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The global nth order rate equation has been criticized for lack of theoretical basis and has been shown
to be inadequate for modeling char oxidation rates as a function of total gas pressure. The simple Langmuir
rate equation is believed to have more potential for modeling high pressure char oxidation. The intrinsic
Langmuir rate equation is applied to graphite flake oxidation data and agrees well with reaction rates at
three temperatures over the entire range of oxygen pressure (1–64 atm). It also explains the change of
reaction order with temperature.

In this work, the intrinsic Langmuir rate equation is combined with (1) an effectiveness factor to account
for pore diffusion effects and (2) a random pore structure model to calculate effective diffusivity.

The resulting model is able to predict the reaction rates of large (ca. 8 mm) coal char particles as a
function of gas velocity, total pressure, oxygen partial pressure, oxygen mole fraction, initial particle size,
and gas temperature. This approach is also able to correlate the particle burnouts of pulverized (70 lm)
coal char particles in a drop tube reactor as a function of total pressure, oxygen mole fraction, gas and wall
temperatures, and residence time. The ability of the model to correlate data over wide range of temperature
and pressure is promising.

Introduction

A global nth order rate equation is often used to
describe kinetics of char oxidation at typical indus-
trial boiler temperatures [1–3]:

nq � A exp(�E /RT)P (1)rxn obs os

The global nth order rate equation has been criti-
cized for lack of theoretical basis and for inade-
quately predicting rates over wide ranges of experi-
mental conditions, especially for high-pressure char
oxidation modeling [3–5]. Attempts to use the global
nth order rate equation to explain high-temperature
coal char oxidation rates had to use pressure-depen-
dent activation energies, which was not a realistic
approach [3,4]. Fundamental studies show that the
carbon–oxygen reaction involves chemisorption, ox-
ygen surface diffusion, and desorption of surface ox-
ygen complexes [6–8]. The nth order rate equation
fails to reflect the adsorption–desorption nature of
this reaction. A more mechanistically meaningful
representation of the intrinsic reaction rate is a
Langmuir–Hinshelwood form [6,9], which in its sim-
plest form becomes the Langmuir rate equation:

r� � k P /(1 � KP ) (2)in 1 O O2 2

where k1 and K are two kinetic parameters. It should
be noted that there are different possible mecha-
nisms leading to equation 2. The discussion in this

study is general and independent of mechanisms.
The Langmuir rate equation can be rewritten as

1/r� � 1/(k P ) � 1/k (3)in 1 O 02

where k0 is equal to k1/K.
In an attempt to treat effects of pressure, Essen-

high proposed a so-called second effectiveness factor
[10] to account for the internal combustion. The sec-
ond effectiveness factor was calculated from the
power index of the normalized density–diameter re-
lationship [5,10,11]:

e � 1 � �/3 (4)
aq/q � (d/d ) (5)0 0

The second effectiveness factor approach has sev-
eral weaknesses: First, the second effectiveness fac-
tor approach requires density and diameter data,
which are often not available a priori, in order to
determine the power index �. Hence, this method
is not truly predictive in nature. Second, the power
index � is very difficult to determine accurately,
since it can vary over several orders of magnitude
(reported values of � are around 1 for high tem-
perature char oxidation and are 104 � 105 for low
temperature char oxidation [10]). Third, this ap-
proach assumes that the power index � remains con-
stant throughout the whole range of burnout. In a
typical pulverized char combustor, a char particle
travels through different zones of the reactor and
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interacts with different combustion environments,
leading to different burning modes (corresponding
to � between zero and infinity). It is therefore de-
sirable to develop an alternative approach to account
for pore diffusion effects for the Langmuir rate
equation.

Theoretical

In the approach proposed here, the effectiveness
factor is used to account for effects of pore diffusion
on the Langmuir rate equation:

r� � gk P /(1 � KP ) (6)obs 1 os os

It has been established that the effectiveness fac-
tor for spherical particles can be approximately pre-
dicted by [12–14]

�1g � [coth(3M ) � (3M ) ]/M (7)T T T

0.5
d m k RT KPp O 1 P os

M �T � �6 2D 1 � KPe os

�0.5[KP � ln(1 � KP )] (8)os os

Model Description

Kinetics and Pore Diffusion

This model treats the energy equation and exter-
nal boundary layer diffusion in a manner similar to
that used by Mitchell et al. [15], but uniquely treats
the particle reaction rate per external surface area
with an intrinsic Langmuir rate equation and an ef-
fectiveness factor:

q � M (V /S )r�rxn c p e obs

� M (d /6)gk P /(1 � KP ) (9)c p 1 os os

where dp/6 converts the reaction rate from a volu-
metric basis into external surface area basis, and Mc
converts the molar rate into mass rate.

The resulting model is called the high-pressure
carbon burnout kinetics model, or HP-CBK model,
and includes the changes in reactivity at late burnout
proposed by Hurt et al. [16]. However, due to lack
of data at high pressure, the changes in reactivity at
late burnout are not shown in this paper.

Boundary Layer Diffusion

In this study, the correlations for Sherwood num-
ber and Nusselt number are [17]

1/2 1/3Sh � 2.0 � 0.60 Re Sc (10)
1/2 1/3Nu � 2.0 � 0.60 Re Pr (11)

These correlations allow the HP-CBK model to be

used for large-particle char oxidation. The boundary
layer diffusion is modeled in a manner similar to that
used by Mitchell et al. [15], taking Stefan flow into
account [18].

A v factor is often used as a criterion of whether
the combustion rate is controlled by boundary layer
diffusion [1]:

v � q /q (12)act max

where qact is the actual rate of reaction, and qmax is
the maximum rate reaction limited by boundary
layer diffusion. When the v factor is close to unity
(say 0.95), the combustion rate is controlled by
boundary layer diffusion; otherwise, chemical kinet-
ics (often with pore diffusion effects) must be con-
sidered.

Effective Diffusivity

The major obstacle to calculating pore diffusion
effects is the accurate determination of the effective
diffusivity. In general, both bulk and Knudsen dif-
fusion may contribute to the rate of mass transport
within the porous structures of the char. The com-
bined effects of these two diffusion mechanisms can
be described by the combined diffusivity D [19,20]:

�1D � (1/D � 1/D ) (13)AB K

The Knudsen diffusivity can be calculated from clas-
sical kinetic theory [19]:

3 1/2D � 9.70 � 10 r (T/32) (14)K p

where DK is in cm2/s, and rp is the pore radius in
centimeters.

The random pore model is used to convert the
diffusivity to the effective diffusivity. This model was
originally developed for catalytic pellets containing
a bi-disperse pore system [21,22]. The resultant ex-
pression for the effective diffusivity may be written

2 2D � e D � (e � e )e M M M

�1(1 � 3e )(1 � e ) D (15)M M l

where DM and Dl are the combined diffusivity in
macro- and micropores, respectively, and e and eM
are the total porosity and macroporosity of the par-
ticle. The random pore model has four parameters:
e, eM, rp1 (macropore radius) and rp2 (micropore ra-
dius). The porosity of a char can be calculated and
is therefore not an adjustable parameter.

Model Evaluation

The HP-CBK model, using the Langmuir rate
equation, the effectiveness factor and the random
pore model, was evaluated by comparison with three
sets of pressure-dependent reactivity data: (1) graph-
ite flakes [23]; (2) large coal char particles [24]; and
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Fig. 1. Comparison of HP-CBK predictions of carbon
reactivity with graphite flake data [21] obtained as a func-
tion of and Tp.PO2

TABLE 1
Parameters used in modeling experimental data

For Ranish and Walker data [23]:
A1 � 6.29 � 108 mol C/(g C remaining)/s E1 � 51.1 kcal/mol
A � 13.4 atm�1 E � 10.1 kcal/mol
Non-porous graphite flakes
No CO/CO2 product ratio is assumed since reaction temperatures are controlled.

For Mathias data [25]:
A0 � 0.75 mol/(cm3 atm.sec) E0 � 18.2 kcal/mol
Porosity � 0.65a Macroporosity eM � 0.28
Contribution from micropores is negligible.
Macropore radius is large enough so that Knudsen diffusion is negligible.
CO/CO2 � 4.0 � 104 exp(�30000/1.987/Tp)a

For Monson data [4]:
A0 � 2.42 � 103 mol/(cm3 atm s) E0 � 21.7 kcal/mol
Total porosity e � 0.5a Macroporosity eM � 0.25
Macropore radius rpl � 2000 Åa

Contribution from micropores is negligible.
CO/CO2 � 4.0 � 104 exp(�30000/1.987/Tp)a

aValues calculated from experimental measurements and/or preset in modeling. Other parameters are adjustable vari-
ables and their values are determined by least square fitting.

(3) pulverized coal char particles [3,4]. Additional
modeling details are given by Hong [14].

Graphite Flake Experiments

Ranish and Walker [23] measured the oxidation
rates of some highly crystalline graphite flakes in
pure oxygen at pressures from 1 to 64 atm and tem-
peratures between 733 and 842 K. They observed
that the reaction order decreased from 0.83 to 0.69
as reaction temperature increased from 733 to 813
K. Banin et al. [25] also observed that the reaction
order of char oxidation decreased with temperature.

These observations contradict the prediction of Es-
senhigh [10], which suggested that the reaction or-
der should increase with increased temperature at
constant oxygen pressure.

Under the conditions of these experiments,
boundary layer diffusion resistance can be safely ne-
glected. The Langmuir rate equation was applied to
these rate data (see Fig. 1). Fig. 1 shows that the
model agrees well with the reaction rates at three
temperatures over the entire range of oxygen pres-
sure. The Langmuir rate equation also captures the
change of observed reaction order with temperature.
Note that the reaction orders (the m values in Fig.
1) are the averaged slopes of the lines in Fig. 1. Since
the graphite flakes used in these experiments are
non-porous, the rate equation can be expressed in a
slightly different form:

r� � k�P /(1 � KP ) (16)in 1 O O2 2

where is in g C/(g C remaining)/s, and is in gr� k�in 1
C/(g C remaining)/atm/s. The best-fit kinetic con-
stants are listed in Table 1. Notice that E0 � (E1 �
E) � (51.1 � 10.1) � 41.0 kcal/mol, which is less
than E1 (51.1 kcal/mol).

Large Coal Char Experiments

The reactivities of large Pittsburgh char particles
were measured [24] in the high-pressure controlled
profile (HPCP) drop-tube reactor [3] using a canti-
lever balance attachment (CBA) [26]. Gas tempera-
tures were measured by a type-S thermocouple lo-
cated about 1.2 cm above the supported particle.
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TABLE 2
Conditions of the large particle experiments

Ptotal

(atm)
PO2

(atm)
Vg

(m/s)
Tg

(K)
dpo

(mm)
YO2

Base 0.85 0.18 0.32 1050 8.00 21%
1 a 0.08
2 1.28
3 0.85 0.12 14%
4 0.85 0.06 7%
5 3 0.63 21%
6 5 1.05 21%
7 3 0.21 7%
8 5 0.21 4.2%
9 6.35
10 9.16
11 1200
12b 825

aA blank cell means that the value is maintained at the
baseline condition.

bCondition excluded due to prolonged heating-up pe-
riod.

The chars were prepared from Pittsburgh coal (38%
volatile matter, 11% ash) in N2 at a gas temperature
of 1050 K, a gas velocity of 0.32 m/s, a gas pressure
of 0.85 atm, and a residence time of 32 s. Most char
particles used in the oxidation experiments had an
initial mass of 0.11 g (corresponding to 8 mm di-
ameter). A baseline condition was selected, and a
parametric set of experiments was conducted by
varying one (or sometimes two) of the six variables
(Vg, , Ptot, dp0, , Tg), as shown in Table 2. FiveP yO O2 2
runs were performed at each of these 13 conditions
to reduce random errors and to determine the re-
peatability.

The particle center temperatures were measured
for three conditions (base condition, and conditions
11 and 12) using a type-S thermocouple inserted in
a small hole drilled approximately to the center of
the particle and attached to the particle with a small
amount of epoxy. For all of these three conditions,
the temperature profiles all show a characteristic
drop near the end of combustion (at about 85% dry
ash free [daf] burnout). This temperature drop is
consistent with the near-extinction behavior obser-
vation by Hurt and Davis [27]. The main interest of
this study is the reaction rates before the near-ex-
tinction stage and, therefore, average reactivities
were determined for the 10%–70% burnout region.
In addition, the temperature profile of condition 12
(Tg � 825 K) showed that the particle was heating
up continuously until the near-extinction behavior
began. This prolonged heating period is due to the
very low gas temperature and the large size of the
particle, and it makes this condition different from

all other conditions. Therefore, this one condition
was excluded in this study.

The particle reaction rates were originally re-
ported as normalized mass rates (dU/dt) versus
burnout (B). These rates were converted to rates
based on external surface area as follows: (1) For
each experimental condition, three values were ob-
tained from the dU/dt curve at B � 20%, 40%, and
60%, respectively. (2) The mass release rates (dm/
dt) were calculated from the normalized mass re-
lease rates (dU/dt). (3) The values of diameter at
different burnout were estimated assuming that the
density remains constant with burnout. This as-
sumption is supported by the measurements by Ma-
thias [23]. (4) The reaction rates based on the exter-
nal surface area were calculated from the mass
release rates (dm/dt) and the external surface area
( ). It was found that for each condition the re-2pdp
action rates based on the external surface area are
almost identical at burnouts of 20%, 40%, and 60%,
indicating a constant burning rate between 10% and
70% burnout. For each condition, the reaction rates
at these three burnouts were averaged to yield a
characteristic reactivity, which was used in model
evaluation.

The values of v factor were calculated for all of
the conditions, assuming the CO/CO2 product ratio
can be estimated using an empirical Arrhenius cor-
relation taken from Hurt and Mitchell [2]:

4CO/CO � 4.0 � 102

exp(�30000/1.987/T ) (17)p

According to this correlation, 87% of the carbon is
converted to CO2 and 13% to CO at 1200 K. This
expression for the CO/CO2 ratio was chosen so that
the particle temperatures predicted by the HP-CBK
model matched the limited number of measured
particle center temperatures. It was found that the
values of v factor ranged from 0.2–0.7, indicating
that combustion did not occur in zone III. If the
CO/CO2 product ratio is chosen so that more carbon
is converted to CO, the values of the v factor would
be even smaller and farther away from zone III con-
ditions. It was therefore concluded that these reac-
tion rates are not controlled by boundary layer dif-
fusion, and hence chemical kinetics and pore
diffusion have to be considered in modeling these
data.

The HP-CBK model was used to predict the char-
acteristic reactivities at all 12 conditions with a single
set of kinetic and pore structure parameters. The
particle sizes used in the HP-CBK model were those
at 40% burnout since the characteristic reactivities
represent the averaged reactivities over 10% to 70%
burnout. The particle temperatures were calculated
assuming thermal equilibrium between the particle
and the environment (Tg and Tw) through convec-
tion, conduction, and heat generation from reaction
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Fig. 2. Comparison of HP-CBK predictions of reaction rate with large coal char particle data [23] as a function of (a)
Vg, (b) (Ptot � 0.85 atm), (c) Ptot ( � 21%), (d) Ptot ( � 0.18 atm), (e) dp, (f) Tg.y PO O2 2

(see Ref. [15]), ignoring radial gradients inside the
particle for this initial investigation.

Kinetic parameters (A1, E1, A, E) and pore struc-
ture parameters (rp1, rp2, eM) were adjusted to min-
imize the difference between the predictions and
the data. Three observations were made:

1. The best fit used an intrinsic Langmuir rate equa-
tion that reduced to a zeroth order reaction.

2. The diffusivity contributed from micropores can
be neglected compared to the diffusivity contrib-
uted from macropores.

3. Macropores are large enough so that Knudsen
diffusivity can be neglected compared to molec-
ular diffusivity.

The first finding means that KPos is much greater
than 1 so that the Langmuir rate equation reduced
to the zeroth order rate equation:

r� � k P /(1 � KP ) � k P /(KP )in 1 os os 1 os os

�(E /RT)0� k /K � k � A e (18)1 0 0

Therefore, the absolute values of k1 and K could not
be determined, but their ratio k1/K � k0 was deter-
mined. The intrinsic zeroth order kinetics implied
an apparent order of 0.5 in zone II, which is re-
peatedly observed [1] or assumed [15] for high tem-
perature char oxidation. The second and third find-
ings mean that the effective diffusivity is only
determined by the macroporosity (eM):

2 �5 1.67 2D � e D � 1.523 � 10 T e /P (19)e M O ,N M2 2

These three findings greatly simplified the model
and reduced the number of adjustable parameters
to three: A0, E0, and eM. The best-fit kinetic and pore

structure parameters are listed in Table 1, and com-
parisons between calculations and measurements
are shown in Fig. 2. The HP-CBK model was able
to quantitatively explain the effects of all six experi-
mental variables: total pressure, oxygen partial pres-
sure, oxygen mole fraction, gas velocity, gas tem-
perature, and particle size with a standard deviation
of 14% and a maximum error of 22%.

Pulverized Coal Char Experiments

Monson et al. conducted char oxidation experi-
ments on a 70 lm Utah coal char at 1, 5, 10, and 15
atm total pressure [3,4]. Chars were prepared in the
HPCP furnace in an N2 environment at atmospheric
pressure, wall and gas temperatures of 1500 K, and
a residence time of 300 ms. In the char oxidation
experiments, reactor temperatures were varied be-
tween 1000 and 1500 K, with 5% to 21% oxygen in
the bulk gas, resulting in average particle tempera-
tures up to 2100 K and burnouts from 15% to 96%
(daf).

Approach
Two injection probes, one cooled and the other

uncooled, were used during the tests. Because of the
large heat loss and more particle dispersion associ-
ated with the cooled probe, only the experiments
using the uncooled probe were considered in this
study.

In these experiments, the temperatures and ve-
locities of the particles were measured using a two-
color pyrometer immediately before the particles
entered the collection probe. The reported particle
temperatures seem unreasonably high and do not
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Fig. 3. Comparison of HP-CBK predictions of carbon
burnouts with pulverized coal char data [4] as a function
of total pressure, oxygen mole fraction, gas temperature,
wall temperature, and residence time.

permit balance of the particle energy equation. It is
likely that many of the actual particle temperatures
were below the temperature measurement thresh-
old, and only a few nonrepresentative particles were
measured. Such errors were shown for other char
oxidation experiments by Fletcher and Hardesty
[28]. Therefore, the measured particle temperatures
were not used. Instead, a CO/CO2 product ratio was
assumed and the particle temperatures were calcu-
lated by the model. The particle burning mode pa-
rameter [15] was held constant at 0.2 (i.e., q/q0 �
(m/m0)0.2). The carbon burnout (daf) of the col-
lected particles was determined following the con-
tents of three tracers (ash, Ti, and Al). For each test,
burnout values were calculated using each of the
tracers. In almost every case, the three values agreed
within a few percent, promoting confidence in the
determination of burnout.

The measured burnout data were used to evaluate
the model. Residence times were calculated from
the measured particle velocities and the gas tem-
peratures, assuming that the gas and particle veloc-
ities were equal. Non-uniform wall temperatures
were correlated using a quadratic equation [14]. The
measured centerline gas temperatures varied mainly
with total pressure [29] and were used directly in
the model.

The HP-CBK model was used to predict the burn-
outs for all the experiments conducted at 1, 5, 10,
using the above-mentioned gas temperature and
wall temperature profiles. The experiments con-
ducted at 15 atm had extremely low wall tempera-
tures (e.g., 631 K) and low gas temperatures (e.g.,
987 K), and hence were not considered due to ig-
nition problems.

Results
In minimizing the standard deviation of model

predictions, it was found that the first two observa-
tions made in modeling the large particle experi-
ments of Mathias [24] were true again for these pul-
verized char oxidation data [4].

The kinetic and pore structure parameters used in
this study are listed in Table 1. The best-fit calcula-
tions of burnouts from the HP-CBK are compared
with the experimental data in Fig. 3. The HP-CBK
model was able to predict particle burnouts with a
standard deviation of 14% and a maximum error of
36%.

Summary and Conclusions

The Langmuir rate equation, when used with the
appropriate effectiveness factor, seems to be satis-
factory for modeling char oxidation over a wide
range of temperature and gas pressure. The reaction
order of the carbon–oxygen reaction seems to de-
crease with increased particle temperature at con-
stant oxygen concentration, which is supported by
experimental data [23,25]. In modeling the data by
Mathias [24] and Monson [4], it was found that the
Langmuir rate equation reduced to an intrinsic zer-
oth order equation for both cases. The intrinsic zer-
oth order equation implies an apparent order of 0.5
in zone II, in agreement with many observations
[1,15]. This suggests that an intrinsic mth order (m
� 0) is adequate for modeling char oxidation rates
as a function of total pressure at high temperatures,
although a global nth order rate equation has been
shown to be inadequate for that task. However, an
intrinsic mth order rate equation is inadequate for
modeling char oxidation over a wide range of particle
temperature since the intrinsic reaction order is typ-
ically non-zero at low temperatures and may change
with temperature [23].

In the specific cases examined in this study, mi-
cropores can be neglected compared to macropores
in modeling the effective diffusivity in the porous
char matrix.

Since experimental data at high pressures and
temperatures are so limited, the correlations be-
tween kinetic parameters (activation energies and
pre-exponential factors) and measurable char prop-
erties are not yet possible. However, it is thought
that the approach used in the HP-CBK model is
promising and may eventually yield coal-general cor-
relations.

Nomenclature

A, A1, A0 pre-exponential factors for K, k1, and k0,
respectively

B burnout, dry ash-free basis
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D combined diffusivity from both Knudsen
and molecular diffusion, cm2/s

DM, Dl combined diffusivity in macro- and mi-
cropores, respectively, cm2/s

DAB molecular diffusivity, cm2/s
De effective diffusivity, cm2/s
DK Knudsen diffusivity, cm2/s
E, E1, E0 activation energies for K, k1 and k0, re-

spectively, kcal/mol
K a kinetic parameter, K � A exp(�E/

RTp), atm�1

m mass of particle
Mc molecular weight of carbon
MT general (Thiele) modulus
Nu Nusselt number
P, Ptot total gas pressure, atm
PO2

oxygen partial pressure, atm
Pr Prandtl number
R gas constant
Re Reynolds number
Sc Schmidt number
Se external surface area of a particle, cm2

Sh Sherwood number
Tg gas temperature, K
Tp particle temperature, K
U unburned fraction of the carbonaceous

material, equal to (1 � B)
Vg gas velocity, m/s
Vp volume of a char particle
dp particle size, cm
k1 a kinetic parameter in equation 2, k1 �

A1 exp(�E1/RTp), mol/(cm3 atm s)
k�1 a variation of k1, mol C/(g C remaining)/

s
k0 k1/K, k0 � A0 exp(�E0/RTp)
q reaction rate per unit external surface

area of particle, g C/cm2/s
r�in intrinsic reaction rate per unit volume of

particle, mol C/cm3/s
r�obs observed reaction rate per unit volume of

particle, mol C/cm3/s
rp pore radius, nm
yO2

oxygen mole fraction

Greek symbols
� power index of the normalized density–

diameter relationship
v actual rate over the maximum rate in

boundary layer diffusion
e second effectiveness factor
e, eM total porosity and macroporosity
g effectiveness factor
mo stoichiometric factor of oxygen for each

mole carbon consumed
q particle density, g/cm3

Subscripts
in intrinsic
max maximum
o initial

obs observed
og oxygen in bulk steam
os oxygen at external surface
rxn reaction
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COMMENTS

Gui-su Lin, University of Newcastle, Australia. In your
calculation of effective diffusivity, both Knudsen diffusion
and bulk diffusion are considered. However, for char
combustion at high temperatures, several other calcula-
tions have been presented, in some of which only ma-
cropores are considered. These calculations reflect the
different pressure effect which is important in your work.
So, how do you think that different calculation methods
affect your prediction?

Author’s Reply. In general, both micropores and ma-
cropores should be considered. In some cases, only ma-
cropores are considered because the contribution to the
effective diffusivity from the micropores is negligible ac-
cording to model calculations. The micropores can be
neglected when (1) the micropore size is very small, (2)
the microporosity is very low, or (3) factors are com-
bined. In general, both Knudsen diffusion and bulk dif-
fusion should be considered. Again, in some cases you
will find that one of these two mechanisms can be ne-
glected. For example, when the pore size is large enough,
the Knudsen diffusion can be neglected.

●

Christopher Shaddix, Sandia National Laboratories,

USA. In this paper, the analysis performed by Monson
et al. (Refs. [3,4] in this paper) is used to reject the
possible applicability of a global nth-order rate equation.
Yet, I believe that conclusion was based, at least in part,
on the particle temperature measurements that were per-
formed—measurements that you reject later in the paper
as unphysical. Are you certain that an nth-order approach
could not predict the pulverized coal burnout data as well
as the more complicated approach you have adopted
here?

Author’s Reply. In this study, the particle temperature
measurements were rejected since many of them were
unfortunately too high and did not allow energy balance.
Instead, a CO/CO2 ratio expression was adopted to cal-
culate particle temperatures.

This paper showed that the Langmuir rate equation
reduced to an intrinsic zeroth order rate equation, which
implied a half order under zone II conditions. However,
this does not mean a global half-order rate equation is
generally adequate since (1) the form of the effectiveness
factor for the Langmuir rate expression is different
from that of the nth-order reaction; (2) in general, a
global nth order rate equation is inadequate to capture
the changes of activation energy, reaction order, and re-
action rate during the transition from zone I to zone II;
(3) the intrinsic order of zero is just a special case of the
Langmuir rate equation and is not applicable to other
conditions. Our attempts to empirically fit the Monson
data with a global nth order model required dividing the
rate by the total pressure raised to a fractional order. The
use of the global nth order approach was therefore not
pursued.

This paper shows that the Langmuir rate equation,
when used with the effectiveness factor, is much more
flexible and capable of capturing the complex trends in
activation energy, reaction order, and reaction rate.

●

Stephen Niksa, Niksa Energy Associates, USA. The rate
of homogeneous oxidation of CO to CO2 will increase
for progressively higher pressures. Moreover, your data
evaluations include fairly large particles, which would
probably support envelope CO flames even at atmo-
spheric pressure. How did you account for the influence
of homogeneous CO oxidation in your analysis of data?

Author’s Reply. The CO/CO2 ratio expression can be
modified to include effects of total pressure and/or oxy-
gen partial pressure with ease. However, we believe that
more experimental data are needed to quantitatively es-
tablish the effects of pressure on the CO/CO2 ratio.
The pressure effects on the CO/CO2 ratio were not in-
cluded in order to limit the number of parameters in the
model.
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The effects of an envelope CO flame have not yet
been considered in this modeling effort. It may be pos-
sible that this effect is important, especially since flame
thickness tends to decrease at high pressures due to in-
creased concentrations. The smaller flame thickness may

therefore permit a flame in the boundary layer. Internal
temperature gradients should also be considered in the
large particle experiments, indicating the need for data
on the effective thermal conductivity of porous coal
chars.
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