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Abstract—We developed a mathematical model to discuss the performance of chemical looping combustion (CLC)
of methane in continuous bubbling fluidized-beds. The model considers the particle population balance, oxidation and
reduction rate of particles in fluidized beds. It also considers utilization efficiency of oxygen carrier (OC) particles,
residence time of particles in each reactor, and particle size in reaction rate. The model was applied for a bubbling core-
annulus fluidized-bed process. The core bed was the fuel reactor (0.08 m-i.d., 2.1 m-height) and the annulus bed was
the air reactor (0.089 m-i.d., 0.15 m-o.d., 1.6 m-height). The process employed a type of Ni-based OC particles. The
present model agrees reasonably well with the combustion efficiency measured in the process. Simulation was performed
to investigate the effects of some variables for the process. The present model revealed that the range of circulation
rate of OC particles for achieving complete combustion determined the operating range of the CLC system. The min-
imum circulation rate of OC particles for complete combustion decreased in the considered operating range as tem-
perature or bed mass increased in the fuel reactor. A large mass of the fuel bed was necessary to obtain complete com-
bustion at low fuel reactor temperature. The fresh feed rate of OC particles for steady state operation increased in com-

plete combustion condition as temperature or static bed height or gas velocity increased.
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INTRODUCTION

CO, capture from flue gas has become one of the important issues
to prevent global warming. The chemical looping combustion (CLC)
method draws much attention because it can separate CO, pro-
duced in the combustion system. The chemical looping combus-
tion system consists of a fuel reactor and an air reactor. In the fuel
reactor, the fuel is oxidized by metal oxide particles producing almost
pure CO, and H,0, leading to easy and inexpensive carbon seques-
tration [1]. The reduced oxide particles are then transported to the
air reactor, where air is used to oxidize the solid particles. The fuel
has little contact with air directly in the CLC system and thereby
formation of harmful NO, gases can be almost prevented. The sum
of the heat generated or consumed in the reduction stage and the
heat generated in the oxidation stage is equal to the heat generated
by direct oxidation of the fuel gas.

The CLC system is well acknowledged to be a very complicated
system because the oxygen is supplied by oxygen carrier (OC) parti-
cles circulating between fuel and air reactors that interact with each
other. Development of a mathematical model on the system pro-
vides a convenient tool for investigating the effects of various operat-
ing parameters on the reactor performance in advance. It is also good
to save money and effort in systematic understanding of the exper-
imental result, design and operation. Some models on analysis of
the process have been reported [1-10]. Balaji et al. [1] developed a
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model based on system invariants under thermodynamic equilib-
rium to propose a control-oriented model for transient and steady-
state conditions. They assumed that the particle size would unchange
and the reactive core size would shrink by the shrinking-core mech-
anism. They considered CH, as fuel and Fe,O; as oxygen carrier.
Deng et al. [2,7] developed a computational fluid dynamic (CFD)
model on the fuel reactor using single size CaSO, particles as oxy-
gen carrier for H,. The effect of particle diameter was obvious on
CLC performance. They did not include the cyclone in the system.
Jung and Gamwo [3] developed a CFD model on the fuel reactor
with single-size NiO particles as oxygen carrier and CH, as fuel.
They did not consider the cyclone in the system. Abad et al. [4,5]
developed a model to simulate the performance of the steady-state
fuel reactor in CLC system that considered CH, for fuel and single-
size CuO-ALO, particles as oxygen carrier. Their model focused
on the fuel reactor with solid conversion of the air reactor given as
a parameter. CH, conversion was highly dependent on the solid con-
version of the air reactor. Bolhar-Nordenkampf et al. [6] developed
a thermodynamic equilibrium model on the CLC system, based on
conservation of mass and energy. The model considered few fluid-
izing behaviors of particles in both reactors. Iliuta et al. [9] devel-
oped a transient model to investigate kinetic behaviors of the fuel
reactor. They considered CH, as fuel and NiO as oxygen carrier.
Kolbitsch et al. [8] developed a model for a dual circulating-fluid-
ized-bed CLC system. They used a simple parameter named the
fraction of solids exposed to gas passing in plug flow to character-
ize the gas-solid contact. They considered single size NiO particles
as oxygen carrier and natural gas as fuel. Kruggel-Emden et al. [10]
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developed a transient CFD model to simulate the start-up period of
the CLC system for 60 s. They considered no cyclones in the sys-
tem, CH, as fuel and single-size Mn,O, particles as oxygen carrier.
However, few of the past models considered particle-side factors
in fuel and air reactors together in steady-state condition such as
wide-size distribution, attrition, formation of fine particles by attri-
tion, resultant loss of fine particles by elutriation, and makeup of
fresh particles.

The purpose of this study is to build a practical model to discuss
performance of CLC of methane in a bubbling fluidized bed at steady
state. Ni-based particles were employed as oxygen carrier. The model
considered the particle population balance, oxidation, and reduction
rate of particles in fuel and air reactors. It also considered utilization
efficiency of oxygen carrier particles, residence time of particles in
each reactor, and particle size in reaction rate. The model was applied
for a bubbling core-annulus fluidized-bed CLC process to discuss
the operating condition.

MODEL

Fig. 1 shows the schematic diagram of the process considered in
this study, which uses bubbling-bed fuel and air reactors. The pro-
cess can be described as follows: CH, gas is introduced to the fuel
reactor and fluidizes the bed of oxygen carrier (OC) particles; meth-
ane burns according to the following reaction: CH,(g)+4NiO(s)—
CO(g)+2H,0(g)+4Ni(s); The product gas, including elutriated par-
ticles, is sent to the cyclone separator; a certain fraction of particles
collected in the cyclone are returned to the fuel reactor; reacted par-
ticles are withdrawn from the bottom of the fuel reactor and fed to
the air reactor; oxidant gas containing O, is introduced to the air
reactor and fluidizes the bed of OC particles; Ni in particles is oxi-
dized according to the following reaction: Ni(s)+1/2 O,(g)—NiO(s);
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Fig. 1. Schematic diagram of a bubbling fluidized-bed CLC system.
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oxidized carrier particles are withdrawn from the bottom of the air
reactor and fed to the fuel reactor; and fresh OC particles are fed to
the fuel reactor to make up for any loss of particles from the process.

In Fig. 1, F; is the solid flow rate of stream j, x the spherical par-
ticle diameter, p/(x) probability density function of particles in stream
J» psdX) probability density function of particles in bed i, W, weight
of bed i, R(x) particle attrition rate in bed i, R,; overall formation
rate of fine particles by attrition in bed i, K;(x) particle elutriation
rate from bed i, and y(x) fractional particle collection efficiency of
cyclone i. The fractional collection efficiency of the cyclone was
assumed as that of Lapple [11]. We assumed a well-mixed state of
bed particles in both reactors (p,(x)=p,(X), pio(X)=px(x)) and a con-
stant apparent particle density.

The particle population balance in the fuel (i=1) and air (i=2)
reactor at the steady state, considering the elutriation rate and attri-
tion rate, is expressed as follows [12].
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X, 1S the maximum particle diameter.

The fresh feed rate of OC particles F, and the circulation rate of
OC particles F,, are controlled to maintain fixed values of F,, W,
and W, for the given fluidizing condition. Therefore, F, and F, are
determined to satisfy constraint (Eq. (2¢)) in solving the particle
population balances.

We used the correlations of Choi et al. [13] to calculate the par-
ticle elutriation rate, correlations which have been confirmed as pro-
viding reasonable accuracy in expressing the effects of temperature
and pressure. We used the simple model of Merrick and Highley
[14] to express the total formation rate of fine particles and size re-
duction rate of single particle by attrition in the fluidized bed as

Rﬂi:Ka(ui_ unm')wi’ Rr(x):dX/dt:_ Ka(ui_ unm')X/3 (3 a, b)

K, is the particle attrition rate constant. We assumed that fine parti-
cles formed by abrasion were below 5 um in diameter [15] and had
a uniform size distribution. In addition, because the rate of size re-
duction as well as the retention time in the reactor is relatively very
small, we assumed that there would be negligible particle attrition
for particles below 5 pm in diameter. Minimum fluidizing velocity
(u,,;) was calculated from the correlation of Wen and Yu [16], based
on the bed particle size distribution.

Based on experimental results from a thermo-gravimetric ana-
lyzer (TGA) [17] and a set of data from a steady state CLC system
[18], kinetic equations of reduction reaction (i=1) and oxidation reac-
tion (i=2) in reactors could be expressed in a form which incorpo-
rates Arrhenius’ law as follows:

d_Xi _ 6 UibikofeiE'/RT'(C;)m

m P (1-Xy)" Q)

The y is mole of solid reactant per volume of particles in reactor i,
b, is 4, b, is 2, k,, is 8.224x107* (kg mol)**’m"®'/s, k,, is 2.625x
107 (kg mol)**’m***/s E, is 1.859x10* J/g mol, E, is 2.312x10%J/
g mol, n, is 0.667, n, is 0.768 [17]. The 7, is 3.866x10™* and 7, is
2.586x107. The 7, and 7, were factors compensating difference in
reaction environment between the TGA [17] and the CLC system
[18]. They were determined by fitting the present model to one of
actual process data (F,,=10.01 g/s) shown in Fig. 2. The fraction of
active Ni for oxygen carrier particles is influenced by CH, concen-
tration and temperature in the fuel reactor [9]. The fraction of active
Ni was defined as the fractional conversion of NiO to Ni when car-
bon deposition started during fuel combustion. It is represented by
the following correlation [17].

p= 0.0262960.002463 T, («© ;)—0.08465 .

The particle reaction time in each reactor was assumed to be the
mean particle residence time written as [12]

(x)=W0,(x)/ 2. Sji(x) ©
outflow(j)
The average concentration of the gas reactant in each reactor was
simply considered as an arithmetic mean value between inlet and
outlet concentration.
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Fig. 2. Effect of temperature on performance of CLC (symbol:
measured [18], lines: calculated by the present model).

The bed flow pattern seemed to change a little with variation of op-
erating conditions in the same bubbling fluidization. Therefore, we
think that present reaction rates (Eq. (4)) can be utilized reasonably
for systems of different dimensions and/or some different operating
conditions in the same bubbling regime. However, correction in
reaction rates (Eq. (4)) should be considered in a different fluidiza-
tion regime.

CALCULATION PROCEDURE

Mass flow rates and size distributions of all particle streams can
be determined from combining population balances (Egs. (1) and
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(2)) by numerical method, whereby an initial educated guess for
outlet concentration of CH, in the fuel reactor and O, in the air reactor
is used to determine the consumption rate of each gas (Am,;,, Am,,)
and the average concentration term of each gas as (C,)* in the reactor,
in turn. The NiO concentration of particles in each reactor is calcu-
lated as follows: 1) Make a best guess for NiO concentration of par-
ticles withdrawn from the air reactor. The particles are fed to the
fuel reactor. 2) Evaluate NiO concentration of the particles when it
is withdrawn from the fuel reactor after reaction time of mean resi-
dence time. The particles are returned to the air reactor. 3) Evaluate
NiO concentration of the particles withdrawn from the air reactor
after reaction time of mean residence time. 4) See if the difference
between the calculated NiO concentration of the particle from the
air reactor and the one initially guessed in step 1 is within tolerance.
If not, go back to step 1 and make another educated guess from the
results. Use the same calculation for all particle size. From this, we
can obtain the total mole flow rate of oxygen (O,) removed by CH,
from the solid phase in the fuel reactor (Am,,, ,) and the total mole
flow rate of oxygen (O,) adsorbed from the gas phase to particles
in the air reactor (Amy,,,). The following relations between con-
sumed moles of gaseous reactants (CH,, O,) and reacted moles of
NiO (formed and then disappeared) must be satisfied in each re-
actor:

Amyip =4Amey, Amyp,=2Am,, (8a, b)

Continue with best guesses for outlet concentration of CH, in the
fuel reactor and O, in the air reactor to narrow the differences until
relations (8a, b) are satisfied within tolerance. The fluidizing gas
velocity is considered as an arithmetic mean value between bottom
and top of bed in iteration.

SIMULATION CONDITIONS

The present model was applied for a CLC process using bub-
bling core-annulus fluidized beds (fuel reactor, core bed: 0.08 m
i.d., 2.1 m height; air reactor, annulus bed: 0.089 m-i.d., 0.15 m-
0.d., 1.6 m-height) in the Korea Advanced Institute of Science and
Technology (KAIST) [18]. To give safe residence time to particles
in the bed, the inlet and the outlet of particles were placed in opposite
sides of each reactor without any trouble in particle flow. The pro-
cess used oxygen carrier particles Ni-based with 70 wt% NiO. Size
distribution of fresh oxygen carrier particles was as follows in wt%
for a size range: 7.49 wt% for 0-75 um, 32.55 wt% for 75-105 pm,
32.91 wt% for 105-125 pm, 21.30 wt% for 125-150 pm, 5.75 wt%
for 150-180 um. Fuel gas fed to the fuel reactor was a mixture of
33.3% CH, and 66.7% N,. Dry air was used as oxidant gas for the
air reactor. Both reactors equipped with electric heaters were set
same temperature. The apparent particle density was 2,788 kg/m’.
The simulation conditions were determined to discuss the possible
operating conditions and effects of some principal variables for this
process. We considered solid circulation rate, temperature and bed
mass as model parameters. The following settings were held con-
stant as experimental conditions of the KAIST process: reactor pres-
sure, 101.3 kPa; cyclone cut diameter, 0.03 mm; K, 4.5x10°° 1/m;
feed gas velocity, 0.0372 m/s for the fuel reactor, 0.0817 m/s for
the air reactor; excess oxygen, 57.7%; particles collected by cyclones
were not recycled, R,,=R,=0.

June, 2012

RESULTS AND DISCUSSION

Simulation was performed to discuss the operating condition and
investigate effects of some variables for the process. Fig. 2(a) shows
the methane combustion efficiency with respect to the solids circu-
lation rate at various bed temperatures. The fuel and air reactor tem-
peratures were considered the same. The excess O, was set 57.7%,
based on the feed methane to the fuel reactor and oxygen supply to
the air reactor. Static bed heights of fuel and air reactors were set
0.45 m and 0.3 m, respectively, as the experimental condition of the
KAIST process. Lines represent values predicted by the present model,
the symbol represents measured values in the KAIST process [18].
The combustion efficiency is predicted to increase as temperature
or solids circulation rate increases. This result is attributed to the
increase of reaction rate and fraction of active Ni in fuel reactor par-
ticles (Egs. (4), (5)). The present result agrees with the results of
Deng et al. [2,7] on the temperature effect and Abad et al. [4,5] and
Kolbitsch et al. [8] on effects of temperature and solids circulation
rate. However, the combustion efficiency did not appear to achieve
100% at temperature <850 °C with any solids circulation rate because
the reaction rate and fraction of active Ni in fuel reactor particles
decreased. The present model agrees reasonably well with measured
values at 850 °C. The minimum solids circulation rate required for
complete combustion in Fig. 2(b) decreased as temperature increased
>850 °C [4,5]. The fresh feed rate of OC particles in Fig. 2(c) was
predicted to increase a little in complete combustion condition as
temperature increased, because the elutriation rate increases with
an increase of temperature [13] in this range.

Fig. 3(a) shows the effect of static bed height on methane com-
bustion efficiency, predicted by the present model. The methane
combustion efficiency increased as the static bed height increased
in the fuel reactor. The retention time of gas and particles increases
as static bed height increases. That seems to result in the increase
of combustion efficiency. The present result agrees with that of Abad
et al. [5] on the effect of bed weight. However, the combustion effi-
ciency did not seem to get 100% at static bed height <0.45 m with
any solids circulation rate. The minimum solids circulation rate re-
quired for complete combustion in Fig. 3(b) decreased exponentially
with an increase of static bed height of the fuel reactor. The required
fresh feed rate of OC particles in Fig, 3(c) was predicted to increase
as the static bed height increased, because the particle attrition rate
increases with an increase of static bed height [14].

Fig. 4(a) shows the effect of static bed height on methane com-
bustion efficiency when total bed mass of both reactors is set con-
stant, predicted by the present model. Change of bed mass in both
reactors is interrelated with each other in this case. The bed height
of the fuel reactor increases fast as the bed height of the air reactor
decreases slowly because the cross-sectional area of the air reactor
is bigger than that of the fuel reactor. The combustion efficiency is
predicted to increase as the static bed height increases in the fuel
reactor. The minimum solid circulation rate required for complete
combustion in Fig. 4(b) decreased exponentially with an increase
of static bed height of the fuel reactor. Those results shown in Fig,
4(a, b) are similar to the results shown in Fig. 3(a, b). The present
result agrees partly with that of Kolbitsch et al. [8] on the effect of
solids inventory shifting. They showed that the CH, slip increased
after an initial decrease as the solids inventory of the air reactor in-
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Fig. 3. Effect of static bed height on performance of CLC, calcu-
lated by the present model.

creased. The minimum CH, slip occurred at a ratio of solids inven-
tory of the fuel reactor to the total solids inventory between 0.4 and
0.6. In this range, the change of CH, slip was as slow as the solid
circulation rate shown in Fig. 4(b) for complete combustion between
0.51 and 0.63 in ratio of solids inventory of the fuel reactor to the
total solids inventory. The required fresh feed rate of OC particles
in Fig. 4(c) was predicted to decrease a little, quite unlikely to Fig.
3(c), as the static bed height increased. It is because the particle at-
trition rate rather decreases since the static bed height of the air reactor
that has the fluidizing gas velocity greater than that of the fuel reactor
decreases [ 14] in the present process.
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Fig. 4. Effect of the ratio of fuel reactor bed mass to total bed mass
on performance of CLC, calculated by the present model.

CONCLUSIONS

We developed a practical model to predict performance of a bub-
bling fluidized-bed CLC system for methane. The model reflects
such particle conditions as wide size distribution, particle attrition,
formation of fine particles by attrition, resultant loss of fine parti-
cles by elutriation and makeup of fresh particles. The present model
provides a reasonable fit to experimental results on methane com-
bustion efficiency. The operation condition of CLC system is deter-
mined by the range of OC solids circulation rate in which complete
combustion achieved. The minimum circulation rate of OC parti-
cles for complete combustion decreases within the considered oper-
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ation condition as temperature or bed mass increase in the fuel reac-
tor. Large bed mass is required to get complete combustion with low
temperature in the fuel reactor. The fresh feed rate of OC particles
increases in complete combustion condition as temperature or static
bed height or gas velocity increase. Further comparison of simula-
tion results with experimental data is desirable in the future.
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NOTATION

,  :stoichiometric constant for reaction i [-]

C, :C]ath=0 [kg mol/m’]

C; :C;atbed surface [kg mol/m’]

C; :average concentration of gaseous reactant in reactor i [kg
mol/m’]

E;, :activation energy of reaction i [J/kg mol]

: solid flow rate of stream j [kg/s]

H,, :static bed height of reactor i [m]

: particle attrition rate constant [ 1/m]

k, :frequency factor of reaction i [m**/kgmol"'s]

K;(x) : particle elutriation rate from bed i [kg/s]

my,, ; : formed (i=2) or disappeared (i=1) NiO in reactor i [kg mol/

s]

m; :consumption of gaseous reactant (CH, or O,) in reaction i
[kg mol/s]

n,  :order of reaction i [-]

P.{(x) : probability density function of particles formed by attrition
inbedi[1/m]

P»{(X) : probability density function of particles in bed i [1/m]
pi(X) : probability density function of particles in stream j [1/m]
Po(X) : probability density function of fresh feed particles [1/m]
R :gasconstant, 8.314 [kPa m’/kg mol K]
« - overall formation rate of fine particles by attrition in bed i
[ke/s]
Ry, :recycle fraction of solid collected by fuel reactor’s cyclone
to fuel reactor [-]
Ry, :recycle fraction of solid collected by air reactor’s cyclone
to air reactor [-]
R(x) : particle attrition rate in bed i [m/s]
: mass flow rate of total particle in outflow stream i from bed
i[kg/s]
: time [s]
: temperature of reactor i [K]
: fluidizing velocity in reactor i [m/s]
: minimum fluidizing velocity in reactor i [m/s]
: weight of bed i [kg]
: spherical particle diameter [m]
: conversion of solid reactant (NiO or Ni) for reaction i [-]
e+ Maximum particle diameter [m]

Hc—v

XHogE E

<
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Greeks
o, functions defined as Egs. (2a, b) [1/m]
a; : function defined as Eq. (2¢) [1/m’]

% :mole of solid reactant per volume of particle in reactor i [kg
mol/m’]

0; :Kronecker delta, one at i=j and zero at i#]j[-]

n,  :correction factor for reaction i [-]

Pz :mole Ni per mass of fresh particle [kg/m’]

p,  :particle density [kg/m’]

7(x) :mean particle residence time in reactor i [s]

¢  :fraction of active Ni for oxygen carrier particle [-]

w(x) : fractional particle collection efficiency of cyclone i [-]
@,(x): mass fraction of particle in bed i [-]

@(x) : mass fraction of particle in outflow stream j from bed i [-]

Subscripts

i : free index, 1 for fuel reactor or reduction of NiO or CH,; 2
for air reactor or oxidation of Ni or O,

J, k : dummy indices
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