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a b s t r a c t 

The high concentration of CO 2 and low concentration of O 2 at relatively low temperatures of 1123-1223 K 

are typical reactive atmospheres in the fuel reactor of a chemical looping with oxygen uncoupling (CLOU) 

unit. Char within this environment can be converted via lean-O 2 oxidation and/or rich-CO 2 gasification. 

Conventional models, which either considered the oxidation only or considered the oxidation and gasifi- 

cation contributions independently by simply adding the two individual conversion rates together, seem 

arbitrary. Therefore, it is necessary to quantitatively explore the contributions of the oxidation and the 

gasification reactions as well as their interactions in CLOU conditions through more detailed particle- 

resolved simulations. 

In this work, a single particle model which described a spherical reacting porous particle with its re- 

acting boundary layer was developed to investigate the conversion characteristics of pulverized coal char 

in lean-O 2 and/or rich-CO 2 conditions (analogous CLOU conditions). The heterogeneous reaction kinetics 

developed by Tilghman and Mitchell [35] and the simplified GRI-Mech 3.0 gas-phase reaction kinetics 

were adopted. It was found that the char conversion rate in CLOU conditions could be basically mod- 

eled as the sum of the full oxidation consumption rate and the partial gasification consumption rate, i.e. 

r mix = ϕ1 r gasi + r oxid . The interactions between the oxidation and gasification reactions were elaborated in 

two aspects: on the one side, the oxidation of coal char in CLOU conditions is within the weak zone II 

burning region, where the oxidation reaction only happens peripherally and is nearly unaffected by the 

high concentration of CO 2 ; on the other side, the gasification reaction within the external layer of the coal 

char particle is inhibited by the oxidation reaction, consequently the gasification reaction only happens 

inside the coal char particle where O 2 cannot penetrate into. Based on these understandings, a correla- 

tion between the coefficient, ϕ1 , and the effectiveness factor of the oxidation reaction, η, was proposed 

to describe the overall char conversion rate in CLOU conditions. Through fitting the simulation results 

under typical CLOU conditions, the quantitative relationship between ϕ1 and η was finally attained. 

© 2019 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Chemical looping combustion (CLC) is a novel technology

or fossil fuel utilization with inherent CO 2 separation [1–3] . A

chematic view of the CLC system is shown in Fig. 1 . Similar to

he oxygen supply mode of the blood circulation system of hu-

an beings, CLC utilizes the circulation of oxygen carrier (OC) to

chieve the oxygen transport between reactors, i.e. , the fuel re-

ctor (FR) and air reactor (AR). Fuel and air are introduced into

he two reactors separately, thus direct contact between fuel and

ir can be avoided. Theoretically, OCs with high oxygen potential

Me x O y ) react with fuel, producing CO 2 and H 2 O in FR. H 2 O can be
∗ Corresponding author. 
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asily removed by a simple condensation process, thus high-purity

O 2 can be captured from the exhaust gas of FR. The reduced OCs

Me x O y-1 ) are then transferred into the AR and re-oxidized by air

herein. A loop is finally formed as the regenerated Me x O y particles

irculate back into the FR. Eventually, the gas-gas separation pat-

ern in conventional CO 2 capture technologies is replaced by much

asier gas-solid separation in CLC, where the one-step combustion

rocess is split into two atmosphere-isolated oxidation/reduction

ub-processes. In this way, the total exergy loss of the overall com-

ustion and CO 2 capture process can be reduced, and the energy

tilization efficiency is thus improved. 

In-situ gasification chemical looping combustion ( i G-CLC) has

een proposed as a technical route for the combustion of solid

uels, like coal and biomass [1 , 2] . Nevertheless, the gasification of

olid fuels in i G-CLC is usually the rate limiting step, which makes

he overall fuel conversion not fast enough. Chemical looping with
. 

https://doi.org/10.1016/j.combustflame.2019.11.046
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Fig. 1. Schematic view of chemical looping combustion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Experimental studies on CO 2 effect in oxy-fuel conditions [13–21] . 
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oxygen uncoupling (CLOU) was proposed as a high-efficient way

for solid fuel combustion [4] , which utilizes some special OC ma-

terials (such as CuO, Mn 2 O 3 , Co 3 O 4 , etc. ) that are able to release

gaseous O 2 at oxygen-deficient atmosphere. Conceptually, these

special OCs with high oxygen potential decompose and release

gaseous O 2 in FR, thus accelerating the conversion rate of the solid

fuels (especially char) greatly [4–6] . 

In CLOU process, reactions that take place in the FR are very

complicated, including, at least, O 2 release from OC decomposition,

pyrolysis/oxidation/gasification of solid fuel, heterogeneous reac-

tions between pyrolysis/gasification products and OC, and homo-

geneous reactions between pyrolysis/gasification products and lean

O 2 . In order to rationalize the CLOU reactor design and conduct re-

liable CFD simulation, it is vital to gain insights into the character-

istics of the aforementioned reactions. In this work, the conversion

characteristics of coal char in CLOU conditions were investigated

for the first time. 

Since the conversion rate of solid fuels is significantly promoted

in CLOU in comparison to that in i G-CLC [5 , 6] , many CLOU re-

searchers only paid attention to the contribution of the oxidation

reaction, while ignoring the contribution of gasification reaction

which is actually the dominant reaction in i G-CLC. Recently, in our

batch fluidized bed experiments, when the fluidizing agent in the

reduction stage of CLOU was switched from N 2 to CO 2 , a detectable

increase of the instantaneous carbon conversion rate was observed

[7] . In this sense, we deduced that the contribution of gasifica-

tion in a real CLOU process was underestimated. As the first and

necessary step, the char conversion characteristics in rich-CO 2 and

lean-O 2 environment without the presence of OC and H 2 O were in-

vestigated in this work prior to further revealing the complicated

competitive reactions involved in CLOU processes. 

Basically, the effects of CO 2 on char combustion/gasification

have been extensively studied in both air-fired and oxy-fired pro-

cesses. In air-fired processes [8–12] , the CO 2 concentration around

char particles is relatively low, which is quite different from that

in oxy-fuel combustion. Chen et al. [13] summarized the effect of

a CO 2 -rich environment on the combustion rate of coal char. As

shown in Fig. 2 , three regions of char conversion in CO 2 -rich con-

ditions were distinguished according to the reaction temperature

and O 2 concentration. The region A represents the low tempera-

ture conditions at any O 2 concentration. In this region, the CO 2 -

rich atmosphere has negligible effect on the char conversion rate.

This is because, on one hand, the activity of CO 2 towards coal char

is much lower than that of O 2 at relatively low temperatures, and

CO 2 barely affects the oxidation process from the perspective of

reaction mechanism; on the other hand, the oxidation of coal char

is not strongly limited by the gas diffusion, thus the influence of

O 2 diffusivity in different carrier gases (N 2 or CO 2 ) on the over-

all char conversion rate is not significant. The region B represents

the high temperature and high O 2 concentration conditions, which

are also the typical oxy-fuel combustion conditions. In this region,

the oxidation reaction of coal char is easily controlled by the ex-
ernal diffusion (zone III), so the lower O 2 diffusivity in CO 2 than

hat in N 2 will significantly affect the oxidation reaction, and this

ffect becomes the dominant influencing factor on the oxidation

onsumption rate of coal char. The region C corresponds to the re-

ction conditions with high temperature and low O 2 concentration.

n this region, on the one hand, the oxidation consumption rate of

oal char is relatively low due to the low O 2 concentration; on the

ther hand, the gasification consumption rate of coal char increases

ignificantly at high temperatures due to the higher activation en-

rgy of the gasification reaction. The presence of CO 2 can promote

he conversion rate of coal char, because the improved gasification

onsumption rate exceeds the decrease of the oxidation consump-

ion rate caused by the lowered O 2 diffusivity. However, Chen et

l. [13] also pointed out that the above conclusions were attained

rom simplified models, in which the interactions of the heteroge-

eous and homogeneous reactions, the multi-component diffusion

ithin and around the porous char particle, and the decrease of

article temperature due to the endothermic gasification reaction,

ad not been carefully considered. Therefore, more comprehensive

imulations are still required for a better understanding. 

Gonzalo-Titado et al. [22] adopted the single-film model

oupled with entrained flow reactor (EFR) experiments to in-

estigate the impact of CO 2 -gasification reaction for three coals

ith different ranks under oxy-fuel conditions, with the reaction

emperatures of 1073–1723 K and O 2 concentrations of 4–8 vol.%.

hey concluded that the contribution of CO 2 gasification in O 2 /CO 2 

ondition cannot be simply ignored, especially in the cases of low

ank coal and lean-O 2 /rich-CO 2 conditions. Brix et al. [23] simu-

ated the conversion process of coal char particles in O 2 /N 2 and

 2 /CO 2 atmosphere by the established COCOMO (Coal Combustion

Odel) model. Experiments were also carried out in an EFR within

he temperature range of 1173–1673 K and O 2 molar fraction range

f 5–28 vol.%. Experimental results indicated that the CO 2 gasifica-

ion has no effect on coal char conversion, while simulation results

emonstrated that in zone III, the contribution of gasification can

each 70% when the O 2 concentration is low. In fact, although the

OCOMO model considered both the internal and external diffu-

ion effects, this model was still based on a simplified correlation

t a macroscopic level ( e.g. the effectiveness factor-Thiele modulus

orrelation), and only two global reactions were considered for

he oxidation and gasification reactions. Therefore, the simulation

esults based on the COCOMO model might be qualitatively correct

ut not quantitatively accurate enough. Tolvanen et al. [24] devel-

ped a single particle model, which considered the heat transfer

n the porous particle, the gas diffusion in the boundary layer and
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tefan flow. Particle size distribution was seriously treated in this

odel. Drop tube reactor (DTR) experiments (1123 K, 2–8 vol.%

f O 2 ) were carried out for comparison with the simulations.

hey concluded that the polydispersity of char particles should

e carefully considered in order to explain the wide distribution

f the particle surface temperatures detected in experiments.

oreover, with the increase of CO 2 concentration, the decrease of

article surface temperature due to the endothermic gasification

eaction becomes more remarkable, yet no obvious interaction or

ompetition between gasification reaction and oxidation reaction

as observed. Hecht et al. [25] simulated the combustion of coal

har under oxy-fuel condition using the Surface Kinetics in Porous

article (SKIPPY) code, with O 2 concentrations in the range of

2–36 vol.% and at 1690 K. The influence of CO 2 and H 2 O on the

onversion of the coal char particle was investigated in details.

esides heat transfer in the porous particle and gas diffusion in

he boundary layer, the multi-component diffusion in the porous

article and the detailed homogeneous and heterogeneous reaction

inetics were also considered in the SKIPPY code. They found that

he gasification reaction will decrease the temperature of burning

articles, but the contribution of gasification consumption exceeds

he decrease of oxidation consumption caused by the decreased

article temperature. Eventually, rich CO 2 promotes the overall

onversion rate of coal char. Singer et al. [26] pointed out that

ecause of the influence of volatile flame, the high temperature

nd high oxygen concentration conditions studied by Hecht et al.

25] in their steady-state single particle simulation may unrealistic

n the oxy-fuel combustion. Through CFD simulation, they chose

wo representative particle trajectories, and divided them into

hree regions, respectively, i.e. , pre-flame, flame and post-flame.

sing a more elaborate model, the single particle simulations with

ransient boundary conditions were then carried out to model the

onversion process of coal char particle in a real oxy-combustion

nvironment. They concluded that gasification contributes little to

he consumption of coal char particles in path 1 (along the edge

f the flame) where the temperature is not too high and the O 2 

oncentration is not too low. In path 2 (along the flame axis), the

asification contributes 2–3 times higher than the oxidation to

har particle consumption, because the temperature in the flame

egion is very high and the concentration of oxygen is nearly close

o 0. In post-flame region, the increased oxygen concentration and

he decreased temperature lead to the decrease of the gasification

ontribution, but it still accounts for 13.8%–28.6% of the total char

onsumption rate. Generally, the contribution of the gasification

onversion cannot be neglected under the oxy-combustion condi-

ion, and it should be carefully analyzed according to the specific

eaction conditions of the char particle. 

Particle-resolved simulation ( e.g. the SKIPPY model) which con-

iders the heat and mass transfer inside and outside the porous

article as well as the detailed chemical reaction kinetics is a very

owerful tool to study the coal char conversion characteristics.

itchell et al. [27] carried out a particle-resolved simulation to

tudy the burning behavior of a coal char particle in zone I and

one II. Through the simulation, it was confirmed that the corre-

ation of the Thiele modulus with the effectiveness factor for the

rst-order oxidation reaction is still valid in zone II. The potential

elationship between the burning mode parameter and the effec-

iveness factor was also revealed. Nowadays, the conclusion that

he burning mode parameter is equal to the effectiveness factor

as been widely used by many researchers in their macroscopic

evel simulation [28 , 29] . The work of Mitchell et al. [27] provided

 good example to construct macroscopic scale model from meso-

copic/microscopic scale simulations. 

By far, although the influence of CO 2 on the oxidation process

f coal char has been qualitatively investigated (to identify whether

O 2 affects the oxidation process and how it affects), the quanti-
ative relationship of the coal char conversion rate in the mixed

 2 /CO 2 atmosphere as a function of lean-O 2 oxidation rate and

ich-CO 2 gasification rate has rarely been explored. In region B (as

hown in Fig. 2 ), the O 2 diffusivity is the dominant influencing

actor, and this effect can still be quantitatively considered in the

orresponding combustion model ( e.g. the single-film model [30] ).

owever, in region C (typical CLOU operating conditions belong to

his region), the contribution of the gasification could be signif-

cant, but quantitative contribution of the gasification and the in-

rinsic physicochemical mechanisms are still not clear, let alone de-

eloping a convincing macroscopic model for the char conversion

ate. This brings huge difficulties to the simulation of char conver-

ion process at the macroscopic level ( i.e. CFD simulation). In this

ork, a particle-resolved model, which considered the heat and

ass transfer inside and outside the porous particles as well as

he detailed reaction kinetics, was established to simulate the con-

ersion process of a coal char particle in typical CLOU conditions

with high concentration of CO 2 and low concentration of O 2 ). The

nteractions between the oxidation reaction and gasification reac-

ion were analyzed, and a model to calculate the overall conversion

ate of coal char in CLOU conditions was proposed. 

. Model description 

For gas phase, the species mass conservation equation and en-

rgy conservation equation were established as below. 

.1. Species mass conservation equation 

∂ 

∂t 
(ρφY k ) + 

1 

A 

∂ 

∂r 
(ρV k A Y k ) = 

˙ s k W k σr + ˙ � k W k φ (1)

here, r is the radial spatial coordinate (m); ρ expresses the gas

ensity (kg/m 

3 ); A = 4 π r 2 , is the area normal to the direction of

 (m 

2 ); φ express the porosity of the particle; Y k represents the

ass fraction of the k th species; V k is the diffusion velocity of the

 th species (m/s), and its calculation method will be described in

ection 2.5.2 ; ˙ s k is the molar rate of the production of the k th

pecies per unit area by surface reactions (mol/(m 

2 s)); W k is the

olar weight of the k th species (kg/mol); and σ r is the specific

urface area per unit space volume (m 

2 /m 

3 ). ˙ � k is the molar rate

f production of the k th species per unit volume by gas-phase re-

ctions (mol/m 

3 s). 

.2. Energy conservation equation 

∂ 

∂t 
(ρφh̄ + ρtr (1 −φ) h p ) + 

1 

A 

∂ 

∂r 

K g ∑ 

k =1 

(ρV k A Y k h k ) + 

1 

A 

∂ 

∂r 

(
−λt A 

d T 

d r 

)

 −
K g ∑ 

k =1 

˙ � k W k φh k −
K tot ∑ 

k =1 

˙ s k W k σk h k −
εσ ( T 4 − T 4 W 

) 

�r 

∣∣∣∣
surf 

(2) 

here, h̄ and h k represent the specific enthalpy of the gas mixture

nd the k th species, respectively (J/kg); ρtr is the true density of

he char particle (kg/m 

3 ); h p is the specific enthalpy of the solid

hase (J/kg); K g is the total number of gas species; T is the re-

ction temperature (K); It was assumed that the solid phase and

he gas phase are always in thermal equilibrium in this work, thus

he temperatures of the solid phase and gas phase are both equal

o the specified T ; λt = λφ + λp (1 − φ) , the total thermal conduc-

ivity (W/(mK)); λ, the mixture-averaged gas thermal conductiv-

ty (W/(mK)); λp , the thermal conductivity of the solid particle

W/(mK)); K tot is the total number of the species, including the

as, surface and bulk species; the last term in the formula is the
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v  

e  
radiation source term, which should be included only for the out-

ermost grid; T W 

represents the equivalent wall temperature (K);

ɛ and σ represent the emissivity and the Stefan-Boltzmann con-

stant, respectively; �r is the thickness of the concentric annular

volume elements (m); the radiation source term was not consid-

ered in this work, because the particle in fluidized bed reactor

(commonly adopted in CLOU) is almost entirely obscured by other

particles with almost the same temperature. 

For solid phase, the surface site species conservation equation

and the consumption rate equation were considered. 

2.3. Surface site species conservation equation 

d Z k 
d t 

= 

˙ s k o k 



− Z k 
S 2 0 

S 

(
S 2 

S 2 
0 

− ψ 

2 

)
˙ s C(B) W C (3)

where, Z k is the site fraction of the surface species k; o k is the

number of sites that species k occupies; 
 represents the density

of site (mol/m 

2 ); ˙ s C(B) is the molar rate of the production of C(B)

per unit area by surface reactions (mol/(m 

2 s)); W C is the molar

weight of the carbonaceous material; the specific surface area, S ,

(its initial value, S 0 ) and the structural parameter, ψ , will be de-

scribed in Section 2.5.3 . The dynamic surface assumption studied

in Campbell [31] was used here. 

2.4. Consumption rate equation of solid phase 

d ρap 

d t 
= 

˙ s C(B) σr W C (4)

where, ρap is the apparent density of the char particle (kg/m 

3 ). 

Other important expressions related to the thermal and trans-

port properties of gas phase, the morphological properties of the

solid phase were described as follows. 

2.5. Important relational expressions 

2.5.1. Equation of state of the ideal gas 

ρ = 

p W̄ 

RT 
(5)

where, p is the pressure (Pa); W̄ is the mean molecular weight

(kg/mol); R represents the universal gas constant (J/(mol K)). 

2.5.2. Diffusion velocity 

In this work, the mixture-averaged method in CHEMKIN

[32] was used to calculate the transport properties, as: 

 k = V 1 k + V 2 k + V 3 k (6)

where, V 1 k = D km 

1 
X k 

d X k 
d r 

, is the ordinary diffusion velocity;

D km 

= 

1 −Y k ∑ K g 
j � = k X j / D k j 

, is the mixture-averaged diffusion coefficient;

X k represents the mole fraction of species k; D kj is the binary

diffusion coefficient; V 2 k = 

D km �k 
X k 

1 
T 

d T 
d r 

, is the thermal diffusion

velocity, which was only considered for the low molecular weight

species; �k is the thermal diffusion ratio; the correction velocity

V 3 k was included to ensure that the mass fractions sum to unity

or equivalently, 
∑ K g 

k =1 
Y k V k = 0 . 

The diffusion velocity described above was only applied to the

domain outside the porous particle. When it was used to the do-

main inside of the particle, the diffusion coefficient, D , should
km 
e adjusted and be replaced by the overall effective diffusion coef-

cient, D eff, as: 

1 

D eff 

= 

1 

D km , eff 

+ 

1 

D K , k , eff 

(7)

here, D K, k , eff is the effective Knudsen diffusion coefficient and is

sually expressed as D K , k , eff = 

φ
τ D K , k ; τ is the tortuosity of the par-

icle; D K , k = 

2 r pore 

3 

√ 

8 RT 
πW k 

, the Knudsen diffusion coefficient; r pore is

he average pore radius (m); D km , eff = 

φ
τ D km 

, the effective bulk dif-

usion coefficient. 

.5.3. Correlations of the morphology parameters 

The mean pore radius was based on the specific surface area ( S ,

 

2 /kg) and the pore volume per kilogram ( φ/ ρap , m 

3 /kg) and was

pproximated using the following expression: 

 pore = 

2 rf φ

ρap S 
(8)

here, rf is a coefficient about the effects of wall roughness, and

 value of 2 was applied in this work [27] . The porosity of the

har particle can be calculated by the apparent density and the

rue density of the particle, as: 

= 1 − ρap 

ρtr 
(9)

The local conversion and local specific surface area of the car-

onaceous material were determined from the following relations:

 C = 1 − ρap 

ρap , 0 

(10)

r = σr , 0 (1 − x C ) 
√ 

1 − ψ ln (1 − x C ) (11)

 = 

σr 

ρap 
(12)

here, x C is the local conversion; ρap, 0 is the initial apparent den-

ity of the char particle (kg/m 

3 ); σ r, 0 is the initial specific sur-

ace area per unit space volume (m 

2 /m 

3 ). Obviously, it was as-

umed that the change of specific surface area follows the ran-

om pore model (RPM) [33] , and the parameter, ψ , in this model

s related to the pore structure. As shown in Singer and Ghoniem

34] , the adaptive random pore model (ARPM) can be used to de-

cribe the pore structure evolution more accurately in the particle-

esolved simulation. However, the two most important sub-models

n modeling coal char particle conversion process are the pore

tructure evolution model and chemical kinetics model; note that

he two sub-models are not independent. Once the ARPM model

as adopted, the corresponding intrinsic elementary surface reac-

ion kinetics should also be adopted. However, to the best of our

nowledge, all available intrinsic elementary surface reaction ki-

etics of char in literatures was obtained based on the RPM model.

nd the transformation of the detailed reaction kinetics from RPM

o ARPM is risky. In order to balance the credible description to

he pore structure evolution and the appropriate representation to

he chemical kinetics, the more mature model framework based

n the random pore model and available intrinsic reaction kinetics

as used in this work. 

. Simulation details 

.1. Mesh, initial and boundary conditions 

Discretization of the above equations was based on the finite

olume method. As shown in Fig. 3 , the simulated particle was

venly divided into 100 concentric annular volume elements. The
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Fig. 3. Schematic view of the simulated particle and computational domain. 
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Fig. 4. Flowchart of the detailed algorithm. 
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omputational domain also included the spherical space within

0 times of the particle radius. In this case, the outermost ele-

ent could be considered as in the ambient atmosphere, thus the

oundary conditions for Eqs. (1) and (2) in the outer layer of char

article were set in accordance with the composition and tem-

erature of the ambient gas. While the boundary conditions for

qs. (1) and (2) at the char center were set to be zero gradient con-

itions, i.e. , 
∂ Y k 
∂r 

= 0 and 

∂T 
∂r 

= 0 . At the beginning of the simulation,

he whole computational domain was filled with N 2 , the temper-

tures of all elements were equal to that of the ambient gas, and

he surface active sites were all occupied by C(S), i.e. Z C(S) = 1 . 

.2. Computational strategy 

The flowchart of the detailed algorithm is shown in Fig. 4 .

his algorithm was implemented as an application of the software

HEMKIN [32] in C language. The iterative solving steps were de-

cribed as follows: 

(1) Initialize all parameters, and set t = 0. 

(2) Solve the energy, species and surface site equations in the

inner loop until a convergence is realized. 

(3) Let t = t +�t , and continue. 

(4) If the “Mix” sub-condition is being simulated, Eq. (4) will be

solved and a new value of ρap will be updated. The new ρap 

at time t will be stored in the shared memory, and eventu-

ally be received by the “Oxid” and “Gasi” sub-condition sim-

ulations. In such a way, synchronization of the three sub-

condition simulations was ensured. 

(5) Update the other morphology parameters. 

(6) If the local conversion, x C , in the (solid particle) outermost

grid is larger than 99.5%, the grid will be changed to a fluid

grid. 

(7) Calculate and output the interested parameters. 

(8) If the overall conversion of the carbon particle is less than

99%, go to step ( 2 ). 

As the data transmission and synchronization mechanisms

escribed in Step 4 were used in the simulation, the evolutions

f the morphology of the particles under both oxidation and

asification sub-conditions were ensured to be the same as that

nder the mixed O 2 /CO 2 condition. Therefore, the three conversion

ate curves which correspond to the three sub-conditions are

eady for comparison with the same baseline. In other words, if

he three coal char particles under the three sub-conditions are

t the same overall conversion, they will have the same particle

ize, apparent density and specific surface area. This is also a re-

uirement to develop an applicable macroscopic model, because in

ctual CLOU process, the morphology of coal char particle always

volves under the mixed O 2 /CO 2 conditions, and the calculated

xidation and gasification rates (in order to calculate the overall

onversion rate under the CLOU condition) are both based on the

oal char particle whose morphology evolves under the mixed

onditions. 
.3. Reaction kinetics and other parameters 

Detailed heterogeneous reaction kinetics is indispensable in

he particle-resolved simulations. Tilghman and Mitchell [35] have

roposed a relatively complete surface reaction kinetics model

or oxidation and gasification of coal char by summarizing former

inetics model and fitting experimental results conducted at

elatively low temperatures. The detailed heterogeneous reaction

inetics rather than the Langmuir-Hinshelwood (L-H) type kinetics

as used here to describe the competitive process of surface

eactions, because the detailed reaction kinetics is more accurate

or the description of the competitive process. Factually, the

eaction kinetics in L -H form is one type of the global reaction

inetics, and it can be derived from the detailed elementary

urface reaction kinetics, but is subject to the near-equilibrium or

uasi-steady state hypotheses. However, these hypotheses cannot

lways be satisfied in reality ( e.g. in the oxidation process). In the

ork of Mitchell et al. [27] , the effect of homogeneous reactions

as not considered, while in the work of Hecht et al. [25] , the

RI-Mech 3.0 mechanism [36] was adopted to consider the effect

f homogeneous reactions. The different considerations were
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Table 1 

Homogeneous reaction kinetics [36] . 

Reaction A i B E i (cal/mol) 

(Rg1) 2O + M ↔ O 2 + M 1.2 × 10 17 −1.0 0.0 

CO/ 1.75/ CO 2 / 3.60/ 

(Rg2) O + CO( + M) ↔ CO 2 ( + M ) 1.8 × 10 10 0.0 2385.0 

LOW/ 6.020 × 10 14 0.000 3000.00/ 

O 2 / 6.00/ CO/ 1.50/ CO 2 / 3.50/ 

(Rg3) O 2 + CO ↔ O + CO 2 2.5 × 10 12 0.0 47,800.0 

Table 2 

Heterogeneous reaction kinetics of Wyodak coal char [35] . 

Reaction A i E i (cal/mol) 

(Rs1) C(O) + C (B) → CO + C (S) 1.55 × 10 10 59,629.54 

(Rs2) CO 2 + C (S) ↔ C(O) + CO 3.70 × 10 9 38,479.92 

(Rs3) C(B) + 2C(S) + O 2 → C(O) + CO + C (S) 5.00 × 10 20 35,850.86 

(Rs4) 2C(S) + O 2 → C2(O2) 4.00 × 10 17 22,227.53 

(Rs5) C(S) + C (B) + C (O) + O 2 → CO 2 + C (O) + C (S) 1.50 × 10 17 18,642.45 

(Rs6) C(S) + C (B) + C (O) + O 2 → CO + 2C(O) 2.10 × 10 17 24,617.59 

(Rs7) C(B) + C2(O2) → CO 2 + 2C(S) 1.26 × 10 9 38,293.50 

∗The original parameters have been converted according to the standard format of 

CHEMKIN input. 

Table 3 

Other parameters used in the simulation [35] . 

Parameter Unit Value 


 (mol/m 

2 ) 1.08 × 10 −4 

σ r, 0 (m 

2 /m 

3 ) 2.66 × 10 8 

τ (-) 3.0 

ψ (-) 8.0 

�t (s) 1.0 × 10 −5 

λp (W/(mK)) 1.33 

ρtr (kg/m 

3 ) 1302 

ρap, 0 (kg/m 

3 ) 560 

Table 4 

Simulation conditions in the present work. 

Run Temperature of 

ambient gas / K 

Particle 

diameter / μm 

Molar fraction O 2 in 

oxidation sub-condition 

1 1173 100 0.5% 

2 1173 100 1.0% 

3 1173 300 0.5% 

4 1173 300 1.0% 

5 1223 100 0.5% 

6 1223 100 1.0% 

7 1223 300 0.5% 

8 1223 300 1.0% 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Normalized size, apparent density and specific surface area vs . overall con- 

version of coal char particle: (dot) simulation results of Mitchell et al. [27] , (line) 

simulation results of the present work. 
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probably due to the different temperature conditions that they

simulated. 

In this work, five species, O, O 2 , CO, N 2 and CO 2 , were consid-

ered in the gas phase, and any species containing element H were

excluded, as the char was considered as an ash-free carbon par-

ticle. The three elementary reactions shown in Table 1 were ob-

tained by eliminating all elementary reactions containing H in the

GRI-Mech 3.0 [36] mechanism and were gathered as the homoge-

neous reaction kinetics in the present simulation. 

Three surface species, C(O), C2(O2), and C(S), as well as one

bulk species, C(B), were considered in the heterogeneous reaction

mechanism. The reaction kinetics for oxidation and gasification of

Wyodak coal char proposed by Tilghman and Mitchell [35] was

adopted in this work, as shown in Table 2 . 

The other parameters that used in the simulation were summa-

rized in Table 3 . 

The simulation conditions were listed in Table 4 . 
. Model validation 

.1. Validating the model and simulation program 

In order to validate the model and simulation program, a case

ithin the weak zone II burning region (see Mitchell et al. [27] )

as simulated. The program used for this validation was obtained

fter a slight change to Step 4 of the above program (using the

Mix" condition for simulation, while removing the synchroniza-

ion). The kinetic parameters and other model parameters for this

alidation were summarized in Section S1 in Supplementary mate-

ial. The simulation results were shown in Fig. 5 . The time required

or the char particle to reach 90% conversion ( τ 90% ) is 11.5 s in the

resent simulation, which is in good agreement with the result of

0.8 s in Mitchell et al. [27] . Meanwhile, the normalized particle

ize, apparent density and specific surface area vs . the overall char

onversion also agree well with the reference results. The small

ifferences may be mainly ascribed to different mesh structures

nd/or model details. For example, the lumped parameter method

as used to describe the energy conservation, and the heat and

ass transfer correlations was considered as boundary conditions

n Mitchell et al. [27] . 

.2. Validating the heterogeneous reaction kinetics 

The desorption kinetics was described by the distributed acti-

ation energy method in the original surface reaction mechanism

n Tilghman and Mitchell [35] and Mitchell et al. [27] . However, it

s not applicable in the CHEMKIN [32] that we adopted. Therefore,

e first conducted a fitting process to deal with these desorption

inetics. We calculated the reaction rates at different temperatures

ccording to the distributed activation energy, and then deter-

ined the new activation energy and pre-exponential factor by

rrhenius fitting. It should be pointed out that the final Arrhenius

tting demonstrated good linearity as long as the standard devi-

tion of the activation energy in the distributed activation energy

escription is not very large. 

In order to validate the kinetic parameters, the evolutions

f the normalized mass loss rate of a single reaction point (the

implification of a particle when it is not affected by internal

iffusion) were simulated at different temperature and gaseous

omposition conditions (see Fig. 6 ), which were then compared

ith the results of Tilghman and Mitchell [35] . The simulation

etails and some model parameters for the simulation were
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Fig. 6. Normalized mass loss rate vs . conversion at different tem perature and gaseous composition conditions: (dot) simulation results in Tilghman and Mitchell [35] , (line) 

simulation results in this work. 
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ntroduced in Section S2 in Supplementary material. Considering

he difference of the mathematical model and numerical accuracy

etween the two simulations, it can be concluded that the two

esults were in good agreement with each other. 

. Results and analyses 

Figure 7 shows the profile of the overall conversion rate of the

imulated particle under the specified simulation conditions. As

an be seen, the coal char conversion rate by oxidation reaction

s higher than that by gasification reaction under CLOU conditions,

nd the conversion rate under the mixed sub-condition is higher

han that under the oxidation sub-condition, but is lower than the

um of the conversion rate under the oxidation and gasification

ub-conditions. Moreover, with the increase of the particle size,

he contribution of gasification under the mixed sub-condition in-

reases. The same tendency was also observed with the increase

f temperature. The influence of the temperature is easy to un-

erstand: the activation energy of the global gasification reaction

s greater than that of the global oxidation reaction. With the in-

rease of temperature, the increase of the gasification reaction rate

s larger than that of the oxidation reaction rate. 

In typical CLOU conditions, the OC possesses a relatively low

quilibrium O 2 partial pressure. Moreover, the actual O 2 concen-

ration in FR may be even lower as the oxygen release process

s usually the rate limiting step in the coal-derived CLOU pro-
ess. Here, as a typical analytical condition, the conversion char-

cteristics of a coal char particle with the diameter of 300 μm at

223 K, under the reactive atmosphere of 0.5 vol.% O 2 /N 2 (oxida-

ion sub-condition), 99.5 vol.% CO 2 /N 2 (gasification sub-condition)

nd 0.5 vol.% O 2 /CO 2 (mixed sub-condition) were investigated in

etails. 

Figure 8 shows the radial profile of the mole fractions of main

as components at 30.5 s (corresponding to 29.92% of the over-

ll char conversion) under the typical analytical condition. It can

e seen that the mole fractions of the main gas components do

ot change significantly from the bulk atmosphere ( r = 10 R ) to the

article surface ( r = R ) under all the three sub-conditions, which

ndicated that the effect of the external diffusion is not significant

nd thus the high concentration of CO 2 do not affect the oxidation

ate by inhibiting the O 2 diffusivity in these cases. Under the gasi-

cation sub-condition, the mole fraction of CO 2 decreases less than

% from the particle surface ( r = R ) to the particle center, indicat-

ng that the internal diffusion has little effect on the overall con-

ersion rate in the gasification sub-condition. However, under the

xidation and the mixed sub-conditions, the mole fraction of O 2 

ecreases rapidly at the external layer of the particle and almost

pproaches to 0 at r / R = 0.8. It is generally believed that the oxida-

ion reaction of coal char at 1223 K belongs to the zone II burning

egion. The simulation results did show that the oxidation reaction

s greatly affected by internal diffusion under such conditions. It

s worth noting that the mole fraction of O under the oxidation
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Fig. 7. Overall conversion rates of the simulated char particles. 
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Fig. 8. Radial profile of the mole fractions of the main gas components at 30.5 s. 

( d p = 300 μm, T bulk = 1223 K, Oxid: 0.5 vol.% O 2 /N 2 , Gasi: 99.5 vol.% CO 2 /N 2 , Mix: 

0.5 vol.% O 2 /CO 2 ). 

Fig. 9. Radial profile of the temperatures at 30.5 s. ( d p = 300 μm, T bulk = 1223 K, 

Oxid: 0.5 vol.% O 2 /N 2 , Gasi: 99.5 vol.% CO 2 /N 2 , Mix: 0.5 vol.% O 2 /CO 2 ). 

s  

e  

t

 

c  

m  

c  

g  

m  

t  

m  

t  

l  

t  

c  

o

 

t  

p  

r  

c  

c  

t  

t  

t  

Fig. 10. Radial profile of the local conversion rates in three sub-conditions at 30.5 s. 

( d p = 300 μm, T bulk = 1223 K, Oxid: 0.5 vol.% O 2 /N 2 , Gasi: 99.5 vol.% CO 2 /N 2 , Mix: 

0.5 vol.% O 2 /CO 2 ). 

Fig. 11. Reaction rates of the elementary surface reactions at 30.5 s and r / R = 0.92. 

( d p = 300 μm, T bulk = 1223 K, Oxid: 0.5 vol.% O 2 /N 2 , Gasi: 99.5 vol.% CO 2 /N 2 , Mix: 

0.5 vol.% O 2 /CO 2 ). 
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ub-condition and mixed sub-condition shows almost the same

volution trend, which also suggests that CO 2 has little effect on

he oxidation process. 

The radial profile of the temperatures at 30.5 s under the typi-

al analytical condition is shown in Fig. 9 . Because of the endother-

icity of the gasification reaction, the mean temperature of the

har particle is 1.7 K lower than that of the ambient gas in the

asification sub-condition. The char oxidation reaction is exother-

ic, thus the mean temperature of the char particle is 5.1 K higher

han that of the ambient gas in the oxidation sub-condition. In the

ixed sub-condition, the endothermic gasification reaction reduces

he char particle temperature from 1228.1 K to 1226.2 K. Neverthe-

ess, all changes of the temperature from the heterogeneous reac-

ions are not significant, thus it can be concluded that the high

oncentration of CO 2 in typical CLOU conditions hardly affects the

xidation rate through reducing the particle temperature. 

The radial profile of the local conversion rates at 30.5 s under

he typical analytical condition is shown in Fig. 10 . Similar to the

rofile of O 2 concentration shown in Fig. 8 , the char conversion

ate reaches the maximum value at the external layer of the parti-

le and generally decreases from the particle surface to the particle

enter under the oxidation and mixed sub-conditions. Moreover,

he curve under the mixed sub-condition coincides almost with

hat under the oxidation sub-condition in the external layer of

he particle, which suggests that in the mixed sub-condition, the
har conversion in the external layer of the particle is mainly

ttributed to the oxidation reaction. In the interior of the particle,

he char conversion rate approaches to zero under the oxidation

ub-condition, but the curve of the conversion rate under the

ixed sub-condition is close to that under the gasification sub-

ondition, indicating that the char mainly undergoes gasification

n the interior of the particle. The char conversion rate increases

rom r / R = 0.95 to r / R = 0.9 both under the oxidation and mixed

ub-conditions, which is because according to the random pore

odel, there is a maximum surface area at a medium value of the

onversion. Factually, in the simulation, the local conversion in the

xternal layer of the particle has been larger than this medium

alue, thus the smaller local conversion at r / R = 0.9 than that

t r / R = 0.95 results in the larger local surface area and local

onversion rate at r / R = 0.9 than those at r / R = 0.95. 

The reaction rates of all elementary surface reactions at

0.5 s and the position of r / R = 0.92 under the typical analytical

ondition are shown in Fig. 11 . It can be seen that the high

oncentration of CO 2 does affect the oxidation reaction, but this

nfluence is not very significant. The influence is mainly mani-

ested in these aspects: the negative reaction rate of Rs2 in the

xidation sub-condition changes to the positive reaction rate in the

ixed sub-condition; the reaction rates of Rs1 and Rs3 become

arger and smaller from the oxidation sub-condition to the mixed

ub-condition, respectively. It is mainly because the concentration
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Fig. 12. Radial profile of the site fractions of the surface components at 30.5 s. 

( d p = 300 μm, T bulk = 1223 K, Oxid: 0.5 vol.% O 2 /N 2 , Gasi: 99.5 vol.% CO 2 /N 2 , Mix: 

0.5 vol.% O 2 /CO 2 ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13. Schematic view of the conversion of a coal char particle in CLOU condi- 

tions. 

Fig. 14. Correlation between ϕ1 and η. 

c  

c  

w  

i  

m  

c

r  

 

l

 

s  

a

 

m  

f  

F  

w  

c

6

 

o  

a  

c  

fi  

w  

n  

d  

S  
of CO 2 under the mixed sub-condition is far larger than that under

the oxidation sub-condition. According to the surface reaction

mechanism shown in Table 2 , the presence of CO 2 can affect the

equilibrium of Rs2 and further affect the site fractions of the

surface species. More specifically, the high concentration of CO 2 

leads to the shift of the equilibrium of Rs2 towards the right side,

resulting in a decreased site fraction of C(S) and an increased site

fraction of C(O). 

Figure 12 shows the radial profile of the site fractions of the

surface components at 30.5 s under the typical analytical condi-

tion. Two important points that support the above analyses can be

attained: (1) in the external layer of the particle, the curve un-

der the mixed sub-condition almost coincides with that under the

oxidation sub-condition, while in the interior of the particle, it al-

most coincides with that under the gasification sub-condition; (2)

at r / R = 0.92, the site fractions of C(S) and C(O) under the mixed

sub-condition are smaller and larger than these under the oxida-

tion sub-condition, respectively. 

From the above analyses, it can be seen that the char conver-

sion process under the mixed condition of lean O 2 and rich CO 2 

can be regarded as a separate oxidation conversion process in

the external layer of the particle and a gasification process in the

interior of the particle. Although the high concentration of CO 2 has

certain impact on the oxidation process, this influence is not very

significant. Thus, the effect of rich CO 2 on the oxidation process

can be ignored. As for the gasification process, the oxidation pro-

cess exerts a little impact on the gasification process by changing

the gasification atmosphere. The influence of the oxidation reaction

on the gasification process is mainly reflected in that the predom-

inant oxidation reaction happens in the external layer of the parti-

cle and inhibits the gasification reaction from the perspective of re-

action mechanism. In such a way, it can be reasonably considered

that the char gasification can only happen in the inner core of the

particle rather than within the whole particle. Eventually, the phe-

nomena shown in Fig. 7 can be reasonably explained. In fact, with

the increase of the char particle size, the ratio of the gasification-

controlled region to the oxidation-controlled region also increases. 

Based on the above understandings, the macroscopic model for

the char conversion rate in lean O 2 and rich CO 2 atmospheres can

be represented as r mix = ϕ 1 · r gasi + r oxid , where r mix , r gasi and r oxid 

are the char conversion rates in a specific particle state, e.g. parti-

cle radius, apparent density and specific surface area in the mixed

sub-condition, the separated gasification condition, and the sepa-

rated oxidation condition, respectively; ϕ1 means the ratio of the

conversion rate contributed by gasification under the mixed sub-
ondition to the conversion rate under the separated gasification

ondition. Clearly, ϕ1 is related to the penetration depth of O 2 ,

hich can be characterized by the effectiveness factor of the ox-

dation reaction, η (can also be easily obtained in the macroscopic

odel, also presented in Fig. 7 ). Finally, the conversion rate of coal

har particle under CLOU conditions can be modeled by 

 mix = ϕ 1 ( η) · r gasi + r oxid (13)

The macroscopic model for the char conversion rate can be il-

ustrated by Fig. 13 . 

According to the simulation results under CLOU conditions (as

hown in Table 4 ), the correlation between ϕ1 and η was fitted

nd plotted in Fig. 14 . 

Based on the fitting formula shown in Fig. 14 and the proposed

acroscopic model ( Eq. (13) ), the conversion rates were calculated

or each simulation condition and the results were also shown in

ig. 7 . It can be seen that the proposed macroscopic model can

ell reproduce the particle-resolved simulation result of the char

onversion rate in CLOU conditions. 

. Discussion 

As mentioned in Introduction, the contribution of gasification

n the overall conversion process of coal char depends on the re-

ction conditions, especially the reaction temperature and oxygen

oncentration. In this work, the simulation conditions were con-

ned within the scope of CLOU. The conclusions attained in this

ork may only applicable for CLOU or similar conditions and can-

ot be arbitrarily applied to situations far away from these con-

itions, such as the oxy-combustion conditions. As concluded by

inger et al. [26] , the gasification can contribute up to 30% of
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verall conversion rate at 1573 K in the post-flame region of the

xy-fuel combustion. 

Different coal chars have different reactivity, which is related to

he complex porous structure in the mesoscopic level and the com-

lex surface property in the microscopic level [37] . Although such

ifference may affect the oxidation and gasification rate as well as

ts relative contribution, the proposed methodology of integrating

he oxidation and gasification conversion rate by considering the

ffectiveness factor of the oxidation reaction should still be appli-

able for different chars. This is because, as long as the oxidation

eaction is still some orders of magnitude faster than that of the

asification reaction (typically, in CLOU conditions), the competing

elationship between lean-O 2 oxidation and rich-CO 2 gasification

till holds in nature. 

H 2 O was not considered in both homogeneous and heteroge-

eous reactions in this work, although H 2 O is expected to be

resent via the conversion of H in coal or being introduced as

uidization and gasification agents in actual CLOU processes. The

asification rate of coal char by H 2 O has long been believed to be

–4 times faster than that of coal char gasification by CO 2 . In this

ense, it is reasonable to conjecture that the presence of H 2 O may

ncrease the contribution of gasification in the coal char conver-

ion process. However, in comparison to the activity of coal char

owards O 2 , the intrinsic char-H 2 O gasification process is still very

low, and it is also believed that the detailed surface reaction pro-

ess of H 2 O has little influence on the detailed surface reaction

rocess of O 2 . From this respect, the proposed methodology of in-

egrating the oxidation and gasification conversion rate by consid-

ring the effectiveness factor of the oxidation reaction can still be

pplicable for the circumstances where H 2 O is present; however,

he specific quantitative relationship needs to be re-analyzed. With

espect to the impact of H 2 O on the homogeneous reactions, it has

een well recognized that the presence of OH radical, one of the

ntermediate products in the presence of H 2 O, will remarkably ac-

elerate the conversion of CO in gas phase. However, because the

verall char conversion rate is not very fast under the CLOU condi-

ions, it seems that the concentration of CO (or H 2 ) in the bound-

ry layer of the particle is not very high, thus the presence of H 2 O

ay not have a significant impact on the gas phase reactions. Even

o, the impact of H 2 O deserves further investigation. 

. Conclusions 

In this work, a single particle model, which considered the

etailed reaction kinetics as well as the heat and mass transfer

nside and outside the porous particles, was established for the

ubsequent particle-resolved numerical simulations, in order to

nvestigate the contributions of the oxidation and gasification

only by CO 2 ) reaction to the overall char conversion, as well as

heir interactions under CLOU conditions. The main conclusions

ere drawn as follows: 

(1) Unlike burning under the high temperature conditions, the

oxidation process of coal char particle is almost not affected

by external gas diffusion under typical CLOU conditions.

Therefore, although the diffusivity of O 2 in CO 2 is lower than

that in N 2 , this effect was not important in modeling the

overall char conversion rate under typical CLOU conditions.

In addition, the influence of the endothermicity of the gasi-

fication reaction can also be ignored in typical CLOU condi-

tions. 

(2) The high concentration of CO 2 within the coal char parti-

cle and sequentially the rich CO 2 -char gasification reaction

hardly affects the oxidation process from the perspective of

reaction mechanism. 
(3) The influence of the oxidation reaction on the gasification

process was mainly manifested in that the oxidation reaction

happens in the external layer of the particle and inhibits the

gasification reaction from the perspective of reaction mech-

anism. Therefore, the gasification reaction only happens in

the inner core of the particle, rather than happens within

the whole particle. 

(4) As the penetration depth of O 2 can be reflected by the effec-

tiveness factor of the oxidation reaction, η, the methodology

of correlating ϕ1 with η was proposed in this work, and the

correlation was quantitatively determined by fitting the sim-

ulation results under typical CLOU conditions. 

As only CO 2 gasification was considered in this work, the quan-

itative correlation determined may only applicable for the ideal

ondition of CLOU, i.e. there is no steam in the atmosphere. Be-

ause H 2 O (as reaction product or gasification agent) is indeed

resent in a realistic CLOU process, further work will be under-

aken to determine the role of steam within the char gasification

rocess, including identifying the contribution of rich-CO 2 /H 2 O

asification on the char conversion and formulating the macro-

copic model for the char conversion rate with the consideration

f lean-O 2 oxidization and rich-CO 2 /H 2 O gasification. 
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