s i r e d  va lue ,  
and 0.13 MPa (1.33 atm) steam was introduced i n t o  t h e  r e a c t o r  a long wi th  
60 kPa (0.6 atm) carbon monoxide; The ba l sncc  of the gas  was n i t rogen ,  and 
t h e  t o t a l  system p res su re  was 0.76 MPa (7.6 atm). The con tac t  t ime of t h e  
gas  mixture  i n  t h e  cha r  bed ranged from 1.1 s a t .500°C t o  1 .6  s a t  250°C. 
A f t e r  u t i l i z a t i o n  of t h e  f r e s h  c h a r ,  15% of t h e  carbon was s t e a ~ ~ ~ - g a s : l f l ~ d  
away ~t GOO°C, aid then t h e  s h i t t  r e a c t i o n  was s tud ied  a t  lower temperatures  
(400-250°C). The purpose of the g a s i f i c a t i o n  s t e p  was t o  expose more of t h e  
mine ra l  ma t t e r  a t  Che s u r f a c e  of t h e  char  p a r t i c l e s .  Af t e r  t h e  s h i f t  reac- 
t i o n  rates were rn~asl lred f o r  t h e  char  frois, w l l i c l ~  15% of rhe carbon had bee11 
removed, a n  a d d i t i o n a l  6% of t h e  char  was s team-gasif ied and t h e  s h i f t . r a t e s  
were measured aga in .  

The r e s u l t s  of t h e s e  s t u d i e s  a r e  shown i n  Fig. 21. The kp v a l u e s  f o r  
t h e  s h i f t  r e a c t i o n  over  f r e s h  char  a r e  apprec iab ly  lower than  rhnse f o r  t h e  
p a r t i a l l y  g a s i f i e d  cha r ,  bu t  t h e  k  d i f f e r s  l i t t l e  a f t e r  15 and 21% carbon 
removal. I n  Fig. 21, t h e  e x t e n t  OF t h e  s h i f t  r e a c t i o n  as a  func t ion  of 
tempera ture  i s  compared wi th  t h e  thermodynamic equ i l i b r ium curve.  Once an 
a p p r e c i a b l e  amount of t h e  carbon has  been g a s i f i e d  from t h e  r h a x ,  t h e  reac-  
Livn approaches the'modynamic equ i l i b r ium i n  Lhe temperature range of 500 t o  
600°C. The po in t  p l o t t e d  f o r  Wyodak cha r  a t  650°C was c a l c u l a t e d  from d a t a  
obta ined  i n  an e a r l i e r  g a s i f i c a t i o n  run  i n  which carbon monoxide was observed 
i n  t h e  product  gas ,  pe rmi t t i ng  c a l c u l a t i o n  of a n  equ i l i b r ium va lue .  This  
p o i n t  confirms t h a t  t h e  r e a c t i o n  i s  indeed a t  equi l ibr ium a t  650°C, f o r  a  
c o n t a c t  t ime of t h e  gas  w i th  t h e  char  on t h e  o rde r  of 1 s. 

H. . E f f e c t s  of Brackish Water on G a s i f i c a t i o n  Kine t i c s  

The water i n  the  a q u i f e r s  i n  t h e  a r e a  of t h e  IIanna underground c o a l  gas- 
i f i c a t i o n  f i e l d  t e s t  i s  q u i t e  brackish .  A t y p i c a l  chemical a n a l y s i s  01 water 
ob ta ined  from t h e  Hanna No. 2 c o a l  seam i s  as f o 1 . l . n ~ ~ : ~  

N a  

K 

Ca + Mg 
- 

H C O ~  + ~ 0 3 ~ -  

sok2- , 

c1- 
pH 

T o t a l  Dissolved S o l i d s  
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Fig. 21. Catalysis of the Water Gas Shift 
Reaction by Coal Mineral Matter 
(Hanna No. 1 Char). 1.0-1.5 s 
Contact Time. 
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There are numerous reports in the literature that impregnation of coal 
with alkali or alkaline earth cations sometimes enhances the rates of gasi- 
fication reactions with the coal. Hence, the unavoidable use of brackish 
water for underground coal gasification may in tact enhance ehe kinet ics  ul: 
the gasification reactions. 
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a-HANNA NO. I 

- 
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Two solutions were prepared simulating the brackish water. One solution 
contained approximately the-above listed concentrations of impurities, and 
the other contained about five times the above concentrations. Calcium chlo- 
ride (CaCl?), sodium sulfate (Na2S04), potassium carbonate (K2C03), and sodium 
bicarbonate (NaHC03) were dissolved in distilled water to obtain the following 
concentrations: 



A smal l  amount of p r e c i p i t a t e  was observed i n  t h e  prepared s o l u t i o n .  
This  p r e c i p i t a t e  was resuspended p r i o r  t o  impregnation i n t o  t h e  coa l .  The 
s o l u t i o n  pH w a s  8 . 3 .  No adjustment  of t h e  pH was made. The pH of t h e  more 
concent ra ted  s o l u t i o n  was 8.2. 

A sample of Hanna No. 1 c o a l  was crushed and washed i n  b o i l i n g  d i s t i l l e d  
water s e v e r a l  t imes  t o  remove any s o l u b l e  s a l t s  a l r eady  i n  t h e  coa l .  A por- 
t i o n  uf t h i s  washed 'coa l  was g a s i f i e d  t o  o b t a i n  a  base l i n e  r e a c t i o n  r a t e .  
Ten grams of t h i s  washed c o a l  was oven-dried, then  impregnated wi th  1 .0  mL 
of t h e  s imulated b rack i sh  water s o l u t i o n .  The c o a l  completely absorbed t h i s  
s o l u t i o n ;  no excess  l i q u i d  dra ined  o f f .  Likewise, a  sample of t h e  washed 
c o a l  w a s  d r i e d  and then  impregnated wi th  t h e  f ive-fold-concentrated s o l u t i o n .  
Each of t h e s e  impregnated ,coa l  samples was then  g a s i f i e d .  

P y r o l y s i s  w a s ' c a r r i e d  ou t  i n  202 ~ ? . / 8 0 X  N2 with a hpntdlag race of 
3OC/1nin up ru g a , s i f i c a f i o n  te,mperature,  and our  s tandard  g a s i f i c a t i o n  reac-  
t i o n  cond i t i ons  were used, i.e., 700°C, and 2.5-atm steam, The r e s u l t s  of 
t h e s e  runs  a r e  summarized i n  Fig. 22.  Impregnatj-on of t h e  washed c o a l  w i th  
t h e  s i~ l~u l l a t ed  b rack i sh  water appears  t o  enhance t h e  rate of r e a c t i o n  of steam 
wi th  t h e  cha r  by t e n  t o  f i f t e e n  percent .  Th i s  small  enhancement of t h e  reac-  
t i o n  r a t e  may no t  be s i g n i f i c a n t  because very  small  samples of t h e  c o a l  were 
g a s i f i e d . i n  each run and normal v a r i a t i o n s  i n  t h e  c o a l  C U L I I ~ W S ~ ~ ~ O ~  can g ive  
c h i s  much v a r i a n c e  i n  t h e  measured r e a c t i o n  r a t e .  The e f f e c t s  of s ing le- fo ld  
and f ive - fo ld  concen t r a t ions  d i f f e r e d  l i t t l e ,  a l s o  sugges t ing  t h a t  t h e  ob- 
served enhancement may not  be s i g n i f i c a n t .  
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Fig. 22. E f f e c t  of Brackish Water on ~ t e a m l ~ h a r  G a s i f i c a t i o n  
Rate.  Hanna No. l , C h a r ,  700°C, 0.25-MPa (2.5-atm) 
Steam. 



It is not unreasonable to expect minimal effects of brackish water on 
the reaction rate for a coal having the characteristics of Hanna No. 1. The 
core sample of Hanna coal that we are studying contains 17% ash on an as- 
received basis. Thus, the char remaining after pyrolysis contains 32% ash. 
When even five-fold concentrated simulated brackish water is' added to this 
coal, the amount of inorganic material added is a rather small percentage 

, of the total inorganic matter in this coal. 

The possibili.ty still exists that.for chars that have a lower ash con- 
tent than Hanna char, the brackish water may affect the rate of reaction of 
steam. We will obtain a sample of such a coal (a subbituminous coal) and 
repeat these experiments with it. 

REFERENCES 

1. C . F. Magnani, Mathematical Foundations for the Process of Underground 
Gasification of Coal, PhD thesis, Pennsylvania State University, 
State College (1975). 

2. S. M. Farouq-Ali, Computer Simulation and Economic Optimization of 
Underground Gasification of Coal, Annual Report, U.S. Bureau of Mines, 
Grant No. G0133094. 

3. W. K. Sawyer and L. F. Shuck, Numerical Simulation of Mass and Energy 
Transfer i n  the Longwall Process of Underground Gasification of Coal, 
presented at Fourth Symposium of Numerical Simulation of Reservoir 
Performance of the Society o£ Petroleum Engineers of AIME, Los Angeles, 
Feb. 19-20, 1976, Paper No. SPE 5743. 

4. C. B. Thorsness and R. B. Rosze, Laurence Livermore Laboratory.In S i tu  , 

Gasification Program: Model Calculations and Laboratory Experiments, 
presented at the 1976 Annual Technical Conference and Exhibition of 
the Society of Petroleum Engineers of AIME, New Orleans, Oct. 3-6, 1976, 
Paper No. SPE 6182. 

5. 0. D. Gunn and D. L. Whitman, An In S i tu  Coal Gasification Model 
(Fornard Mode) for Feasibi Z i t y  Studzes and Design, Laramie Energy 
Research Center Report LERCIRI-7612, Laramie, Wyoming (1976). 

6. A. M. Winslow, Numerical Model of Coal Gasification i n  a Packed-Bed, 
Lawrence' Livermore Laboratory Report UCRL-77627 (1976). 

7. R. W. Taylor and D. W. Bowen, Rate of Reaction of Steam and carbon 
Dioxide with Chars Produced from Subbituminous Coals, Report UCRL-52002 
(Jan. 16, 1976). 

.- 8. J. Fischer, J. E. Young, R. N. Lo, D. C. Bowyer, J. E. Johnson and 
A. A. Jonke, Gasification o f  Chars Produced Under Simulated In S i tu  
Processing Conditions, Annual Report, for the period October 1975 t o  
September 1976, Argonne National Laboratory Report ANL-76-131 (Dec. 
1976). 

9. D. D. Fischer, Laramie Energy Research Center, private communication 
(1975) ; 



Distribution of ANL/CEN/FE-79-1 

Internal: 

W. E. Massey 
J. Fischer 
W. Podolski 
A. A. Jonke 
D. S. Webster 
L. Burris 
A. Tevebaugh 

S. Wong 
G. M. Kesser 
P.  R. Fields 
J. Royal 
J. E. Young (20) 
J. E. Johnson 
L. Cuba 

External: 

DOE-TIC, for distribution per UC-90c (278) 
Manager, C l ~ i ~ d g u  Operation$ and Kegional Office, DOE 
Chief, Office of Patent Counsel, DOE-CORO 
PI esident, Argonne Universities Association 
Chemical Engineering Division Review Cornmittec: 

C. B. Alcock, U. Toronto 
R. C. Axtmann, Princeton U. 
R. E. Balzhiser, Electric Power Research Inst. 
J .  '1'. Banchero, U. Notre Dame 
T. Cole, Ford Motor Co. 
P. W. Gilles, U. Kansas 
R. I. Newman, Allied Chemical Corp. 
G. M. Rosenblatt, Pennsylvania State U. 

S. Akhtar, Pittsburgh Energy Technology Center (6) 
S. Alpert, Electric Power Research Inst. 
C. Bagge, National Coal Association, Washington 
J. S. Ball, Bartlesville Energy Technology Center 
R. M. Boyd, Laramie Energy Technology Center 
C. F. Brandenburg, Laramie Energy Technology Center 
J .  A. Brooks, Amnco Oil Co., Napervillc, Ill. 
E. L. Burwell, Div. of Fossil Fuel Extraction, USDOE/FE 
J. Butt, Northwestern U. 
G. W. Douglas, U. Alabama 
V. Dranoff, Northwestern U. 
T F Edgar, U. Texas at Austin 
D. Fischer, World Energy, Inc., Laramie 
J. F. Flagg, Universal Oil Products Co. 
P. Fulton, U. Pittsburgh 
R. Giberti, Kennccott Copper Corp., Lexington, Mass. 
R. Gunn, Laramie Energy Technology Center 
0. J. Hahn, U. Kentucky 
R. G. Hickman, Lawrence Livermore Lab. 
G. Hill, Electric Power Research Inst. 
J. Jennings, Texas A&M U. 
W. S. Jones, Div. of Fossil Fuel Processing, USDOE (3) 
G. Long, Northern Illinois Gas Co., Aurora, Ill. 
R. M. Lundberg, Commonwealth Edison Co., Chicago 
P.  S. Lykoudis, Purdue U. 
J. W. Martin, Morgantown Energy Technology Center 

J. W. Simmons 
H. Huang 
S. Lee 
A. B. Krisciunas 
ANL Contract 'File 
ANL Libraries (5) 
TIS Files (6) 



M. D. McKinley, U. Alabama 
G. A. Mills, Div. of Planning and Systems Engineering, USDOE 
J. Nichols, Oak Ridge National Lab. 

. J. Pasini 111, Morgantown Energy Technology Center 
W. H. Peters, Massachusetts Inst. of Technology 
A. A. Pitrolo, Morgantown Energy Technology Center 

8 

J. W. Ramsey, Div. of Fossil Fuel Extraction, USDOE/FE 
B. Rubin, Lawrence Livermore Lab. 
P. Russell, Denver Mining Research Center 
A. F. Sarofim, Massachusetts Inst. Technology 
J .  G. Savins, Mobil R&D Corp., Dallas 
F. Schora, Inst. of Gas Technology, Chicago 
L. A. Schrider, Morgantown Energy Technology Center 
A. P. Sikri, Div. of Fossil Fuel Extraction, USDOE/FE (2) 
S. J. Spataro, Lawrence Livermore Lab. 
M. Steinberg, Brookhaven National Lab. 
D. R. .Stephens, Lawrence Livermore Lab. . 

. K. Street, Lawrence ~ivkrmore Lab. , 
L. D. Strickland, Morgantown Energy Technology Center 
Tetra Tech, Inc., Arlington, Va. 
U. S. Bu. Mines, Director, Pittsburgh 
N. Vanderborg, Los Alamos Scientific Lab. 
C. W. Whitten, Peabody Coal Co., Columbia, Tenn. 
W. Wiser, U. Utah 
D. Zallen, Energy and Environmental Research Corp., Santa Ana 
S. H. Zukor I I ,  Iliv. of Fossil Fuel Extraction, USDOE/FE 




