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Abstract

Previous research has provided strong evidence that CO, and H,O gasification reactions can provide non-negligible
contributions to the consumption rates of pulverized coal (pc) char during combustion, particularly in oxy-fuel
environments. Fully quantifying the contribution of these gasification reactions has proven to be difficult, due to
the dearth of knowledge of gasification rates at the elevated particle temperatures associated with typical pc char
combustion processes, as well as the complex interaction of oxidation and gasification reactions. Gasification
reactions tend to become more important at higher char particle temperatures (because of their high activation
energy) and they tend to reduce pc oxidation due to their endothermicity (i.e. cooling effect). The work reported
here attempts to quantify the influence of the gasification reaction of CO, in a rigorous manner by combining
experimental measurements of the particle temperatures and consumption rates of size-classified pc char particles
in tailored oxy-fuel environments with simulations from a detailed reacting porous particle model. The results
demonstrate that a specific gasification reaction rate relative to the oxidation rate (within an accuracy of
approximately +/- 20% of the pre-exponential value), is consistent with the experimentally measured char particle
temperatures and burnout rates in oxy-fuel combustion environments. Conversely, the results also show, in
agreement with past calculations, that it is extremely difficult to construct a set of kinetics that does not
substantially overpredict particle temperature increase in strongly oxygen-enriched N, environments. This latter
result is believed to result from deficiencies in standard oxidation mechanisms that fail to account for falloff in
char oxidation rates at high temperatures.
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1. Introduction

The increasing evidence of tangible effects of
global climate change has driven government
investments and subsidies to promote the adoption of
renewable energy technologies. However, many fossil
fuel sources offer considerable advantages over
renewable energy technologies in terms of land use,
energy transport, and energy storage, not to mention
readily dispatchable power [1]. Hence, as a strategy to
bridge our current fossil-dominated energy systems to
a fully renewable energy future in an economically
sustainable manner, it is sensible to consider fossil
fuel utilization strategies that can result in capture and
subsequent use or sequestration of CO, generated
during energy utilization [2]. Oxy-fuel combustion is
one such strategy, and it is a particularly favorable
strategy for stationary power generation from coal
[3,4] to meet power demands that cannot be met from
intermittent renewable power sources. Furthermore,
with the potential future generation of large amounts
of renewable hydrogen as an energy carrier and as a
zero-carbon fuel [5], oxygen may become available as
a low-cost ‘waste product’ from electrolysis of water
to produce hydrogen, thereby removing a significant
energy efficiency penalty that has historically
inhibited the use of oxy-fuel power generation.

As is now well-established in the literature, the
replacement of N> (in air) with recycled CO, and
steam in the oxy-fuel combustion process results in
impacts throughout the combustion process, due to
differences in the radiative, physical, transport, and
chemical reaction properties of CO, and steam
relative to Ny [3,6-8]. Perhaps the most complex
interplay of effects from the replacement of N, with
CO, and H,O is manifest in the combustion of
pulverized char particles, wherein differences in the
molar heat capacity, thermal conductivity, mass
diffusivity, and both homogeneous and heterogeneous
chemical reactivity of the surrounding gases can all
influence the combustion process [9]. Of these
different factors, the one with the greatest uncertainty
is the gasification reactivity of CO, (and steam) at the
elevated temperatures associated with pulverized coal
(pc) char combustion, particularly in oxygen-enriched
atmospheres that are often associated with oxy-fuel
combustion. The uncertainty in the gasification
reaction rates results from (a) a dearth of experimental
data on gasification rates at temperatures on the order
0f2000 K [10], (b) the high activation energy for these
reactions (on the order of 250 kJ/mol [11] for CO,
gasification), as determined at lower temperatures,
which makes extrapolation of rates determined at
lower temperatures to higher temperatures fraught, (c)
the potential for surface oxide site competition with
oxygen and steam reactants, and (d) the potential for
suppression of the forward gasification reactions from
elevated local concentrations of CO and H,.

While there have been numerous publications
detailing coal and coal char reactivity in oxy-fuel
environments at low to intermediate temperatures

appropriate for thermogravimetric studies (e.g. see
[12]), only a few studies have been reported in the
literature that attempt to address the contribution of
gasification reactions during oxy-fuel combustion of
pc chars at elevated temperatures in a quantitative
manner. Geier et al. [13] reported on the fitting of an
extended single-film char apparent kinetics reaction
model to experimentally measured pc char reaction
temperatures measured for two different coals sieved
to various size bins burning in an entrained flow
reactor operating in O,-N; and O,-CO, environments
(with 12-36 vol-% O, and 16 vol-% H,O) around
1700 K. Including the gasification rates (particularly
gasification from CO;) was found to be important to
at least roughly predict the measured char combustion
temperatures, and the best-fit model yielded a kinetic
rate for CO, gasification for the two coal chars that
was approximately 5 x 10~ times the value of the
kinetic rate for O, reaction with the chars, at 2000 K.

Hecht et al. [14] expanded upon the work of Geier
et al. by employing a detailed reacting porous particle
code, SKIPPY [15], with a combination of intrinsic
oxidation and gasification reactions to evaluate the
impact of gasification reactions on particle
temperature and gas species profiles through the
reacting char particles during oxy-fuel combustion.
Gasification rates were chosen that yielded
approximate agreement with the char particle
temperatures measured by Geier et al. [13], but
calculations were also performed with gasification
rates that were increased by a factor of 5 or neglected
altogether, to better illustrate their influence on char
combustion. Whereas the gasification reactions were
shown to have a strong impact on pc char combustion
temperatures, their effect on the net char consumption
rate was muted, because of two effects that decreased
the rate of oxidation reactions: (1) the lower char
combustion temperatures resulting from the strongly
endothermic gasification reactions, and (2) the
decreased mass diffusivity of oxygen through the
particle boundary layer during oxy-fuel combustion
(due to elevated CO; concentrations). Consequently,
it was determined that reductions in the char oxidation
rate during oxy-fuel combustion partially offset the
additional carbon removal from the gasification
reactions. Due to the high activation energy of the
gasification reactions, their impact was found to be
greater when char particle temperatures were higher,
and because of the greater penetration of CO, and
H,O than O, during pc char combustion, the
gasification reactions were found to be more
significant for larger particles.

Gonzalo-Tirado et al. [16,17] utilized an entrained
flow reactor and particle burnout measurements
during separate oxidation and gasification
experiments to deduce best-fit pc char oxidation and
CO, gasification single-film apparent kinetics over a
gas temperature range of 1300-1700 K, for the full
range of coal rank. Similar trends in the partial offset
of gasification and oxidation contributions to carbon
removal first reported by Hecht et al. [14] were found



in these studies, and gasification reactivity was found
to roughly scale with oxidation reactivity across the
different rank coal chars. The absolute values of the
CO, gasification rates determined in these studies are
rather high, compared to most others reported in the
literature [16,17], and the apparent kinetic rate of CO»
gasification was found to exceed that for oxidation
(for the subbituminous and bituminous coals) for
temperatures exceeding 1700 K. Note that the
experimental approach taken in the studies by
Gonzalo-Tirado et al. inherently presumes there is no
competition for active carbon sites during oxy-fuel
combustion.

Kim et al. [10] derived a high-temperature single-
film apparent kinetic rate for CO, gasification of a
subbituminous coal, based on nominal fits of
combined oxidation and gasification reactions to
measured char particle combustion temperatures in an
entrained flow reactor operating with 12 and 24 vol-
% O in Ny or in CO,, at 1700 K [13]. At 2000 K, the
apparent kinetic rate for CO, gasification derived by
Kim et al. is 0.5 times that for O, reaction with the
char.

Over the past several years, a number of studies
have been reported for drop tube measurements of
mass loss or flat flame measurements of particle
temperatures and mass loss of pulverized coal chars in
0,-N; and 0,-CO; environments [e.g. 18-19], but
these have not yielded true kinetic relationships that
can be used to compare the rates of oxidation and
gasification reactions. Consequently, as evidenced by
the substantial variation reported in the relative rate of
CO, gasification to oxidation during oxy-fuel
combustion of pc char particles, there remains
considerable uncertainty in the magnitude of the CO»
gasification reaction, particularly at the elevated
temperatures (> 1700 K) associated with active
combustion of pc char. To improve the quantification
of this relative rate of CO, gasification, we report here
a combination of carefully constructed and performed
experiments and detailed modeling of reacting porous
char particles, wherein relative intrinsic kinetic rates
can be evaluated, allowing subsequent extension to
apparent rates corresponding to any particular particle
size or reaction environment.

2. Experimental Methods
2.1 Entrained flow reactor

Sandia’s combustion-driven optical entrained flow
reactor was utilized for this study. This reactor has
been well characterized and the details of its operation
and its utility for char kinetic determinations have
been previously reported [20]. A particle-sizing
pyrometer was utilized, as described previously, to
perform measurements of the char particle size,
temperature, and velocity for entrained char particles
burning in isolation from one another. To assure good
sampling statistics, between 100 and 150 good quality
single-particle optical signal traces were collected for

each of several selected sampling heights for a given
reactor condition. The corresponding particle
residence time in the laminar flow furnace was
deduced from the measured mean char particle
velocities. A Nz-quench, water-cooled isokinetic
sampling probe was used to collect char samples at
selected reactor heights for subsequent determination
of char burnout. The refractory elements Si, Al, and
Ti were measured commercially by ICP-OES
(inductively coupled plasma optical emission
spectrometry) and their concentrations were
compared to those in the base char material to
calculate the burnout of the organic matter in the char,
according to Eq. (1) (written for the case of Ti):

- (Y”/Yﬁ,g) L= Yago * (YTi/YTi,O)I/ -
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To reduce the effects of data scatter in the
determination of burnout according to each refractory
metal, the results from the three metals were averaged
together.

2.2 Furnace conditions

The choice of furnace operating conditions
involved balancing a desire to assure consistent char
particle ignition and combustion, while attempting to
keep the char combustion temperatures low enough to
minimize or eliminate contributions from boundary
layer conversion of CO [21], which is favored by high
ambient gas temperatures and complicates
interpretation of the results. For this reason, a nominal
furnace gas temperature of 1300 K was chosen,
produced by operating the Hencken burner at an
adiabatic flame temperature of approximately 1350 K
for N, environments and 1400 K for CO»
environments. Three different oxygen concentrations
were utilized: 12, 18, and 24 vol-% O,, with a total
furnace flow of 40 slpm. The balance gas was
nominally N or CO», although the combustion of fuel
gases produced a background steam level of
approximately 10 vol-% for the N, environments and
13 vol-% for the CO, environments (see Table 1). A
very low flow of 0.12 slpm unheated N> or CO, was
used to deliver the char particles to the furnace,
corresponding to the respective balance gas for the
experiments. Furnace gas temperature profiles were
measured with a very fine wire (25 um dia.) type-R
thermocouple, corrected for radiant loss [22], which
is very minor (~ 15 K) for such a fine thermocouple at
this low temperature. As shown in Fig. 1, the gas
temperature was quite flat through the reactor and was
essentially identical for all flow conditions (the
centerline profile shows an initial dip from the effects
of the cool feed gas).

2.3 Pulverized char particles

To assure a common char material for the particles
reacting in the different reactor environments, high



Table 1
Calculated composition of furnace gases (vol %).

N> 12 N» 18 N> 24 CO2_12 CO2_18 CO2_24

CO2 25 2.3 2.8 75.0 70.0 62.0
H.O 100 105 9.5 13.0 12.0 14.0
N 755 692  63.7

O 12.0 18.0 24.0 12.0 18.0 24.0
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Fig. 1. Centerline gas temperature profiles in the optical
entrained flow reactor for the investigated flow conditions.

heating rate char particles were first generated by
feeding pre-sieved pulverized low-sulfur subbit-
uminous coal (Black Thunder) particles at a low feed
rate into a turbulent entrained flow reactor operating
at 1473 K and 1 atm with a preheated N, flow with
1.5% O, (to prevent tar formation and condensation).
The particles were exposed to the high-temperature
environment for 250 ms to assure complete
devolatilization, before being quenched by cool N»
flow at the inlet of a water-cooled collection probe.
The collected char was size-classified using a
mechanical sieve shaker. The 63-75 pm size cut was
selected for this study, after re-sieving the particles to
remove any residual fines. The use of pre-formed,
narrowly-sieved chars provides a well-known char
particle diameter, at least for early extents of reaction
before the particles shrink, and precludes a reliance on
optically measured particle diameters, which typically
have an uncertainty of 20% and are limited to char
particle sizes greater than 80 um. Table 2 shows the
ultimate and proximate analysis of the raw coal and
the prepared char particles. Based on the total ash
tracer analysis, the prepared char corresponds to 46%
burnout of the raw coal.

Table 2

Composition of coal and prepared char.

wt-%, DAF coal char

C 69.0 89.6

H 5.0 0.77

(0] 25.4 8.0

N 0.97 1.31

S 0.45 0.38

wt-%

moisture 9.3 3.7

ash 4.8 9.5

volatiles 42.3 12.7

fixed C 43.6 74.1

3. Porous Reacting Particle Modeling

To aide the interpretation of the experimental
measurements, we employed the Surface Kinetics in
Porous Particle (SKIPPY) code [15,14] developed at
the University of Sydney. SKIPPY solves the mass,
species, and energy conservation equations inside and
outside a porous particle reacting under steady-state
conditions in a quiescent environment. From this
solution, SKIPPY gives the gas species flows,
concentrations and temperature within the pores of the
char, at the outer surface of the char, and within the
layer of gas surrounding the char. Both heterogeneous
(gas-solid) and gas-phase chemical reactions are
considered, by employing data and subroutines from
the CHEMKIN [23], SURFACE CHEMKIN [24],
and Sandia transport [25] packages. A solution is
found through the TWOPNT [26] solver and mesh
points are automatically added in regions with high
gradients.

For the calculations employed here, GRI-MECH
3.0 [27], without nitrogen reactions, was used to
describe the gas-phase reaction kinetics. As will be
discussed later, several different surface mechanisms
were investigated during this study. However, most of
the results that will be discussed are based on
application of the mechanism shown in Table 3. As in
previous uses of SKIPPY [14,15,21,28], the oxidation
and gasification reactions are treated as adsorption-
limited, with arbitrarily fast desorption reaction rates
that guarantee insignificant accumulation of oxygen
complexes on the char surface and no competition
between O, and CO» to react with active carbon sites.
This neglect of the buildup of oxygen complexes on
the char surfaces may contribute to overprediction of
the oxidation rate under certain conditions, but does
not appear to be a significant factor for the conditions
investigated here. Further, by ‘calibrating’ the CO»
gasification rate to match experimental trends during
oxy-fuel combustion conditions, any competition
between O, and CO, for active carbon sites that is
occurring in the experiments is treated semi-
empirically. Note that the gasification reactions are
written as irreversible. It is possible that some
inhibition of the forward reaction occurs under some
of the conditions investigated here (esp. 24% O> in
COy), but the ability of this mechanism to match the
experimental measurements suggests the effect is not
too large.

Table 3

Heterogeneous oxidation and gasification mechanism.

A (units of E (kJ/mol)

mol,cm,s)

330x 10° 1674
1.00 x 108 0
9.50x 10 1423
1.00 x 108 0
2.16x 10" 251.0
2.61x 10" 2220

Reaction
Cp + Cs +02 = CO + C(O)s
C(0)s + C» > CO + Cs
Cs +02 = C(O2)s
C(02)s + Cp > CO2 + Cs
Cs +CO2 2 CO + C(O)s
Cs +H20 2 Hz + C(O)s




4. Results and Discussion
4.1 Char particle combustion temperatures

Figure 2 shows the char particle temperatures
measured in the N, and CO, environments, as a
function of char particle residence time, together with
some of the calculated char particle temperatures from
the SKIPPY simulations. The experimental data are
shown as box plots [29] to indicate the statistical
distribution of measured char temperatures at each
axial position for a given flow condition. The size of
the 25-75 percentile box edges (i.e. the ‘H-spread’) of
the measurements indicates the combined effects of
the 2-color pyrometry precision and the variation in
the size and composition (reactivity) of the char feed
particles. For the measurements performed during
intermediate stages of burnout the H-spread is
relatively small (order of 25 K in N, and 50 K in CO»).
The H-spread is enlarged at low and high
measurement heights, where incompletely ignited
particles (at low heights) or partly extinguished
particles (at high heights) are likely present within the

2200

measured particle population, contributing to
enhanced variance in the distribution of single particle
temperatures.

The calculations are focused on predicting the
experimental trends during intermediate extents of
burnout, to minimize uncertainties due to the effects
of transient char ignition or extensive burnout.
Predicting the full particle temperature temporal
profiles would require introducing a statistical particle
reactivity distribution (with unknown parameters) as
well as a burnout model (again, with unknown
parameters), neither of which would add any rigor to
an analysis of the base oxidation and gasification
rates, which is the focus here.

Figure 2 shows the expected strong dependence of
char combustion temperature on the oxygen
concentration of the furnace gas, for both N, and CO»
environments. For a given bulk O, concentration, the
char combustion temperature in CO, is consistently
lower than that in N, by 100-150 K, reflecting the
combined effects of an approximately 17% lower
diffusivity of oxygen through CO, in the particle
boundary layer and the endothermic reaction of CO,
with the char.
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Fig. 2. Measured and modeled char particle temperatures as a function of residence time in the entrained flow reactor for CO2
and N, environments. The mean particle temperatures are shown as solid symbols, whereas the box and whiskers surrounding
the data points indicate the 25-75 percentile limits (box edges) and the 10-90 percentile limits (whiskers) of the measured
distribution of single-particle statistics at each sampling location. The open symbols at a residence time of 45 ms indicate char
particle temperatures calculated by SKIPPY for the corresponding gas conditions using the mechanism shown in Table 3 (a
height of 5 cm in the reactor corresponds to a residence time of 38 ms).

4.2 Char burnout

Figure 3 shows the measured burnout, as determined
from char collection and analysis via the refractory
ash tracer technique. Even after averaging the three
measured refractory metals, there is some noise
evident in the profiles. Due to the difficulty in
collecting sufficient sample mass for analysis when
feeding char particles at a low enough feed rate to
assure isolated particle combustion, only single
samples were collected at each height. Table 4 shows
the values of the line fits that were determined for the
different experimental conditions, as well the burning
rates calculated from SKIPPY, using the mechanism
shown in Table 3. A fully quantitative comparison
between the SKIPPY burning rates and the

experimental rates is not possible, because of
uncertainty over the actual char particle densities,
particularly as the char burns out. However, it should
be noted that a 70 um diameter char particle with 10%
ash content (as is modeled in the SKIPPY
simulations) and a density of 0.7 g/cm? has a carbon
content of 9.3 x 10? moles, such that a simulated
conversion rate of 10® mol/s approximately
corresponds to an experimental burnout rate of 1/s,
which is why the computational rates are shown in
units of 10® mol/s in Table 3. The experimental
burning rates are quite similar for the chars burning in
the No and CO, environments for a given oxygen
concentration, and probably cannot be distinguished
from one another within the measurement uncertainty.
The calculated burnout trends are similar to the



experimental trends, except that the simulated burnout
in N> environments is consistently higher than that in
CO; environments, which is due, at least in part, to
overpredictions of char particle temperatures in N»
environments, as will be discussed below.

1.0
5 ] N,
5 08 e 12%0,
2 1 A 18%0, .
£ 06— W 24%0,
3 1 co, o .
S 04+ 0 12%0,
% 1 2 18%0,
8 923 o2%o0,
L B B B L B B L B B
0 10 20 30 40 50 60

Residence Time (ms)

Fig. 3. Measured dry, ash-free burnout of the char particles
as a function of residence time in the entrained flow reactor
for N2 and CO: environments. Line fits to the data are
shown.

Table 4
Char burning rates.

4.3 SKIPPY studies of surface kinetics

SKIPPY simulations were conducted in a
systematic manner to deduce the best-fit CO»
gasification rate, relative to the oxidation rate, for the
experimental measurements of char particle
combustion temperatures in the N, and CO»
environments. The presumed surface area, which
combines with the C active site density (assumed to
be 1.7 x 10" mol/cm? [15]) to yield the mass-specific
site density, was varied, together with the presumed
gasification rate, until nearly perfect agreement was
obtained with char combustion temperatures in the
CO, environment, which naturally is more sensitive to
the CO, gasification reaction. This agreement was
obtained using a presumed surface area of 43 m?/g and
the gasification rates shown in Table 3. Note that
during high temperature combustion and gasification
there is strong evidence that little of the micropore
surface area is accessed, such that use of surface areas
characteristic of mesopores for these calculations is
appropriate, as has been previously discussed [14].
The best-fit presumed surface area and gasification
rate could be derived by independently varying these
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Fig. 4. Measured and modeled char particle temperatures for the CO2 and N> environments, wherein different assumptions were
made regarding the relative intensity of the CO2 and steam gasification reactions. Note that the same scale is used for the y-axis

of these two plots, but they cover different ranges.

Figure 4 shows results for measured and various
simulated char particle temperatures in both the CO»
and N, environments. As noted before, the best way
to compare kinetic model predictions is to focus on
the quasi-steady burning associated with moderate
amounts of char burnout, so the comparisons are made
at aresidence time of 45 ms. In the CO; environments,
use of gasification rates that were 17% higher and
lower gave somewhat worse results than for the ‘best-

fit’ base gasification kinetic rates. For example, for
24% 05 in CO», the use of the higher gasification rate
underpredicted the char temperature by 25 K, whereas
the lower gasification rate led to a 30 K
overprediction. Attempting to match the experimental
data when using an oxidation-only mechanism
dramatically failed, particularly in the CO»
environment for 18% and 24% O,. The oxidation-only
mechanism also gave poor predictions in the N»



environment for 18% and especially 24% O», due to
the gasification reactions attributed to the moisture
and (low) CO; content in the furnace gases, combined
with CO; locally generated in the particle boundary
layer from oxidation of CO.

As is apparent from Fig. 4, whereas the particle
temperatures measured in the CO, environments with
12-24 vol-% O, can be well-described by the SKIPPY
model when using the oxidation and gasification rates
shown in Table 3, the same is not true in N»
environments, most notably in the case of 24 vol-%
0,, when the char combustion temperature exceeds
2000 K. This trend of combustion models
overpredicting char particle combustion temperatures
for elevated ambient oxygen concentrations has been
reported several times before [13,14,20,28]. To
further probe this, SKIPPY simulations were
performed in which the presumed activation energy of
both oxidation reactions shown in Table 3 was
decreased, from 167.4 kJ/mol (40 kcal/mol) to 125.5
kJ/mol (30 kcal/mol) for the primary oxidation
reaction, leading to CO formation. The overall
oxidation rate was maintained constant at 1900 K
through adjustment of the pre-exponentials. With this
adjustment, the predicted char particle temperature for
18% O, in N, remained the same, while the
temperature in 12% O, in N, increased by
approximately 30 K and the temperature in 24% O, in
N decreased by approximately 20 K. While these are
improvements, in comparison to the experimental
data, the char temperature was still well over-
predicted for 24% O, in N».

As mentioned in Section 3, char particle oxidation
calculations have traditionally neglected competition
for C active sites. Also, measurements of the intrinsic
reaction order for oxidation of carbon chars tend to
cluster around 0.7 [30], which is not reflected in the
simplified oxidation mechanism shown in Table 3. To
rectify these deficiencies, we implemented the five-
step oxidation mechanism developed by Geier et al.
[31] into SKIPPY. This mechanism explicitly
accounts for the oxygen partial pressure dependence
of the overall oxidation rate and accounts for
competition between the different steps for active
sites. With this more sophisticated oxidation
mechanism, we obtained nearly identical char particle
temperature predictions in N, environments, and
worse predictions in CO, environments.

Recent molecular beam oxidation experiments
with vitreous carbon have revealed that at high
temperatures, the oxidation rate becomes attenuated
due to prompt dissociation of surface oxides from the
carbon surface (i.e. O atom desorption), with an
activation energy of approximately 370 kJ/mol [32-

33], which corresponds to the strength of a typical C-
O bond [34]. This new mechanistic finding is
consistent with some previous studies of carbon
oxidation by O, that found retarded high-temperature
carbon oxidation (e.g. [35-36]), which until now has
not been explained. These results suggest that existing
char oxidation mechanisms are missing a key reaction
step that plays an increasingly important role at high
char temperatures — a step that should provide better
agreement of model predictions with measurements
for char oxidation at elevated oxygen concentrations,
particularly in N, environments where the particle
temperatures are higher. Also, it should be noted that
thermal annealing effects on char reactivity [37] are
not currently included in our char reaction model and
could play a role in the overprediction of char particle
temperatures in oxygen-enriched environments.

4.4 SKIPPY simulations of gas profiles

Figure 5 shows the computed gas concentration
and temperature profiles through the char particle and
in the vicinity of the particle for the investigated CO»
environments, using the best-fit gasification kinetic
rates. There are several things to note: (a) CO, a
byproduct of both oxidation and CO, gasification
reactions, builds up to increasingly large values as the
O, content increases in the bath gas, until it reaches
over 70 mol-% in the center of the char particle when
burning in 24% O», (b) the CO; concentration in the
particle falls rapidly as the bulk O, content increases,
as a result of both an increase in CO production in the
particle and an increase in consumption of CO; via the
gasification reaction (which is highly temperature
dependent), (c) O, does not penetrate the char very
far, particularly at the higher char temperatures
associated with combustion at elevated bulk O, levels
(the calculated effectiveness factor for O, decreases
from 18.5% in the 12% O, condition to 8.1% for the
24% O, condition), (d) the 14% steam in the bulk gas
results in a small amount of H, production in the char
at the 24% O, condition, from the steam gasification
reaction, and (e) the minor increase in the
concentration of CO, just outside of the particle for
elevated O, conditions indicates some boundary layer
conversion of CO is occurring. The reaction-specific
carbon consumption data from the simulations shows
that the CO, gasification reaction accounts for 5.4%
of the carbon removal for the 12% O, condition,
13.6% for the 18% O, condition, and 19.5% for the
24% O, condition. These results highlight the
complexity of the role of the gasification reactions
during oxy-fuel combustion of pc chars.
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Fig. 5. Computed temperature and gas species profiles for 70 pm char particles reacting in O2/COz mixtures at 1300 K, using
the gasification kinetics shown in Table 3. The radial position from the char particle center has been normalized by the particle

radius and is displayed on a logarithmic scale.

4.5 Rate comparisons with literature

The magnitude of the best-fit oxy-fuel gasification
kinetic rates determined in this study appear to be
lower than many of those that have been recently
reported, but direct comparisons of the intrinsic
kinetics determined here with apparent reaction rates
determined under different reaction conditions are
difficult. On the other hand, the rates determined here
are only 40% lower than the intrinsic kinetic rates
used by Hecht et al. [14] to roughly match
experimentally measured oxy-fuel char combustion
temperatures using SKIPPY and appear to be in good
agreement with the apparent kinetics rates determined
by Geier et al. [13]. The advantage of focusing on the
determination of intrinsic kinetic rates, as done in this
study, is that these rates can be readily converted to
apparent rates, as used in large-scale computational
fluid dynamic simulations of coal combustion, for a
given particle size, temperature, and surrounding gas
environment.

5. Conclusions

A narrow size cut (approx. 70 um in diameter) of a
high heating rate subbituminous coal char was
combusted in an entrained flow reactor operating at
1300 K with O,-N; and O,-CO, mixtures varying
from 12-24 vol-% O,. Measured char particle
temperatures are 100-150 K higher in the N>
environments, but the measured burnout rates in the
two environments are similar for a given bulk oxygen
concentration. Detailed particle simulations with the
SKIPPY code match the experimental char
combustion temperatures in the CO, environments
when using a CO, gasification rate that is somewhat
lower than one previously utilized in an earlier, less
rigorous SKIPPY analysis. The SKIPPY simulations
also show reasonable agreement with the measured
burnout rates in the CO, environments. Comparisons
of the simulations and the experimental measurements
are less satisfying in the N, environments, due to an
overprediction of char reaction temperatures for
elevated bulk oxygen levels. Recent results in the

literature suggest that this overprediction of char
particle temperatures in oxygen-enriched N
environments may result from the neglect of a key
reaction step in char oxidation mechanisms, or from
thermal annealing effects. Even with the somewhat
lower CO; gasification rate determined in this study,
its influence on the char combustion process in O»-
CO, environments is significant, particularly for
elevated char combustion temperatures.
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