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A B S T R A C T   

Methanation is a promising technology to transform carbonaceous materials into high-value fuels, yet the 
relationship between multi-scale structures and reactor performance is still not well understood. Accordingly, the 
methanation process in a bubbling fluidized bed (BFB) reactor is investigated via the computational fluid 
dynamics-discrete element method (CFD-DEM) featuring thermochemical sub-models. A novel algorithm is 
developed for bubble identification and related information statistics. The effects of crucial operating parameters 
on bubble behaviours are quantified. Moreover, the underlying mechanism of mesoscale bubble behaviours is 
illuminated by linking with microscale particle dimensionless number and macroscale reactor performance. The 
results show that the bubble dynamics can be well captured by the novel bubble identification algorithm. Particle 
Reynolds number (Rep) and Nusselt number (Nup) have the highest values in the bubble phase and the lowest 
values in the emulsion phase. Decreasing inlet gas velocity, increasing particle size, and lowering operating 
temperature causes smaller volume ratios of the bubble phase to emulsion phase, thereby enhancing interphase 
heat and mass transfer and promoting methane concentration in the gas products.   

1. Introduction 

Methane (CH4) with the advantages of high calorific value, wide 
feedstock availability, and easy liquefaction has been extensively prac-
tised in energy industries, yet most methane consumed comes from fossil 
natural gas resources [1,2]. Climate change and energy depletion caused 
by increasing fossil fuel consumption call for efficient methanation 
[3,4]. Specifically, methanation is a thermochemical route converting 
gas mixture rich in CO and H2 (usually the gasification products of 
biomass and coal) to methane-rich syngas, including two exothermic 
homogeneous reactions, i.e., methanation reaction and water–gas shift 
reaction, given by [5]: 

CO + 3H2 ↔ CH4 + H2O ΔH0
R = − 206.28 kJ

/
mol (R1)  

CO + H2O ↔ CO2 + H2 ΔH0
R = − 41.16 kJ

/
mol (R2) 

Among all reactors to perform methanation, bubbling fluidized bed 
(BFB) is the best choice due to its advantages in wide fuel applicability, 
good operation flexibility, excellent temperature control, and especially 
good heat and mass transfer performance. However, the BFB reactor is a 

dense particulate-reacting system within multi-physics processes and 
multi-scale flow structures [6,7]. Specifically, the flow hydrodynamics, 
heat transfer, and chemical reactions inter-connect, meanwhile, micro-
scale inter-particle/phase interactions, mesoscale bubble evolution, and 
macroscale reactor performance entangle, making it challenging for 
people to understand in-furnace phenomena. Among these complex 
mechanisms, the mesoscale bubble evolution (e.g., coalescence, growth, 
and bursting) as a typical feature of the BFB reactor links microscale 
particle behaviours with macroscale reactor performance. So far, sub-
stantial experimental efforts have been made to study BFB reactors for 
process design and optimization. However, the experimental method 
generally delivers macro-scale information in local positions or regions 
(e.g., product yields at the outlet, temperature distribution in the central 
line) [8–10] but is hard to capture the micro-scale information (e.g., 
particle collisions) and mesoscale information (e.g., bubble dynamics) in 
the whole reactor. Moreover, the trials and errors of experiment mea-
surements are time-consuming and expensive. 

As an alternative, numerical simulation is cost-effective, repeatable, 
and systematic to investigate dense particulate reacting processes such 
as methanation in the BFB reactor. Among the existing numerical 
methods, the two-fluid model based on the Eulerian-Eulerian framework 
treats both particles and fluid as interpenetrating continua and 
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simplifies inter-particle collisions [11]. This method with high compu-
tational efficiency has been widely employed to model fluidized bed 
systems with macro-scale information obtained [12–14]. Nevertheless, 
this method has inherent defects in capturing particle behaviours, e.g., 
particle collisions, rotation, and thermochemical behaviours [15]. In 
contrast, the computational fluid dynamics-discrete element method 
(CFD-DEM) under the Eulerian-Lagrangian framework regarding parti-
cles as a discrete phase and calculating inter-particle collisions directly 
delivers a better choice [16], which can capture detailed particle be-
haviours and underpin the fundamental understanding of the reactor 
from the microscale perspective [17]. Moreover, the thermochemical 
sub-models can be integrated into the CFD-DEM framework to study 
heat and mass transfer of dense particulate reactive flow [18–20]. 
Recently, CFD-DEM has been widely applied to model dense particulate 
reactive flow in BFB reactors. For example, Hwang et al. [21] explored 
the effects of fluidization number on gasification performance in a BFB 
reactor. They demonstrated that CO2 began to generate in the lower part 
of the reactor when the fluidization number exceeded 3.6 while CO and 
H2 concentrations and carbon conversion efficiency decreased with the 
increased fluidization number. Wang et al. [19] examined the sensitivity 
of the contact model in affecting the simulation efficiency of biomass 
gasification. They claimed that the contact model significantly affected 
the simulation efficiency but insignificantly influenced the product 
yields. Hu et al. [22] numerically investigated coal gasification in a 

pilot-scale BFB reactor. They pointed out that gas back-mixing played an 
important role in controlling gas combustion and bubble behaviours 
highly affected horizontal fuel mixing. Although these previous CFD- 
DEM studies provide meaningful information regarding the microscale 
particle behaviours and macroscale reactor hydrodynamics, the ther-
mophysical properties of the mesoscale bubble phase and its relation-
ships with thermochemical behaviours in the BFB reactor have not been 
reported. 

A BFB reactor is commonly identified by two regions, i.e., a lower 
dense region and an upper dilute region. The flow regime in the dense 
region involves three phases, i.e., an emulsion phase with a high solid 
holdup, a bubble phase with a low solid holdup, and an intermedia 
phase with a moderate solid holdup. Among the three phases, the 
mesoscale bubble phase bridges microscale and macroscale information. 
Specifically, a bubble will be generated when the superficial gas velocity 
exceeds the minimum fluidization velocity. The bubble behaviours 
cause the chaotic motions of particles, which intensifies the gas-particle/ 
particle–particle mixing and further determines the flow regime in the 
bed and the resulting fluidization quality [23,24]. Besides, the distri-
bution of bubbles in the bed greatly affects the spatial distribution of 
temperature, gas component concentration, and reaction rate, thereby 
determining the overall reactor performance [25]. Therefore, it is of 
significance to unveil: (i) how operating conditions and particle prop-
erties influence the bubble behaviours and (ii) how the bubble 

Nomenclature 

Ap,i Surface area of particle i, m2 

β Interphase momentum exchange coefficient, kg⋅m− 3⋅s− 1 

Cp,g Specific heat capacity of the gas phase, J⋅kg− 1⋅K− 1 

Cp,i Specific heat capacity of particle i, J⋅kg− 1⋅K− 1 

Dn Diffusion coefficient of species n, m2⋅s− 1 

en,ij Normal coefficient of restitution, - 
fc Contact force exerted on a specific particle, N 
fd The gas force exerted on a specific particle, N 
fcn,ij Normal contact forces between particle i and j, N 
g Gravitational acceleration, m⋅s− 2 

hpg Convective heat transfer coefficient, W⋅m− 2⋅K− 1 

Igm Inter-phase momentum exchange rate, N⋅m− 3 

Ip Moment of inertia of a specific particle, kg⋅m2 

k The number of particles colliding with particle i 
kn,ij, kt,ij Normal and tangential spring coefficients, N⋅m− 1 

L Distance from contact point to particle centre, m 
lij Distance between particles i and j, m 
nij The normal unit vector between particle i and j, - 
Np Particle number, - 
Np,Ω Particle number in the sub-domain Ω, - 
Nup,i Nusselt number of particle i, - 
Pr Prandtl number, - 
qgp Gas-particle convective heat transfer rate, W 
qpgp Particle-gas-particle conductive heat transfer rate, W 
qpp Particle-particle conductive heat transfer rate, W 
qrad Radiative heat transfer rate, W 
R Gas constant, J⋅mol− 1⋅K− 1 

Rc,ij The radius of the contact region, m 
Rep Reynold number, - 
Rin, Rout Lower and upper bounds of conductive heat transfer 

region, m 
Rp,i, Rp,j The diameter of particles i and j, m 
t Time instant, s 
tij Tangential unit vector between particle i and j, - 
Tenv Environment temperature, K 
Tref Reference temperature, K 

Tg Gas temperature, K 
Tg,Ω Gas temperature in the sub-domain Ω, K 
Tp,i, Tp,j Temperatures of particles i and j, K 
ug Gas velocity vector, m⋅s− 1 

vp Particle velocity vector, m⋅s− 1 

Vc Cell volume, m3 

Vp,i Particle volume, m3 

Xn Mass fraction of nth species, - 

Greek symbols 
εg Void fraction, - 
ep,i Particle emissivity, - 
β Interphase momentum exchange coefficient, kg⋅m− 3⋅s− 1 

ΔHrg Heat source of the gas phase from chemical reactions, 
W⋅m− 3 

κg Gas thermal conductivity, W⋅m− 1⋅K− 1 

κp,i, κp,j Thermal conductivity of particles i and j, W⋅m− 1⋅K− 1 

ηn,ij, ηt,ij Normal and tangential damping coefficients, kg⋅s− 1 

δn,ij, δt,ij Normal and tangential overlap displacements, m 
μ Friction coefficient 
μg Gas viscosity, kg⋅m− 1⋅s− 1 

ρg, ρp Gas and particle density, kg⋅m− 3 

ωi Particle angular velocity, rad⋅s− 1 

Subscripts 
g Gas phase 
i Particle i 
ij Interactions between particles i and j 
j Particle j 
n Variables in the normal direction 
p Properties of the particle phase 

Acronyms 
BFB Bubbling fluidized bed 
CFD Computational fluid dynamics 
DEM Discrete element method 
LSD Linear spring dashpot 
CDS Central difference scheme  
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behaviours affect the thermochemical behaviours and the resulting 
reactor performance. 

To fulfil this gap, the methanation process in a BFB reactor is simu-
lated by the CFD-DEM with the fundamental study of the mesoscale 
bubble behaviours and their relationships with the microscale particle 
behaviours and macroscale reactor thermochemical characteristics. A 
novel bubble identification algorithm is proposed to quantify bubble 
properties. The paper is structured below: section 2 denotes the math-
ematical model, followed by model settings in section 3. Section 4.1 
gives the model validation of the bubble identification algorithm and 
reaction kinetics. Section 4.2 presents the general flow patterns. Section 
4.3 gives the spatial distribution of gas species and reaction rate. Sec-
tions 4.4 and 4.5 show the effects of operating parameters on bubble 
behaviours, followed by the analysis of the dimensionless number in 
different regions. The effects of bubble dynamics on thermochemical 
behaviours are presented in section 4.6, followed by the conclusion. 

2. Mathematical model 

The governing equations and thermochemical sub-models are given 
in this section. Subsequently, a novel algorithm for bubble identification 
is described, followed by the numerical scheme. 

2.1. Governing equations 

The gas phase is governed by: 

∂
(
εgρg

)

∂t
+∇⋅

(
εgρgug

)
= 0 (1)  

∂
(
εgρgug

)

∂t
+∇⋅

(
εgρgugug

)
= ∇⋅Sg − εg∇pg + ρgεgg −

∑M

m=1
Igm (2)  

∂
(
εgρgCp,gTg

)

∂t
+∇

(
εgρgugCp,gTg

)
= ∇⋅

(
εgκg∇Tg

)
− Qgp − ΔHrg (3)  

∂
(
εgρgXn

)

∂t
+∇⋅

(
εgρgugXn

)
= ∇⋅

(
εgρgDn∇Xn

)
+Rgn (4)  

where ug is the gas velocity; Cp,g is the gas specific heat capacity; Xn is the 
mass fraction of nth species. ΔHrg is the heat of reaction. Rgn is the gen-
eration or consumption rate of nth gas species. The gas volume fraction 
εg, interphase momentum exchange term Igm, and interphase energy 
exchange term Qgp are given by: 

εg = 1 −
1
Vc

∑Np

i=1
Vp,i ; Igm =

1
Vc

∑Np

i=1
fd,i ; Qgp =

1
Vc

∑Np

i=1
qgp,i (5)  

where Vp,i and Vc are the volume of ith particle and computational cell, 
respectively. fd,i is the gas force acting on ith particle; qgp,i is the heat flux 
exchange of ith particle. 

The kinematic and energy balances of ith particle are given by: 

mi
dvi

dt
= mig+ fd,i + fc,i (6)  

Ii
dωi

dt
=
∑k

j=1,j∕=i

(
Ln × fct,ij

)
(7)  

miCp,i
dTp,i

dt
= qgp,i + qpp,i + qpgp,i + qrad,i (8)  

where mi, vi, Ii, ωi, and Tp,i are the mass, translational velocity, moment 
of inertia, rotational velocity, and temperature of ith particle, respec-
tively. qpp,i, qpgp,i, qgp,i, and qrad,i are heat fluxes of ith particle due to 
particle–particle conduction, particle-gas-particle conduction, convec-
tion, radiation, and chemical reactions, respectively. The gas force fd,i 

exerting on ith particle is given by: 

fd,i = − ∇Pg(xi)Vi +
βVi(

1 − εg
)
(
ug(xi) − vp

)
(9)  

where β is the gas–solid momentum exchange coefficient, evaluated by 
the Gidaspow drag model [26]. The collision force fc,i including the 
normal component fcn,i and the tangential component fct,i, is given by: 

fc =
∑k

j=1,j∕=i

(
fcn,ij + fct,ij

)
(10)  

fcn,ij = −

(

kn,ijδn,ij − ηn,ij δ̇n,ij

)

nij (11)  

fct,ij =

{
−
(
kt,ijδt,ij − ηt,ij δ̇t,ij

)
tij for

⃒
⃒fct,ij

⃒
⃒⩽μ
⃒
⃒fcn,ij

⃒
⃒

− μ
⃒
⃒fcn,ij

⃒
⃒tij for

⃒
⃒fct,ij

⃒
⃒ > μ

⃒
⃒fcn,ij

⃒
⃒ (12) 

The linear spring-dashpot (LSD) is adopted to solve inter-particle 
collisions, which has been proved to be more efficient than the non- 
linear Hertzian model with numerical accuracy guaranteed [19]. Spe-
cifically, for collisions between particles i and j, the normal damping 
coefficient ηn,ij is given by: 

ηn,ij =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2kn,ijmeff

√
⃒
⃒lnen,ij

⃒
⃒

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

π2 + ln2en,ij

√ (13)  

where en,ij is the normal coefficient of restitution, given by: 

en,ij = exp

(

−
ηn,ijtcol

n,ij

2meff

)

(14)  

where meff (=mimj/(mi + mj)) is the effective mass of particles i and j. tcol
n,ij 

is the collision time between particle i and j, given by: 

tcol
n,ij = π

(
kn,ij

meff
−

η2
n,ij

m2
eff

)− 1/2

(15) 

A similar expression can be written for the tangential damping 
coefficient. 

2.2. Heat and mass transfer models 

Three heat transfer modes are considered for the particles, i.e., 
convection, conduction, and radiation. The heat of reaction is not 
considered as particles do not react. Specifically, convection occurs 
between gas and particles due to the temperature difference and velocity 
difference. The convective heat flux is calculated by combining the 
temperature difference, particle surface area, and particle Nusselt 
number (Nup). Specifically, the Ranz-Marshall correlation is one of the 
most well-known correlations to calculate the Nup of a single particle 
derived by drop evaporation experiments [27]. After that, a series of 
empirical correlations featuring fluid-particle transport regarding Nup 
has been developed by many researchers, e.g., Li and Mason [28], Gunn 
[29], and Garcia-Gutierrez et al. [30]. For example, Lian et al. [31] 
conducted an excellent study of oxy-fuel combustion in a fluidized bed 
reactor using the Nup correlation proposed by Gunn [29]. Gutierrez et al. 
[30] derived a new Nup correlation using the sublimation of dry ice 
particles using a novel methodology based on a macro-TGA fluidized 
bed. Although these Nup correlations consider complex scenarios, the 
Ranz-Marshall correlation has still been extensively applied to simulate 
the thermal behaviours of solid particles in fluidized bed reactors due to 
its advantages of easy implementation and reasonable prediction 
[32–34]. Accordingly, we adopted this correlation in the simulation 
after the capacity assessment of several commonly used Nup correla-
tions. The conduction includes two parts, the particle–particle conduc-
tive heat flux qpp,i and particle-gas-particle conductive heat flux qpgp,i. 
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The latter is calculated via assuming the heat flux is transferred through 
a gas layer wrapping the particle with a default thickness of 0.2 dp [35]. 
The radiative heat transfer qrad,i plays a significant role at high tem-
peratures (>600 ◦C), which is calculated by the temperature difference 
between ith particle and the environment. Table 1 presents the heat 
transfer modes and the relevant expressions. 

The methanation process in the BFB reactor involves the methana-
tion reaction (R1) and water–gas shift reaction (R2), given by: 

CO + 3H2 ↔ CH4 + H2O ΔH0
R = − 206.28 kJ

/
mol (R1)  

CO + H2O ↔ CO2 + H2 ΔH0
R = − 41.16 kJ

/
mol (R2) 

The reaction rates of the two reactions are formulated by the 
following reaction kinetics [36,37]: 

rMETH =
kMETHKC

(
pCOp3

H2
− pCH4 pH2O

/
KMETH

)

p0.5
COp2.5

H2

(
1 + KCp0.5

CO + KOHpH2Op− 0.5
H2

)2 (16)  

rWGS =
kWGS

(
pCOpH2O − pCO2 pH2

/
KWGS

)

p0.5
H2

(
1 + KCp0.5

CO + KOHpH2Op− 0.5
H2

)2 (17)  

where rMETH is the rate of methanation reaction, rWGS is the rate of 
water–gas shift reaction. rMETH and rWGS are the reaction kinetic con-
stants; KMETH and KWGS denote the reaction equilibrium constants; KC 
and KOH are the adsorption equilibrium constants. They are expressed 
as: 

kMETH = 1.16exp
[

74100
RTref

(

1 −
Tref

Tg

)]

mol⋅s− 1⋅kg− 1
catalyst⋅bar− 0.5 (18)  

kWGS = 2.43exp
[

154200
RTref

(

1 −
Tref

Tg

)]

mol⋅s− 1⋅kg− 1
catalyst⋅bar− 0.5 (19)  

KMETH = 2.52 × 106exp
[

−
223100
RTref

(

1 −
Tref

Tg

)]

bar− 2 (20)  

KWGS = 29.2exp
[

−
38940
RTref

(

1 −
Tref

Tg

)]

(21)  

KC = 1.77exp
[

−
61000
RTref

(

1 −
Tref

Tg

)]

bar− 0.5 (22)  

KOH = 0.66exp
[

−
72300
RTref

(

1 −
Tref

Tg

)]

bar− 0.5 (23)  

where R is the gas universal constant. Tref is the reference temperature. 

2.3. Bubble identification algorithm 

Bubbles will be generated in the BFB reactor when the superficial gas 
velocity exceeds the minimum fluidization velocity (Umf). Li et al. [32] 
numerically investigated the methanation process in a bubbling fluid-
ized bed (BFB), and they developed an approximate image processing 
method (AIPM) to study bubble properties, by which the bubble can be 
located, measured, and tracked. The results of bubble properties and 
reaction behaviours were in good agreement with the correlations from 
the literature and the experimental data, respectively. However, the 
thermal properties (e,g., gas species, temperature) of the bubbles in the 
system were unavailable by the AIPM. Yang et al. [25] numerically 
investigated biomass gasification in a BFB, and they studied the impact 
of the particle size distribution of sand material on the thermodynamic 
properties of the rising bubbles. The bubble was identified by at least 10 
neighbouring computational cells. Unfortunately, the detailed bubble 
detection algorithm was unavailable, and the accuracy in describing 
bubble characteristics (e.g., volume, shape, and temperature) needs to 
be further verified. In the present work, a novel algorithm is developed 
for bubble identification and related information statistics. Compared 
with previous studies, the proposed bubble identification algorithm can 
efficiently and accurately describe bubbles in the BFB reactor, with 
abundant physical-thermal-chemical properties of bubbles obtained. 
The details of the bubble identification algorithm are given below. 

The boundary of the bubble can be identified as an isosurface with a 
threshold voidage (εg) of 0.6 ~ 0.8 [38,39]. In this work, the voidage of 
0.8 is adopted to identify the boundary of the bubble. Technically, the 
bubble is represented by many neighbouring cells with a voidage larger 
than the threshold value. The main idea is illustrated as follows:  

a) The computational cells with a voidage >0.8 in the domain are 
retrieved and put in the vector Cellbub.  

b) A search process is then performed on each cell in the vector Cellbub.  
c) For cell i in the Cellbub: ① Put the neighbouring cells of cell i in Cellbub 

into the vector Bubi. ② Employ the neighbouring cells in the set Bubi 
as new starting cells to continue searching the corresponding 

Table 1 
Heat transfer modes and the relevant expressions.  

Heat transfer modes Expressions 

Convection qgp,i = hpg,iAp,i
(
Tg − Tp,i

)

Conduction qpp,ij = 4
κp,iκp,j

κp,i + κp,j
Rc,ij

(
Tp,j − Tp,i

)

qpgp,ij = κg
(
Tp,j − Tp,i

) ∫ Rout
Rin 

2πr

lij −
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

R2
p,i − r2

√
+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
R2

p,j − r2
√ ) dr 

Radiation qrad,i = ep,iAp,iσ
(

T4
env − T4

p,i

)

Parameters: 
Heat transfer 

coefficient 
hpg,i = Nup,idp,i/κg 

Particle Nusselt 
number 

Nup,i = 2.0+ 0.6Re1/2
p,i Pr1/3 

Prandtl number Pr = μgCp,g/κg 

Contact radius 
Rc,ij =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

R2
p,j −

(R2
p,j − R2

p,i + l2ij
2lij

)2
√
√
√
√

Environment 
temperature 

Tenv = εgTg,Ω +
(
1 − εg

) 1
Np,Ω

∑Np,Ω

j=1,j∕=i
Tj  

Fig. 1. The schematic representation of the bubble identification algorithm.  
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neighbouring cells, until the number of cells in the set does not in-
crease; ③ Delete the duplicate cells in the vector Bubi.  

d) In the subsequent searches, the cell will be skipped if cell k has been 
already contained in a bubble. 

Fig. 1 shows the schematic representation of the bubble identifica-
tion algorithm. Specifically, the voidage of the cells with the specific 
label 35, 36, 37, 43, 44, 45, 51, 52, 53, 28, and 20 reaches the threshold 
value. Taking cell 44 as the initial one, the neighbouring cells 35, 36, 37, 

43, 45, 51, 52, and 53 are put into the vector Bub. Continuing searching 
the neighbouring cells based on these known cells, cell 28 meets the 
requirement and is put into the vector Bub. Similarly, based on cell 28, 
cell 20 is found and put into the vector Bub. After several iterations, the 
cells that represent the bubble can be found and detailed bubble infor-
mation can be gained. 

Based on the abovementioned bubble identification algorithm, the 
bubble size is calculated as follows [40]: 

Fig. 2. The coupling procedure of the CFD-DEM approach.  

Fig. 3. The investigated BFB reactor: (a) experiment test-rig [36]; (b) current simulation.  
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db =
̅̅̅̅̅̅̅̅̅̅̅̅̅
4Ab/π

√
(24)  

where Ab is the bubble surface area, given by: 

Ab =
∑Ncell

i=1
Acell,iεcell,i (25)  

where Ncell represents the total number of cells occupied by the bubble. 
Acell,i is the area of the ith cell, which is the product of the length of the ith 

cell in X and Y directions. εcell,i is the voidage of the ith cell. 
The central coordinate of the bubble is calculated by averaging the 

coordinate of all the computational cells occupied by the bubble: 

Cb =
1

Ncell

∑Ncell

i=1
Ccell,i (26)  

where Cb is the coordinate of the bubble. Ccell,i is the coordinate of the ith 

cell. 

2.4. Numerical scheme 

Fig. 2 shows the coupling procedure of the gas and solid phases. 
Specifically, the gas phase and solid phase involving kinematics, heat 
transfer, and mass transfer are governed by the corresponding equa-
tions. For the gas phase, the governing equations involving mass, mo-
mentum, energy, and species conservation are discretized. The transient 
term is discretized by a first-order implicit Euler scheme. The convection 
and diffusion terms are discretized by a second-order central difference 
scheme (CDS). The pressure–velocity coupling is treated by a SIMPLE 
algorithm. For the solid phase, the governing equations of particles 
involving physical and thermochemical properties are integrated 
explicitly by a first-order scheme. The collisions are solved by a soft- 
sphere contact model. Interphase coupling is solved via the voidage, 
inter-phase interaction, and heat transfer items. 

The time step for the gas phase is controlled by the CFL: 

CFL = ΔtCFDmax
(⃒⃒uf

⃒
⃒

Δx

)

<1 (27)  

where Δx is the cell size. The solid time step is defined as 1/50 of the 
minimum collision time, which is defined as: 

tcol
n,ij = π

(
kn,ij

meff
−

η2
n,ij

m2
eff

)− 1/2

(28)  

where kn, ηn, meff are the particle properties. 

3. Simulation settings 

A lab-scale BFB reactor is used, referring to the experimental test rig 
from Li et al. [36], as shown in Fig. 3(a). A quasi-3D model is established 
to reduce computational costs [15,18]. This strategy has been broadly 
adopted to model fluidized beds [41,42]. For example, Li et al. [32] 
found that bubble dynamics in a simplified quasi-3D BFB measured by 
an approximate image processing method (AIPM) agreed well with the 
empirical correlations. Via experimentally studying bubble dynamics in 
a simplified quasi-3D BFB for different bed aspect ratios, Laverman et al. 
[40] demonstrated the correlation between the bubble rise velocity and 
the equivalent bubble diameter strongly depended on the bed width but 
does not depend on the bed height at the same bed width. Accordingly, a 
simplified quasi-3D BFB reactor used in this work is reasonable to pre-
sent the physical-thermal-chemical behaviours of bubbles under the 
given conditions. 

As shown in Fig. 3(b), the width, height, and depth of the BFB reactor 
are 15 mm, 90 mm, and 0.5 mm, respectively. Initially, the catalyst 
particles are packed at the lower region with 12 mm in height. Catalyst 

particles presented in the BFB reactor act as bed materials for fluidiza-
tion and catalysts for improving reactions. There are no sand or biomass 
particles in the system, as methanation is a thermochemical route con-
verting gas mixture (e.g., CO and H2) to methane-rich syngas, including 
two exothermic homogeneous reactions. Initially, the reactor is filled 
with Argon (i.e., Ar). CO, H2, and Ar are fed into the reactor from the 
bottom with the mole fractions of 0.2, 0.6, and 0.2, respectively. For the 
velocity, the walls are assigned as a non-slip boundary condition; for the 
temperature, the walls are specified as a constant temperature boundary 
condition. The operating temperature and pressure are 400 ◦C and 
101325 Pa, respectively. The particle size is 0.125 mm, and the inlet gas 
velocity is 0.165 m/s. The grid size is 0.5 mm, which satisfies the de-
mand of CFD-DEM calculation that the grid size should be 3 ~ 5 times 
the particle size to ensure numerical accuracy and stability [43]. Table 2 
lists the detailed operating parameters and thermophysical properties of 
the catalyst particles. Specifically, the thermal conductivity and specific 
heat capacity are 10 W·m− 1· K− 1 and 1000 J·kg− 1· K− 1, respectively. 

Thermophysical properties are determined according to the thermal 
database [44,45]. The simulation cases run on a cluster outfitted with 64 
CPU processors. The time step is set to 1 × 10− 5 s, and each case runs for 
about 7 days using 16 CPU processors to complete the simulation with a 
physical time of 15 s. Different operating parameters (e.g., particle size, 
inlet gas velocity, operating temperature) are employed to study the 
influence of these variables on the bubble properties and thermochem-
ical behaviours. Table 3 summarizes the detailed operating parameters. 
Specifically, the operating temperature is set as 623 K, 673 K, and 723 K, 
respectively; the inlet gas velocity is specified as 0.125 m/s, 0.165 m/s, 
and 0.205 m/s, respectively; the particle size is assigned as 0.1 mm, 
0.125 mm, and 0.15 mm, respectively. 

4. Results and discussion 

4.1. Model validation 

The CFD-DEM approach has been well-validated in terms of hydro-
dynamics and heat transfer in our previous publications [16,18]. In this 
section, the bubble identification algorithm and reaction kinetics are 
validated with the experimental data. 

Table 2 
Operating parameters and particle properties of the base case.  

Parameters Value Unit 

Bed size (x, y, z) 15 × 90 × 0.5 mm 
Cell size 0.5 mm 
Operating temperature 673 K 
Operating pressure 101,325 Pa 
Particle size 0.125 mm 
Particle density 1680 kg·m− 3 

Inlet gas velocity 0.165 m·s− 1 

Initial inventory height 12 mm 
Particle emissivity 0.7 – 
Particle spring stiffness 1000 N·m− 1 

Particle restitution coefficient 0.9 – 
Particle friction coefficient 0.3 – 
Particle thermal conductivity 10 W·m− 1· K− 1 

Particle specific heat capacity 1000 J·kg− 1· K− 1  

Table 3 
Operating parameters in the present study.  

Number T0 (K) Ug (m/s) dp (mm) 

Case 1 (base case) 673  0.165  0.125 
Case 2 623  0.165  0.125 
Case 3 723  0.165  0.125 
Case 4 673  0.125  0.125 
Case 5 673  0.205  0.125 
Case 6 673  0.165  0.1 
Case 7 673  0.165  0.15  
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4.1.1. Bubble dynamics in a BFB 
The bubble identification algorithm is validated with the empirical 

correlation proposed by Horio and Nonaka [46] in terms of time- 
averaged bubble size (db) along with bed height. The time-averaged 
operation and its standard deviation (also error bar in this work) of a 
quantity (ξ) are given by: 

ξave =
1
n
∑n

j=1
ξj (29)  

ξstd =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
n

∑n

j=1

(
ξave − ξj

)2

√
√
√
√ (30)  

where ξj is the instantaneous value of the quantity. ξave is the time- 
averaged value of the quantity. ξstd is the standard deviation of the 
time-averaged operation. n is the sampling number of the output data. 
For example, if the data are saved for every 0.01 s, n has a value of 1000 
during the period of 5.0–15.0 s. 

As shown in Fig. 4, the time-averaged bubble size increases with the 
bed height in the lower region due to the bubble coalescence. At the bed 
surface (h/Href > 0.7), the increasing trend of the bubble size slows 

down. The results obtained by the current simulation and bubble iden-
tification algorithm are consistent with that of the empirical correla-
tions, indicating that the bubble identification algorithm can be used to 
predict bubble properties. 

4.1.2. Gas products from a BFB reactor 
Fig. 5 illustrates the validation results of reaction kinetics. The 

concentrations of gas products evolve sharply at the initial time. After t 
= 5 s, the concentrations fluctuate around fixed values, indicating that 
the thermochemical behaviour in the BFB achieves a steady state. The 
concentrations of gas products are averaged from 5 s to 15 s and the 
predicted concentrations are in line with the experimental data (Fig. 5 
(b)), showing the reasonability of the reaction kinetics. 

4.2. Flow patterns 

The flow patterns are dominated by mesoscale bubble dynamics, 
which is known to significantly affect microscale inter-phase/particle 
interactions and macroscale reactor performance. As illustrated in 
Fig. 6, regarding the instantaneous gas–solid flow patterns, it is noted 
after the hydrodynamics reaches the dynamic equilibrium state, small 
bubbles are randomly generated at the bottom, and these small bubbles 
coalesce into large bubbles during the rising process. The bubbles burst 
on the bed surface, and the surrounding particles are thrown to the 
freeboard and then descend along the walls and re-circulate. 

As indicated in Fig. 6 about the voidage evolution in the BFB reactor, 
the whole domain can be divided into a dense region within particles 
and bubbles, and a freeboard region. These two regions can be generally 
identified by the bed expansion height, which corresponds to a specific 
bed height with a mean voidage of 0.8. Technically, the mean voidage at 
any bed height (εg, sec) is obtained by averaging the voidage of the 
nearest cells as follows: 

εg,sec =
1

Ncell

∑Ncell

k=1
εg,k (31)  

where Ncell is the number of nearest cells at this bed height. εg,k is the 
voidage of the kth cell. 

Table 4 gives the bed expansion height under different operating 
parameters. A smaller particle size, a higher inlet gas velocity, and a 
higher operating temperature lead to a larger bed expansion height. 
Specifically, a smaller particle size and a higher inlet gas velocity make 
particles rise higher by the airflow. A lower operating temperature 
moves forward the exothermic methanation reaction and water–gas 

Fig. 4. Comparison of time-averaged bubble size between the simulation re-
sults and empirical correlations. 

Fig. 5. (a) Time-evolution profiles of the mass fraction of gas products; (b) comparison of time-averaged mass fraction of gas products with the experimental data.  
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shift reaction, leading to a decrease in gas volume. On the contrary, a 
higher operating temperature causes the volume expansion of the gas 
phase, which enhances gas–solid momentum exchanges and increases 
bed expansion height. 

4.3. Gas species 

The instantaneous spatial distributions of gas species and reaction 
rates after the system reaches dynamic equilibrium are illustrated in 
Fig. 7 and Fig. 8, respectively. As reactants, CO and H2 prefer to 
concentrate in the bottom region of the reactor, and the distribution of 
reaction rates is consistent with that of CO and H2. The products of 
methanation reactions (i.e., CH4 and H2O) are mainly distributed in the 
upper region of the reactor, and their distributions tend to be opposite to 
that of CO and H2. CO2 is mainly distributed in the lower part of the 
reactor and gradually decreases along with the bed height. As a reaction 
product of the water–gas-shift reaction, CO2 has an opposite spatial 
distribution to H2O. 

4.4. Bubble properties 

Fig. 9 presents the time-evolution profiles of bubble amount (Nb) and 
number-averaged bubble volume (Vb) in the dynamic equilibrium state. 
The number-averaged bubble volume at a specific time instant is defined 
as: 

Vb =
1

Nb

∑Nb

k=1
Vb,k (32) 

The profiles fluctuate around fixed values over time, corresponding 
to the continuous bubble evolutions. Moreover, the profiles of bubble 
amount and bubble volume show an opposite trend. Specifically, a large 
bubble volume corresponds to a small bubble amount at a specific time 
instant. Bubble coalescence results in the increased bubble volume and 
reduced bubble amount. 

Fig. 10 presents the time-averaged bubble amount and bubble vol-
ume under different operating parameters. The increased inlet gas ve-
locity and decreased particle size promote the bubble motions and 
coalescence, which correspondingly reduces the bubble amount and 
enlarges the bubble volume. A higher operating temperature promotes 
the backward of the exothermic methanation and water–gas shift re-
actions, thus increasing the bubble volume and reducing the bubble 
amount in the bed. 

4.5. Dimensionless number analysis 

Particle thermophysical behaviours during the methanation process 
in the BFB reactor can be characterized by the dimensionless number, 
including particle Reynolds number (Rep) and particle Nusselt number 

Fig. 6. Instantaneous gas–solid flow patterns, coloured by vertical particle velocity (Usy) and voidage (εg).  

Table 4 
Expansion height under different operating parameters.  

Case number Parameters Expansion height (mm) 

Case 1 Base case  9.0 
Case 2 T0 = 623 K  8.6 
Case 3 T0 = 723 K  10.5 
Case 4 Ug = 0.125 m/s  7.5 
Case 5 Ug = 0.205 m/s  12.0 
Case 6 dp = 0.1 mm  10.1 
Case 7 dp = 0.15 mm  4.9  
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(Nup). Fig. 11 shows the relationship between the dimensionless 
numbers and solid holdup (εs) of the base case at t = 15 s. The size of the 
scattering point is proportional to the particle slip velocity. The critical 
values of solid holdup (i.e., 0.2 and 0.4) are used to determine three 
different phase states: i) the bubble phase with low solid holdup but high 
slip velocity; ii) the intermedia phase with medium solid holdup and slip 
velocity; iii) and the emulsion phase with high solid holdup and low slip 
velocity. Rep decreases at the increased solid holdup because of the 

enhanced resistance of particles on the gas flow. Because of the non-
linearly positive correlation between Nup and Rep, Nup decreases with 
the increased solid holdup. The drag force plays a dominant role in the 
bubble phase, where particles have high slip velocity, Rep, and Nup. On 
the contrary, the interparticle interactions lead to particles in the 
emulsion phase with smaller slip velocities, resulting in relatively small 
Rep and Nup. 

Table 5 gives the proportion of particles in the three regions (i.e., 
bubble phase (BP), intermedia phase (IP), and emulsion phase (EP)) and 
the particle-averaged Rep and Nup in the three regions under different 
operating parameters. Under all operating conditions, Rep and Nup have 
the maximum values in the bubble phase and the minimum value in the 
emulsion phase. Besides, the proportion of particles in the emulsion 
phase is the largest, and that in the bubble phase is the smallest. 
Increasing the operating temperature reduces particle amount in the 
bubble phase, and the Rep and Nup in the bubble and emulsion phases 
decrease with the increase in operating temperature. A higher inlet gas 

Fig. 7. Instantaneous distributions of gas species: (a) CH4; (b) CO; (c) CO2; (d) H2; (e) H2O.  

Fig. 8. Instantaneous distributions of reaction rate (kmol⋅m− 3⋅s− 1): (a) R1; 
(b) R2. 

Fig. 9. Time-evolution profiles of bubble amount and number-averaged bubble 
volume in the BFB. 

D. Kong et al.                                                                                                                                                                                                                                    



Fuel 338 (2023) 127292

10

velocity leads to more particles entrained into the bubble phase, and the 
Rep and Nup in the bubble phase increase, while those in the emulsion 
phase decrease. A larger particle size promotes Rep and Nup in all regions 
of the BFB reactor. Increasing the particle size improves the particle 
proportion in the emulsion phase but reduces the particle proportion in 
the bubble phase. 

Fig. 10. Effects of operating parameters on the time-averaged bubble amount and bubble volume: (a) particle size dp; (b) inlet gas velocity Ug; (c) operating 
temperature T0. 

Fig. 11. Relationship between the dimensionless numbers (Rep, Nup) and solid 
holdup (εs) of the base case, t = 15 s. 

Table 5 
Number-averaged dimensionless numbers in different regions of the BFB.  

Parameters Region The proportion of 
particles in each 
region (%) 

Number- 
averaged Reb 

(-) 

Number- 
averaged 
Nub (-) 

Base case BP 12.6 19.17  5.18 
IP 23.2 12.51  4.6 
EP 64.2 8.21  4.0 

T0 = 623 K BP 12.17 20.48  5.21 
IP 25.7 12.14  4.45 
EP 62.13 9.75  4.19 

T0 = 723 K BP 9.46 18.28  5.06 
IP 27.44 11.67  4.44 
EP 63.1 8.09  4.02 

Ug = 0.125 
m/s 

BP 4.94 17.8  4.94 
IP 18.3 12.48  4.49 
EP 76.76 8.3  4.05 

Ug = 0.205 
m/s 

BP 21.18 19.98  5.21 
IP 36 12.5  4.48 
EP 42.82 7.67  3.94 

dp = 0.1 mm BP 14.5 16.59  4.85 
IP 24.32 7  3.8 
EP 61.18 2.41  2.99 

dp = 0.15 
mm 

BP 6.38 25.64  5.57 
IP 21.52 18.45  5.04 
EP 72.1 11.56  4.4  
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As illustrated in Fig. 12, the Rep and Nup after the number-averaged 
operation in the whole reactor show a similar trend under the varied 
operating parameters. A larger particle size leads to higher magnitudes 
of number-averaged Rep and Nup. Increasing operating temperature 
expands the bubble volume, leading to an increase in the proportion of 
particles in the intermedia and emulsion phases. Thus, more particles in 
the intermedia and emulsion phases decrease the number-averaged Rep 
and Nup in the reactor. A higher inlet gas velocity intensifies the bed 
expansion, and more particles are contained in the bubble phase, which 
elevates the number-averaged Rep and Nup in the reactor. 

4.6. Heat and mass transfer mechanisms 

Fig. 13 gives the relationship between particle heat transfer rates and 
solid holdup of the base case at t = 15 s. The size of the scattering point is 
proportional to the slip velocity. As shown in the figure, the bubble 
phase region has the highest heat transfer rate due to the highest inter- 
phase slip velocity. With the increase of solid holdup, the slip velocity 
between phases gradually decreases, and the heat transfer rate of par-
ticles also decreases. The emulsion phase has the smallest particle heat 
transfer rate. 

Fig. 14 shows the effects of operating parameters on the time- 

averaged volume ratio of the bubble phase to the emulsion phase (B/ 
E), the temperature difference between the bubble phase and the 
emulsion phase (Tdiff), and the particle heat transfer rate. Increasing 
inlet gas velocity, elevating the operating temperature, and decreasing 
particle size lead to a larger bubble volume, a smaller bubble amount, 
and a higher B/E, respectively. Tdiff is positively correlated with the B/E. 
With the increase in particle size and operating temperature, the vari-
ation trend of particle heat transfer rate is opposite to that of B/E, and 
larger B/E inhibits particle heat transfer rate. However, the particle heat 
transfer rate increases with the increased inlet gas velocity and is posi-
tively correlated with B/E, which is mainly due to the higher inter-phase 
slip velocity caused by the high inlet gas velocity. Larger-size bubbles 
decrease gas–solid contact efficiency, weaken inter-phase heat transfer, 
and intensify the bubble-to-emulsion temperature difference, which 
deteriorates the reaction heat removal and thus inhibits the reaction 
progress. 

Fig. 15 shows the effects of operating parameters on the time- 
averaged concentration of gas products. As the particle size increases, 
the CH4 concentration increases from 18.78 % to 21.3 % while the CO2 
concentration decreases from 5.34 % to 2.46 %. A higher operating 
temperature and inlet gas velocity decrease the CH4 concentration but 
increase the CO2 concentration. As the temperature increases from 623 
K to 723 K, CH4 concentration decreases from 20.4 % to 19.6 % but CO2 
concentration increases from 3.6 % to 4.48 %. Elevating the inlet gas 
velocity from 0.125 m/s to 0.205 m/s decreases CH4 concentration de-
creases from 20.5 % to 19.76 % but increases CO2 concentration from 
3.5 % to 4.32 %. To summarize, a higher CH4 concentration will be 
obtained at a larger particle size, a lower inlet gas velocity, and a lower 
operating temperature. Smaller-size bubbles and lower B/E caused by 
these scenarios lead to (i) improvement of gas–solid contact efficiency; 
(ii) more uniform distribution of temperature; (iii) enhancement of 
methanation reactions. Therefore, inhibiting bubble coalescence during 
the methanation process can effectively improve the CH4 concentration. 
As the main reactants of the methanation reaction, CO and H2 concen-
trations have an opposite tendency with CH4 concentration under varied 
operating parameters. On the contrary, H2O concentration shows a 
similar trend with CH4 concentration under varied operating parame-
ters. Interestingly, as the main product of the water–gas shift reaction, 
the variation trend of CO2 concentration with operating parameters is 
opposite to that of CH4, indicating that there is a competitive relation-
ship between the methanation reaction and the water–gas shift reaction. 

Fig. 12. Histogram distributions of number-averaged dimensionless numbers under different operating parameters: (a) Rep; (b) Nup.  

Fig. 13. Relationship between the heat transfer rate and solid holdup (εs) of the 
base case, t = 15 s. 

D. Kong et al.                                                                                                                                                                                                                                    



Fuel 338 (2023) 127292

12

Fig. 14. Effects of operating parameters on time-averaged B/E, particle heat transfer rate and Tdiff: (a) particle size dp; (b) inlet gas velocity Ug; (c) operating 
temperature T0. 
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5. Conclusion 

In this study, methanation in a BFB reactor is numerically studied via 
the CFD-DEM approach, with a focus on mesoscale bubble dynamics. A 
novel bubble identification algorithm is developed for bubble identifi-
cation and related property statistics. The effects of key operating pa-
rameters on the bubble properties are studied and the relationship 
between bubbles and reactor thermochemical characteristics is 
revealed. The conclusions are as follows:  

1) The bubble dynamics can be well captured by the novel bubble 
identification algorithm. After the hydrodynamics reaches a stable 
state in the BFB, the evolution trend of bubble amount and bubble 
volume over time is opposite, and a large bubble volume corresponds 
to a small bubble amount. Bubble coalescence is completed near the 
bed surface.  

2) Increasing inlet gas velocity and lowering particle size enhances the 
kinematics and coalescence of bubbles, thereby reducing the bubble 
amount and enlarging the bubble volume. Increasing the operating 
temperature weakens the progress of the reactions and prevents the 
reduction of gas volume in the bed. The gas phase accordingly has a 
smaller shrinkage, leading to a larger bubble volume, and a smaller 
bubble amount.  

3) Rep and Nup have the highest value in the bubble phase and the 
lowest value in the emulsion phase. Due to the higher inter-phase slip 
velocity, the bubble phase region has the highest heat transfer rate. 
Larger-size bubbles decrease gas–solid contact efficiency, weaken 
inter-phase heat transfer, and intensify the bubble-to-emulsion 
temperature difference, which deteriorates the reaction heat 

removal and thus inhibits the reaction progress. Inhibiting bubble 
coalescence during the methanation process in the BFB can effec-
tively improve the heat transfer process and promote CH4 
production. 
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