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In this study, char combustion of pulverized coal under oxy-fuel combustion conditions was investigated on 

the basis of experimentally observed temperature-size characteristics and corresponding predictions of nu-

merical simulations. Using a combustion-driven entrained flow reactor equipped with an optical particle-

sizing pyrometer, combustion characteristics (particle temperatures and apparent size) of pulverized coal 

char particles was determined for combustion in both reduced oxygen and oxygen-enriched atmospheres 

with either a N2 or CO2 bath gas. The two coals investigated were a low-sulfur, high-volatile bituminous 

coal (Utah Skyline) and a low-sulfur subbituminous coal (North Antelope), both size-classified to 75–

106 m. A particular focus of this study lies in the analysis of the predictive modeling capabilities of sim-

plified models that capture char combustion characteristics but exhibit the lowest possible complexity and 

thus facilitate incorporation in existing computational fluid dynamics (CFD) simulation codes. For this 

purpose, char consumption characteristics were calculated for char particles in the size range 10–200 m 

using (1) single-film, apparent kinetic models with a chemically “frozen” boundary layer, and (2) a reacting 

porous particle model with detailed gas-phase kinetics and three separate heterogeneous reaction mechan-

isms of char-oxidation and gasification. A comparison of model results with experimental data suggests 

that single-film models with reaction orders between 0.5 and 1 with respect to the surface oxygen partial 

pressure may be capable of adequately predicting the temperature-size characteristics of char consumption, 

provided heterogeneous (steam and CO2) gasification reactions are accounted for.  

 

1. Introduction 

Coal combustion using pure oxygen as the oxi-

dizer appears to be an economically promising 

process for CO2 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). Temperature 

control and material safety issues generally require 

a substantial degree of flue gas recycling, which 

yields elevated concentrations of carbon dioxide in 

the char combustion environment. Depending on 

whether the flue gas is dried before being re-

cycled, higher moisture contents may be present as 

well. Flue gas recycling is particularly necessary 

for boiler retrofit applications, in which gas and 

particle temperatures similar to air-blown combus-

tion are required to achieve the necessary heat 

transfer in different regions of the boiler. Due to 

the higher molar heat capacity of carbon dioxide 

relative to nitrogen, flame temperatures for a given 

initial oxygen concentration are lower. Therefore, 

retrofitted boilers have to be operated at enhanced 

oxygen levels to maintain similar heat transfer 

rates [4,5]. Application of O2-recycle combustion 

can cause differences in furnace operation parame-

ters such as burner stability, char burnout, heat 

transfer and gas temperature profiles, as various 

pilot-scale tests have shown [4-12]. 

Computational fluid dynamics (CFD) simula-

tions have become an indispensable tool during 

the process of designing and optimizing coal-fired 

boilers. CFD codes are frequently used to predict 

temperatures, heat transfer rates and species pro-

files in full-scale facilities, posing high demands 

on computational performance. For computations 

to provide results within practically acceptable 

time frames, reduced spatial resolution of the 

computational domain and simplified coal com-

bustion models have to be used. The challenge in 
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this context is to develop models that are computa-

tionally inexpensive while still capturing all rele-

vant information to produce realistic predictions. 

As most kinetics models and appropriate rate pa-

rameters have been derived for conventional, air-

blown combustion systems, application of existing 

models for prediction of char burnout characteris-

tics (particle temperatures and consumption rates) 

may yield erroneous results if char consumption in 

the oxy-combustion environment is influenced by 

additional reactions. 

Recent computational results suggest that the 

the endothermic char gasification reaction C(s) + 

CO2 → 2CO significantly reduces the temperature 

of pulverized coal chars burning at high tempera-

tures in oxy-combustion environments [13]. The 

reaction affects the gas composition in the particle 

interior and, for 130 µm particles, leads to en-

hanced char consumption rates in environments 

with less than 24% oxygen. Similarly, simulations 

including the steam gasification reaction C(s) + 

H2O → H2 + CO show a reduction of char particle 

combustion temperatures, but a slight enhance-

ment of the char consumption rate [14]. Simula-

tion results further suggest that the partial conver-

sion of CO to CO2 in the particle boundary layer 

has an important influence on the char particle 

temperatures and burning rates under oxygen-

enriched combustion conditions [15]. This is gen-

erally expected to be more important for larger 

particle sizes, as the characteristic diffusion time 

through the boundary layer increases for larger 

particles and thus provides more time for oxida-

tion of CO to proceed. 

The purpose of this study is to identify ap-

proaches for modification of existing single-film, 

nth-order apparent char kinetic models in order to 

accommodate differences in char consumption 

characteristics between conventional and oxy-fuel 

conditions. To this end, particles of two coals (a 

high-volatile bituminous and a subbituminous 

coal), sieved to 75-106 μm, are combusted in N2 

and CO2 baths with different contents of O2, and 

experimentally observed temperature-size charac-

teristics are compared with predictions of simple 

single-film models. Results of simulations with 

the porous particle combustion code SKIPPY are 

used to provide complementary information. 

2.Experiment 

2.1. Gas composition and temperature 

Char consumption characteristics of pulverized 

coal was studied experimentally using Sandia’s 

optical entrained flow reactor, described in more 

detail in [16]. 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). Solid fuel particles are intro-

duced at the furnace centerline through a 0.75 mm 

stainless-steel tube by means of a small flow of N2 

or CO2, depending on the diluent used in the main 

reactant flow. For the experiments reported here, 

the coal feed rate was kept sufficiently low 

(~0.6 g/hr) to assure that injected particles burned 

in isolation from one another. The experimental 

setup further consists of a 46 cm tall 5 cm  5 cm 

quartz chimney that isolates the hot, post-

combustion gas flow from the surrounding air and 

enables in situ optical measurements on the par-

ticles injected into the flow. 

 

 

Figure 1 Schematic of Sandia’s laminar entrained flow reac-

tor for coal combustion studies. The particle-sizing pyrome-

try diagnostic is shown to the right of the flow reactor. Data 

collection is triggered by a particle passing through the focus 

of the HeNe laser beam along the centerline of the reactor. 

For comparisons with predictions of different 

char combustion models, sieve-classified coal par-

ticles were entrained into mixtures with 12% (by 

mole), 24% or 36% O2, 16% moisture, and CO2 or 

N2 balance gas. Particle temperature-size data 

were collected at locations between 25  and 

125 mm above the burner face, where gas temper-

atures were 1680±40 K (see Figure 2). The gas 

temperature profile peaked at about 1700±10 K at 



 

27
th

 Annual International Pittsburgh Coal Conference, Istanbul, Turkey, Oct. 11-14, 2010 

3 

50 mm above the burner surface and then de-

creased nearly linearly with increasing height 

(temperature profiles remained in a band of ±10 K 

from the average gas temperature profile). The 

total burner product flow rate was 60 slpm (liters 

per minute at 0°C and 1 atm), which includes 

0.03 slpm of diluent flow used for entraining the 

particles. 

 

 

Figure 2 Radiation-corrected thermocouple measurements of 

gas temperature profiles in the entrained flow reactor. Mea-

surements used a 25-µm, type-R fine-wire thermocouple and 

were corrected for radiative losses following [17]. 

 

2.2. Fuels 

The two coals investigated were a high-volatile 

bituminous coal (Utah Skyline) and a subbitumin-

ous coal from the Powder River Basin (North An-

telope). Proximate and ultimate analyses of the 

pulverized coals are summarized in Table 1. For 

particle-sizing pyrometry, the coals, which are 

both considered low-sulfur coals, were sieved to 

75-106 µm to aid data acquisition. Additional 

analysis of three coal size fractions (53-75 µm, 75-

106 µm and 106-125 µm) confirmed size-

independent elemental composition of ash con-

tents. 

 

3.Numerical Modeling 

3.1. Detailed Char Consumption Model (SKIPPY) 

SKIPPY (Surface Kinetics in Porous Particles) 

[18] is a FORTRAN program that calculates 1-D, 

steady-state species concentration and temperature 

profiles of a single, porous, spherical particle 

placed in a quiescent, chemically reacting envi-

ronment. Based on user-specified mechanisms for 

heterogeneous (gas-solid) and homogeneous reac-

tions (e.g. GRIMECH 3.0 [19]), species concen-

trations and temperature inside the porous particle, 

at the external surface, and in the gas layer outside 

the particle are computed. 

 

Table 1 Proximate and Ultimate Analysis of Coals 

 Coal Type 

 Utah Skyline North Antelope 

         

Proximate 

wt%, as 

rec’d 

wt% dry wt%, as 

rec’d 

wt% dry 

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 wt% 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 

 

The necessity of specifying reaction mechan-

isms makes SKIPPY a well-suited tool for study-

ing the effects of reactions in the boundary layer 

(e.g. [15, 20]) or the importance of individual he-

terogeneous reactions (e.g CO2 gasification reac-

tion on char consumption during oxy-fuel combus-

tion of pulverized coal [13]). For the study pre-

sented here, we explored the effect of adding 

steam and CO2 gasification reactions (R5 and R6 

in Table 2) to the surface oxidation mechanism 

originally employed by Molina et al. [21]. In pre-

vious work (without gasification reactions), reac-

tive specific char surface area was adjusted to 

bring observed and predicted temperatures of char 

particles burning in N2 at different oxygen concen-

trations into agreement [15]. This approach re-

sulted in a 24-fold reduction in surface area for 

char particles burning in 36% O2 relative to those 

burning in 12% O2. While there may be differenc-

es in surface areas of char formed in situ at differ-
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ent bulk oxygen concentrations (due to differences 

in devolatilization characteristics), the variation in 

surface area that was required in those computa-

tions seems too large to be attributable to this phe-

nomenon only. More likely, the simple heteroge-

neous reaction mechanism that was employed 

(char reaction with O2 as the sole reactant) does 

not adequately model char surface reactions. Al-

lowing for contributions by gasification reactions 

seems a reasonable approach, particularly for oxy-

fuel combustion systems with flue gas recycling, 

where CO2 (and possibly H2O) concentrations can 

be considerably higher than in conventional com-

bustion systems. The mechanism summarized in 

Table 2 is clearly an over-simplification (e.g. inhi-

bition effects of CO and H2  on the gasification 

reactions [22], rate-limiting effects of product de-

sorption [23], and dependence of the CO/CO2 pro-

duction ratio on the concentration of O2 at the sur-

face [24] are not captured), but the goal here was 

to shed some light onto the relative importance of 

oxidation and gasification reactions in oxy-fuel 

versus conventional pulverized-coal combustion 

systems. 

Table 2 Reaction rate constant parameters for the heteroge-

neous reactions used for SKIPPY simulations. The rate con-

stants are specified in terms of Arrhenius expressions with 

pre-exponential factors A and activation energy E. The use 

of “_s” denotes species bond to surface sites, and “C(b)” 

denotes (inaccessible) bulk carbon atoms. 

Reaction 
A 

(g/cm2 s) 

E 

(kJ/mol) 

Heterogeneous oxidation:   

(R1)  C_s + O2 => CO + O_s 3.3E+15 167.4 

(R2)  O_s + 2C(b) => CO + C_s 1.0E+08 0. 

(R3)  C_s + O2 => O2_s+ C(b) 9.5E+13 142.3 

(R4)  O2_s + 2C(b) => C_s + CO2 1.0E+08 0. 

CO2 gasification reaction:   

(R5)  C_s + CO2 => CO + O_s + C(b) 3.60E+15 251.0 

Steam gasification reaction:   

(R6)  C_s + H2O => H2 + O_s + C(b) 4.35E+14 222.8 

 

In order to compare predictions and observa-

tions, char particle temperatures were computed 

for the size range 10 - 200 μm. The SKIPPY simu-

lations used GRIMECH 3.0 [19] without nitrogen 

reactions and used the heterogeneous reactions 

listed in Table 2, with the rate parameters of R5 

and R6 varied to assess the importance of these 

reactions. Internal specific surface area was held 

constant for all particle sizes and O2 concentra-

tions; a value of 10 m
2
/g was used to crudely re-

produce temperatures for 100 μm particles burning 

in 12% O2. At this condition, particle temperatures 

are around 1900 K, which is relatively low to ex-

pect appreciable effect of the high activation ener-

gy gasification reactions [13-14]. Further simula-

tion input parameters include bulk density = 

560 kg/m
3
, tortuosity = 5, void fraction = 0.4, par-

ticle thermal conductivity = 1.33 W/m·K, emissiv-

ity = 0.8, wall temperature (for radiative heat 

transfer) = 500 K, pressure = 101 kPa and gas 

temperature = 1690 K. 

 

3.2.  Simplified Char Consumption Model 

Kinetic parameters for calculating the rate of 

char consumption can be obtained from measured 

data and an appropriate char consumption model. 

In the case of optical measurements on individual-

ly burning char particles carried by a hot gas flow, 

the char consumption process is governed by mass 

and heat transfer to and from the particle, as well 

as chemical reactions, both on the particle surface 

and in the gas phase. Mathematical models of con-

siderable complexity can certainly be formulated 

to fully describe the overall process. However, 

using these models to estimate the rate parameters 

of heterogeneous reactions (a) requires accurate 

specification of imperfectly known model details 

(such as gas phase reaction rates, transport proper-

ties, pore structure, etc.), and (b) yields kinetics 

rate parameters that can produce poor predictions 

if utilized directly with simplified models of CFD 

codes. For those reasons, we compare measured 

temperature-size data with predictions from a rela-

tively simple burnout model, as outlined below. 

A simplified model, similar to those typically 

employed in CFD codes, was derived from the 

instantaneous energy balance on a homogeneous, 

chemically reacting, spherical particle. Assuming 

negligible effect of reactions in the boundary 

layer, average gas-mixture properties, and the 

overall char reaction C + (1+ψ)/2 O2 → ψ CO2 + 

(1−ψ) CO, the instantaneous energy balance is 

given by (see [25] for more detail): 
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The left-hand term in this equation represents the 

thermal inertia of the particles, with particle di-

ameter dp (m), particle bulk density ρp (kg/m
3
), 

specific heat c (J/kg·K), particle speed vp (m/s), 

surface temperature Tp (K), and spatial coordinate 

z (m). For the current set of measurements, the 

particle temperatures are nearly independent of the 

distance from the burner face, allowing this term 

to be neglected. The first term on the right 

represents radiative heat loss, with char emissivity 

ε and wall temperature Tw (K). The second term 

on the right represents convective heat loss of the 

particle, with mixture thermal conductivity λ 

(W/m·K), free-stream gas temperature Tg (K) and 

κ = (−q·dp/λ) ∑iνi cg,i, which characterizes the heat 

transfer correction due to Stefan flow [25] (νi are 

stoichiometric coefficients, with νO2 = (1+ψ)/2, 

νCO = −(1−ψ), and νCO2 = −ψ; cg,i are the corres-

ponding specific heat capacities (J/kg·K)). The 

chemical heat release is represented by the far 

right-hand term, where q denotes the overall burn-

ing rate per unit external surface area (kg/m
2
·s), 

and Δh = (1−ψ) ΔhCO + ψ ΔhCO2 is the overall 

heat of reaction (J/kg). The CO2/CO production 

ratio at the char particle surface is modeled as 

CO2/CO ≡ ψ/(1−ψ) = 0.02 p(O2,s)
0.21

 exp(3070/Tp) 

[24], where p(O2,s) is the oxygen partial pressure 

at the particle surface (atm). p(O2,s) follows from 

solution of the gas-phase diffusion equation [25] 

as p(O2,s)/p = γ + [p(O2,∞)/p − γ] exp[−q/(γ·kd·p)], 

where γ = −(1+ψ)/(1−ψ), p(O2,∞) is the free-stream 

oxygen partial pressure (atm), kd = 2·WC·DO2,mix/ 

(dp·R·Tf·νO2) is the oxygen mass transfer coeffi-

cient (kg/m
2
·s·atm) with WC = 12 g/mol, DO2,mix is 

the mixture-averaged oxygen diffusion coefficient 

(m
2
/s), R = 8.3144 J/mol·K is the universal gas 

constant, and Tf = (Tp + Tg)/2 is the film tempera-

ture (K). Gas properties (λ, DO2,mix, and cg) were 

calculated for T = Tf, and the free-stream gas com-

position as outlined in [26] (κ was approximated 

as κ ≈ −q·dp·cg·WC/(γ·λ·νO2)). 

The surface-specific burning rate q, is typically 

expressed as 

npTkq ,sops 2
)(  

where ks(Tp) = WC·A·exp(−E/RTp) in units of 

kg/m
2
·s·atm

n
, n is the reaction order, and the pre-

exponential factor A is expressed in units of 

kmol/m
2
·s. This is the “nth-order Arrhenius” ex-

pression of global char kinetics. For Zone-II com-

bustion conditions, as are typically found for pul-

verized coal combustion, the diffusion of oxygen 

through the boundary layer has some influence on 

the burning rate of the particle, but the influence is 

not controlling the rate. However, the oxygen dif-

fusion profile needs to be accounted for when cal-

culating the surface concentration of oxygen.  

For the study presented here, temperature-size 

characteristics were calculated with the described 

model. The required rate parameters A and E to 

specify q were determined for three reaction or-

ders n = 1, 0.5 and 0.1 such that observed tem-

peratures of 100 μm particles burning in N2 with 

12% and 36% O2 in the free stream were repro-

duced. Particle temperatures were then computed 

for sizes from 10 to 200 μm for the experimental 

conditions studied (either CO2 or N2 diluent, 16% 

H2O and three O2 bulk concentrations (12%, 24%, 

36%)). A gas temperature Tg = 1690 K, radiative 

boundary Tw = 500 K, and char particle emissivity 

ε = 0.8 were assumed. The obtained rate parame-

ters are summarized in Table 3. 

 

Table 3 Estimated rate parameters for North Antelope 

and Utah Skyline for the simplified steady-state burning 

model. 
 North Anthelope: 

Fixed n =  
A 

(kmol/m2·s) 

E 

(kJ/mol) 

1 0.44 0.00 

0.5 0.67 36.50 

0.1 1.70 76.26 

  

 Utah Skyline: 

1 0.39 11.95 

0.5 1.05 51.75 

0.1 2.31 83.54 

 

 

4. Results and Discussion 

4.1. Single-film char consumption models 

Figure 3 shows the results from the simplified 

model calculations for different reaction orders 

together with measured data for char particles 
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burning in N2 diluent. Temperatures are signifi-

cantly higher for the subbituminous North Ante-

lope char (top), for which considerably smaller 

sizes were also measured (most likely due to a 

stronger tendency to fragment than the bituminous 

Utah Skyline char (bottom)). The overall spread of 

temperatures of Utah Skyline char particles is 

larger for a given reactor condition, which may 

reflect a higher variability in mineral contents of 

the coal particles.  

For both North Antelope and Utah Skyline char, 

the calculated temperatures agree well near the 

“design” diameter 100 μm, but the diameter range 

for which predictions are reasonably good appears 

to be wider for reaction orders of n = 0.5 and 

n = 1. According to classical Thiele analysis, ap-

parent reaction orders are constrained to lie be-

tween 0.5 and 1 for Zone II combustion [27,28], 

even though smaller reaction orders have been ob-

tained in regression procedures for estimation of 

rate parameters (e.g. [25]) and ash-inhibition or 

similar processes that decrease reactivity with 

burnout can result in low effective reaction order 

[29]. The results shown in Figure 3 suggest that 

the predictions with n = 0.1 hold for sizes larger 

than 100 μm, and thus could be used in CFD mod-

els as long as the kinetics rates are not applied to 

particle sizes outside that range. Choosing a 

smaller particle size when estimating the rate pa-

rameters would have improved the predictions at 

smaller sizes, but at the cost of over-predicting 

temperatures for larger sizes. Given the observed 

nearly size-independent temperatures, it is rec-

ommended to keep reaction orders in the range 

between 0.5 and 1, to obtain more realistic profiles 

over the entire size range. However, the activation 

energies that are required when fitting the simula-

tions to the data for high reaction orders can be 

very small (e.g. for n =1, E = 11.95 kJ/mol and 

0 kJ/mol for North Antelope and Utah Skyline, 

respectively) and should be viewed as pure fitting 

parameters without practical meaning. But fitted 

parameters that strongly deviate from a physically 

realistic range indicate that the fitted model does 

not fully capture all relevant physical processes.  

Figure 4 shows predicted and measured particle 

temperatures as a function of particle diameter for 

char particles burning in CO2-dominated gas mix-

tures. Compared with the data for N2 diluent 

(Figure 3), the measured temperatures for both 

chars are lower in the CO2 environment, consistent 

with previous findings [15]. Interestingly, for each 

free-stream oxygen concentration the char temper-

atures show a much wider spread about an average 

temperature-size profile than for the N2 environ-

ment. This may be caused by differences in prop-

erties of in situ char produced in N2 and CO2, but 

further investigation is necessary to clarify this 

point. 

 

 

 

Figure 3 Predicted and measured (symbols) particle surface 

temperatures for three free-stream O2 concentrations, 16% 

moisture and N2 bath gas. Solid lines n = 0.5, dotted lines 

n = 1, dashed lines n = 0.1. 

 

As shown in Figure 4, predicted temperatures 

for reaction orders of n = 0.5 and n = 1 are too 

high for North Antelope char particles but agree 

reasonably well for Utah Skyline char. Although 
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the predictions are slightly better for n = 1, both 

models yield similarly good predictions. In inter-

preting the results for Utah Skyline char, two is-

sues must be kept in mind. First, the measured 

temperatures for both N2 and CO2 experiments are 

~ 150 K lower than for North Antelope char, thus 

potential contributions by gasification reactions 

are less significant for Utah skyline char. Second, 

due to the higher variability in measured tempera-

tures (presumably a consequence of higher varia-

bility of mineral contents), average temperatures 

of 100 μm particles seem biased towards lower 

temperatures (see Figure 3). The increased spread 

of temperatures of char burning in a CO2 bath fur-

ther obscures clear interpretation of discrepancies 

between model and experimental data.  

The over-prediction of temperatures for North 

Antelope char shown in Figure 4 clearly points to 

inadequacy of the simplified model. From a CFD 

modeling perspective, several modifications of the 

model without the need to include time-consuming 

calculations of temperature and multi-species pro-

files in the boundary layer could be conceived. 

The simplest option may be to use the simplified 

model as it is, but with a different set of rate pa-

rameters for CO2 environments. While this is 

straightforward, the model may remain valid only 

in a narrow range of moisture and CO2 concentra-

tions if gasification reactions considerably affect 

particle temperatures and/or char consumption 

rates. The next level of complexity might thus be 

to include char gasification reactions in CFD 

codes.  

 

4.2. SKIPPY Simulations 

Simulated particle temperatures for combustion in 

N2-dominated environments and three different 

heterogeneous reaction mechanisms are shown in 

Figure 5. The first mechanism consists of oxida-

tion reactions R1-R4 only, which, as mentioned 

earlier, results in vast over-prediction of particle 

temperatures at elevated oxygen concentrations. 

The temperatures of smaller particles are con-

trolled by convective heat loss, whereas radiative 

losses cause the temperature to fall at the large-

size end of the studied size range. Highest temper-

atures are predicted in the intermediate size range 

between 30 and 70 μm, with peak temperatures 

shifting towards smaller sizes with increasing free-

stream oxygen concentration. 

 

 

 

Figure 4 Predicted and measured (symbols) particle surface 

temperatures for three free-stream O2 concentrations, 16% 

moisture and CO2 bath gas. Solid lines n = 0.5, dotted lines 

n = 1, dashed lines n = 0.1. 

 

The second mechanism includes R1-R4 and the 

steam gasification reaction, R6; however, in this 

case a different set of rate parameters was used for 

R6 than listed in Table 2: A = 1.16E16 g/cm
2
·s, 

and E = 251.0 kJ/mol. This parameter set was 

found to produce the best match of predicted and 

observed temperatures of 100 μm particles and is 

still well within the range of activation energy and 

overall reaction rate that appears in the literature 

for steam gasification [14]. The relatively good fit 

for all oxygen bulk concentrations suggests that 

the steam gasification reaction plays an important 
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role in determining the char particle temperature 

and thereby the char oxidation rate.  

The third model adds the CO2 gasification reac-

tion, R5, and thus uses the full mechanism speci-

fied in Table 2. Although the fit for 100 μm par-

ticles is slightly better than for the second model, 

the necessity of including this reaction is not ob-

vious, based on the data shown in Figure 5 for N2-

dominated environments. 

 

 

Figure 5 SKIPPY predictions of particle surface tempera-

tures for three free-stream O2 concentrations, 16% moisture 

and N2 diluent compared with measured data for North An-

telope char. Model I: oxidation only (R1-R4), Model II: oxi-

dation with steam gasification (R6 with E = 251 kJ/mol, A = 

1.16E16 g/cm
2
 s, Model III: R1-R6 as specified in Table 2. 

 

Comparison of experimental data and model pre-

diction for combustion in CO2 diluent (Figure 6) 

clearly shows that both steam and CO2 gasifica-

tion reactions have to be included to produce an 

acceptable fit for sizes near 100 μm. Both reduced 

models (oxidation alone and oxidation together 

with steam gasification) over-predict temperatures 

for that size range. The suggested importance of 

CO2 gasification implies that CO oxidation in the 

boundary layer, which produces additional CO2 in 

the vicinity of the particle, may be more important 

then previously assumed. Similarly, the water-gas 

shift reaction (CO + H2O → CO2 + H2) might play 

a subtle role due to its impact on the gas composi-

tion near the particle surface. For combustion in 

conventional environments, the rate parameters for 

the steam gasification reaction had to be reduced 

when adding the heterogeneous CO2 reaction. This 

implies that CO2 gasification plays an important 

role also when insignificant amounts of CO2 are 

present in the bulk gas. Under those conditions, 

carbon dioxide formed at the char surface and in 

the boundary layer participates in gasification 

reactions (because of relative slow diffusion of 

CO2 in N2, appreciable concentrations of CO2 can 

be present at the particle surface despite low CO2 

production rates). For application to CFD codes, 

the suggested relevance of steam and CO2 gasifi-

cation reactions implies that lumped kinetics to 

model char consumption as a single-step oxidation 

process may only be valid for narrow ranges of 

combustion environments (in terms of steam and 

carbon dioxide concentrations). Therefore, it may 

be necessary to account for both steam and CO2 

concentrations to produce appropriate estimates of 

char temperatures and burning rates. 

 

 

Figure 6 SKIPPY predictions (solid lines) of particle surface 

temperatures for three free-stream O2 concentrations, 16% 

moisture and CO2 diluent compared with measured data for 

North Antelope char. Model I: oxidation only (R1-R4), 

Model II: oxidation with steam gasification (R6 with E = 

251 kJ/mol, A = 1.16E16 g/cm
2
 s, Model III: R1-R6 as spe-

cified in Table 2. 

 

5. Summary 

Combustion of char particles of bituminous 

(Utah Skyline) and subbituminous (North Ante-

lope) coal in N2 and CO2 dominated gas enviro-

ments with 12 to 36 mole-% O2 and 16% H2O 

were investigated both experimentally and through 

numerical simulations. Particle temperatures from 
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two-color pyrometer measurements were com-

pared with predictions from (1) a simplified sin-

gle-film apparent kinetics model, and (2) a more 

complex model that includes both homogeneous 

reactions of gas phase species and heterogeneous 

reactions in pores and external particle surface. 

Single-film model predictions suggest that opti-

mized rate parameters for any reaction order be-

tween 0.5 and 1 produce reasonably good fits to 

the data and may thus be employed in CFD codes 

for wide size and temperature ranges. Particle 

temperatures for CO2-dominated environments are 

generally over-predicted when using rate parame-

ters derived with N2 data, i.e. the simplified model 

investigated does not fully capture the characteris-

tics of char consumption in oxy-fuel combustion 

conditions. As an alternative to the option of esti-

mating separate sets of rate parameters for CFD 

applications in N2-dominated and CO2-dominated 

environments, heterogeneous steam and CO2 gasi-

fication reactions could be included to improve the 

quality of the predictions. 

Using the reacting particle simulation code 

SKIPPY (Surface Kinetics in Porous Particles), 

temperatures for particles around 100 μm were 

reasonably well predicted for both N2 and CO2 

environments if both steam and CO2 gasification 

reactions were included and a fixed reactive sur-

face area of 10m
2
/g assumed. The results suggest 

that oxidation and both steam and CO2 gasifica-

tion reactions contribute to the char consumption 

process. An important conclusion therefore is that 

simplified (single-film) models must account for 

gasification reactions to maintain predictive capa-

bility in both combustion environments. To further 

substantiate these conclusions, experiments with 

externally prepared char (to remove effects of the 

combustion environment on devolatilization cha-

racteristics (and hence char properties)) will be 

conducted. In addition, a more sophisticated oxi-

dation mechanism will be implemented to improve 

the quality of SKIPPY predictions. 
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