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]NTRODUCTION

Correlations to quantitatively define the effects of pertinent intensive ‘

variables on the kinetics of coal or coal char gasification reactions are

. necessary for the rational design of commercial systems to convert coal

to pipeline gas. The available information, which can be applied to the

development of such correlations is relatively limited, particularly because

the data reported from many studies conducted with integral contacting

systems reflect, in part, undefined physical and chemical behavior peculiar

to the specific experimental systems used. Although some differential rate

data have been obtained with various carbonaceous materials, they cover

only narrow ranges of the conditions potentially applicable to commercial

gasification systems.

During the last several years, the Institute of Gas Technology (IGT) has
been conducting a continuing study to obtain fundamental information on the
gasification of coals and coal chars, which could be used, along with selected
information in the literature, to develop engineering correlations which
quantitatively define the effects of intensive variables on gasification rates
over a wide range of conditions applicable to a variety of conceivable gasifi-
cation processes. The models and correlations developed at the present

_time are primarily applicable to bituminous coal chars prepared at mild or
severe conditions in either inert or oxidizing atmospheres. Although we have
achieved some success in applying these correlations to the gasification of
subbituminous and lignite coals for limited ranges of conditions, the gasifica-
tion kinetics of such materials have shown wide deviations from predictions
of the correlations at lower temperatures and during initial stages of

gasification.
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The objective of this paper is a) to discuss the models which have been

developed; b) to present the correlations derived from these models; and

c) to demonstrate the consistencies between predictions of these correlations
and various experimental gasification data obtained primarily with bituminous
coal chars. We obtained the experimental information used in developing the
models from two main sources. Initial development of the model for applica-
tion to the gasification of devolatilized coal char in hydrogen and steam-
hydrogen mixtures was based both on data obtained in an extensive study
conducted at IGT with a high-pressure thermobalance apparatus and on
differential rate data obtained by investigators at the Consolidation Coal
Company for the gasification of Disco char in a small-scale fluid bed. % 1819
Then, the model was extended to apply to the gasification of char containing
volatile matter and to gasification with gases containing carbon monoxide,
carbon dioxide, and methane, as well as steam and hydrogen, using data

obtained primarily in the thermobalance study.

The thermobalance has been a particularly useful tool for obtaining funda-
mental gasification information, since with this type of apparatus, gasification
rates can be measured at constant, well-defined, environmental conditions.
Since a major amount of the information used in the formulation of the kinetic
models developed, was based on data obtained in several hundred tests con-
ducted with the thermobalance, a brief description of this apparatus is given

below.

EXPERIMENTAL

The thermobalance is an apparatus capable of continuously weighing a coal
sample which is undergoing reaction in a gaseous environment of desired
composition at a constant pressure. The temperature can either be kept
constant or varied. (l10°F/min is the maximum rate for the apparatus used
at IGT.) The nature of gas-solid contacting with the apparatus used in this
study is shown in Figure 1. The coal sample is contained in the annular space
of a wire-mesh basket bounded on the inside by a hollow, stainless-steel tube
and on the outside by a wire mesh screen. To facilitate mass and heat
transfer between the bed and its environment, the thickness of the bed is only
2-3 particle diameters when using —20+40 USS sieve-size particles. Gas flow
rates used with this system are sufficiently large relative to gasification rates,

that gas conversion is limited to less than 1% for devolatilized coal char.
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Figure 1. DIAGRAM OF THERMOBALANCE REACTOR

The following is a typical test procedure: The wire mesh basket is
initially in an upper cooled portion of the reactor in which a downward, inert
gas flow is maintained. During this time the desired temperature and pressure
conditions are established in a lower heated portion of the reactor in the
presence of a flowing gas. A test is initiated by lowering the basket into
the heated reaction zone, a procedure which takes 5-6 seconds. Theoretical
cornputation indicates that about 2 minutes are required for the sample to
achieve reactor temperature, as measured by several thermocouples
surrounding the basket in the reaction zone. This computation is reasonably
corroborated by various kinetic indications and by the behavior of the thermo-
couples in reattaining their preset temperatures. The sample is kept in the N
heated portion of the reactor for the specified time while its weight is con-
tinuously recorded. The test is terminated by raising the basket back to the

upper, cooled portion of the reactor.

230



During a test, the dry feed gas flow rates are measured by orifice meter
and the dry product gas flow rates by a wet-test meter. Periodic samples
of product gas are taken to determine the dry gas' composition by mass
spectrograph. Feed and product steam flow rates are measured by gravi-
metric means, and the solids residues are analyzed for total carbon and

hydrogen.

Figure 2 shows some typical, smoothed, weight loss-versus-time charac-

teristics obtained using an air-pretreated hvAb Pittsburgh coal char from the

Ireland mine. These curves are discussed in more detail in a subsequent
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section of this paper. The composition of the coal char, used extensively

in the experimental study, is given in Table 1.

- ———
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Table 1. COMPOSITION OF AIR-PRETREATED hvAb
PITTSBURGH NO. 8 COAL CHAR (Ireland Mine)

Ultimate Analysis, dry wt %
Carbon 71.1
Hydrogen 4.26
Oxygen 8. 85
Nitrogen 1.26
Sulfur 3.64
Ash 10. 89

Total 100. 00

. o dry
Proximate Analysis,—es-treeetvred

Fixed Carbon 60.7
Volatile : 28.4 1
Ash 10.9 ,

Total 100.0 .

DESCRIPTION OF KINETIC MODELS

‘When a coal or coal char containing volatile matter is initially subjected
to an elevated temperature, a series of complex physical and chemical changes
occur in the coal's structure accompanied by thermal pyrolysis reactions,
which result in devolatilization of certain coal components. The distribution
of the evolved products of the reactions, which initiate at less than 700 °F and
can be considered to occur almost instantaneously at temperatures greater
than 1300 °F, is generally a function of the temperature, pressure, and gas
composition existing during devolatilization and of the subsequent thermal and
environmental history of the gaseous phase (including entrained liquids) prior

to quenching.

When devolatilization occurs in the presence of a gas containing hydrogen
at an elevated pressure, in addition to thermal pyrolysis reactions, coals or
coal chars containing volatile matter also exhibit a high, although transient,
reactivity for the formation of methane. Although some investigators have

suggested that this process occurs concurrent with thermal pyrolysis reactions,
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results of studies made with a greater time resolution indicated that this
rapid-rate methane formation occurs at a rate which is at least an order of
magnitude slower than devolatilization.?* 17 In this sense it occurs consecu-

tively to devolatilization.

The amount of carbon gasified to methane during the transient period of
high reactivity increases significantly with increases in hydrogen partial
pressure.’» % 17 Experimental evidence indicates that, at sufficiently high
hydrogen partial pressures, virtually all of the carbon not evolved during
devolatilization can be gasified to methane during a very short time period
by this process.!3 This is contrary to some proposed models, which assume
that only a limited amount of carbon can be gasified in this reaction stage,

regardless of the hydrogen partial pressure. 3, 16

At temperatures greater than 1700°F, the transient reactivity for rapid-
rate methane formation exists for a very short period of time. For coals,
or coal chars prepared in inert atmospheres, this period lasts only seconds
or less.!® IGT's studies suggest that for air-pretreated coal chars, this
period is more extended, although the total amounts of carbon which can be
gasified by this process at a given temperature and hydrogen partial pressure,
are comparable for coals and coal chars prepared at sufficiently low tempera-

tures either in inert gas or in air.

After the devolatilization and rapid-rate methane formation stages are
completed, char gasification occurs at a relatively slow rate, and various
models to describe the gasification kinetics of this material for various
limited ranges of conditions have been proposed. The differential rates of
reaction of devolatilized coal chars are a function of temperature, pressure,

gas composition, carbon conversion, and ''prior history. "

General Assumptions in the Development of Models

The models developed in this study for the quantitative description of coal
char gasification kinetics assume that the overall gasification process occurs
in three consecutive stages: 1) devolatilization, 2) rapid-rate methane for-
mation, and 3) low-rate gasification. The reactions in these three stages are
independent. Further, a feed coal char contains two types of carbon, volatile

carbon and base carbon.
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Volatile carbon can be evolved solely by thermal pyrolysis, independent

of the gaseous medium. The distribution of evolved products derived from
the volatile carbon fraction is not defined in the model. In any application
of the model to an integral contacting system, the devolatilization products
are estimated by extrapolation or interpolation of yields obtained in pilot-

scale fluid or moving-bed systems. This procedure can be applied for

narrow ranges of conditions and only for very similar contacting systems.

Base carbon remains in the coal char after devolatilization is complete.
This carbon can be subsequently gasified either in the rapid-rate methane

formation stage or in the low-rate gasification stage.

A quantitative estimation of the initial amounts of volatile and base carbon /{

is made from standard analyses of the feed coal char. The following defini-

tion has been made: {

C, (volatile carbon), g/g of feed coal = C? (total carbon), g/g of feed coal .
- C,g (base carbon), g/g of feed coal (1)
where C? represents the total carbon in the feed coal char obtained from an
ultimate analysis and Cg represents the carbon in the 'fixed carbon'' fraction
of the feed coal as determined in a proximate analysis. It is emphasized that
Cg does not equal the fixed carbon fraction, since the fixed carbon fraction ,
. includes, in addition to carbon, other organic coal components not evolved

during standard devolatilization.

Experimental results from thermobalance or free-fall tests conducted at
IGT indicate that the assumption of a constant volatile carbon fraction is valid
for coal heat-up rates as high as 200°F/s. However, other studies conducted : {
with extremely rapid heat-up rates (10% to 10?7 °F/s) have shown that quantities |
of carbon evolved during thermal pyrolysis can exceed the volatile carbon
fraction defined in this model.® ! An allowance for the increase in evolved
carbon would, therefore, have to be made in systems employing such high

heating rates.
The base carbon conversion fraction, X, is defined as:
o
_ base carbon gasified _ cb _ cb (2)
~ base carbon in feed coal char ~ o

Cy
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where

C, = base carbon in coal char at an intermediate level of
gasification, g/g feed coal char

When making a kinetic analysis of the thermobalance data, it was neces-
sary to relate the measured values of weight-loss fraction, AW/WO, to the
base carbon conversion fraction, X. When devolatilization is complete,
essentially all of the organic oxygen has been gasified. Thereafter, additional
weight loss, which primarily results from gasification of the base carbon, is
accompanied by the evolution of a constant fraction of noncarbon components
in the coal such as nitrogen, hydrogen, and sulfur. Estimates of an average
value of the fraction of noncarbon components gasified along with the base
carbon for each type of coal char tested, have been based on analyses of char
residues obtained in thermobalance and pilot-scale fluid-bed tests. With

this simplifying assumption, the following relationships result:

Cp=(1-v-a)(1-v% (3)
and
Cyp = Cp — [(aW/W ) =V] 1 =) (4)
where
V = volatile matter in feed coal char (including moisture),
g/g feed coal char
A = nongasifiable matter in feed coal char (including ash and some
sulfur), g/g feed coal char
¥y = noncarbon matter evolved along with base carbon,

g/g base carbon evolved

Thus, from Equations 2, 3, and 4 —

(Awlwo) -V

X=—7T=—v-a_ (5)

The results shown in Figure 2 can be interpreted by the three reaction
stages defined above. Curve A corresponds to a test in which air-pretreated
Ireland mine coal char was exposed to a nitrogen atmosphere at a pressure

of 500 psig. During the first minute when the sample is heating up in the
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thermobalance, the weight loss corresponds to the evolution of volatile

matter. After this period, no further significant weight loss occurs. The
total weight loss of approximately 26 % corresponds closely to the volatile
matter in the feed coal char obtained by standard proximate analysis.

Within the context of the three reaction stages defined, weight loss in this

test occurs entirely in the devolatilization stage, where all of the volatile /)
carbon has been gasified; all of the base carbon remains in the devolatilized ,
coal char. When the char resulting from this test is then exposed to hydro- ;

gen at 500 psig (curve B), the reaction of the hydrogen with base carbon to
form methane results in further weight loss. This reaction, which takes
place at a much lower rate than devolatilization, occurs in the low-rate
gasification stage. With this particular sample, there was no reaction in
the rapid-rate methane formation stage because the reactivity of the coal

char in this stage was de stroyed during prolonged exposure to nitrogen.

Weight loss as a result of the reaction in the rapid-rate methane forma-
tion stage is illustrated by curve C, where a sample of the original coal char
was exposed only to hydrogen at 500 psig with no initial exposure to nitrogen.
There is a weight loss during the first minute of this test which is considerably
greater than the corresponding weight loss obtained during this period when
the coal char was exposed to nitrogen (curve A). The difference in the amount
of weight loss between curves C and A during the first minute, or so, is .
caused by gasification of base carbon in the rapid-rate methane formation
stage. Weight losses of the magnitude exhibited by curve B during this
initial period are negligible. This is consistent with the assumption that base
carbon gasification in the rapid-rate methane formation stage and in the low-

rate gasification stage occur consecutively.

Curve D is qualitatively similar to curve C, except that there is a greater ~
weight loss from rapid-rate methane formation resulting from the higher

hydrogen pressure.
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Correlations for Rapid-Rate Methane Formation Stage

The amount of base carbon gasified during the rapid-rate methane forma-
tion stage can be estimated by the base carbon conversion level, XR, ob-
tained from weight loss-versus-time characteristics 2 minutes after a
sample is lowered into the reactor. As indicated previously, this corresponds
to the time required for coal heat-up. During this period negligible conversion
occurs in the low-rate gasification stage, although devolatilization and rapid-
rate methane formation reactions should be complete at temperatures above
approximately 1500 °F. Values of XR have been correlated with hydrogen

partial pressure, P_. , according to the following expression for data obtained

H,
in tests conducted at a variety of conditions:

XR
~ exp (+ oX?)dX _ )
M(X ) _fo ‘%:T(?%_ = 0.0092 £y Py 6)

where
PH = hydrogen partial pressure, atm
2
fR = relative reactivity factor for rapid-rate methane formation
dependent on the particular carbonaceous solid. (Defined as
unity for air-pretreated Ireland mine coal char.)
o = kinetic parameter dependent on gas composition and pressure

The value of ¢ in the above expression is approximately 0. 97 for tests con-
ducted in pure hydrogen or in hydrogen-methane mixtures, and is approxi-
mately equal to 1.7 for a wide variety of gas compositions containing steam
and hydrogen. This parameter will be discussed in greater detail in a later
section on the low-~rate gasification stage. It is of interest here, however,

that for the case where ¢ = 0.97, then M(XR) ~ —1n(l — XR).

In Figure 3, a plot of the function, M(XR), versus hydrogen partial pressure,
PHZ, for a number of tests conducted on the thermobalance with air-pretreated
Ireland mine coal char, shows the good agreement between these data and the
correlation form given in Equation 6. Equation 6 also appears to be reason-

ably applicable to the gasification of some coals, as well as to coal chars.
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Figure 3. 'CORRELATION OF BASE CARBON CONVERSION FOR
GASIFICATION OF AIR-PRETREATED IRELAND MINE
COAL CHAR IN THE RAPID-RATE METHANE FORMATION STAGE
Data obtained by Birch, et al., ‘for the hydrogenation of Brown coal in a
fluid bed and by Hiteshue, et al., 1 for the hydrogenation of a hvAl, Fittsburgh
coal in a fixed bed are given in Figures 4 and 5. Details of the procedures
used in treating the data from these two investigations have been previously
described.’* It is of practical interest that relatively small variations in
values of fR are exhibited by the different materials ‘considered. Similexr
small degrees of variation have also been noted for several other bituminous

coal chars tested at IGT using the thermobalance.

The gasification of base carbon in the rapid-rate methane formation stage
is apparently only dependent on hydrogen partial pressure and is not de-
pendent on the partial pressures of other gaseous species normally present

in gasifying atmospheres. This is partly indicated in Figure 3 for tests
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conducted with hydrogen-methane and hydrogen-steam mixtures, and has
also been observed with synthesis-gas mixtures. In a system containing

no hydrogen, no evoslution of base carbon occurs except through gasification
in the low-rate gasification stage. In Figure 6, this effect is illustrated for
tests conducted with pure steam. After the first few minutes, there is no
difference in the weight-loss traces for a sample of air-pretreated coal char
initially lowered into a steam atmosphere, and one which wasg devolatilized
in nitrogen prior to being exposed to the steam atmosphere. This behavior
can be compared to results shown in Figure 2 for similar tests conducted in

hydrogen.
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Figure 6. WEIGHT-LOSS CURVES OBTAINED IN HIGH- PRESSURE
THERMOBALANCE FOR GASIFICATION OF AIR-PRETREATED
IRELAND MINE COAL CHAR IN STEAM AND IN NITROGEN
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Although the effects of pretreatment temperature on reactivity in the

rapid-rate methane formation stage have not been systematically studied in
this investigation, some indication is apparent from the results given in
Figure 7. It shows total weight losses for materials subjected to different
pretreatments in nitrogen obtained after gasification of air-pretreated coal
char in hydrogen for 1 hour. Below 1000°F, no effect of the nitrogen pre-
treatment is apparent on subsequent weight loss in hydrogen. Above this
temperature, however, the total weight loss for materials initially exposed
to nitrogen tends to decrease with increasing temperature, and above
approximately 1500 °F, no rapid-rate methane formation occurs with these

materials.

The correlation described by Equation 6 was developed based on data ob-
tained from thermobalance tests conducted above 1500 °F, where coal char
samples were submitted to rather specific heat-up rates characteristic of
the experimental apparatus (approximately 30°F/s). The fact that this
correlation appears to apply for data obtained in other experimental systems
where heat-up rates as high as 200 °F/s were employed, suggests that,
within a limited range of heat-up rates, base carbon conversion in the rapid-
rate methane formation stage is independent of heat-up rate for final tempera-
tures greater than 1500°F. This conclusion only applies for the case where
reaction in the rapid-rate methane formation stage goes to completion. At
sufficiently low temperatures, the amount of base carbon conversion which
can be attributed to rapid-rate methane formation, is less than that which
would be predicted by Equation 6, even for exposure to hydrogen for periods
as long as 1 hour. This is appé,rent from the results shown for curve A

in Figure 7.

Data obtained in a series of experiments conducted at lower temperatures,
such as those illustrated in Figure 7, have been correlated using a more
detailed model to describe the rapid-rate methane formation process prior
to the completion of this reaction. This model is described in a previous
publication. !4 It is of interest here, however, to point out certain charac-

teristics of this model which rationalize the independence of total base
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carbon conversion in the rapid-rate methane formation stage from heating
rate and final temperature for tests conducted above 1500 °F. The following

critical steps assumed in the model relate to this range of conditions:

A - A, (7)

A ,-B (8)
By

base carbon + hydrogen — methane (9)

This model, which is qualitatively similar to one proposed by Mosely and
Patterson, '3 agsumes that the coal char initially forms an active intermediate,
Ay, (Equation 7) which catalyzes the reaction between base carbon and
gaseous hydrogen to form methane (Equation 9). This reaction, however,
competes with a reaction in which A, deactivates to form the inactive species,

B (Equation 8).

The following expression is assumed to describe the rate of reaction in

Equation 9:
dX/dt = fpky(T)Py (1= x)*8 exp(—aX?)N, (10)
where
k;(T) = rate constant dependent on temperature, T
NA* = concentration of species, A, mol /mol of base carbon
t = time

The rates of reactions in Equations 7 and 8 are assumed to be first order,

leading to the expression —

d(NA*+NA )/ dt = — ky(T) - NA (11)
o #*
where, .
k,(T) = rate constant, dependent on temperature
NA = concentration of species, Ao, mol /mol base carbon
o
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Combining Equations 10 and 11 leads to the expression —

dx _ k(T 2B 2
. fR—ki{-T-;— Py (1 = X exp(-ax?) (12)
A* Ao

If, then, it is assumed that the ratio k;(T)/k,(T) is independent of temperature
and is equal to 8, then Equation 12 can be integrated to yield the following

expression for the condition at which all of the species Al has been converted

XR
exp{aX?)dX o ‘
M(Xp) ‘f _%—:7()5273— =fgB- Na, FH, (13)
0

Comparing this expression with Equation 6 indicates that BNK =0.0092

to B.

atm~!. Since no definition of the temperature history was rquired in the
development of Equation 13, the suggested model indicates that the amount of
base carbon conversion to methane during the rapid-rate methane forrmation
step is independent of heat-up rate or temperature level when the intermediate,

A, has been completely deactivated.

Correlations for Low-Rate Gasification Stage

For practical purposes, coal chars undergo low-rate gasification only
after the devolatilization and rapid-rate methane formation reactions are
completed. Results obtained with the thermobalance indicate that, at tem-
peratures greater than 1500 °F, char reactivity over a major range of carbon
conversion in the low-rate stage is substantially the same whether devola-
tilization occurs in nitrogen, or in a gasifying atmosphere at the same
conditions. Therefore, this study treats low-rate char gasification as a
process essentially independent of devolatilization conditions, with one
important exception: The temperature of devolatilization, since it has been
shown in this study as well as by Blackwood? that the reactivity of a char at
a given temperature, T, decreases with increasing pretreatment temperature,
To’ when T0 > T. This effect is quantitatively represented in the correlations
presented below. However, the model adopted does not account for pretreat-~

ment effects on gasification during initial stages of char gasification, which
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occur particularly at gasification temperatures less than 1600 °F. At these

lower temperatures, specific pretreatment conditions such as gas atmos-
phere and time of pretreatment produce somewhat complex effects during
subsequent gasification for base carbon conversions of less than 10 %, 8
These limitations have no practical significance in using the simplified
model developed to describe coal char gasification kinetics at higher tem-
peratures, or for base carbon conversion levels sufficiently greater than
10 %.

The gasification data of Zielke and Gorin'® !? and Goring, et al.,’® obtained
for fluid-bed gasification of Disco char, as well as the bulk of data obtained
in‘IGT's studies with the high-pressure thermobalance and pilot-scale fluid
beds, were used to evaluate parameters in a quantitative model developed
to describe coal char gasification kinetics over a wide range of conditions
in the low-rate gasification stage. Three basic reactions were assumed to

occur in gases containing steam and hydrogen:
Reaction I: H,O0+C=CO+H,

Reaction II: 2H, + C = CH,
Reaction III: H, + H,O0 +2C = CO + CH,

Reaction I is the conventional steam-carbon reaction, which is the only one
that occurs in pure steam at elevated pressures* or with gases containing
steam at low pressure. Although, at elevated temperatures this reaction is
affected by thermodynamic reversibility only for relatively high steam con-
versions, the reaction is severely inhibited by the poisoning effects of
hydrogen and carbon monoxide at steam conversions far removed from
equilibrium for this reaction. Some investigators have also noted inhibition

by methane.

Reaction 1I, the only reaction that could occur in pure hydrogen or in
hydrogen-methane mixtures, greatly depends on the hydrogen partial pressure.
Many investigators have found that, at elevated pressures, the rate of this

reaction is directly proportional to the hydrogen partial pressure.

* Although some methane has been detected in gaseous reaction products
when gasification is conducted with pure steam, it is uncertain whether
this methane results from the direct reaction of steam with carbon or
from the secondary reaction of hydrogen, produced from the steam-
carbon reaction, with the carbon in the char.
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The stoichiometry of Reaction III limits its occurrence to systems in

which hoth steam and hydrogen are present. Although this reaction is the

stoichiometric sum of Reactions I and II, this model considers it to be a
third independent gasification reaction. This reaction, arbitrarily assumed
to occur in the development of this model to facilitate correlation of ex-
perimental data, has been suggested by Blackwood and McGrory* as being
necessary in such a system. Curran and Gorin® also assumed this reaction
to correlate kinetic data for gasification of lignite at 1500 °F in steam-

hydrogen-containing gases.

The correlations developed in this study to describe kinetics in the low-
rate gasification stage are summarized as follows:

2/3

dx/dt = £ kT(l—X) exp (—aX?) (14)

L
where,

kT =kI+kH+kH'I (15)

Here, kI’ kI_I’ and kII.[ are rate constants for the individual reactions con-
sidered. It is assumed that each of the three reactions occur independently,
but that the rate of each is proportional to the same surface area and surface
reactivity terms. The term (1 — X)Z/3 is proportional to the effective surface
area undergoing gasification, and the term exp(—aX?) represents the relative
reactivity of the effective surface area, which decreases with increasing -

conversion level for positive values of .

Individual parameters in Equations 14 and 15 are defined as functions of

temperature and pressure according to the following expressions:

£, =f_ exp(8467/T ) (16)

P..P
exp(9.0201 — 31,705/ T)[1 __.C_O_Héh

_ Pr,0%1
k, = ~ an
L 1 Py Pco
1+exp(—22.2160 + 44,787/T 5 +16.35§-—2— +43.5 5—
H,0 H,0 H,0] | .
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L ——

- P
P2 exp(2.6741 —33,076/T) |1 — —=Hs

H, P KE
ky=—77T%7P (=10. 4520 + 19 976/1‘)HZ = (18)
T + H, exp . s f
P P )
1/; \
P P exp(l2.4463 — 44,544/ T)[1 — —CHa €O _ |
P, P K
H, * H,0°IIL |
ko= = - (19)
11 l { 12 pCH 1
i1 + exp(—6.6696 + 15,198/T) P +0.85P +18.62 ——4{
: H, ‘ cO PHZ
‘ /]
52.7 P 0.521P%2 p
o= H . H M0 (20)
1+ 54.3PHZ 10.707 PHZO + 0.50 PHz PHZO
where,
K7, K, K = equilibrium constants for reactions I, II, and III,
1 1I 111 . . .
considering carbon as graphite
T = reaction temperature, °R
To = maximum temperature to which char has been exposed

_prior to gasification, °R (if T0 < T, then a value of

T, =T is used in Equation 16)

H;’ " HO’
PCO’ PCH4 = partial pressures of H,, H,O, CO, and CH,, atm
'fo = relative reactivity factor for low-rate gasification

dependent on the particular carbonaceous solid

Values of f0 obtained in this study were based on the definition fo =1.0
for a specific batch of air-pretreated Ireland mine coal char. Samples of
this coal char obtained from different air-pretreatment tests exhibited some
variations in reactivity as determined by thermobalance tests conducted at
standard conditions. The values of fo so determined, ranged from approxi-

mately 0. 88 to 1.05. - Results of tests made with the thermobalance using a

‘variety of coals and coal chars have indicated that the relative reactivity

factor, fo, generally tends to increase with decreasing rank, although
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individual exceptions to this trend exist. Values have been obtained
which range from 0.3 for a low-volatile bituminous coal char to about 10 for
a North Dakota lignite. The reactivity of the Disco char used in gasification

studies conducted by the Consolidation Coal Company? 1619 isg f, =0.488.

An integrated form of Equation 14 was used to evaluate certain parameters

in the above correlations, based on data obtained with the thermobalance.
X
X
M(X) = X exp(+ox?) dX _ R exp(+ax?)dx + exp(—aX?) dX
- 1 —X)s - 1 —-X 1 —X)“A
0 0 Xr
XR + @ X2)dX
_ ex o
_fo _(‘12132?75)_‘ ti kot (21)

XRr
2
The termf exl i—o}z{X 3dx was evaluated from Equation 6 for tests in
0

which no nitrogen pretreatment was used. For tests in which the feed coal
char was initially devolatilized in nitrogen at the same temperafure and
pressure to be subsequently used for gasification in a gasifying atmosphere,
reactivity for rapid-rate methane formation was destroyed above 1500 °F

and XR = 0. For this condition —

X
exp(+aX?)dX
M(X) =f 7"-1’1-(_—_—XW3— = f kot (22)
0

Typical plots of M(X) versus t are given in Figures 8, 9, and 10 for data
obtained with air-pretreated Ireland mine coal char. The slopes of the lines
drawn correspond to values of kaT characteristic of each test. Results of
tests conducted with pure steam (Figure 8) were correlated using & = 0
consistent with Equation 20 which corresponds to the gituation in which
g cpr as dX /dt
specific gasification rates, 1—X

conversion level. For gasification in hydrogen or steam-hydrogen mixtures

, increase with an increasing carbon

(Figures 9 and 10), however, specific gasification rates generally decrease

with increasing conversion level.
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Carbon gasification rates were directly measured in the fluid-bed tests

conducted with Disco char, %1% 1% and values of f; ko and & can be obtained
graphically by plotting values of ln zdl_X:_/_d_;)_z/? versus X%. Such a plot is

illustrated in Figure 11,where the value of ‘J‘((—%—/}gﬁ?? at X = 0 is equal

to kaT and the slope of a given line is equal to &. Generally, the correla-
tions presented are consistent with values of kaT and g obtained for the
gasification of Disco char at temperatures of 1600° and 1700 °F and pressures
of 1, 6, and 30 atmospheres for gasification with pure hydrogen and with
various steam-hydrogen mixtures. The correlations are also consistent
with individual rates of methane and carbon oxide formation reported in the
investigations conducted with Disco char for initial levels of carbon conver- /
sion. Although the relative rates of methane to carbon oxide formation

were reported to increase somewhat with increasing conversion level,

a trend not accounted for in the model developed in this study, investigators
at the Consolidation Coal Company have suggested that this effect was

caused by a catalytic reaction downstream of the fluid-bed reactor em-
ployed, in which some of the carbon monoxide produced in the reactor was

converted to methane. >

The consistency between the calculated and experimental values of kaT
for tests conducted at a variety of conditions with the thermobalance using
air-pretreated Ireland mine coal char is demonstrated in Tables 2, 3, and
4 and in Figures 12, 13, and 14. The correlations developed have also been
used to predict behavior in pilot-scale moving- and fluid-bed tests conducted
at IGT and elsewhere. The assumptions made in characterizing the nature
of gas-solids contacting in these integral systems have been previously
described. !* The most important assumptions made for fluid-bed systems
are a) the gas in the fluid bed is perfectly mixed and b) when continuous
solids flow is employed, the solids are in plug flow. For moving-bed
systems, we assumed that both gas and solids were in plug flow. With ‘ )

these simplifying assumptions, the conditions of primary importance in [
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charactérizing integral gasification behavior in individual tests include coal

~

char feed rate and composition, particle residence times in the reactor, /
reactor temperature, pressure, feed gas composition, and flow rate. For
cases where coal char contaihing volatile matter was used as a feed material,
rapid-rate methane formation and devolatilization were assumed to occur !
in a free-fall space above the reaction beds erﬁployed in the systems. When K
devolatilized coal char was the feed material, no rapid-rate methane forma-
‘tion was considered to occur. Predicted and experimental integral rates of
carbon oxides and methane formation are compared in Figures 15-19, which

show good agreement for a wide range of experimental conditions.

Frequently, the P /P;_I ratio in product gases from integral fluid-bed
2

systems for the gasif?g:tion of coal or coal char with steam-hydrogen con-

taining gases is greater than the equilibrium constant for the graphite-

hydrogen-methane system. This has often been interpreted as corresponding -
to a situation in which the coal or coal char has a thermodynamic activity

greater than unity with respect to graphite. The models proposed in this

paper offer two other explanations for this phenomenon: Rapid-rate methane

formation occurs when coal or coal char containing volatile matter is used

as a feed material. The methane yield resulting from this step is kinetically

determined, independent of methane's partial pressure. Under certain con- ya
ditions then, values of the ratio, PCH/Pi-IZ' greater than that corresponding

to the equilibrium for the graphite-hydrogen-methane system can result.

Values of the PCH4/P2HZ ratio greater than that corresponding to the equilibrium
considered can also occur for low-rate gasification of coal char according to

the model assumed in this study. This is illustrated in Figure 20, where the » N
results shown were based on computations of gas yields in a hypothetical

fluid-bed for char gasification with a pure steam feed gas, using the correla-

tions described above. The reason for the behavior illustrated is that, at

intermediate values of hydrogen partial pressure, the rate of Reaction III, .
which produces methane, is greater than the reverse rate of Reaction II in

which methane is consumed when a potential for carbon deposition by this
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reaction exists. The partial pressure dependencies defined in the correla-
tions developed are such, however, that, at sufficiently high hydrogen
partial pressures, Reaction Il dominates and equilibrium for this reaction

is approached.

The qualitative trends exhibited in Figure 20 and even the magnitudes
of these trends bear a striking resemblance to a similar plot given by
Squires!® to correlate the activities of coals and chars for equilibrium in

the char-hydrogen-methane system with temperature and pressure.
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SUMMARY OF NOTATION

A = nongasifiable matter in feed coal char (including ash and
some sulfur), g/g feed coal char
Cb = base carbon in coal char at an intermediate gasification
level, g/g feed coal char
o
Cb = carbon in the fixed carbon fraction of the feed coal char
as determined by a proximate analysis,, g/g feed coal
char
Cf = total carbon in the feed coal char as determined by an
i ' ultimate analysis, g/g feed coal char
Cv = volatile carbon in feed coal, g/g feed coal char
N fo = relative reactivity factor for low-rate gasification
f dependent on the particular carbonaceous solid
b
k fL = relative reactivity factor for low-rate gasification
\ dependent on the particular carbonaceous solid and
' \ pretreatment temperature
) fR = relative reactivity factor for rapid-rate methane
formation, dependent on the particular carbonaceous
solid
kT = overall rate constant for low-rate gasification, min~!
p— in=1
L\ kz(T)’ k3(T) = rate constants, min
N
— i in~!
kI’ kII’ kIlI = rate constants for Reactions I, II, and 11, min
¥, K, K = equilibrium constants for Reactions I, II, and III
1 1T III . : .
) considering carbon as graphite
l
: NA = concentration of species A at any time, mol/mol
’/ o base carbon ©
? No
, Ao = initial concentration of species Ao’ mol/mol base carbon
NA = concentration of species A, at any time, mol/mol base
¥ : carbon
PHZ’ PHZO’ PCO’ PCOZ’ PCI—L, = partial pressures of H,, H,0, CO, CO; and

CH,, atm
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Greek Symbols

o

time, min

reaction temperature, °R
pretreatment temperature, °R

volatile matter in feed coal char (including moisture),
g/g feed coal char '

weight of feed coal char, g

weight loss of coal char during gasification, g
total base carbon conversion fraction

base carbon conversion fraction after reaction in
rapid-rate methane formation stage is completed

kinetic parameter, dependent on gas composition and
pressure

k,(T)/k,(T) ratio

v noncarbon matter evolved along with base carbon,
g/g base carbon evolved
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