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The high concentration of CO, and low concentration of O, 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, oxidation and/or rich-CO, 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-0, and/or rich-CO, 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.
Tmix=@1Tgasi+Toxid- 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,; 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, cannot penetrate into. Based on these understandings, a correla-
tion between the coefficient, ¢, and the effectiveness factor of the oxidation reaction, », 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 ¢, and n was finally attained.

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

1. Introduction

easily removed by a simple condensation process, thus high-purity
CO, can be captured from the exhaust gas of FR. The reduced OCs

Chemical looping combustion (CLC) is a novel technology
for fossil fuel utilization with inherent CO, separation [1-3]. A
schematic view of the CLC system is shown in Fig. 1. Similar to
the oxygen supply mode of the blood circulation system of hu-
man beings, CLC utilizes the circulation of oxygen carrier (OC) to
achieve the oxygen transport between reactors, i.e., the fuel re-
actor (FR) and air reactor (AR). Fuel and air are introduced into
the two reactors separately, thus direct contact between fuel and
air can be avoided. Theoretically, OCs with high oxygen potential
(MexOy) react with fuel, producing CO, and H,0 in FR. H,O can be
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(MexOy.1) are then transferred into the AR and re-oxidized by air
therein. A loop is finally formed as the regenerated MexOy particles
circulate back into the FR. Eventually, the gas-gas separation pat-
tern in conventional CO, capture technologies is replaced by much
easier gas-solid separation in CLC, where the one-step combustion
process is split into two atmosphere-isolated oxidation/reduction
sub-processes. In this way, the total exergy loss of the overall com-
bustion and CO, capture process can be reduced, and the energy
utilization efficiency is thus improved.

In-situ gasification chemical looping combustion (iG-CLC) has
been proposed as a technical route for the combustion of solid
fuels, like coal and biomass [1,2]. Nevertheless, the gasification of
solid fuels in iG-CLC is usually the rate limiting step, which makes
the overall fuel conversion not fast enough. Chemical looping with
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Fig. 1. Schematic view of chemical looping combustion.

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;03, Co304, etc.) that are able to release
gaseous O, at oxygen-deficient atmosphere. Conceptually, these
special OCs with high oxygen potential decompose and release
gaseous O, 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, 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
0,. 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 iG-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 iG-CLC. Recently, in our
batch fluidized bed experiments, when the fluidizing agent in the
reduction stage of CLOU was switched from N, to CO,, 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, and
lean-0, environment without the presence of OC and H,0 were in-
vestigated in this work prior to further revealing the complicated
competitive reactions involved in CLOU processes.

Basically, the effects of CO, 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, 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,-rich environment on the combustion rate of coal char. As
shown in Fig. 2, three regions of char conversion in CO,-rich con-
ditions were distinguished according to the reaction temperature
and O, concentration. The region A represents the low tempera-
ture conditions at any O, concentration. In this region, the CO,-
rich atmosphere has negligible effect on the char conversion rate.
This is because, on one hand, the activity of CO, towards coal char
is much lower than that of O, at relatively low temperatures, and
CO, 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
0, diffusivity in different carrier gases (N, or CO,) on the over-
all char conversion rate is not significant. The region B represents
the high temperature and high O, 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-
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Fig. 2. Experimental studies on CO, effect in oxy-fuel conditions [13-21].

ternal diffusion (zone III), so the lower O, diffusivity in CO, than
that in N, will significantly affect the oxidation reaction, and this
effect becomes the dominant influencing factor on the oxidation
consumption rate of coal char. The region C corresponds to the re-
action conditions with high temperature and low O, concentration.
In this region, on the one hand, the oxidation consumption rate of
coal char is relatively low due to the low O, concentration; on the
other hand, the gasification consumption rate of coal char increases
significantly at high temperatures due to the higher activation en-
ergy of the gasification reaction. The presence of CO, can promote
the conversion rate of coal char, because the improved gasification
consumption rate exceeds the decrease of the oxidation consump-
tion rate caused by the lowered O, diffusivity. However, Chen et
al. [13] also pointed out that the above conclusions were attained
from simplified models, in which the interactions of the heteroge-
neous and homogeneous reactions, the multi-component diffusion
within and around the porous char particle, and the decrease of
particle temperature due to the endothermic gasification reaction,
had not been carefully considered. Therefore, more comprehensive
simulations are still required for a better understanding.
Gonzalo-Titado et al. [22] adopted the single-film model
coupled with entrained flow reactor (EFR) experiments to in-
vestigate the impact of CO,-gasification reaction for three coals
with different ranks under oxy-fuel conditions, with the reaction
temperatures of 1073-1723 K and O, concentrations of 4-8 vol.%.
They concluded that the contribution of CO, gasification in O,/CO,
condition cannot be simply ignored, especially in the cases of low
rank coal and lean-0O,/rich-CO, conditions. Brix et al. [23] simu-
lated the conversion process of coal char particles in O,/N, and
0,/CO, atmosphere by the established COCOMO (Coal Combustion
MOdel) model. Experiments were also carried out in an EFR within
the temperature range of 1173-1673 K and O, molar fraction range
of 5-28 vol.%. Experimental results indicated that the CO, gasifica-
tion has no effect on coal char conversion, while simulation results
demonstrated that in zone III, the contribution of gasification can
reach 70% when the O, concentration is low. In fact, although the
COCOMO model considered both the internal and external diffu-
sion effects, this model was still based on a simplified correlation
at a macroscopic level (e.g. the effectiveness factor-Thiele modulus
correlation), and only two global reactions were considered for
the oxidation and gasification reactions. Therefore, the simulation
results based on the COCOMO model might be qualitatively correct
but not quantitatively accurate enough. Tolvanen et al. [24] devel-
oped a single particle model, which considered the heat transfer
in the porous particle, the gas diffusion in the boundary layer and
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Stefan flow. Particle size distribution was seriously treated in this
model. Drop tube reactor (DTR) experiments (1123 K, 2-8 vol.%
of O,) were carried out for comparison with the simulations.
They concluded that the polydispersity of char particles should
be carefully considered in order to explain the wide distribution
of the particle surface temperatures detected in experiments.
Moreover, with the increase of CO, concentration, the decrease of
particle surface temperature due to the endothermic gasification
reaction becomes more remarkable, yet no obvious interaction or
competition between gasification reaction and oxidation reaction
was observed. Hecht et al. [25] simulated the combustion of coal
char under oxy-fuel condition using the Surface Kinetics in Porous
Particle (SKIPPY) code, with O, concentrations in the range of
12-36 vol.% and at 1690 K. The influence of CO, and H,O on the
conversion of the coal char particle was investigated in details.
Besides heat transfer in the porous particle and gas diffusion in
the boundary layer, the multi-component diffusion in the porous
particle and the detailed homogeneous and heterogeneous reaction
kinetics were also considered in the SKIPPY code. They found that
the gasification reaction will decrease the temperature of burning
particles, but the contribution of gasification consumption exceeds
the decrease of oxidation consumption caused by the decreased
particle temperature. Eventually, rich CO, promotes the overall
conversion rate of coal char. Singer et al. [26] pointed out that
because of the influence of volatile flame, the high temperature
and high oxygen concentration conditions studied by Hecht et al.
[25] in their steady-state single particle simulation may unrealistic
in the oxy-fuel combustion. Through CFD simulation, they chose
two representative particle trajectories, and divided them into
three regions, respectively, i.e., pre-flame, flame and post-flame.
Using a more elaborate model, the single particle simulations with
transient boundary conditions were then carried out to model the
conversion process of coal char particle in a real oxy-combustion
environment. They concluded that gasification contributes little to
the consumption of coal char particles in path 1 (along the edge
of the flame) where the temperature is not too high and the O,
concentration is not too low. In path 2 (along the flame axis), the
gasification contributes 2-3 times higher than the oxidation to
char particle consumption, because the temperature in the flame
region is very high and the concentration of oxygen is nearly close
to 0. In post-flame region, the increased oxygen concentration and
the decreased temperature lead to the decrease of the gasification
contribution, but it still accounts for 13.8%-28.6% of the total char
consumption rate. Generally, the contribution of the gasification
conversion cannot be neglected under the oxy-combustion condi-
tion, and it should be carefully analyzed according to the specific
reaction conditions of the char particle.

Particle-resolved simulation (e.g. the SKIPPY model) which con-
siders the heat and mass transfer inside and outside the porous
particle as well as the detailed chemical reaction kinetics is a very
powerful tool to study the coal char conversion characteristics.
Mitchell et al. [27] carried out a particle-resolved simulation to
study the burning behavior of a coal char particle in zone I and
zone II. Through the simulation, it was confirmed that the corre-
lation of the Thiele modulus with the effectiveness factor for the
first-order oxidation reaction is still valid in zone II. The potential
relationship between the burning mode parameter and the effec-
tiveness factor was also revealed. Nowadays, the conclusion that
the burning mode parameter is equal to the effectiveness factor
has been widely used by many researchers in their macroscopic
level simulation [28,29]. The work of Mitchell et al. [27] provided
a good example to construct macroscopic scale model from meso-
scopic/microscopic scale simulations.

By far, although the influence of CO, on the oxidation process
of coal char has been qualitatively investigated (to identify whether
CO, affects the oxidation process and how it affects), the quanti-

tative relationship of the coal char conversion rate in the mixed
0,/CO, atmosphere as a function of lean-O, oxidation rate and
rich-CO, gasification rate has rarely been explored. In region B (as
shown in Fig. 2), the O, diffusivity is the dominant influencing
factor, and this effect can still be quantitatively considered in the
corresponding combustion model (e.g. the single-film model [30]).
However, in region C (typical CLOU operating conditions belong to
this region), the contribution of the gasification could be signif-
icant, but quantitative contribution of the gasification and the in-
trinsic physicochemical mechanisms are still not clear, let alone de-
veloping a convincing macroscopic model for the char conversion
rate. This brings huge difficulties to the simulation of char conver-
sion process at the macroscopic level (i.e. CFD simulation). In this
work, a particle-resolved model, which considered the heat and
mass transfer inside and outside the porous particles as well as
the detailed reaction kinetics, was established to simulate the con-
version process of a coal char particle in typical CLOU conditions
(with high concentration of CO, and low concentration of O,). The
interactions between the oxidation reaction and gasification reac-
tion were analyzed, and a model to calculate the overall conversion
rate of coal char in CLOU conditions was proposed.

2. Model description

For gas phase, the species mass conservation equation and en-
ergy conservation equation were established as below.

2.1. Species mass conservation equation

d 10 . .
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where, r is the radial spatial coordinate (m); p expresses the gas
density (kg/m3); A=4mr?, is the area normal to the direction of
r (m2); ¢ express the porosity of the particle; Y, represents the
mass fraction of the kth species; Vj is the diffusion velocity of the
kth species (m/s), and its calculation method will be described in
Section 2.5.2; s is the molar rate of the production of the kth
species per unit area by surface reactions (mol/(m?s)); W, is the
molar weight of the kth species (kg/mol); and o is the specific
surface area per unit space volume (m?/m3). @, is the molar rate
of production of the kth species per unit volume by gas-phase re-
actions (mol/m3s).

2.2. Energy conservation equation
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where, h and h, represent the specific enthalpy of the gas mixture
and the kth species, respectively (J/kg); pw is the true density of
the char particle (kg/m3); hy, is the specific enthalpy of the solid
phase (J/kg); Kg is the total number of gas species; T is the re-
action temperature (K); It was assumed that the solid phase and
the gas phase are always in thermal equilibrium in this work, thus
the temperatures of the solid phase and gas phase are both equal
to the specified T; At=A¢ + Ap(1 — ¢), the total thermal conduc-
tivity (W/(mK)); A, the mixture-averaged gas thermal conductiv-
ity (W/(mK)); Ap, the thermal conductivity of the solid particle
(W/(mK)); Kot is the total number of the species, including the
gas, surface and bulk species; the last term in the formula is the
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radiation source term, which should be included only for the out-
ermost grid; Ty, represents the equivalent wall temperature (K);
e and o represent the emissivity and the Stefan-Boltzmann con-
stant, respectively; Ar 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

de Slok S% 52 '(/f .
a i—~ —Zkg g—j ScyWe (3)

where, Z, is the site fraction of the surface species k; o, is the
number of sites that species k occupies; I" represents the density
of site (mol/m?); $¢(g, is the molar rate of the production of C(B)
per unit area by surface reactions (mol/(m2s)); W is the molar
weight of the carbonaceous material; the specific surface area, S,
(its initial value, Sp) and the structural parameter, ¥, 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

dop .
—— =5 W, 4
dt cB)0rWWc (4)
where, pap is the apparent density of the char particle (kg/m3).
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

_ W

p=2 (5)

where, p is the pressure (Pa); W 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:

Vk:V]k + V2k + V3k (6)

X
@

, is the mixture-averaged diffusion coefficient;

where, V1,<:D,<mxik is the
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X represents the mole fraction of species k; Dy is the binary

e . D
diffusion coefficient; V2k:")m(—k®"%%.

velocity, which was only considered for the low molecular weight
species; ®y is the thermal diffusion ratio; the correction velocity
V3, was included to ensure that the mass fractions sum to unity
or equivalently, Zfil Y,.V;,=O0.

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, Dy,,, should

ordinary diffusion velocity;

is the thermal diffusion

be adjusted and be replaced by the overall effective diffusion coef-
ficient, Deg, as:

1 1 1

Dest Dy efr

(7)

Dy ket
where, Dy, of is the effective Knudsen diffusion coefficient and is
usually expressed as D[Qk{eff:%DK’k; T is the tortuosity of the par-

ticle; Dy = ~52° / 247 the Knudsen diffusion coefficient; rpp is

the average pore radius (m); ka.effzﬁka, the effective bulk dif-
fusion coefficient.

2.5.3. Correlations of the morphology parameters

The mean pore radius was based on the specific surface area (S,
m?/kg) and the pore volume per kilogram (¢/pap, m3/kg) and was
approximated using the following expression:

2rfep
r 8
pore aps ( )

where, 1f is a coefficient about the effects of wall roughness, and
a value of 2 was applied in this work [27]. The porosity of the
char particle can be calculated by the apparent density and the
true density of the particle, as:

—1_ Par
d)_] Pur (9)

The local conversion and local specific surface area of the car-
bonaceous material were determined from the following relations:

Pap
Xc=1—- —" 10
c o (10)
or = 0r0(1 —xc)y/1 =¥ In(1 —x¢) (11)
O
S=— 12
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where, xc is the local conversion; p,p, ¢ is the initial apparent den-
sity of the char particle (kg/m3); o ¢ is the initial specific sur-
face area per unit space volume (m2?/m3). Obviously, it was as-
sumed that the change of specific surface area follows the ran-
dom pore model (RPM) [33], and the parameter, ¥, in this model
is related to the pore structure. As shown in Singer and Ghoniem
[34], the adaptive random pore model (ARPM) can be used to de-
scribe the pore structure evolution more accurately in the particle-
resolved simulation. However, the two most important sub-models
in modeling coal char particle conversion process are the pore
structure evolution model and chemical kinetics model; note that
the two sub-models are not independent. Once the ARPM model
was adopted, the corresponding intrinsic elementary surface reac-
tion kinetics should also be adopted. However, to the best of our
knowledge, all available intrinsic elementary surface reaction ki-
netics of char in literatures was obtained based on the RPM model.
And the transformation of the detailed reaction kinetics from RPM
to ARPM is risky. In order to balance the credible description to
the pore structure evolution and the appropriate representation to
the chemical kinetics, the more mature model framework based
on the random pore model and available intrinsic reaction kinetics
was used in this work.

3. Simulation details
3.1. Mesh, initial and boundary conditions
Discretization of the above equations was based on the finite

volume method. As shown in Fig. 3, the simulated particle was
evenly divided into 100 concentric annular volume elements. The
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Fig. 3. Schematic view of the simulated particle and computational domain.

computational domain also included the spherical space within
10 times of the particle radius. In this case, the outermost ele-
ment could be considered as in the ambient atmosphere, thus the
boundary conditions for Eqs. (1) and (2) in the outer layer of char
particle were set in accordance with the composition and tem-
perature of the ambient gas. While the boundary conditions for
Egs. (1) and (2) at the char center were set to be zero gradient con-
ditions, i.e., % =0 and % = 0. At the beginning of the simulation,
the whole computational domain was filled with N,, the temper-
atures of all elements were equal to that of the ambient gas, and
the surface active sites were all occupied by C(S), i.e. Z¢sy = 1.

3.2. Computational strategy

The flowchart of the detailed algorithm is shown in Fig. 4.
This algorithm was implemented as an application of the software
CHEMKIN [32] in C language. The iterative solving steps were de-
scribed 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+At, and continue.

(4) If the “Mix” sub-condition is being simulated, Eq. (4) will be
solved and a new value of pap will be updated. The new p,p
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, xc, 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
described in Step 4 were used in the simulation, the evolutions
of the morphology of the particles under both oxidation and
gasification sub-conditions were ensured to be the same as that
under the mixed O,/CO, condition. Therefore, the three conversion
rate curves which correspond to the three sub-conditions are
ready for comparison with the same baseline. In other words, if
the three coal char particles under the three sub-conditions are
at the same overall conversion, they will have the same particle
size, apparent density and specific surface area. This is also a re-
quirement to develop an applicable macroscopic model, because in
actual CLOU process, the morphology of coal char particle always
evolves under the mixed 0,/CO, conditions, and the calculated
oxidation and gasification rates (in order to calculate the overall
conversion rate under the CLOU condition) are both based on the
coal char particle whose morphology evolves under the mixed
conditions.

/ Initialization, =0 /
Solve energy equation

v

Solve species mass equation

v

Solve surface site species equation

Convergence ?
Yes

t=t+At; In Mix sub-condition, solve Eq. 4 for p,,; In Gasi
or Oxid sub-condition, receive p,, from Mix sub-condition

synchronization

Calculate @, X¢, 0, S, Ty

The outermost grid is changed to fluid grid
\L/

Calculate and output some parameters

Fig. 4. Flowchart of the detailed algorithm.

3.3. Reaction kinetics and other parameters

Detailed heterogeneous reaction kinetics is indispensable in
the particle-resolved simulations. Tilghman and Mitchell [35] have
proposed a relatively complete surface reaction kinetics model
for oxidation and gasification of coal char by summarizing former
kinetics model and fitting experimental results conducted at
relatively low temperatures. The detailed heterogeneous reaction
kinetics rather than the Langmuir-Hinshelwood (L-H) type kinetics
was used here to describe the competitive process of surface
reactions, because the detailed reaction kinetics is more accurate
for the description of the competitive process. Factually, the
reaction kinetics in L-H form is one type of the global reaction
kinetics, and it can be derived from the detailed elementary
surface reaction kinetics, but is subject to the near-equilibrium or
quasi-steady state hypotheses. However, these hypotheses cannot
always be satisfied in reality (e.g. in the oxidation process). In the
work of Mitchell et al. [27], the effect of homogeneous reactions
was not considered, while in the work of Hecht et al. [25], the
GRI-Mech 3.0 mechanism [36] was adopted to consider the effect
of homogeneous reactions. The different considerations were
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Table 1
Homogeneous reaction kinetics [36].

Reaction A B E; (cal/mol)
(Rg1) 20+M<«0,+M 12 x 107 -1.0 0.0
CO/ 1.75/ CO,/ 3.60/
(Rg2) 0+CO(+M)<CO,(+M) 1.8 x 10" 0.0 2385.0
LOW/ 6.020 x 10'* 0.000 3000.00/
0,/ 6.00/ CO/ 1.50/ CO,/ 3.50/
(Rg3) 0,+C0«0+C0, 2.5 x 102 0.0 47,800.0
Table 2
Heterogeneous reaction kinetics of Wyodak coal char [35].
Reaction A E; (cal/mol)
(Rs1) C(0)+C(B)—CO+C(S) 1.55 x 10'%  59,629.54
(Rs2) C0O,+C(S)«C(0)+CO 3.70 x 10°  38,479.92
(Rs3) C(B)+2C(S)+0,—C(0)+CO+C(S) 5.00 x 10%°  35,850.86
(Rs4) 2C(S)+0,—C2(02) 4.00 x 107 22,227.53
(Rs5) C(S)+C(B)+C(0)+0,—C0,+C(0)+C(S) 1.50 x 10'7  18,642.45
(Rs6) C(S)+C(B)+C(0)+0,—C0+2C(0) 2.10 x 107 24,617.59
(Rs7) C(B)+C2(02)—C0,+2C(S) 1.26 x 10°  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
r (mol/m?) 1.08 x 104
oro (m2/m3) 2.66 x 108
T (-) 3.0
v “) 8.0
At (s) 1.0 x 107
Ap (W/(mK)) 1.33
P (kg/m?) 1302
Pap, 0 (kg/m?) 560

Table 4
Simulation conditions in the present work.

Particle
diameter / pm

Run Temperature of
ambient gas | K

Molar fraction O, 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%

probably due to the different temperature conditions that they
simulated.

In this work, five species, O, O,, CO, N, and CO,, 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(0), C2(02), 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.
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T, =1150K i
P,=0.06 atm ; i
15 LT 90/=1085 (RE M'tChe“ el al) &
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Normalized size, apparent density and
specific surface area of the carbon particle

o0l i i i i
0.0 02 0.4 0.6 08 10
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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.

4. Model validation
4.1. Validating the model and simulation program

In order to validate the model and simulation program, a case
within the weak zone II burning region (see Mitchell et al. [27])
was simulated. The program used for this validation was obtained
after a slight change to Step 4 of the above program (using the
"Mix" condition for simulation, while removing the synchroniza-
tion). The kinetic parameters and other model parameters for this
validation were summarized in Section S1 in Supplementary mate-
rial. The simulation results were shown in Fig. 5. The time required
for the char particle to reach 90% conversion (Tggy) is 11.5 s in the
present simulation, which is in good agreement with the result of
10.8 s in Mitchell et al. [27]. Meanwhile, the normalized particle
size, apparent density and specific surface area vs. the overall char
conversion also agree well with the reference results. The small
differences may be mainly ascribed to different mesh structures
and/or model details. For example, the lumped parameter method
was used to describe the energy conservation, and the heat and
mass transfer correlations was considered as boundary conditions
in Mitchell et al. [27].

4.2. Validating the heterogeneous reaction kinetics

The desorption kinetics was described by the distributed acti-
vation energy method in the original surface reaction mechanism
in Tilghman and Mitchell [35] and Mitchell et al. [27]. However, it
is not applicable in the CHEMKIN [32] that we adopted. Therefore,
we first conducted a fitting process to deal with these desorption
kinetics. We calculated the reaction rates at different temperatures
according to the distributed activation energy, and then deter-
mined the new activation energy and pre-exponential factor by
Arrhenius fitting. It should be pointed out that the final Arrhenius
fitting demonstrated good linearity as long as the standard devi-
ation of the activation energy in the distributed activation energy
description is not very large.

In order to validate the kinetic parameters, the evolutions
of the normalized mass loss rate of a single reaction point (the
simplification of a particle when it is not affected by internal
diffusion) were simulated at different temperature and gaseous
composition conditions (see Fig. 6), which were then compared
with the results of Tilghman and Mitchell [35]. The simulation
details and some model parameters for the simulation were
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Fig. 6. Normalized mass loss rate vs. conversion at different temperature and gaseous composition conditions: (dot) simulation results in Tilghman and Mitchell [35], (line)

simulation results in this work.

introduced in Section S2 in Supplementary material. Considering
the difference of the mathematical model and numerical accuracy
between the two simulations, it can be concluded that the two
results were in good agreement with each other.

5. Results and analyses

Figure 7 shows the profile of the overall conversion rate of the
simulated particle under the specified simulation conditions. As
can be seen, the coal char conversion rate by oxidation reaction
is higher than that by gasification reaction under CLOU conditions,
and the conversion rate under the mixed sub-condition is higher
than that under the oxidation sub-condition, but is lower than the
sum of the conversion rate under the oxidation and gasification
sub-conditions. Moreover, with the increase of the particle size,
the contribution of gasification under the mixed sub-condition in-
creases. The same tendency was also observed with the increase
of temperature. The influence of the temperature is easy to un-
derstand: the activation energy of the global gasification reaction
is greater than that of the global oxidation reaction. With the in-
crease of temperature, the increase of the gasification reaction rate
is larger than that of the oxidation reaction rate.

In typical CLOU conditions, the OC possesses a relatively low
equilibrium O, partial pressure. Moreover, the actual O, concen-
tration in FR may be even lower as the oxygen release process
is usually the rate limiting step in the coal-derived CLOU pro-

cess. Here, as a typical analytical condition, the conversion char-
acteristics of a coal char particle with the diameter of 300 pm at
1223 K, under the reactive atmosphere of 0.5 vol.% 0,/N, (oxida-
tion sub-condition), 99.5 vol.% CO,/N, (gasification sub-condition)
and 0.5 vol.% 0,/CO, (mixed sub-condition) were investigated in
details.

Figure 8 shows the radial profile of the mole fractions of main
gas components at 30.5 s (corresponding to 29.92% of the over-
all char conversion) under the typical analytical condition. It can
be seen that the mole fractions of the main gas components do
not change significantly from the bulk atmosphere (r = 10R) to the
particle surface (r = R) under all the three sub-conditions, which
indicated that the effect of the external diffusion is not significant
and thus the high concentration of CO, do not affect the oxidation
rate by inhibiting the O, diffusivity in these cases. Under the gasi-
fication sub-condition, the mole fraction of CO, decreases less than
8% from the particle surface (r = R) to the particle center, indicat-
ing that the internal diffusion has little effect on the overall con-
version rate in the gasification sub-condition. However, under the
oxidation and the mixed sub-conditions, the mole fraction of O,
decreases rapidly at the external layer of the particle and almost
approaches to 0 at r/R = 0.8. It is generally believed that the oxida-
tion reaction of coal char at 1223 K belongs to the zone II burning
region. The simulation results did show that the oxidation reaction
is greatly affected by internal diffusion under such conditions. It
is 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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Oxid: 0.5 vol.% 03/N,, Gasi: 99.5 vol.% CO,/N,, Mix: 0.5 vol.% 0,/CO,).

sub-condition and mixed sub-condition shows almost the same
evolution trend, which also suggests that CO, has little effect on
the oxidation process.

The radial profile of the temperatures at 30.5 s under the typi-
cal analytical condition is shown in Fig. 9. Because of the endother-
micity of the gasification reaction, the mean temperature of the
char particle is 1.7 K lower than that of the ambient gas in the
gasification sub-condition. The char oxidation reaction is exother-
mic, thus the mean temperature of the char particle is 5.1 K higher
than that of the ambient gas in the oxidation sub-condition. In the
mixed sub-condition, the endothermic gasification reaction reduces
the char particle temperature from 1228.1 K to 1226.2 K. Neverthe-
less, all changes of the temperature from the heterogeneous reac-
tions are not significant, thus it can be concluded that the high
concentration of CO, in typical CLOU conditions hardly affects the
oxidation rate through reducing the particle temperature.

The radial profile of the local conversion rates at 30.5 s under
the typical analytical condition is shown in Fig. 10. Similar to the
profile of O, concentration shown in Fig. 8, the char conversion
rate reaches the maximum value at the external layer of the parti-
cle and generally decreases from the particle surface to the particle
center under the oxidation and mixed sub-conditions. Moreover,
the curve under the mixed sub-condition coincides almost with
that under the oxidation sub-condition in the external layer of
the particle, which suggests that in the mixed sub-condition, the
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Fig. 10. Radial profile of the local conversion rates in three sub-conditions at 30.5 s.
(dp = 300 pm, Ty = 1223 K, Oxid: 0.5 vol.% O,/N;, Gasi: 99.5 vol.% CO,/N,, Mix:
0.5 vol.% 0,/CO;).
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Fig. 11. Reaction rates of the elementary surface reactions at 30.5 s and r/R = 0.92.
(dp = 300 pm, Ty = 1223 K, Oxid: 0.5 vol.% O,/N,, Gasi: 99.5 vol.% CO,/N,, Mix:
0.5 vol.% 0,/CO,).

char conversion in the external layer of the particle is mainly
attributed to the oxidation reaction. In the interior of the particle,
the char conversion rate approaches to zero under the oxidation
sub-condition, but the curve of the conversion rate under the
mixed sub-condition is close to that under the gasification sub-
condition, indicating that the char mainly undergoes gasification
in the interior of the particle. The char conversion rate increases
from r/R = 0.95 to r/R = 0.9 both under the oxidation and mixed
sub-conditions, which is because according to the random pore
model, there is a maximum surface area at a medium value of the
conversion. Factually, in the simulation, the local conversion in the
external layer of the particle has been larger than this medium
value, thus the smaller local conversion at r/R = 0.9 than that
at r/R = 0.95 results in the larger local surface area and local
conversion rate at r/R = 0.9 than those at r/R = 0.95.

The reaction rates of all elementary surface reactions at
30.5 s and the position of r/R = 0.92 under the typical analytical
condition are shown in Fig. 11. It can be seen that the high
concentration of CO, does affect the oxidation reaction, but this
influence is not very significant. The influence is mainly mani-
fested in these aspects: the negative reaction rate of Rs2 in the
oxidation sub-condition changes to the positive reaction rate in the
mixed sub-condition; the reaction rates of Rs1 and Rs3 become
larger and smaller from the oxidation sub-condition to the mixed
sub-condition, respectively. It is mainly because the concentration
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of CO, 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, can affect the
equilibrium of Rs2 and further affect the site fractions of the
surface species. More specifically, the high concentration of CO,
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, and rich CO,
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, has
certain impact on the oxidation process, this influence is not very
significant. Thus, the effect of rich CO, 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, and rich CO, atmospheres can
be represented as iy = @1 - Igasi + T'oxid» WHere iy, Tgasi and Toyig
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; ¢, means the ratio of the
conversion rate contributed by gasification under the mixed sub-
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Fig. 13. Schematic view of the conversion of a coal char particle in CLOU condi-
tions.
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condition to the conversion rate under the separated gasification
condition. Clearly, ¢, is related to the penetration depth of O,,
which can be characterized by the effectiveness factor of the ox-
idation reaction, 1 (can also be easily obtained in the macroscopic
model, also presented in Fig. 7). Finally, the conversion rate of coal
char particle under CLOU conditions can be modeled by

I'mix = @1 (77) . rgasi + Toxid (13)

The macroscopic model for the char conversion rate can be il-
lustrated by Fig. 13.

According to the simulation results under CLOU conditions (as
shown in Table 4), the correlation between ¢; and n was fitted
and plotted in Fig. 14.

Based on the fitting formula shown in Fig. 14 and the proposed
macroscopic model (Eq. (13)), the conversion rates were calculated
for each simulation condition and the results were also shown in
Fig. 7. It can be seen that the proposed macroscopic model can
well reproduce the particle-resolved simulation result of the char
conversion rate in CLOU conditions.

6. Discussion

As mentioned in Introduction, the contribution of gasification
on the overall conversion process of coal char depends on the re-
action conditions, especially the reaction temperature and oxygen
concentration. In this work, the simulation conditions were con-
fined within the scope of CLOU. The conclusions attained in this
work may only applicable for CLOU or similar conditions and can-
not be arbitrarily applied to situations far away from these con-
ditions, such as the oxy-combustion conditions. As concluded by
Singer et al. [26], the gasification can contribute up to 30% of
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overall conversion rate at 1573 K in the post-flame region of the
oxy-fuel combustion.

Different coal chars have different reactivity, which is related to
the complex porous structure in the mesoscopic level and the com-
plex surface property in the microscopic level [37]. Although such
difference may affect the oxidation and gasification rate as well as
its relative contribution, the proposed methodology of integrating
the oxidation and gasification conversion rate by considering the
effectiveness factor of the oxidation reaction should still be appli-
cable for different chars. This is because, as long as the oxidation
reaction is still some orders of magnitude faster than that of the
gasification reaction (typically, in CLOU conditions), the competing
relationship between lean-O, oxidation and rich-CO, gasification
still holds in nature.

H,0 was not considered in both homogeneous and heteroge-
neous reactions in this work, although H,0 is expected to be
present via the conversion of H in coal or being introduced as
fluidization and gasification agents in actual CLOU processes. The
gasification rate of coal char by H,0 has long been believed to be
2-4 times faster than that of coal char gasification by CO,. In this
sense, it is reasonable to conjecture that the presence of H,O may
increase the contribution of gasification in the coal char conver-
sion process. However, in comparison to the activity of coal char
towards O, the intrinsic char-H,O gasification process is still very
slow, and it is also believed that the detailed surface reaction pro-
cess of H,O has little influence on the detailed surface reaction
process of O,. From this respect, the proposed methodology of in-
tegrating the oxidation and gasification conversion rate by consid-
ering the effectiveness factor of the oxidation reaction can still be
applicable for the circumstances where H,0 is present; however,
the specific quantitative relationship needs to be re-analyzed. With
respect to the impact of H,O on the homogeneous reactions, it has
been well recognized that the presence of OH radical, one of the
intermediate products in the presence of H,0, will remarkably ac-
celerate the conversion of CO in gas phase. However, because the
overall char conversion rate is not very fast under the CLOU condi-
tions, it seems that the concentration of CO (or H,) in the bound-
ary layer of the particle is not very high, thus the presence of H,0
may not have a significant impact on the gas phase reactions. Even
so, the impact of H,O deserves further investigation.

7. Conclusions

In this work, a single particle model, which considered the
detailed reaction kinetics as well as the heat and mass transfer
inside and outside the porous particles, was established for the
subsequent particle-resolved numerical simulations, in order to
investigate the contributions of the oxidation and gasification
(only by CO,) reaction to the overall char conversion, as well as
their interactions under CLOU conditions. The main conclusions
were 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, in CO, is lower than
that in N, 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, within the coal char parti-
cle and sequentially the rich CO,-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, can be reflected by the effec-
tiveness factor of the oxidation reaction, n, the methodology
of correlating ¢ with 1 was proposed in this work, and the
correlation was quantitatively determined by fitting the sim-
ulation results under typical CLOU conditions.

As only CO, gasification was considered in this work, the quan-
titative correlation determined may only applicable for the ideal
condition of CLOU, i.e. there is no steam in the atmosphere. Be-
cause H,O (as reaction product or gasification agent) is indeed
present in a realistic CLOU process, further work will be under-
taken to determine the role of steam within the char gasification
process, including identifying the contribution of rich-CO,/H,0
gasification on the char conversion and formulating the macro-
scopic model for the char conversion rate with the consideration
of lean-0O, oxidization and rich-CO,/H,0 gasification.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgment

This work was supported by National Key R&D Program of
China (2016YFB0600801).

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.combustflame.2019.11.
046.

References

[1] J. Adanez, A. Abad, F. Garcia-Labiano, P. Gayan, L.ED. Diego, Progress in chem-
ical-looping combustion and reforming technologies, Prog. Energ. Combust. 38
(2012) 215-282.

[2] J. Adanez, A. Abad, T. Mendiara, P. Gayan, L.ED. Diego, F. Garcia-Labiano, Chem-
ical looping combustion of solid fuels, Prog. Energ. Combust. 65 (2018) 6-66.

[3] LS. Fan, E Li, Chemical looping technology and its fossil energy conversion
applications, Ind. Eng. Chem. Res. 49 (2010) 10200-10211.

[4] T. Mattisson, A. Lyngfelt, H. Leion, Chemical-looping with oxygen uncoupling
for combustion of solid fuels, Int. ]. Greenh. Gas Con. 3 (2009) 11-19.

[5] T. Mattisson, H. Leion, A. Lyngfelt, Chemical-looping with oxygen uncoupling
using CuO/ZrO, with petroleum coke, Fuel 88 (2009) 683-690.

[6] E.M. Eyring, G. Konya, ].S. Lighty, A.H. Sahir, A.F. Sarofim, K. Whitty, Chemical
looping with copper oxide as carrier and coal as fuel, Oil Gas Sci. Technol. 66
(2011) 209-221.

[7] K. Wang, H. Zhao, X. Tian, Y. Fang, J. Ma, C. Zheng, Chemical-looping with oxy-
gen uncoupling of different coals using copper ore as an oxygen carrier, Energy
Fuels 29 (2015) 6625-6635.

[8] DJ. Harris, LW. Smith, Intrinsic reactivity of petroleum coke and brown coal
char to carbon dioxide, steam and oxygen, Proc. Combust. Inst. 23 (1991)
1185-1190.

[9] A.P. Mann, J.H. Kent, A computational study of heterogeneous char reactions in
a full-scale furnace, Combust. Flame 99 (1994) 147-156.

[10] B.R. Stanmore, S.P. Visona, The contribution to char burnout from gasification
by H,0 and CO, during pulverized-coal flame combustion, Combust. Flame 113
(1998) 274-276.

[11] S. Kajitani, S. Hara, H. Matsuda, Gasification rate analysis of coal char with a
pressurized drop tube furnace, Fuel 81 (2002) 539-546.

[12] R.E. Mitchell, O.H. Madsen, Experimentally determined overall burning rates of
pulverized-coal chars in specified O, and CO, environments, Proc. Combust.
Inst. 21 (1988) 173-181.


https://doi.org/10.1016/j.combustflame.2019.11.046
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0001
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0001
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0001
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0001
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0001
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0001
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0002
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0002
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0002
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0002
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0002
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0002
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0002
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0003
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0003
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0003
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0004
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0004
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0004
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0004
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0005
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0005
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0005
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0005
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0006
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0006
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0006
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0006
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0006
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0006
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0006
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0007
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0007
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0007
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0007
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0007
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0007
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0007
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0008
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0008
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0008
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0009
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0009
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0009
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0010
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0010
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0010
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0011
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0011
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0011
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0011
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0012
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0012
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0012

342 M. Su, X. Tian and H. Zhao/Combustion and Flame 213 (2020) 331-342

[13] L. Chen, S.Z. Yong, A.F. Ghoniem, Oxy-fuel combustion of pulverized coal: char-
acterization, fundamentals, stabilization and CFD modeling, Prog. Energ. Com-
bust. 38 (2012) 156-214.

[14] X. Guo, LT. Hui, S. Zhang, C.Z. Li, Changes in char structure during the gasifi-
cation of a Victorian brown coal in steam and oxygen at 800 °C, Energy Fuels
22 (2008) 4034-4038.

[15] RK. Rathnam, LK. Elliott, T.F. Wall, Y. Liu, B. Moghtaderi, Differences in reac-
tivity of pulverized coal in air (O,/N;) and oxy-fuel (0,/CO,) conditions, Fuel
Process. Technol. 90 (2009) 797-802.

[16] C.R. Shaddix, A. Molina, Effect of O, and high CO, concentrations on PC char
burning rates during oxy-fuel combustion, 33rd international technical confer-
ence on coal utilization and fuel systems, Clearwater, FL, USA (2008).

[17] L. Al-Makhadmeh, ]. Maier, G. Scheffknecht, Coal pyrolysis and char combus-
tion under oxy-fuel conditions, 34th International Technical Conference on
Coal Utilization Andfuel Systems, Clearwater, FL, USA (2009).

[18] ]. Brix, P.A. Jensen, A.D. Jensen, Coal devolatilization and char conversion under
suspension fired conditions in 0,/N; and 0,/CO, atmospheres, Fuel 89 (2010)
3373-3380.

[19] L. Hao, Combustion of coal chars in 0,/CO, and O,/N, mixtures: a compara-
tive study with non-isothermal thermogravimetric analyzer (TGA) tests, Energy
Fuels 23 (2009) 4278-4285.

[20] G. Varhegyi, P. Szabé, E. Jakab, Mathematical modeling of char reactivity in
Ar-0, and C0,-0, mixtures, Energy Fuels 10 (1996) 1208-1214.

[21] PA. Bejarano, Y.A. Levendis, Single-coal-particle combustion in O,/N, and
0,/CO, environments, Combust. Flame 153 (2008).

[22] C. Gonzalo-Tirado, S. Jiménez, ]. Ballester, Kinetics of CO, gasification for
coals of different ranks under oxy-combustion conditions, Combust. Flame 160
(2013) 411-416.

[23] J. Brix, PA. Jensen, A.D. Jensen, Modeling char conversion under suspension
fired conditions in O,/N; and 0,/CO, atmospheres, Fuel 90 (2011) 2224-2239.

[24] H. Tolvanen, R. Raiko, An experimental study and numerical modeling of com-
busting two coal chars in a drop-tube reactor: a comparison between N;/O,,
C0O,/0, and N;/CO,/0, atmospheres, Fuel 124 (2014) 190-201.

[25] E.S. Hecht, C.R. Shaddix, M. Geier, A. Molina, B.S. Haynes, Effect of CO, and
steam gasification reactions on the oxy-combustion of pulverized coal char,
Combust. Flame 159 (2012) 3437-3447.

[26] S. Singer, L. Chen, A.F. Ghoniem, The influence of gasification reactions on char
consumption under oxy-combustion conditions: effects of particle trajectory
and conversion, Proc. Combust. Inst. 34 (2013) 3471-3478.

[27] R.E. Mitchell, L. Ma, B.J. Kim, On the burning behavior of pulverized coal chars,
Combust. Flame 151 (2007) 426-436.

[28] N.E.L. Haugen, R.E. Mitchell, M.B. Tilghman, A comprehensive model for char
particle conversion in environments containing O, and CO,, Combust. Flame
162 (2014) 1455-1463.

[29] Z. Zhi, Z. Li, N. Cai, Reduced-order model of char burning for CFD modeling,
Combust. Flame 165 (2016) 83-96.

[30] S.Li, Y. Xu, Q. Gao, Measurements and modelling of oxy-fuel coal combustion,
Proc. Combust. Inst. 37 (2019) 2643-2661.

[31] P.A. Campbell, Investigation into the roles of surface oxide complexes and their
distributions in the carbon-oxygen heterogeneous reaction mechanism, Stan-
ford Univ, Palo Alto, California, USA, 2006.

[32] RJ. Kee, EM. Rupley, J.A. Miller, M.E. Coltrin, J.F. Grcar, et al., CHEMKIN Release
41, R. Design (Ed.), (Ed.), San Diego, CA, 2006.

[33] S.K. Bhatia, D.D. Perlmutter, A random pore model for fluid-solid reactions: I.
Isothermal, kinetic control, AIChE ] 26 (1980) 379-386.

[34] S.L. Singer, A.F. Ghoniem, Comprehensive gasification modeling of char parti-
cles with multi-modal pore structures, Combust. Flame 160 (2013) 120-137.

[35] M.B. Tilghman, R.E. Mitchell, Coal and biomass char reactivities in gasification
and combustion environments, Combust. Flame 162 (2015) 3220-3235.

[36] G.P. Smith, S.D. Golden, M. Frenklach, N.W. Moriarty, B. Eitener, M. Goldenberg,
C.T. Bowman, R.K. Hanson, S. Song, W.C. Gardiner, V.V. Lissianski, Z. Qin, GRI-
Mech 3.0, 2001. <http://www.me.berkeley.edu/gri_mech>.

[37] H. Zhao, X. Tian, J. Ma, M. Su, B. Wang, D. Mei, Development of tailor-made
oxygen carriers and reactors for chemical looping processes at Huazhong
University of Science & Technology, Int. J. Greenh. Gas Con. (2019) 102898,
doi:10.1016/j.ijggc.2019.102898.


http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0013
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0013
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0013
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0013
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0014
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0014
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0014
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0014
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0014
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0015
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0015
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0015
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0015
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0015
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0015
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0016
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0016
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0016
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0017
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0017
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0017
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0017
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0018
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0018
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0018
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0018
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0019
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0019
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0020
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0020
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0020
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0020
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0021
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0021
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0021
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0022
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0022
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0022
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0022
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0023
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0023
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0023
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0023
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0024
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0024
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0024
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0025
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0025
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0025
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0025
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0025
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0025
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0026
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0026
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0026
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0026
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0027
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0027
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0027
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0027
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0028
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0028
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0028
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0028
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0029
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0029
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0029
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0029
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0030
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0030
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0030
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0030
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0031
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0031
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0032
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0032
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0032
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0032
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0032
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0032
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0032
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0033
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0033
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0033
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0034
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0034
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0034
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0035
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0035
http://refhub.elsevier.com/S0010-2180(19)30552-8/sbref0035
http://www.me.berkeley.edu/gri_mech
https://doi.org/10.1016/j.ijggc.2019.102898

	Particle-resolved simulation and modeling of the conversion rate of coal char in chemical looping with oxygen uncoupling
	1 Introduction
	2 Model description
	2.1 Species mass conservation equation
	2.2 Energy conservation equation
	2.3 Surface site species conservation equation
	2.4 Consumption rate equation of solid phase
	2.5 Important relational expressions
	2.5.1 Equation of state of the ideal gas
	2.5.2 Diffusion velocity
	2.5.3 Correlations of the morphology parameters


	3 Simulation details
	3.1 Mesh, initial and boundary conditions
	3.2 Computational strategy
	3.3 Reaction kinetics and other parameters

	4 Model validation
	4.1 Validating the model and simulation program
	4.2 Validating the heterogeneous reaction kinetics

	5 Results and analyses
	6 Discussion
	7 Conclusions
	Declaration of Competing Interest
	Acknowledgment
	Supplementary materials
	References


