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Abstract:
The thermo-chemical performance of fuel reactor (FR) for chemical looping combustion (CLC) changes with op-
erating parameters. It is essential to optimize these operating variables to achieve the best reactor performance.
Based on well-verified computational fluid dynamics (CFD) simulation, uniform design method is employed
to study the influence of totally n operating variables each with m levels. With respect to the FR experiments
by Son and Kim (2006)(in which fuel is pure methane, and oxygen carrier is the mixture of NiO and Fe2O3
supported by bentonite), the uniform design method has been adopted to optimize the yield of CH4 to CO2.
Optimum operating condition (NiO percentage in the activated oxygen carrier of 100 %, reaction temperature
of 1123 K, particle diameter of 100 μm, inlet gas velocity of 0.0125 m/s, and solid inventory in FR of 0.51 kg) is
obtained, and the dependence of CO2 yield on five operating variables is approximated by the second-order
polynomial model based on the uniform design method. The most critical parameter is identified as reaction
temperature.
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1 Introduction

Chemical looping combustion (CLC), which has the characteristic of CO2 inherent separation, is a novel fossil
fuel utilization technology (Xu et al. 2015; Zhao et al. 2008). It no longer uses oxygen molecules in air, but the
lattice oxygen in oxygen carrier to achieve indirect combustion of fuel, in such a way that cascaded utilization
of chemical energy and higher energy conversion efficiency are achieved. A typical CLC system is composed of
air reactor (AR) and fuel reactor (FR). Oxygen carrier with high oxygen potential (usually metal oxide, MexOy)
enters into FR and reacts with fuel, producing CO2, H2O and reduced metal oxide (MexOy-1). A high-purity
CO2 stream can be easily obtained through a simple condensation of flue gases. Besides, the reduced metal
oxide is fed into AR where it is re-oxidized by air. Then, the oxidized metal oxide is circulated into FR.

Fuel reactor is the critical component of CLC system. There are complex multiphase reactive flows in the
FR, and the thermo-chemical performance can be improved under optimized operational condition. A compre-
hensive understanding on multiphase reactive flow is thus important for the design, operation and scaling-up
of the FR. As an effective tool, computational fluid dynamics (CFD) simulation has been adopted by some re-
searchers. Deng et al. (2008, 2009) developed the reaction kinetic models for calcium sulfate (CaSO4 oxygen
carrier) and hydrogen, and from CFD simulation they concluded that a high reactor temperature enhances the
conversion of hydrogen. Jung and Gamwo (2008) simulated the reaction between NiO and methane utilizing
open source software MFIX, and suggested that a high fuel conversion can be gained by reducing mass flow rate
of methane and circulating unburned methane. Using the commercial CFD software Fluent, Kruggel-Emden
et al. (2010) simulated the CLC system which includes interconnected AR and FR. The spherical shrinking core
model and the linear shrinking core model for reaction kinetics were evaluated and compared, and the effects
of different kinetic models, oxygen carrier mass flows and reactor heights on the methane conversion and bed
temperature were investigated. Wang et al. (2011b) simulated CLC process using CuO/Al2O3 as oxygen car-
rier and coal gas containing CO, H2, H2O and CO2 as fuel. The effects of solid inventory, reactor temperature
and pressure in FR on fuel conversion were explored. Jin et al. (2009) also used Fluent to simulate the reaction
between CaSO4 oxygen carrier and hydrogen, and concluded that the hydrogen conversion increased with the
partial pressure of inlet hydrogen. Wang et al. (2011a) carried out a multiphase CFD simulation for FR with Ni-
based oxygen carrier and methane. The result showed that considerable unburned methane escaped from the
FR, and it was suggested to adopt the circulating fluidized bed to increase solid mixing in the FR. Although the
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above mentioned CFD simulations focused on the interaction between fluid dynamics and chemical kinetics,
different chemical reaction kinetics models were used and not been validated by experimental data. Recently,
Mahalatkar et al. (2011a, 2011b, 2011c, 2009) simulated the FR experiments by Abad et al. (2006), Leion, Mattis-
son, and Lyngfelt (2008), Mattisson, Lyngfelt, and Cho (2001), and Son and Kim (2006). Generally the simulation
results agreed well with the experiments, and the reliability of CFD simulation for multiphase CLC processes
has been demonstrated (Guan et al. 2014; Wang et al. 2013).

CFD simulation of FR in CLC is widely used to investigate the effects of some operating parameters (e. g.,
reactor temperature and gas fluidization velocity) on the thermo-chemical performance such as CO2 yield.
However, these investigations (Deng et al. 2008; 2009; Jin et al. 2009; Wang et al. 2011a; 2011b) are usually based
on so-called single factor experiment. That is, among several operating parameters, only one parameter is varied
and others are fixed; several CFD simulations were carried out to explore how the FR performance varies with
the parameter; same procedure is repeated to investigate the effect of other operating variables. The single factor
experiment is quite simple. But it does not consider the possible interaction between the operating parameters
(Fang and Wang 1993), As is known, the thermo-chemical performance of FR is influenced by many parameters,
such as oxygen carrier species, FR temperature, particle diameter, mass flow rate and solid inventory, and these
parameters interact to determine the final reactor performance. For an improved performance of the reactor,
it is essential to optimize these parameters simultaneously by taking into account the interaction among these
parameters. In the present work, we first use the modified volumetric model, which is recommended by Son
and Kim (2006) to represent the heterogeneous gas-solid reactions, and compare the simulation results with the
experimental results of Son and Kim (2006) to validate the multiphase reactive flow model. Then, the uniform
design method is utilized to optimize the CO2 yield, which is a crucial parameter in the design, operation and
scaling-up of the FR (Lyngfelt, Leckner, and Mattisson 2001). To optimize the CO2 yield in the experiment of
Son and Kim (2006), five operating parameters (i. e., NiO percentage in the mixed oxygen carrier (NiO/Fe2O3),
reactor temperature, oxygen carrier particle diameter, inlet gas velocity, and solid inventory) have been varied
in simulation. Furthermore, the CO2 yield is related to the five parameters by a second-order polynomial equa-
tion, based on which the optimum operating condition is obtained. Additionally, the most critical operational
parameter is identified. Finally, the operating windows for the five parameters are recommended, which can
be used to guide the design, operation and scaling-up of FR.

2 CFD Model

The Eulerian two-phase model has been used to simulate the fluid phase and solid phase regarding the ex-
change of momentum, heat and mass transfer. The solid phase is modeled as a continuum fluid, and the kinetic
theory of granular flow (KTGF) is used in transport equation to model the solid phase considering the particle
collision and fluctuations. The governing equations of mass, momentum and energy conservations are solved
for each individual phase. An interpenetrating continuum assumption is applied to treat the phase interaction.
A shortened outline for conversation equations and the coupling between hydrodynamics and reaction kinetics
are given below.

2.1 Dynamics of multiphase fllow

The Eulerian multiphase model is used in this work. All the equations in the hydrodynamic model of multi-
phase flow used in this study are listed in Table 1. The model equations consist of continuity equations, mo-
mentum equations, energy equations, species transport equations, constitutive equations and other relational
expressions.

Table 1: Governing equations and constitutive correlations in the model.

Continuity equations
u�(u�u�)u�

u�u�
+ ∇ ⋅ (u�u�u�)u� = u�u�u� (1)

u�(u�u�)u�
u�u�

+ ∇ ⋅ (u�u�u�)u� = u�u�u� (2)
Momentum equations
u�(u�u�u�)u�

u�u�
+ ∇ ⋅ (u�u�u�2)u� = −u�u�∇u� + u�u�u�u�u� + ∇ ⋅ u�u� − u� (u�u� − u�u�) + u�u�u�u�u� (3)

u�(u�u�u�)u�
u�u�

+ ∇ ⋅ (u�u�u�2)u� = −u�u�∇u� + u�u�u�u�u� − ∇u�u� + ∇ ⋅ u�u� + u� (u�u� − u�u�) + u�u�u�u�u� (4)
Energy equations
u�
u�u�

(u�u�u�)u� + ∇(u�u�u�u�)u� = ∇ (u�u�∇u�u�) + u�u�u� + u�u�u�u�u� (5)
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u�
u�u�

(u�u�u�)u� + ∇(u�u�u�u�)u� = ∇ (u�u�∇u�u�) + u�u�u� + u�u�u�u�u� (6)
Species transport equations
u�
u�u�

(u�u�u�u�u�u�,u�) + ∇ (u�u�u�u�u�u�u�u�,u�) = −∇u�u�u�u�,u� + u�u� + u�u�u�u�u�,u� (7)
Constitutive equations and other relational expressions
for the momentum equations:
u�u� = u�u�u�u�(∇u�u� + (∇u�u�)u�) + u�u�(u�u� − 2

3
u�u�)(∇ ⋅ u�u�)u� (8)

u� =
⎧{{
⎨{{⎩

150
(1−u�g)2u�g

u�gu�2
s

+ 1.75 u�gu�s∣u�g−u�s∣
u�s

(u�g ≤ 0.8)
3
4
u�d

u�−1.65
u� u�su�g∣u�g−u�s∣

u�s
(u�g > 0.8)

(9)(Gidaspow
1994)

u�d =
⎧{
⎨{⎩

24
u�gRu�

[1 + 0.15(u�gRu�)0.687] (Ru� ≤ 1000)
0.44 (Ru� > 1000)

(10)(Gidaspow
1994)

u�u� = ∣u�u�−u�u�∣u�u�u�u�u�u�

u�u�
(11)

u�u� = 4
5
u�u�u�u�u�u�u�0(1 + u�)√Θu�

u�
+ 10u�u�u�u�√u�Θu�

96u�u�u�0(1+u�)
[1 + 4

5
u�u�u�0(1 + u�)]2 + u�u� sin u�

2√u�2u�
(12)

u�u� = 4
3
u�u�u�u�u�u�u�0(1 + u�)√Θu�

u�
(13)(Lun et al.

1984)
u�u� = [1 + 2(1 + u�)u�u�u�0] u�u�u�u�Θu� (14)
u�(u�u�u�u�Θu�)

u�u�
+ ∇ (u�u�u�u�u�u�Θu�) = 2

3
[− (u�u� ̄u� + u�u�) ∶ ∇u�u� − ∇ ⋅ (u�Θu�

∇Θu�) − u�Θu�
+ u�Θu�

] (15)(Ding and
Gidaspow

1990)
u�Θu�

= 15u�u�u�u�u�u�√Θu�u�
4(41−33u�)

[1 + ( 12
5

u� (4u� − 3) + 16
15u�

(41 − 33u�)) u�u�u�u�0] (16)(Ding and
Gidaspow

1990)

u�Θu�
= 12(1 − u�2)u�0u�2

u�u�u�√
Θ3

u�
u�u�2

u�
(17)

u�Θu�
= −3u�Θu� (18)

u� = 0.5(1 + u�) (19)
For the energy equations
u�u�u� = ℎu�u�(u�u� − u�u�) (20)
ℎu�u� = 6u�u�u�u�u�u�u�u�u�/u�2

u� (21)
u�u�u� = (7 − 10u�u� + 5u�2

u�)(1 + 0.7u�u�0.2u�u�1/3) + (1.33 − 2.4u�u� + 1.2u�2
u�)u�u�0.7u�u�1/3 (22)(Gunn

1978)
For the species transport equations

u�u� =
u�
∑
u�=1

u�u�,u�u�u�u�u� (23)

u�u�,u� = − (u�u�u�u�,u� + u�u�u�

u�u�
)∇u�u�,u� (24)

2.2 Multiphase reactive kinetic model

In this paper, the experiments carried out by Son and Kim (2006) on a small circulating fluidized bed are sim-
ulated. In the fuel reactor, NiO-Fe2O3/bentonite oxygen carrier is reduced by methane as follows

𝐶𝐻4 + 12𝐹𝑒2𝑂3 → 8𝐹𝑒3𝑂4 + 𝐶𝑂2 + 2𝐻2𝑂 [1]

𝐶𝐻4 + 4𝑁𝑖𝑂 → 4𝑁𝑖 + 𝐶𝑂2 + 2𝐻2𝑂 [2]

In this simulation, the modified volumetric model (Levenspiel 1999) is applied to represent the heteroge-
neous chemical reactions. In this model, the reduction reaction kinetics is represented by

𝑑𝑋/𝑑𝑡 = 𝑘𝑋 [3]

where X is the conversion of oxygen carrier, k is the reaction rate constant which is related to temperature
by Arrhenius equation. They are given by

𝑋 = (𝑚 − 𝑚u�u�u�)/(𝑚u�u� − 𝑚u�u�u�) [4]

𝑘 = 𝐴 exp [−𝐸/ (𝑅𝑇)] [5]
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where m, mred, mox are mass of an individual oxygen carrier particle, mass of the oxygen carrier particle
after being fully reduced, and mass of the particle after being fully oxidized, respectively; A and E are the pre-
exponential factor and activation energy for the reaction between methane and oxygen carriers, respectively; R
is the universal gas constant (R=8.314 J/mol K); T is the reaction temperature.

Usually, a CLC process is designed for operating in a fluidized bed reactor, while the reaction kinetics
adopted in reactor design is obtained from TGA experiment. Although the flow and contact states of fuel gas
and oxygen carrier particles in TGA, fluidized bed reactor and circulating fluidized bed are different, it has
been validated by many previous similar research that the reduction kinetics of OCs obtained from the TGA
experiment can be used in the fluidized bed simulation (Su et al. 2016). In fact, in CLC process, the reduc-
tion reaction of OC is always controlled by the internal diffusion, owing to the underdeveloped pore structure
relatively to their reactivity. Thus, if the external diffusion effect has been eliminated in TGA experiment, the
apparent kinetics obtained can depict the process in fluidized bed reactor well because both of the processes are
the internal-diffusion-limited. From thermo-gravimetric analyzer (TGA) experiments of Son and Kim (2006),
the pre-exponential factor (with unit s−1) and activation energy (with dimension kJ/mol) for the reduction of
NiO-Fe2O3/bentonite oxygen carrier is given by

𝐴 = 2.05 × 10−1 − 3.93 × 10−3𝑅u�u�2u�3
+ 1.96 × 10−5𝑅2

u�u�2u�3
[6]

𝐸 = 5.71 × 10 − 5.62 × 10−1𝑅u�u�2u�3
+ 2.79 × 10−3𝑅2

u�u�2u�3
[7]

where 𝑅u�u�2u�3
is the weight percentage of iron oxide in the oxygen carrier particle.

The consumption rate (kg/m3s) by Fe2O3 and NiO are calculated according to Mahalatkar et al. (2011b):

�̇�u�u�2u�3
= 𝑅u�u�2u�3

𝑘𝑅u�
2𝑀u�2

𝑋𝜔u�u�
𝛼u�u�4

𝛼u�u�4−u�u�u�
𝜐u�u�2u�3

𝑀u�u�2u�3
[8]

�̇�u�u�u� = (1 − 𝑅u�u�2u�3
)

𝑘𝑅u�
2𝑀u�2

𝑋𝜔u�u�
𝛼u�u�4

𝛼u�u�4−u�u�u�
𝜐u�u�u�𝑀u�u�u� [9]

where MO2, MFe2O3, MNiO are the molecular weight of O2, Fe2O3 and NiO, respectively; αCH4 and αCH4-TGA
are mole fraction of CH4 in FR and mole fraction in Son and Kim’s TGA experiments, respectively; αCH4-TGA=0.1
because a mixture of 10 % CH4, 10 % H2O, 5 % CO2 and 75 % N2 is used in Son and Kim’s TGA experiments
(Son and Kim 2006); υFe2O3 and υNiO are stoichometric coefficients for Fe2O3 in (25) and NiO in (26). RO is the
oxygen carrying capacity,

𝑅u� = (𝑚u�u� − 𝑚u�u�u�)/𝑚u�u� [10]

ωox is the mass of metal oxide in fully oxidized form per unit volume,

𝜔u�u� = 𝜌u�𝜀u�𝑚u�u� [11]

The consumption rate (kg/m3s) of methane is calculated as

�̇�u�u�4
=

𝑘𝑅u�
2𝑀u�2

𝑋𝜔u�u�
𝛼u�u�4

𝛼u�u�4−u�u�u�
𝑀u�u�4

[12]

where MCH4 is the molecular weight of CH4.
According to the definition of reaction rate, the reaction rate for constant volume reaction is:

𝑣 = 1
𝜐u�

𝑑𝐶u�
𝑑𝑡

[13]

where CB is the mole fraction of any reactant B, and υB is the stoichometric coefficient of reactant B. Utilizing
eqs (8, 9, 10, 11, 12, 13), the reaction rate (kmol/m3s) for (25), (26) can be finally calculated as follows:

𝑣u�1 = 𝑅u�u�2u�3

𝑘
2𝑀u�2

𝜌u�𝜀u�(𝑚 − 𝑚u�u�u�)
𝛼u�u�4

𝛼u�u�4−u�u�u�
[14]

𝑣u�2 = (1 − 𝑅u�u�2u�3
) 𝑘
2𝑀u�2

𝜌u�𝜀u�(𝑚 − 𝑚u�u�u�)
𝛼u�u�4

𝛼u�u�4−u�u�u�
[15]
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3 CFD simulation

3.1 Simulation object

Son and Kim (2006) have carried out the FR experiment on a small circulating fluidized bed, using
NiO-Fe2O3/bentonite as oxygen carrier (where bentonite is inert support) and methane as fuel. To optimize
heat transfer from the oxidation (exothermic reaction) reactor to the reduction (endothermic reaction) reactor,
an annular shape CLC reactor is configured where the air reactor is inner column and the FR is annular column
with the outer diameter of 0.055 m, the inner diameter of 0.023 m, and the height of 0.9 m. The layout of fuel
reactor is showed in Figure 1. In the experiment, the inlet gas of fuel reactor is 100 % methane, and the reactor
temperature is in a range of 923 1223 K (923, 1023, 1123, and 1223 K), the inlet velocity of methane is operated
at 0.025 0.1 m/s (0.025, 0.05, 0.75, and 0.1 m/s, i. e, 1 4 umf, where umf is the minimum fluidization velocity), the
solid inventory is 0.6 kg, and the ratio of NiO/Fe2O3 varies from 100/0 to 0/100 (100/0, 75/25, 50/50, 25/75,
and 0/100). At the outlet of fuel reactor, the flue gas was separated after condensation, the mole concentration
of methane, CO2, CO were measured. More experimental details are referred to Son and Kim (2006).

Figure 1: The layout of FR (Unit: m).

The fuel reactor is simulated in a decoupled manner from the air reactor and only multiphase reactive
flow in the FR is focused in this study. To simplify the CFD simulation of the FR, there are several assumptions:
two-dimensional model has been used; the average particle diameter of 128 μm is adopted; the solid circulation
rate between the fuel reactor and air reactor is not taken into consideration due to the low circulating rate of
particles (about 2.9 g/s, or 13 kg/m2/s of mass flux in riser) comparing to the FR solid inventory of 0.6 kg; the
oxygen carrier conversion X is initially 1.0 (this is, the simulations start with fully-oxidized oxygen carriers)
and keeps high and steady-state during the FR process (X>0.9, saying, only a relatively small amount of oxides
will be consumed, ∆X<0.1); the vessel is adiabatic; Additionally, two main reactions (25 and 26) are considered
and the side reactions including CH4 decomposition and water-gas shift are not considered here, because there
were detected less than 3 % CO according to Son and Kim experiments .
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The other simulation parameters are included in the Table 2.

Table 2: Parameters in the CFD model.

Particles density (kg/m3) 2000

Initial solid packing 0.53
Solid inventory (kg) 0.6
Temperature (K) 1123
Inlet gas velocity (m/s) 0.05
Mean particle diameter (μm) 128
NiO/Fe2O3 100/0, 75/25, 50/50, 25/75, 0/100
Inlet boundary condition Velocity inlet
Outlet boundary condition Outflow
Wall boundary condition Stationary wall
Grid number 10000 (50×200)
Time step (s) 0.001
Iterations per time step 20
Spatial discretization scheme for conservation equations First order upwind
Pressure-velocity coupling scheme Phase Coupled SIMPLE
Phase interaction restitution coefficient 0.9

3.2 Simulation results

We carried out five CFD simulations for five different combinations of NiO and Fe2O3 supported on bentonite
(NiO/Fe2O3 = 100:0, 75:25, 50:50, 25:75, and 0:100, and oxides/support = 3:2), where the FR temperature is
1123 K, the superficial velocity is 0.05 m/s. Within just a few seconds (2 6 s depending on different cases) the
concentrations of CO2, H2O and CH4 at the outlet of the FR first increase sharply then stabilize gradually, as
shown in Figure 2.

Figure 2: The time varying concentrations of CH4, CO2 and H2O (NiO/Fe2O3 of 75:25, superficial velocity of 0.05 m/s,
reactor temperature of 1123 K).

In Figure 3(a), the solid volume fraction near the wall is generally higher than in the central region. The
core-annular pattern is consistent with the characteristic of bubbling fluidized bed. In Figure 3(b), the mole
fraction of methane decreases with the height due to the heterogeneous reaction between methane and oxygen
carriers. In Figure 3(c), the mole fraction of CO2 increases with the height. Since in the dense region the oxygen
carrier reacts with methane, the products are mainly CO2 and steam.
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Figure 3: Contour for Son and Kim (2006) experiments at 16 s. (NiO:Fe2O3 of 75:25, superficial velocity of 0.05 m/s, reactor
temperature of 1123K) Computational domain is partially shown (from the bottom to the height of 0.27 m). (a) Volume
fraction of solids (-). (b) Mole fraction of CH4 (-). (c) Mole fraction of CO2 (-).

In Figure 4(a), the temperature of solid phase increases as the reactor height due to the endothermic reaction
in the FR. Nevertheless, the temperature difference between the top and bottom is within 2 K for the adiabatic
reactor due to very limited heat release. Therefore, as presented in Figure 4(b) and (c), the reaction rate of NiO
and CH4 is faster than that of Fe2O3 and CH4, and the reaction rates are far higher in the dense phase region
of the bottom where most of the solid particles and methane are co-existent. The reaction rates drop with the
height due to the decrease of methane mole concentration. In fact, most of methane is consumed in the bottom
of the reactor. It is demonstrated from Figure 5 that the conversion of methane achieves 97.5 % when the ratio
of Fe2O3 is below 50 %.

Figure 4: Contour for Son and Kim (2006) experiments at 16 s. (NiO:Fe2O3 of 75:25, superficial velocity of 0.05 m/s, reactor
temperature of 1123 K) Computational domain is partially showed (from the bottom to the height of 0.27 m). (a) Solids
temperature (K). (b) Fe2O3-CH4 reaction rate (kmol/(m3·s)). (c) NiO-CH4 reaction rate (kmol/(m3·s)).
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Figure 5: Outlet composition of flue gas at different percentage of Fe2O3.

The time-averaging dried-based concentrations of CH4 and CO2 during the steady-state period are com-
pared with experimental measurements of Son and Kim (2006), as shown in Figure 5. CFD simulation results
agree well with the experimental measurements. The relative error in gas concentrations between the simula-
tion results and experimental measurements is less than 2 % when the percentage of Fe2O3 is less than 50 %
(relative error of 1.9 % in outlet CO2 concentration for Fe2O3 ratio of 0 %, 1.0 % error for 25 % Fe2O3, 1.2 % error
for 50 % Fe2O3). The relative error becomes bigger when the percentage of Fe2O3 increases (e. g., 5.3 % error for
75 % Fe2O3). When the percentage of Fe2O3 is 100 %, there is the biggest relative error (i. e, 9.1 %) comparing to
the experiment.

There are some reasons for the error in gas concentration: the pre-exponential factor or activation energy
which is measured in Son and Kim experiments by TGA (Son and Kim 2006) may not be accurate or only limited
in the TGA atmosphere; the error in CFD simulation such as simulating the fragmentation and coalescence of
bubbles in the bubbling fluidized bed by two-fluid model; the time variation in reaction rate of the oxygen
carrier particle; the uncertainty in the average steady state conversion extent of the metal oxide; and other
uncertainties in experiment operation and measurement. Besides, the difference between the simulated reaction
temperature and the real reactor temperature, and the difference between the assumed monodisperse particles
in the simulation and the real polydisperse particles, may also contribute to the error between simulation and
experiment.

Generally speaking, the CFD simulation exhibits its ability of predicting fluid dynamics and reaction kinet-
ics in the fuel reactor of a CLC system, and it is capable of providing reasonable match with the experimental
measurements, which lays the foundation for uniform design and operation optimization.

4 Uniform design and optimization

4.1 Uniform design method

Uniform design method proposed by Fang and Wang is an application of number theory (Fang 1980; Wang and
Fang 1981), and it had been successfully applied on various fields like pharmaceuticals, fermentation industry,
textile industry in China since 1978 (Liang, Fang, and Xu 2001). In the uniform design method, the independent
variables which influence the dependent variable that need to be optimized (named “response”) are named
“factors”, and the possible values for each factor are named “levels”. The uniform design method not only
considers the interaction between factors, but also reduces experiment/simulation times greatly. For example,
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in an experiment with m factors where each factor has n levels, it is required nm experiments/simulations if a full
traversal over all factors and levels (the one-factor-at-a-time approach) is utilized; if the single-factor experiment
design is used, there will be required m×n experiments/simulations; if we use the orthogonal design method, it
will take at least n2 experiments/simulations; however, if we adopt the uniform design method, the minimum
number of experiments/simulations is n (the number of levels). Thus, the uniform design method is able to
save experiments/simulations more efficiently than other experimental designs once the number of levels of
interest is large.

Uniform design is a kind of space filling designs. Uniformity of space filling is the most important and
essential feature of the uniform design, compared to other traditional design methods. The uniform design
replaces the complete combination of involved process parameters (factors) by using relatively fewer experi-
ment/simulation trials uniformly distributed within the parameter space. These experiment/simulation trials
are determined using the number-theoretic method and mathematically proved to be a good approximation
of the complete combination of process parameters. For the use of the uniform design method, the following
steps are recommended (Fang et al. 2000):

1. Choose the factors and the parameter domain; determine a suitable number of levels for each factor.

2. Choose a suitable uniform design table related to the number of factors and levels. The uniform design
table is employed to arrange the investigated parameters.

3. Record the responses of experiments/simulations implemented according to the uniform design method.

4. Use regression analysis to establish a regression model that fits the experiment/simulation outputs well.

5. Find the “best” combination of the factor values that maximizes/minimizes the response and verify the
claim with further experiments/simulations.

There are many applications of uniform designs to computer experiments (Fang 2002). Li (2002) gives a detailed
discussion and shows some case studies. Atkinson, Bogacka, and Bogacki (1998) discuss the possibility of the
use of optimum designs to the kinetics of reversible chemical reaction. Xu, Liang, and Fang (2000) give com-
parisons among orthogonal and uniform designs for this chemical reaction and find that the uniform design
is robust. Liang, Fang, and Xu (2001) provide a comprehensive review on applications of uniform design in
chemical engineering.

4.2 Uniform design for FR of Son and Kim (2006)

In the present work, five factors are considered: NiO percentage in the activated oxygen carrier (X1), reactor
temperature (X2), particle diameter (X3), inlet gas velocity (X4), and solid inventory (X5). In order to gain more
information from simulation, each factor takes 10 levels that are listed in Table 3. The CO2 yield y, which is
defined by eq. (16), is selected the response of these factors.

𝑦 = 𝑥u�u�2
/ (𝑥u�u�2

+ 𝑥u�u�4
) [16]

Table 3: Factors and ranges.

Levels NiO/(Fe2O3+NiO)
X1 (-)

Reaction
temperature
X2 (K)

Particle
diameter
X3 (μm)

Inlet velocity
X4 (m/s)

Solid inventory
X5 (kg)

1 1 673 100 0.0125 0.35
2 0.9 723 120 0.025 0.4
3 0.8 773 140 0.0375 0.45
4 0.7 823 160 0.05 0.5
5 0.6 873 180 0.0625 0.55
6 0.5 923 200 0.075 0.6
7 0.4 973 220 0.0875 0.65
8 0.3 1023 240 0.1 0.7
9 0.2 1073 260 0.1125 0.75
10 0.1 1123 280 0.125 0.8
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where 𝑥u�u�2
and 𝑥u�u�4

are the time-averaging mole concentrations of CO2 and CH4 at the FR outlet, respec-
tively.

The uniform design table U(108) is selected to arrange the investigated process parameters as listed in Table
4(Fang 1994), in which subscript 10, 10, and superscript 8 mean the number of experimental/simulant trials,
the number of levels and the maximum number of factors, respectively. We choose the 1st, 3rd, 4th, 5th, and
7th columns of the table U(108) for the simulation design with five factors, and the guide for using the table
U(108) is shown in Table 5. The final parameter combination for this work is listed in Table 6.

Table 4: Table U(108).

Lev-
els/No.

1 2 3 4 5 6 7 8

1 1 2 3 4 5 7 9 10
2 2 4 6 8 10 3 7 9
3 3 6 9 1 4 10 5 8
4 4 8 1 5 9 6 3 7
5 5 10 4 9 3 2 1 6
6 6 1 7 2 8 9 10 5
7 7 3 10 6 2 5 8 4
8 8 5 2 10 7 1 6 3
9 9 7 5 3 1 8 4 2
10 10 9 8 7 6 4 2 1

Table 5: Guide table to select columns of generating vectors in table U(108).

Number of factor Columns to be used Discrepancy in uniformity

2 1,6 0.1125
3 1,5,6 0.1681
4 1,3,4,5 0.2236
5 1,3,4,5,7 0.2414
6 1,2,3,5,6,8 0.2994

Table 6: Uniform design table and response.

Simulation
cases

NiO/(Fe2O3+NiO)
X1

Reactor
temperatureX2
(K)

Particle
Diameter
X3
(μm)

Inlet
velocity
X4
(m/s)

Solid
inventory
X5
(kg)

CO2 yield
y
(%)

Case 1 1 773 160 0.0625 0.75 25.0
Case 2 0.9 923 240 0.125 0.65 45.6
Case 3 0.8 1073 100 0.05 0.55 94.0
Case 4 0.7 673 180 0.1125 0.45 5.1
Case 5 0.6 823 260 0.0375 0.35 19.2
Case 6 0.5 973 120 0.1 0.8 67.2
Case 7 0.4 1123 200 0.025 0.7 86.4
Case 8 0.3 723 280 0.0875 0.6 7.2
Case 9 0.2 873 140 0.0125 0.5 38.5
Case 10 0.1 1023 220 0.075 0.4 25.1

4.3 Results and discussion

Based on the uniform design, ten CFD simulations are carried out. Figure 6(a) and 6(b) present the outlet CH4
and CO2 concentrations (wet basis) for five typical simulation cases (Case 1, Case 2, Case 3, Case 6 and Case
8). The concentrations of CH4 and CO2 increase with time, and finally oscillate at average values. The time-

Brought to you by | Huazhong University of Science and Technology
Authenticated

Download Date | 4/3/18 9:48 AM



DE GRUYTER Liu et al.

averaging dried-based concentrations of CH4 and CO2 are considered as the responses that are also shown in
Table 6.

Figure 6: Time-varying wet-based gas concentrations at the FR outlet. (a) CH4; (b) CO2.

In order to describe the relationship between the dependent output variable (response y) and the inde-
pendent variables (factor Xi), the response variable is fitted by an appropriate model, where the second-order
polynomial model with five factors mentioned above is adopted:

𝑦 = 𝛾0 +
5

∑
u�=1

𝛾u�𝑋u� + ∑
1≤u�≤u�≤5

𝛾u�u�𝑋u�𝑋u� + 𝜁 [17]

here, γ0, {γi}, and {γij} are the regressive constants, the ith linear coefficient, and the ijth interaction coeffi-
cient, respectively; ζ is random error.

According to eq. (17), the uniform design software UD3.0 is used for regression analysis. The response
equation between y and five factors is recommended below:

𝑦 = −4.46 + 1.14log𝑋1 + 1.66𝑋5 − 1.77𝑋5log𝑋1 + 0.654(log𝑋2)2

− 0.165log𝑋2log𝑋3 − 0.718𝑋4𝑋5 − 1.62𝑋2
5

[18]

In eq. (18), we used logX1, logX2, logX3 instead of X1, X2, X3 to get a good regression since the values of X1,
X2, X3 are too large compared to these of X4 and X5.

As shown in Figure 7, the coefficient of determination R2 of the model is 0.9996, presenting a good fit. The
t-test is significant at the significance level of 0.1. And for the critical value, F(0.1, 7, 2) is equal to 9.349, which
is gained from Table 7. It is shown that the F-value for each factor is larger than the value of 9.349. According
to the theory of probability, if the F-value is larger than the critical value, the linear correction between eq. (18)
and simulation data is rather high. Therefore, the availability of the regression model is proven.
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Figure 7: Relationship between the predicted and simulated data.

Table 7: Significance of regression coefficient for CO2 yield.

Factors F-value t-value Contribution to the
regression U(i)/U

logX1 336.0 18.33 5.96 %
X5 39.28 6.267 0.696%
X5logX1 204.1 -14.29 3.62 %
(logX2)2 3436 58.62 60.9 %
logX2logX3 222.1 -14.90 3.94%
X4X5 10.62 -3.259 0.188%
(X5)2 52.73 -7.261 0.935 %

Additionally, the contribution of each factor to the response can be identified by partial regression sum of
squares (Fang et al. 2000). It is obvious from Table 7 that the most critical factor is reactor temperature, followed
by the NiO percentage in the activated oxygen carrier, particle diameter, solid inventory and inlet gas velocity.
These results are conducive to the design and operation of CLC systems.

Next, we searched the optimum combination of factor-values on the final regression model [eq. (18)]. That
is to find a set of (𝑋∗

1 , 𝑋∗
2 , 𝑋∗

3 , 𝑋∗
4 , 𝑋∗

5 ) to obtain the maximum y*. From eq. (18), the maximum value of CO2
yield is 1.04(±0.0797), and the following optimum operational conditions are also obtained: 𝑋∗

1 of 100 %, 𝑋∗
2

of 1123 K, 𝑋∗
3 of 100 μm, 𝑋∗

4 of 0.0125 m/s and 𝑋∗
5 of 0.51 kg. The maximum CO2 yield exceeds 1. This is be-

cause the regression model causes the CO2 yield with a random error of 0.0797. When we use the optimum
operational condition in the CFD simulation, the CO2 yield is 99.4 % which is nearly close to the maximum y*.
The CFD simulation results using these optimum operational parameters are presented in Figure 8. It is shown
that methane is nearly burnt out in the fuel reactor. The CO2 yield is close to 100 %. For these optimum opera-
tional parameters, the following explains are given: the reactivity of Ni-based oxygen carrier is higher than the
Fe-based oxygen carrier; consequently, when the oxygen carrier consists of 100 % Ni-based oxygen carrier, the
CO2 yield will reach the maximum; At the same time, the higher reactor temperature is favorable to reactivity
between oxygen carrier and methane (Son and Kim 2006); On the other hand, fast and large bubbles rising
through the bubble fluidized beds will result in significant unburned fuel bypass from the bubble phase and
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then lower fuel conversion (Jung and Gamwo 2008). Decreasing the fuel flow rate in the FR inlet will increase
the residence time of fuel in the FR. And using smaller oxygen carrier particles will help to inhibit the genera-
tion of large bubble and enhance the contact between particles and methane (Jung and Gamwo 2008). For these
reasons, smaller oxygen carrier particles and lower superficial velocity are recommended in the experiments;
last but not least, it is found that the bed inventory (0.6 kg) in the original experiments is excessive from the
uniform-design-based optimization.

Figure 8: Time-varying wet-based gas concentrations at the FR outlet, using optimum operation parameters.

Finally, if it is required that the CO2 yield surpasses a specified value (e. g., 80 %), the value for each factor
could be limited within certain bounds. We start from Table 4, where the specified ranges of each factor are pre-
sented. Based on the regression model eq. (18), we utilized software Excel 2003 to gain the range of operational
parameters using the dichotomy method, and the calculation steps are shown in Table 8. Finally, the operation
conditions should be constrained within [0.83,1] for X1, [1039,1123] for X2, [100,134] for X3, [0.0125,0.0336] for
X4 and [0.42,0.51] for X5 once the CO2 yield is required to outweigh 80 %. It is noted that other operation con-
ditions to achieve CO2 yield of 80 % might be existent as locally optimal solutions due to complex interaction
among these operation parameters.

Table 8: Using the dichotomy method to gain the range of operation parameters.

Step X1 X2 X3 X4 X5 y

1 0.9 1073 120 0.025 0.45 0.9
2 0.8 1023 140 0.0375 0.4 0.7512
3 0.85 1048 130 0.03125 0.425 0.8286
4 0.825 1035.5 135 0.03438 0.4125 0.7904
5 0.8375 1041.75 132.5 0.03281 0.4187 0.8097
6 0.83125 1038.625 133.75 0.03360 0.4156 0.80001

It is noted that the identification and optimization presented in the paper only aims at the experiment by
Son and Kim (2006). However, we argue here that the uniform design method could be applied to identify
the interaction between operational parameters and optimize the thermal-chemical performance in other CLC
cases using different kinds of oxygen carriers and fuels.
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5 Conclusions

The comprehensive understanding of complex multiphase reactive flow (hydrodynamics, chemical reaction
kinetics) in the fuel reactor of chemical looping combustion systems is important. CFD simulation provides
an effective way to analyze the interaction between hydrodynamics and chemical reaction kinetics. The present
work focused on how the operation parameters influence the CO2 yield, and aimed at the optimum operational
windows through a limited number of CFD simulations. The uniform design method was used to investigate
the involved operational parameters (NiO percentage in the activated oxygen carrier, reactor temperature, par-
ticle diameter, inlet gas velocity, and solid inventory) of final objects (CO2 yield), e. g., to identify the influ-
ences of the investigated operational parameters, to explore the interaction between them, and to optimize
them. Ten cases from the uniform design were simulated. We obtained the highest CO2 yield as well as the
optimum operational windows for each factor. Among these operational parameters the reactor temperature
performs the maximum sensitivity to the CO2 yield in the FR. Finally, it was suggested that, if the required CO2
yield outweighs 80 %, the operational windows should be restricted within [83 %,100 %] for NiO percentage
in the activated oxygen carrier, [1039,1123] for reactor temperature (K), [100,134] for particle diameter (μm),
[0.0125,0.0336] for inlet gas velocity (m/s), and [0.42,0.51] for solid inventory (kg). The simulation results may
be valuable for the design, operation and scaling-up of the FR in chemical looping combustion.
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