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CFD simulations traditionally rely on the computational efficiency of single-film
global kinetic oxidation models to predict char particle temperatures and char conversion
rates in pulverized coal boilers. In oxy-fuel combustion with flue gas recirculation (FGR),
as is commonly employed, char combustion occurs in the presence of elevated CO, levels
and, frequently, elevated water vapor levels (when employing wet FGR). Furthermore,
local oxygen concentrations can be quite high in the vicinity of oxygen injection lances.
The suitability of existing approaches to modeling char combustion under these condi-
tions has been unclear. In particular, our previous work comparing experimental mea-
surements of pc char combustion temperatures against detailed modeling of char combus-
tion showed that both boundary layer conversion of CO and gasification reactions of
steam and CO, need to be included to give reasonable agreement with the experimental
measurements. In this study, we have developed an extended single-film reaction model
that includes gasification reactions and systematically interrogated the performance of the
model in comparison to experimental data for a Powder River Basin subbituminous coal
and a low-sulfur high-volatile bituminous coal for a variety of model assumptions. While
the extended single-film model cannot give ideal agreement with the data, reasonably
good agreement is given for high temperature environments with 12-36 vol-% O, and 16
vol-% H,0 in either N, or CO, diluent. To achieve such agreement with the data while
maintaining reasonable values for activation energy of the reactions, incorporation of
both steam and CO, gasification reactions is required.

injection is typically employed with lances in oxy-

1. Introduction fuel burners to aid flame attachment and stabiliza-
Coal combustion using pure oxygen as the oxi- J([)I]?gx[ggr]l, leading to locally high concentrations

dizer appears to be an economically promising
process for CO, separation for carbon capture and
storage and has thus received considerable atten-
tion of the scientific community in recent years
(e.g. [1-3] and references therein). Flue gas recy-
cling necessary for thermal control and material
safety issues yields elevated concentrations of car-
bon dioxide and possibly also higher moisture
contents in the char combustion environment. Re-
trofitted boilers typically have to be operated at
enhanced oxygen levels to maintain similar heat
transfer rates [4,5]. Furthermore, pure oxygen

Computational fluid dynamics (CFD) simula-
tions have become an indispensable tool in design
and optimization of coal-fired burners and boilers.
High computational complexity dictates fairly
coarse meshes for the spatial domain and applica-
tion of simplified coal combustion models, which
inevitably reduces the range of process conditions
for which the simulation software produces relia-
ble results. The char combustion process is com-
monly described through a single heterogeneous
reaction, namely C(s) + O, — CO; or by C(s) +
1/2 O, — CO (sometimes including a rule to ac-
count for heat release by the oxidation of CO to
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for these simplistic kinetics models have been es-
tablished empirically for conventional, air-blown
combustion systems. When these parameters are
used for the vastly different oxy-combustion envi-
ronments, char burnout characteristics may be
poorly predicted. In order to establish better char
burnout models, it is necessary to understand the
governing phenomena and their relevance for
these unconventional combustion conditions.

Recent computational results suggest that the
partial conversion of CO to CO, in the particle
boundary layer has an important influence on the
char particle temperatures and burning rates under
oxygen-enriched combustion conditions [9,10]. In
addition, char surface reactions with both steam
and CO; could play an important role in the char
oxidation process [10-12]. The highly endothermic
char gasification reactions C(s) + CO, — 2CO and
C(s) + H,O — H; + CO have been found to reduce
the temperature of pulverized coal chars burning
at high temperatures in oxy-combustion environ-
ments, and to slightly enhance or reduce overall
consumption rates depending on particle size and
O, concentration [10,11].

The simulation code SKIPPY (Surface Kinetics
in Porous Particles) [13], which calculates 1-D,
steady-state species concentration and temperature
profiles of a single, porous, spherical particle
placed in a quiescent, chemically reacting envi-
ronment, allows numerical investigation of the
char consumption process to a high level of detail
and serves as a heuristic tool to advance the un-
derstanding and guide further experimental inves-
tigations. Applied in this sense, SKIPPY predic-
tions of temperatures of 100 um particles have
shown good agreement with experimental data
when both steam and CO, gasification reactions
were included [12]. The results indicate that a full
mechanistic view of the char consumption process
in oxy-combustion systems must consider steam
and CO, gasification reactions, as well as CO
conversion in the particle boundary layer. In order
to assure CFD simulations produce reliable predic-
tions for oxy-combustion systems, CFD codes
must therefore account for these reactions (but un-
der the constraint of sufficiently low computation-
al cost).

In this study we explore a modification of the
traditional single-film char burnout model (i.e. a

model without gas-phase reactions and only char
reaction with O,) for that purpose. In particular,
we consider augmenting the heterogeneous reac-
tion mechanism with two (global) gasification
reactions. In light of the aforementioned findings
and the simplicity of the overall reaction mechan-
ism, it is clear that the model is probably a poor
representation of the actual chemical reaction me-
chanism, but the question is whether it can be use-
ful for reliable predictions of char temperatures
(and thus radiant heat transfer) and char conver-
sion in CFD simulations. Evaluation of this ex-
tended single-film model with respect to the de-
tails of implementation and efficiency of the algo-
rithm are beyond the scope of this paper. Rather,
we focus here only on the model performance in
predicting experimentally observable data (particle
temperature) of char particles burning in N, and
CO, baths with different contents of O,. Predic-
tions from models of different complexity and the
values of the fitting parameters are used to assess
model quality.

2. Experiment

The experimental data used consist of simulta-
neously measured size-temperature pairs of indi-
vidual particles burning in isolation from each
other. These data were obtained using an optical
entrained flow reactor in a configuration schemat-
ically depicted in Figure 1 and described in more
detail in [14]. The combustion-driven reactor re-
lies on a diffusion-flamelet-based Hencken burner
to produce a high-temperature gas flow at ambient
pressure (1 atm) into which coal particles are in-
troduced at the furnace centerline. The particle
carrier flow rate is very small relative to the over-
all burner flow rate and compositionally matches
the diluent in the main reactant flow (i.e. N, or
CO,). For the experimental results shown below
the coal particles were delivered to the flow reac-
tor at a rate sufficiently small (~0.6 g/hr) to assure
that injected particles burned in isolation from one
another. The hot, post-combustion gas flow is
shielded from the surrounding air by means of a
46 cm tall 5 cm x 5 cm quartz chimney, which al-
so provides optical access for in situ optical mea-
surements on particles injected into the flow.

For comparisons with predictions of different
char combustion models, size-classified coal par-



ticles were entrained into mixtures with 12, 24 or
36 mole-% O,, 16% moisture, and CO, or N; as
balance gas. Particle temperature-size data were
collected at locations between 25and 125 mm
above the burner face. At these locations, the gas
temperatures were 1680+40 K, with a peak at
about 1700+10 K at 50 mm above the burner sur-
face and a subsequent linear decay with height in
the furnace [12]. The total burner product flow
rate was 60 slpm (standard liters per minute),
which includes 0.03 slpm of diluent flow for con-
veying the particles through the feed tube
(0.75 mm ID).
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of the flow reactor.

Fig. 1.

The experimental data shown are for a western
U.S., low-sulfur, high-volatile bituminous coal
(Utah Skyline) and a low-sulfur subbituminous
coal from the Powder River Basin (North Ante-
lope), with proximate and ultimate analyses shown
in Table 1. Analysis of three coal size fractions
(53-75 ym, 75-106 um and 106-125 um) con-
firmed size-independent elemental composition
and ash contents. The data presented here corres-
pond to a coal particle feed of 75-106 pum.

3. Extended Single Film Model

Establishment of a model to account for gasifi-
cation reactions on the char surface, in addition to
the oxidation reaction, relies on the same simplify-
ing assumptions used in the derivation of the sin-
gle-film model as outlined e.g. in [15]. In essence,
an instantaneous energy balance and equation for
conservation of mass are formulated on a homo-
geneous, non-porous, chemically reacting, spheri-

cal particle with reactant species diffusing from an
infinite boundary to the particle surface. As no
reactions are assumed to take place in the gas
phase, the location of species conversion occurs
only on the char surface and is based on the fol-
lowing heterogeneous reactions:

C(s) + (1+y)/2 0, — y CO, + (1= y) CO (1)
C(s) + CO, — 2CO @)
C(s) + H,O — H, + CO 3

The CO,/CO production ratio is modeled as
CO,/CO = y/(1-y) = 0.02 p(O25)°? exp(3070/T)
[16], where p(O,;) is the oxygen partial pressure
at the particle surface in atm, and T is the particle
surface temperature. The carbon production rate in
kmol/(m?s) follows from for an “nth-order” Arr-
henius Kinetics rate law for each reactant accord-
ing to

N7 . E; ni
SC(S) = _Ainl eXp (_R_’}) [Ri,s]

where [R;is] is the molar concentration of reactant
Ri ={0,, CO,, H,O} at the particle surface in
kmol/m?, E; is the activation energy in kJ/mol, and
universal gas constant R =8.3145 J/(K-mol).
Reaction orders of 1 (nj =1) are frequently em-
ployed in CFD codes for these reactions, a choice
justifiable mainly on numerical rather than physi-
cal grounds (according to classical Thiele analysis,
apparent reaction orders are constrained to lie

Table 1 Proximate and Ultimate Analysis of Coals

Coal Type
Utah Skyline North Antelope
wt%, as  wt%dry wt%, as wt% dry
Proximate rec’d rec’d
moisture 3.18 23.69
ash 8.83 9.12 4.94 6.47
volatiles 38.60 39.87 33.36 43.72
fixed C 49.39 51.01 38.01 49.81
Ultimate wt% dry wt% DAF wt% dry wit% DAF
C 70.60 77.44 53.72 56.51
H 5.41 5.93 6.22 6.54
O (by diff.) 13.21 14.49 34.11 35.88
N 1.42 1.56 0.78 0.82
S 0.53 0.58 0.23 0.24




between 0.5 and 1 for Zone Il combustion with
partial reactant penetration of the porous char [17,
18]). To follow the customary use of expressing
the rate law in terms of reactant partial pressure
instead of molar concentration, the temperature
exponent b; = 1. With these assumptions, the pre-
exponential factors A; are given in units of m/s.

The energy balance for steady-state consump-
tion of char according to reactions 1-3 assumes the
same form as for the traditional single-film model
[12,19], but with additional expressions for gas
properties and overall heat of reaction. As CO is
both a reactant and a product species, the differen-
tial equations for species conservation are some-
what more involved, but can still be solved analyt-
ically as long as constant gas properties are as-
sumed. Due to reaction coupling through the indi-
vidual char consumption rates, a solver for sys-
tems of nonlinear equations is generally necessary,
however. While information on gas properties and
other required input parameters can be readily ob-
tained, Kinetics rate parameters must be found em-
pirically by fitting the model to the experimental
data. For the limited amount of data at hand, typi-
cal literature values are substituted for the gasifi-
cation activation energies here, leaving at most
four parameters for the fit. The obtained rate pa-
rameters for the models discussed below are
summarized in Tables 2 and 3, with numerical
subscripts 1-3 referring to reactions 1-3.

4. Results and Discussion

Figure 2 shows the measured char particle tem-
perature data for Utah Skyline char particles burn-
ing in Ny (left) and CO; (right) diluents together
with best-fit single-film model predictions corres-
ponding to the rate parameters shown in Table 2.
Consistent with the findings in [9], measured tem-
peratures are, for comparable O, concentrations,
on average lower in the CO, environment. The
data suggest that particle temperatures are nearly
independent of particle size, with a mild negative
correlation with size for lower oxygen concentra-
tions. The data show an average char particle size
of ~ 100 um (consistent with the coal feed range
of 75-106 um), so temperature data for the re-
ported sizes between 97 and 103 um are therefore
used to fit the models. To properly balance the
model fits to variations in particle temperature (as
the O, content in the gas is varied) and to the pres-
ence or absence of significant CO, concentrations,
the different models shown in Tables 2 and 3 were
adjusted manually to best match data for 12% and
36% O, in N, and 36% O, in CO; bath gas.

The best-fit results for a traditional oxidation-
only model (Model I, not shown here) cannot pre-
dict the data well for both N, and CO; environ-
ments, and the obtained best-fit activation energies
are zero or even negative, clearly in discord with
physically reasonable values, indicating model
inadequacy. These results have been previously
reported [20]. Fig. 2 shows the best-fit single-film
model results when including gasification

Table 2 Rate parameters for Utah Skyline char conversion

A E; E, As =
Model m/s kJ/mol m/s kJ/mol m/s kJ/mol
I 0.0146 15 300 251.0 0 0
Ia 0.0334 13.9 340 251.0 100 221.8
b 0.0981 29.4 390 251.0 300 221.8
Illc 0.499 50.6 440 251.0 1000 221.8

Table 3 Rate parameters for North Antelope char conversion

A E, E, A; E;
Model m/s kJ/mol m/s kJ/mol m/s kJ/mol
1 0.0278 3.6 500 251.0 0 0
Ila 0.116 25.5 590 251.0 100 221.8
11b 0.751 53.3 680 251.0 300 221.8
Ilc 22.2 99.4 740 251.0 1000 221.8
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Fig. 2. Predicted and measured (symbols) Utah Skyline

char particle temperatures for three free-stream O,
concentrations, 16% moisture, and N, and CO,
bath gas. Curves are predictions by models that al-
low for char consumption through oxidation and
both steam and CO, gasification. Models Illa-c re-
fer to different pre-exponential factors for the
steam gasification reaction (Table 2).

reactions. Model 1l includes char gasification by
COg, but ignores steam gasification. This model,
with three fitting parameters (a typical value
251 kJ/mol [12] was assumed for the activation
energy of the gasification reaction), can, as ex-
pected, predict the temperatures around the fitting
particle size 100 um and gives reasonable fits for
both N, and CO,-dominated environments. How-
ever, the value of the apparent activation energy of
the oxidation reaction is physically unrealistic and
thus indicative of model inadequacy. As 16%
moisture was present in the test environments, it is
possible that steam gasification plays a role in de-
termining the char particle temperature. In that

case, CFD model predictions may rapidly lose
their validity at other levels of moisture when
Model Il is used.

Figure 2 also shows the prediction results for
Model 111, when including the steam gasification
reaction together with CO, gasification. Results
for submodels a-c of Model Il correspond to dif-
ferent assumed values of the pre-exponential fac-
tor As of the steam gasification reaction, while
holding the activation energy fixed at 222 kJ/mol
[11]. Obviously, models with A; between 0 and
1000 m/s can all be reasonably fitted to the
100 pum data, which is no surprise given the con-
stant moisture level for all data. A unique solution
would require matching to data over a wide range
of steam levels. Another means of differentiating
the results for different assumed values of the
steam gasification rate is to compare the derived
best-fit apparent char oxidation activation ener-
gies. As shown in Table 2, the best-fit apparent
activation energy for the oxidation reaction varies
between 14 and 51 kJ/mol. These are rather low
values, but with an Az value of 1000 m/s at least
we are approaching the expected Zone Il char oxi-
dation E,; of ~ 80 kJ/mol [21]. The best-fit char
oxidation activation energy may be low because
the assumption no, =1 may be too large. While

frequently used in CFD codes, this assumption has
been questioned by the scientific community [22].
Alternatively, Langmuir kinetics models have
been proposed as being more appropriate than
power-law kinetics models, at least for steam and
CO, gasification reactions. Another reason for un-
realistically low oxidation activation energies,
however, is the likely relevance of CO conversion
in the boundary layer (as suggested by our pre-
vious detailed modeling), which is ignored in the
single-film models discussed here. Note that we
have also performed fits with lower presumed ac-
tivation energies of the two gasification reactions,
corresponding to Zone 1l behavior for those reac-
tions, but this yields even lower values of the de-
rived activation energy of the oxidation reaction.
Figure 3 shows experimental data and model
predictions for North Antelope char particles.
These particles burn hotter than the Utah Skyline
particles, corresponding to their higher reactivity



(as expected for a lower rank coal). The trends in
both the data and the model fits are similar to
those previously described for the Utah Skyline
coal, except that the best-fit oxidation activation
energies are somewhat higher. In particular, an
apparent activation energy of 53 kJ/mol is ob-
tained for the oxidation reaction when a steam ga-
sification pre-exponential of 300 m/s is used.
Therefore, for best self-consistency in the temper-
ature dependence of char oxidation, we recom-
mend using the model parameters highlighted in
yellow in Tables 2 and 3.
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Fig. 3. Predicted and measured (symbols) Utah Skyline

char particle temperatures for three free-stream O,
concentrations, 16% moisture, and N, and CO,
bath gas. Curves are predictions by models that al-
low for char consumption through oxidation and
both steam and CO, gasification. Models Illa-c re-
fer to different pre-exponential factors for the
steam gasification reaction (Table 2).

5. Summary

The traditional single-film nth-order Arrhenius
char oxidation model was extended by including

additional heterogeneous reactions of char with
CO; and H0, as is required to accurately predict
char particle temperatures and char consumption
rates in both conventional and oxy-combustion
environments. Particle temperatures from two-
color pyrometer measurements of char particles
burning in N, and CO, dominated gas environ-
ments were compared with predictions from the
developed models with the goal to assess their
predictive performance as part of CFD software.
The results suggest that char consumption charac-
teristics can be predicted reasonably well with the
extended single-film model for a wide range of O,
and CO, concentrations. Despite the wide applica-
tion range, however, best-fit values of kinetic pa-
rameters are somewhat outside the range of physi-
cal meaningfulness, likely reflecting limitations
from the neglect of CO conversion in the boun-
dary layer, varying penetration of reactants into
the char particle, and uncertainties in the actual
heterogeneous reaction mechanism.
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