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' ABSTRACT

This work is directed toward support studies for the national
program for the development and demoristration of in situ coal gas-
ification processes. The objective of this work is to determire
the reaction-controlling variables and reaction kinetics for the
gasification of chars obtained by pyrolyzing coal in simulated
underground gasification conditions.. The reactions being studied
and to be 'studied include steam-char, COp-char, Hz—char, the water-
gas shift reaction, and the methanatlon reaction.

In this report-are presented data regarding the kinetics of
the reaction of steam with chars prepared from Pittsburgh seam
high-volatile bituminous coal. In addition, a reaction model is
described correlating the steam-char reaction rates measured
earlier for Hanna subbituminous coal with operating conditions
including temperature, partial pressures of steam and hydrogen,
and extent of carbon gasification. Partial results are presented
and discussed for an inveéstigation of -structural parameters of

'Hanna char as a function of pyrolysis conditions and extent of
carbon gasified. :

SUMMARY

This work has the objectives of providing engineering data for process
control and resource evaluation for underground coal gasification. Kinetic
data for gasification of chars under simulated Zn situ processing conditions
are provided. The coal samples studied are representative of coals at sites.
where-field tests either are currently being conducted or are under consid-’
eration. Chars for gasification are prepared by pyrolyzing the coal under
conditions characteristic of the tn situ gasification process.

‘ The reaction of steam with chars prepared from Pittsburgh seam high—
volatile bituminous coal was determined for the temperature range, 700 to
850°C, and partial pressures of steam of 70-500 kPa (0.7-5 atm). 1In order
to counteract the coklng properties of this coal during pyrolysis, the coal
was crushed to 30 mesh and, diluted with three times its volume -of 30 mesh

-alumlna before being placed in the reactor. The reaction of steam with
Pittsburgh char at lower temperatures (v700°C) is approximately one otder
of magnitude slower than had been determined earlier for chars from Hanna
subbituminous coal, and at higher temperature (+850°C), Pittsburgh char is
about one-third as reactive as Hanna char. Extensive micropore diffusion



limitations are observed with the diluted Pittsburgh char. At low temper-
atures (v700°C), this effect has about the same magnitude as the western
subbituminous coals, as evidenced by the similarity of the apparent acti-
vation energies; E, at 700°C, -44.9 kcal/mol for the Pittsburgh char and
-43.5 kcal/mol for the Wyodak char. At high temperatures (v850°C), the
apparent activation energy for the Pittsburgh char is -18.0 kcal/mol. This
indicates that the steam-carbon reaction is very severely diffusion-limited--
much more than was observed for either the Hanna char or the Wyodak char. .
The reaction of steam with the Pittsburgh char is very close to first order
in steam for the range of steam partial pressures investigated.

A rate expression has been derived in which experimentally determined
rates of reaction of steam with Hanna char have been correlated with the
operating variables in the ranges of interest for in situ gasification.
This expression has the form :

0.59p0.56
kXC PHZO

r, = -
L + KPj
2
where
r. = rate of gasificatibn of the ash-free carbon, h-!
Xc = fractionAof ash~free carbon gasified'

k = reaction rate constant = 2.04 x 10“ exp (- 25940/RT),
kpa=0-56 p-1

Py,0 = partial pressure of steam, kPa
K = adsorption rate constant = 8.87 x 10713 eip (38350/RT), kPa~2

PH2 = partial pressure of hydrogen, kPa

This expression fits the experimental data with a maximum deviation of ap-
proxiwalely 30%. The greatest errors occur at high temperatures.

Earlier studies with western subbituminous coals indicated that reaction
‘rate is strongly dependent on the amount of carbon removed from the char. .An
investlgatlon has been initiated to determine ‘the pore structure and surface
area of chars as a function of carbon removal. At 750°C, removal of 65% of-
the carbon from Hanna char has been found to increase its surface area six-
fold Simultaneously, the volume of pores having diameters greater than
60 A increases approximately fourfold and the reaction rate increases approx—
imately threefold. This work is not yet complete, but it is planned to use
this dinformation 'in obtaining an improved correlation of reaction rate with
extent of carbon gasification. : :
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I. INTRODUCTION

Current and predicted shortages of gaseous fuels in this nation have
led to increased effort to develop processes for the underground conversion
of coal to cleaner fuels, either for combustion or for use as 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 gasification development has been interrupted
in the past either by war 6r by alleviation of the need of such technology
due to the discovery of extensive natural gas reserves, as in the case of
the Soviet Union. The increased interest in underground gasification in
this country can be attributed to rapidly declining reserves of inexpensive
natural gas and the search for alternative sources of gaseous fuels for
industries which cannot be converted economlcally from gaseous to solid fuel
feeds. , .

During gasification of coal underground,’ three distinct reaction zones
can be identified. In the first zone, there is drying and pyrolysis (devol-
atilization) of the coal. Following the pyrolysis zone is the reduction
zone where a significant portion of the char produced in the devolatilization
zone is gasified. Major reactions here are the reactions of char with steam
and carbon dioxide. Carbon dioxide is produced in the third zone by combus-
tion of the remaining char in air or oxygen injected into.the coal seam. The
heat for the process is generated in the combustion zone and is carried into
other -zones by the flow of the hot gaseous products of combustion through
pores and fissures generated in the coal during pyrolysis. :

The characteristics of various reactions in in situ gasification pro-
cesses are very important. An understanding of them is éspecially important
if in situ gasification is to be employed to produce a variety of products
and if a variety of coal sources is to be used. Petrochemical feedstocks,
combined cycle power generation, and pipeline gas production will require
gases of different compositions, and each application could make good use

of products of in situ.gasification.

.In addition to studies relating reaction behavior to subsequent product
gas compositions, global mathematical models must be developed to permit (1)
calculation of the efficiencies of the process, (2) prediction of the rates
of movement of the various reaction zones during in situ gasification, (3)
specification of optimum process configurations and parameters, and (4) pre—-
diction of the effects of processing upsets (e.g., massive subsidence into
the reaction zone). For a'model to be useful, it should be capable of des-
cribing the time and spatial dependence of the gasification processes as they
occur underground. Furthermore, effective mathematical models can be used
to determine how variables such as air injection rate, water infusion, and
steam partial pressure can be adjusted to tailor the product to the needs
of the consumer. Not all of those capabilities have yet been included in
current models for im situ gasification, but refinements will be made to
permit the global models to be used to meet these as well as other goals.

All of the global mathematical models are currently llmlted in ut111ty
because there is a lack of kinetic data for the primary reactions involving

~coals of interest for in situ gasification. The ;eactlon_of carbon with -



oxygen 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 Ccoals and at different pyrolysis.
conditions by in situ pyrolysis with steam carbon 'dioxide, or hydrogen vary
in reactivity.  Little information on these reactions is available in the
literature for chars prepared (1) from coals important in underground gasi-
fication and (2) under conditions similar to those enc0untered underground

The purpose of our work at ANL is to obtain kinetic information that -
"is directly applicable to mathematical models for im situ 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 1nclude those expected to
be encountered in %in sttu gasification,

The k1net1cs 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: — - ' ‘ ‘ '

Hy0 + C X Hy + CO
Co, + C 2z 2C0

2H, + C Z CHy

H,0 + CO T H, | COy
3H, + CO Z CHy + Hy0

Unly 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 whlch would
make use of the end products of in situ ga31f1cat1on. ¢

Variables being investigated'in this study include total pressure, .
reaction temperature, coal devolatilization- conditions, and partial preceurc
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 being determined for bituminous coal from' the Pittsburgh
seam and have been determined for subbltumlnous coals from Wyodak and Hanna
seams of Wyoming.

In this annual report, kinetic data for the reaction of steam with chars
prepared from Pittsburgh seam high-volatile bituminous coal are presented.
Also discussed is a reaction model currently proposed for correlation of data
obtained using Hanna subbituminous coals. The reaction rate data have been
reported in earlier reports of this series. Also included are the results of
a study with Hanna char relating the pore structure and surface area of thlS
char to extent of gasification.



- II. EXPERIMENTAL

The kinetics studies are carried out in a -packed bed differential reac-
tor in which steam, carbon dioxide, and/or other reactants are blended with
" nitrogen to obtain the desired total pressure and partial pressures of reac-
tants. The experlmental apparatus and general operating procedures have
been described 1n deta1l 1 :

Pyrolysis of "thé char is carried out Just before ga31f1cat10n in the
ga31f1cat10n reactor under conditions of pressure, heating rate, and sweep-
ing gas composition similar to -those encountered in underground gasification. .
Because of its coking properties, the Pittsburgh.seam coal is dlluted with
three parts by volume of a-alumina as is discussed below.

The Pittsburgh‘coal is crushed to -25 +35 mesh and is mixed with thé

. 30-mesh alumina before placement in the reactor. This procedure differs
from that used in the earlier studies with Western subbituminous coals, in
which the coal was crushed to -4 +12 mesh and placed directly in the reactor
without dilution. Pyrolysis conditions used here were similar to those used
for the subbituminous coals: 3°C/min heating rate up to the reaction temp-
erature, a total system pressure of approximately 800 kPa (100 psig), and a
sweeping gas cons1st1ng of 20% hydrogen in n1trogen flowing at a rate of
1.0-1.5 L/min STP.



III. RESULTS AND DISCUSSION

A. Steam—-Char Reaction Kinetics--Pittsburgh Seam Coal

If a coking coal such as Pittsburgh coal is pyrolyzed in our reactor
system without inert diluent, interparticle contact during pyrolysis results
in fusion of the coal into a solid mass and accessibility of steam to the
char is severely limited. - At approximately 400°C, the coal becomes very
plastic and begins to fuse. 1In our reactor, this results in an increase of
pressure drop across the coal bed. By the time the reactor has heated to
525°C, gas flow through the bed has decreased to <10% of. the orginial value
with occasional complete blockage of gas flow. At about 550°C pyrolysis of
- the liquid phase proceeded to the extent that the fused mass began to shrink
away from the walls of the reactor tube, permitting unrestricted gas flow .
around the perimeter of the single lump of coke. This shrinkage continued
throughout pyrolysis until -the tinal temperature for reaction was reached.

-

Because of this shrinkage channeling of the reactant steam around .the
coke was extensive with very little of the steam passing through the mass.
In effect, reaction is primarily limited to the outer surface of a large
single particle of coke; hence, the apparent reaction rate is considerably
less than that expected for very small char particles. The purpase of the
a-alumina is to prevent interparticle contact during the pyrolysis phase of
the experiment and thus prevent formation of a single mass of coke. Adding
the inert diluent probably gives a better approximation of the intrinsic
kinetics for the Pittsburgh char, for which the only diffusion limitations
to reaction would be internal and would depend on the particles' actual pore
size distribution. Since isolation of coal particles would not be encoun-
tered in actual underground conversion of a coal having a high swelling .index,
the mass transport limitations occurring underground due to swelling of the.
coal would have to be characterized and be included in.the global mathematical
model to predict the appropriate profile of partial pressures of steam and
reaction products. This predicted profile of reaction conditions could then
be combined with the intrinsic kinetic data to form a physically realistic
reaction model for simulation.

In Figs. 1-4 are plots of the rates of reaction of steam with diluted
char prepared from Pittsburgh bituminous coal 'in the temperature range of
700-850°C and with a partial pressure of steam of approximately 230 kPa
(2.3 atm). At 700°C (Fig.' 1), only a very small fraction of the char reacts
with the steam and by the time 20% of the carbon has ‘been gasified, the
reaction rate has decreased to an insignificant value. A similar phenomenon
had been observed in the case of both Wyodak and Hanna Western subbituminous
coals at low reaction temperatures.? With these lower rank coals, approxi-
mately 5% of the char exhibited a relatively high reactivity at 600°C, while
the remaining char exhibited a reduced, but measurable rate.

The reaction rate of Pittsburgh char with steam at 600°C was too low to
permit accurate determination. Consequently, the lowest temperature for out
data analysis is 700°C. It should be noted that even at 700°C (Fig. 1), the
residual char after 20/ gasification was so unreactive that the reaction
rate could not be measured.
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Fig. 1. ‘Reaction Rate with Steam vs.
Percent Carbon Conversion
for Diluted Pittsburgh Seam
Char. 700°C, 230 kPa '
(2.3 atm), Steam.

At 750°C (Fig. 2), the reaction rate vs. carbon conversion plot is
completely different from the Fig. 1 plot. There is no high initial: reac-
tivity, as had been observed at 700°C (Fig. 1). In addition, slow-opening
of the pore structure of the char .that had been observed for the Western
chars? did not o¢eur with the Pittsburgh char., "By the time 15% of the carbon
had been ga31f1ed ‘the reaction rate reached a maximum; next, there was a

‘f very slow decrease in reaction rate until seventy percent was gasified; then

the rate decreased rapidly. At higher temperatures (Figs. 3 and 4), the
reaction rate reached a maximum at about 20% carbon conversion and remained
relatively constant (within a *30% band) until nearly all of the carbon was
consumed
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Fig. 2. Reaction Rate with Steam vs. Percent
Carbon Conversion for NDiluted
Pittsburgh Seam Char. .750°C,
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Fig. 3. Reaction Rate with Steam vs. Percent Carbon Conversion
for Diluted Pittsburgh Seam Char. 800°C, 230 kPa
(2.3 atm), Steam.
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. Fig. 4. Reactioanate with Steam vs. Percent Carbon
Conversion for Diluted Pittsburgh Seam Char.
850°C, 230 kPa (2.3 atm), Steam.

The temperature dependence of the reaction rate for steam with the
Pittsburgh seam char is shown in Fig. 5. The solid curve corresponds to
the data obtained for coal diluted with alumina. For each temperature,
the rates at 10, 20, 30, and 50% carbon conversion are plotted. The slope
of the Arrhenius curve for this char does not show the dependence upon ex-
‘tent of carbon conversion which was observed earlier with the Western coals.?
This is consistent with the different shapes of the reactlon rate vs. carbon
conversion curves- (Figs. 1-4) dlscussed above. '

ExtensiVe'limitations to'the.steam—carbon,reaction caused by slow micro-
pore diffision are observed with the diluted Pittsburgh char. At low tempéer-
atures, this effect is quite small, the apparent activation energy (Ea) being
-44.9 kcal/mol}: at 700°C. This value closely approximates the value obtained
for the Wyodak subbituminous coal (E; = -43.5 kcal/mol).?

At ‘high temperatures (v850°C), the apparent activation energy for- the
diluted Pittsburgh char is -<18.0 kcal/mol, indicating that the steam/carbon
reaction is severely diffusion-limited--much morée than was observed for _
either the Hanna char or the Wyodak char. Apparently, the micropore’ struc-
ture of thé Pittsburgh bituminous char does not open up as readlly as that
of the Western subbltumlnous chars. : . '

In summary, the reaction of steam with the Plttsburgh char at lower
_temperatires'is approximately one’ order of magnitude slower than for the
Hanna char; -at higher temperatures, the Pittsburgh char is about one-third
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and 230 kPa Steam.

as reaLlee with steam. The reason for this differcnce is most probably
31gn1f1cant differences in the phy31cal structures of the two ranks of coal.

In order to investigate the effects of the dlumina dilution upon anr
dala, 4 shore serfies of runs was made without alumina. Pittoburgh coal
crushed to -25 +35 mesh was placed in the reactor and pyrolyzed under our .
standard conditions, permitting a single lump of cokec to forw lu Lhe Teactor)
there was a high degree of channeling of steam during gasification. The ap-
parent reaction rates for the undiluted coke were determined at 850, 800,
and 700°C and are shown in Fig. 5. With this experimental procedure, the
reaction rate was approximately one-third that observed with the diluted
char. In addition, the temperature dependence was somewhat less than that
for the diluted chdr. The data also indicated a dependence of E5; upon. the
extent of carbon conversion, similar to that observed for the Western sub-
bituminous coals, although 1nsnff1c1ent data were obtained to make a defi-
nite conclusion.

The reactor configuration used in this study.of undiluted char is most
likely a rather poor simulation of actual processing conditions for inm situ

gasification. Nevertheless, measurements from this experlmental series  should
provide an estimate of the extent to which reaction rate is limited by bulk
mass transfer diffusion in a coking coal.
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Figure 6 shows the dependence of the rate of reaction on the partial
pressure of steam. This experimental series was carried out with the 'steam -
pressure ranging from 86 to 470 kPa (0.86 to 4.6 atm). The log)g'of the
reaction rate is plotted as a function-of the log)g ‘of the steam partial
pressure for 10 and 50% carbon conversion: A slope of this logarlthmlc plot
would y1eld the reaction order with respéct to steam.
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Fig. 6. Dependence of Reaction.Rate on
: Partial Pressure of Steam.
Pittsburgh Seam Char. 800°C.
_ The solid line corresponds to
- first order dependence.

4

For the range of steam partial pressures studied, reaction with steam
is approximately first order for the Pittsburgh seam coal (line in Fig. 6).
~This contrasts with a reaction order of 0.85. measured for the Wyodak coal
"and 0.56 measured for the Hanna coal ‘in the same range of steam partial
pressures. The reaction order decreased to nearly zero at high steam par-
‘tial pressures in the case of the Wyodak coal, and there are indications
that the same trend would exist with the Pittsburgh seam coal.

The range of partial pressures of steam studied for the three coals
above is in approximately the range expected for actual underground gasi-
fication. If necessary, extrapolation of these data to lower partlal pres—
sures of steam would be permitted because the reaction order appears to be
quite similar .in all. three cases.- Extrapolatlon to higher partial pressures,
however, would be very inadvisable because the reaction order might decrease
at ‘these higher pressures. For the relatively shallow, low—pressure fleld



12
v .

operations currently under way and envisioned in the near future, it is
-highly unlikely that the partial pressure of steam would increase above
3 atm, except possibly in very localized areas of rapid water intrusion.
On the average, across the entire reaction front, the partial pressure of
steam would probably be 1 atm or less.- :

Figure 7 shows the inhibitive effect of hydrogen on the steam-char
reaction at 800°C for Pittsburgh char.. The reaction rate was measured at
30% carbon conversion with a partial pressure of steam of 2.35 to 2.50 atm.
Data for the Hanna coal char at the same operatlng condltlons are also pre—
sented to allow comparison. :

| 4— = T T
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i | o
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2 ek OHaNNACHAR ]
I ' .
w
[ 4
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L [

. w
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H PARTlAL PRESSURE OF HYDROGEN, kPa

Fig. 7. Hydrogen  Inhibition  of the
- 'Steam-Char Reaction. .
. 800°C, 30% Carbon Conver-
' glon, 235-250 kPa 3team.

Additional data regarding inhibition by hydrogen of the reaction of
steam with Pittsburgh char -must be obtained.. The reaction rates and con-
centrativus uf product gases are so low that it was necessary to upgrade
the gas analytical system in our experimental reactor for accurate measure-

ment. This has now been completed, and these data will be obtained sgoon.
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" B. - Modellng of the Steam—Char Reactlon for Hanna Coal

When steam reacts with char, it is- generally accepted that the prlmary
reactlon is:
‘G + Hy0'= CO + Hp 7 ‘ (1)

Any carhqn dioxide produced in the system is attributed to the water-gas:
shift reaction:

€O+ HZO = co2 + H2 - : ()

ThlS CO, may subsequently react w1th the char to form carbon monox1de as
.followsr - . R . .

C +.C0, = 2C0 , L 3

Methane is also produced in small but measurable .quantities: The main’
_reactions for its formation are believed to be

‘ L ' . C+ 2H, = CH, B - (4)

CO + 3H, = CH, + Hy0 . (5)

However, the above two reactions generally occur so slowly that they do. not
make a significant contribution to overall gasification rate.

0f the above-mentioned five reactions, only reactions 2 and 5 do not
contribute to the direct conversion of char to gaseous products. -Dependent
upon the nature of impurities present in the ash‘components of the raw coal,
Eq. 2 can rapldlZ approach equilibrium, as was found in earlier work at ANL
and elsewhere. It should be noted that' reactions 2 and 5 affect the ‘prod-
uct comp081t10n but do not contribute to the overall carbon conversion rate.

Although many studles have been made of the carbon—steam reactions, >’
difficulties generally arise from the fact that one must deal with a reaction
network consisting of at least tive simultaneous reactlons (L-5). burther—
more, the nature and chemical composition of the raw coal and char’ .contrib-
ute added complications to the kinetic studies of these reactions. The
latter variables undoubtedly play a significant role when a wide variety of
coals are studied but are generally ignored in this analysis--since coal
samples collected in this investigation are limited to a given seam and the
chars prepared for each gasification run are treated similarly to minimize
variations. A'pdSSible exception to ‘this assumption of uniform character
is demonstrated in our-'recent surface area and pore size measurement studies.
This phy81cal variation of char” structure durlng ga51f1cat10n and its pos-
sible 1mp11cat10n to the overall reactlon rate are dlscussed in a later sec-
tion of this report. T : o=

In our earlier attempts8 to correlate the kinetic data for Western
subbituminous coal, it was found that neither a simple power function nor
a first order Langmuir-Hinshelwood kinetic. model provided results that ac- '
.count satisfactorily for the severe hydrogen-inhibition effect in the
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char-steam reaction. Consequently, a substantial effort was expended this
_year on the construction of a gasification rate model that could adequately
describe the kinetic behavior for the Hanna char.

Table 1 shows the six models that were tested for their fit with our
kinetic data for Hanna. These models assumed that the reaction rate is
n-order dependent with respect to the partial pressure of steam, PHZO’ and

is a function of the partial pressure of product hydrogen, PH . For Hanna
coal, n equals 0. 56

Table 1. Models Tested for Correlation w1th
' - Experimental Results

Model Rate Expression® Model Rate Expression?
: R . N B
“ k1 PH,0 , k11 PH0 PH,
I r, = —"——o0 (6) ' II ‘ r, = - (7)

¢ 1+ Kg PH2

: n n )
S L | : o kry PRo Pu. ©
‘ 1117H,0 _ w Pu,0 PH
III r. = - (8) v rg = 2—2
n n
kv PH,0 kyr PH,0 Py

v g = Qo) VI r, = 2 (11)

2 2
1+ Ky P 1 +K P
(1 + Ky Py) (L + Kyr Py))
3Nomenclature
T, = rate of gasification of the ash-free carbon
' .ki. ='reaction rate constant for model i

. PH20A= partial pressure of steap, atm -

=
I

adsorption rate  constant for model i

PH2 = partial pressure of hydrogen, atm

Measurements of the overall reaction rate were made for partial pres-
sures of .steam ranging from 107 to 270 kPa (1.07-2.7 atm) and temperatures
‘between 650 and 800°C. The partial. pressure of hydrogen, which varied in
each set of our experiments (15-100 kPa, 0.15-1.0 atmosphere), was adjusted
externally in each run by adding a measured quantity of hydrogen gas at the
reactor inlet. The raw reaction rate data obtained in these experlments
have been reported earller 2 :
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" In our experiments, an excess-of steam is generally used, with its
consumption rate during gasification not exceeding 10% of its inlet concen-
tration. In addition, the system is operated at sufficiently high gas
velocities to minimize external mass transfer effects and at small enough
particle sizes to .reduce internal mass diffusion effects.

In a differential- reactor, the partial pressures of any gases
vary little along the reactor. Thus, one may assume that the product gas
compositions at the system outlet: also represent p01nt conditions within
the reactor. :

Three criteria were used to identify those models that provide a rea-
sonable correlation with all kinetic data generated for Hanna:

1. The value of the coefficient of-correiation for each set of
experimental runs at given T, Py ,0° and range of PH2'

2. The signs of the rate constants (k; and Kj ) _Any models
yielding negative values for e1ther k; or K1 are not
further analyzed since they could prov1de no physical
1n81ght to a plaus1ble mechanlsm

. 3. The Arrhenius plot correléted for the two rate constants
' of 'each model over the range of temperature between 650
and 800°C. Models showing large scattering in calculated’
values of the rate constants are excluded from further
consideration. ’

To calculate the two rate constants for each of the six models in
Table 1, their variables could be rearranged in such a manner that a linear
plot between two parameters in the X- and Y axes can be made For example,
. in the model

n
krrr Puyo - S
P > . - (8)
1 + KIII PH2

the . terms Tes Pﬁzo;:end PHZ can be rea;renged to obtain

n
PHy0'_ 2 N K11 02 - Ay
Te - kprr krpp o Ha .

If the model is an adequate representatlon of the kinetic data, the plot of
experimental data for PH O/r\ and PH should be linear. From this plot, kyry

and Kyyy which appear in Eq 12 could be calculated from the 1ntercept and
slope of the line. : :

Of the-s1x-models; none appears to fit data obtained in any given set of
. experiments. Table 2 shows calculated values of their coefficients of cor-
relation. The reaction-conditions analyzed were for T = 700°C, PH20 250 kPa

\
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Table 2. Calculated Coefficients of Correlation
for the Six Models Listed in Table 1

‘ Model
Run I ‘ 11 ITI Iv . \ VI
84" 0.6146 . -0.5951  0.6201  0.8634 - 0.6306  0.8846
101 0.2694  -0.2586  0.2778  0.3431  0.2632  0.3274,
. 102 0.5562  -0.5614  0.5834  0.6019  0.5843  0.6043
103 -0.0960  0.0931 . -0.0970  -0.0322  -0.0448  0.0239

104 -0.0583 0.0404 ~-0.0670 0.1268  =0.0200 0.1833

(2.5 atm), and PH2 between 17 and 71 kPa (0.17-0.71 atm). ‘The negative sigﬁ

appearing priotr to some of the coefficients in Table 2 indicates negative
values for either k; or Ky. In this effort, the effect of the fraction of
carbon conversion (X ) was not included in the rate expréssions. Correlation
quickly broke.down at low X, values for the six models tested. Disagreement
is most significant at the mldrange of PH2

To improve the correlation, the effects of an X. term on the values of
.the two rate constants were investigated. The values of reaction rate and
adsorption rate constants were evaluated at constant X, values between 0.1
and 0.5 and at various temperatures (650-800°C). The reactlon rate and ad-
sorption rate constants were evaluated for constant values of X, using the
three criteria established for model discrimination, and only Model III,
-Eq. 7, appears to fit with our data satisfactorily. Figures 8 and 9 show
results of our correlation, using Model III. The coefficient of correlation
calculated for each set of these,points generally exceeds 0.9.

‘Figure 10 shows the krrp and Kipg values as a function of X, The value
of kyyy shows a strong dependence on carbon conversion for the temperatures
1nvest1gatcd while values for Kyyp are, in general, relatively insensitive
to any changes in X, values. There are now reasons to helieve thar a rise
in-kIII value (or char reactivity) such as is shown in Fig. 10 results from
pore structure enlargement providing additional surface area for reaction.
In the absence of a complete set of pore volume measurements and surface
area data, we speculate that perhaps there is a direct correlation among"
surface area, reaction rate constant (kyyy), carhon conversion (X.), and/nr
pore diameter. With this in mind, we postulate that the ki1 values calcu-
lated previously are really

krpp = k £ (X, T, Py, ....) 13)

where k is the Arrhenius function and f (Xc’ T, Pi’ ....) is a function -

‘relating changes in surface area during reaction with X, temperature, par-
tial pressure of reactant and/or product gases, as well as other factors

such as mineral content and coal rank.' It should be noted that T and.P; in’
Eq. 13 reflect the effects of these variables on the physical structure during

pyrolysis, rather than the chemical and temperature effects on the reaction

rate. :
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 For simplicity in this analysis, it is assumed that

F(Xm T, Pyyennn) = Xg o T (14)
Figure 10(a) also shows the results of our correlation using’the above equa-
tion.. Values of‘kIII and m were estimated from the slope and intercept of
the 1line, . ' _ : : .

I : i
By assuming-that both rate constants follow the Arrhenius relation, both

the pre-exponential constants and the activation energies of k and K can be
- estimated. Figure 11 is an Arrhenius plot of the two rate constants vs. 1/T.

The model CUrrently being considered has the form

uercr:lP,HZO
‘r - e———

c 15)

2
1+KP
Hy
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w;th,Temperature. Hanna Char.

2.04 x 10* exp (-25940/Rt), kPa=0:56 p!

where: "k =
K = 8.87 x 10713 exp (38350/RT), kPa?
m = 0.59
n = 6;56

These values were obtained in linear fit with the kinetic data. The fits
‘cover the range of 0.1-0.5 in XC, 650 800°C in T, 15-100 kPa (0.15-1.0 atm)
in PH , and 250 kPa (2. 5 atm) in Py ,0°

Figures 12-15 show results of our comparison of the predictive capabil=
ity of our model and a range of experimental. points. Accuracy to within *30%
can generally be obtained. Deviations of the observed from the predlcted
reaction rates are most significant at- the two extremes of the X, range

(Fig. 15) and are also very pronounced at the high reactlon temperature
(800°C Figs. 12-14Y),
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Perhaps the most puzzling set of data is seen in Fig. 14 for T = 700°C.
A closer look at reaction rates at this range of pressures may reveal another
curve shape in which a maximum in r, occurs at an intermediate value of Py
The fact that Eq. 14 has improved the correlation of our data does not en-
tirely eliminate this possibility. Work is currently under way to determine
whether a maximum reaction rate does occur in the range of" PH between 0.2
and 0.4 atm: L ' ) . B,

The form of our presently proposed model is not the same as those pro-
posed by any previous investigators. The second order dependence in PH2 (in

contrast to a first order dependence suggested by earlier workers) indicates
that additional data points are needed to clarify the situation. This can
be accomplished by evaluating the changes in reaction rate with four and/or
eight times as much hydrogen present as have been used so far.

It is also possible that the data points in Fig. 14 can be explained
from pore volume and surface area measurements. ‘Further refinement of our
model is expected as more data-are obtalned regarding the char's structural
changes upon reactlon.

C. Relation of Surface Area and Porosity of Hanna Char to the Extent of
Gasification

Investigations of the reaction of stéam with chars prepared from Hanna

. subbituminous coal (reported in earlier reports of this series) indicated

a strong dependence.of. the reaction rate on the amount of carbon that had
been gasified from the sample. Generally, the maximum rate of reaction was
not attained until at least 50% of the carbon had been gasified. A typical
.plot of the observed reaction rate vs. percent carbon gasified is shown in
Fig. 16. .Under these conditions (750°C, 2.7-atm stéam partial pressure),
the maximum reaction rate was observed aftér approximately 70% of the carbon
had been removed, and the initial reaction rate was less than one-third the
maximum rate. This. phenomenon led us to postulate that the pore structure
of this char is very poorly developed in the fresh char, and that before the
‘maximum reaction rate cduld be attained, pores of suff1c1ent size to permit
‘diffusion of steam and product gases through the char had to be formed.

The purpose of this study was to determine the relationship of pore
structure and surface area to the extent of carbon gasification for chars,
using gasification condltlons typical of those encountered in underground
ga81f1cat10n. ‘ :

Char samples were prepared from Hanna No. 1 coal, using our standard
pyrolysis conditions (Z.e., a heating rate of 3°C/min to the desired gasi-
fication temperature, in a flowing atmosphere of 20% hydrogen in nitrogen
at an overall pressure .of approximately eight atmospheres). Fresh char
(no gasification) was studied, as well as chars from which various fractions
of carbon had been removed by steam gasification (at a partial pressure of
steam. of approximately 2.5 atm).. For chars pyrolyzed at 750°C, five samples.
were obtained: fresh char and chars from which 4.5, 14.7, 37.9, and 65.1%
of the carbon had been gasified. A series of chars was also pyrolyzed at
600°C, but their gasification rates were so low that the maximum amount of
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carbon removed from the char samples was only 31.4%. The samples of 600°'
char studied were: fresh char and chars from which 3.1, 9.3, 22. 3, 25 3,
and 31 4% of the carbon had been removed.

. These char samples were submitted for surface ared measurements by’
nltrogen (BET) adsorptlon and for pore structure determlnatlon. s

"'The pore structure determlnatlons were carried out u31ng an Aminco.
mercury porosimeter. This instrument measures the distribution of pore: o
sizes for pores with dianmeters larger than 60 &. The total volume of poree
- with:diameters smaller than.60 A could be determined by comparing the ap-
parent density of the char samples ‘-measured in the porosimeter at 30,000 psig
with the true density of the char measured in a helium pycnometer. A helium -
pycnémeter was, obtained durlng the month of September, but was not available
for use dur1ng th1s study '

I".

The results of surface: area measurements are summarized in Table 3. The
reason for .the decrease in. surface area for the 600°C’ sample with 3.17% of the
carbon remodved is. not known but it is obvious that in general, surface-area '
increases rapidly as carbon is removed. It is 1nterest1ng that at 600°C, the
surface area begins to decrease when more than 25% of the carbon is gasified,
but at 750 C, surface area does not begin to decrease until approx1mately 60%
of the carbon haq been removed.
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Table 3. Surface Areas of Hanna Chars

Pyrolysis and V Surface Pyrolysis and Surface
Gasification Carbon Area, Gasification Carbon Area,
Temperature, °C  Removed, % m2/g Temperature, °C  Removed, 7 m?/g
600 0 25.1 750 0 458
3.1 10.5 o 4.5 109
9.5 . 273 14.7 169
22.3 326 . o 37.9 286
25.3 . 314 . 6541 203

31.4 . 141

Figure 17 shows a comparison of the pore structures.detérmined for the
750°C char as the carbon is gasified. . The fréesh char has essentially no pores
with volumes larger than 300 A. -However, as carbon is removed from the char,
the pore volume increases quickly and is still increasing with 65% of the
carbon removed. In Fig. 18, the dependence of pore volume on percent carbon
gasified is shown for ranges of pore sizes. At the gasification conditions
used, the total volume of pores with dlameters larger than 10,000 & does not
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g - . |
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Fig. 17. Pore Volume Distribution in Hanna Char Prepared
and Gasified at 750°C
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Fig. 18. Pore Volume vs. Percent Carbon Gasified.
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increase significantly as.carbon is removed. This is also true for pores
having diameters between 60 and 350 L. The greatest increase in pore volume
is obtajned in the intermediate sized pores having diameters between 350 and
10,000 A.

In Fig 19, we:seeé a completely different pattern for chars prepared and
gasified at 600° Figure 19 shows the relationship between total pore vol-
ume (Z.e., pores w1th diameters >60 A) and the percent carbon removed. For
these chars, the pore volume remains relatively constant until approximately
25% of the carbon has been removed, after which the pore volume increases
quite rapidly. Fignre, 20 shows a similar relationship for pores with diam-
eters larger than 350 A although the increase in pore volume appears to '
begin at approximately- 20% carbon removal However, as shown in Fig. 21,
pores with diameters between 60 and 350 A begin developing 1mmed1ately upon
onset of gasification. This would be expected for a char which initially
contains only pores having very small diameters. The helium density mea-
surements still to be carried out are expected to. confirm this.

Since the reaction rate for steam and char at 600°C increases approxi-
mately linearly as a function of carbon removal until approximately 50% of
the’ carbon is removed (Fig. 22), it appears that attainment of a maximum
reaction rate at thlS low temperature depends on the development of ‘pores -
in the 60 to 350 A diameter range, rather than the development of pores with
diameters larger than 350 k. However, at higher temperatures with.corre-
spondingly higher reaction rates,-maximum reaction rates will be attained
only if‘larger pores are developed to accommodate the greater flows of steam
and reaction products.
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‘Since a decrease in surface area as a function of X, is not accompanied
"by a.similar drop in reaction rate, structural variation of char pores may
have an additional influence. Furthermore, it appears that neither the mea-
sured pore volumes nor the surface areas alone exhibit the dependence on X,
found to best -fit the reaction rate (Eq. 16). At present, the relationship
between the physical changes occuring during gasification and their. influence
on reaction rate is expressed as: : -

CE(X,T,Py,....) = X, 0-59 | (16)

Until more information is obtained on the surface area and pore structure
variation, the above expréssion will be used as part of our rate model for
Hanna subbituminous coal. : .
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