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ABSTRACT

Methanation is an effective way to efficiently utilize product gas generated from the pyrolysis and gasification of
organic solid wastes. To deeply study the heat transfer and mass transfer mechanisms in the reactor, a successful
three-dimensional comprehensive model has been established. Multiphase flow behavior and heat transfer
mechanisms were investigated under reference working conditions. Temperature is determined by the heat release
of the reaction and the heat transfer of the gas-solid flow. The maximum temperature can reach 951 K where the
catalyst gathers. In the simulation, changes in the gas inlet velocity and catalyst flow rate were made to explore
their effects on CO conversion rate and temperature for optimization purposes. As the inlet gas velocity increases
from 2.78 to 4.79 m/s, the CO conversion rate decreases from 81.6% to 72.4%. However, more heat is removed
from the reactor, and the temperature rise increases from 78.03 to 113.49 K. When the catalyst flow rate is
increased from 7.18 to 17.96 kg/(m2·s), the mass of the catalyst in the reactor is increased from 0.0019 to
0.0042 kg, and the CO conversion rate is increased from 66.8% to 81.5%. However, this increases the maximum
temperature in the reactor from 940.0 to 966.4 K.
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Nomenclature
A Values of parameters under quasi-stable state [-, K, m/s]
a Instantaneous values of parameters [-, K, m/s]
B Probability of parameters [%]
CD Drag coefficient [-]
Cl Turbulence model constant [-]
cp Isobaric specific heat capacity [J·(kg·K)−1]
dc Diameter of catalyst particles [mm]
E Total number of values of the parameter [-]
e Count [-]
Gj Turbulent kinetic energy generation term [kg·(m·s3)−1]
~g Gravity [m�s−2]
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g0 Radial distribution function [-]
hgc Heat transfer coefficient between gas phase and catalyst phase []

I
¼

Stress tensor invariant [-]
Nuc Nusselt number of catalyst phase [-]
n Count [-]
mi Mass of spice i [kg]
Keq Equilibrium constant of reaction [Pa2]
Ki Surface adsorption equilibrium constant of species i [Pa−1] or [-]
kh Conductivity of granular temperature [W�(m·K)−1]
k Rate constant [mol�Pa0:5 �ðkgcat sÞ−1]
P Pressure [Pa]
pi Partial pressure of species i [bar]
Pr Prandtl number [-]
Pc Pressure of catalyst phase [Pa]
r Kinetic rate of reaction [mol�kgcat−1�s−1]
Rec Reynolds number of catalyst [-]
R Ideal gas constant (J·mol−1·K−1)
Rg Source term of mass transfer of gas phase [-]
Rc Source term of mass transfer of catalyst phase [-]
S Energy source term [W�m−3]
t Time [s]
T Temperature [K]
~v Velocity [m�s−1]
XCO CO conversion rate [-]

Greek Symbols
a Volume fraction [-]
b Momentum exchange coefficient [-]
q Density [kg�m−3]
s
¼

Stress tensor [Pa]
l Shear viscosity [Pa�s]
lgl Gas phase laminar viscosity [Pa�s]
lgt Gas phase turbulent viscosity [Pa�s]
e Dissipation rate of gas turbulence [-]
k Turbulent kinetic energy of gas [-]
kg Thermal conductivity of gas phase [W·m−1·K−1]
kc Thermal conductivity of catalyst phase [W·m−1·K−1]
kc Bulk viscosity of catalyst [Pa�s]
cc Collision dissipation of energy [kg/(m·s3)]
fc Interphase energy exchange [kg�(m·s3)−1]
g Constant [-]
h Pseudo particle temperature [m2�s−2]

Subscripts
g Gas phase
c Catalyst phase
i CH4, CO, H2, H2O
j Catalyst volume friction, temperature, gas velocity, catalyst velocity
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8þ 0:05n Time of recording data
in Inlet
out Outlet
z Gas velocity, catalyst velocity

1 Introduction

With the rapid growth of population and the improvement of urban construction level, the amount of
organic solid waste (OSW) has also been increasing sharply. On the whole, the OSW generally includes
municipal solid waste (MSW), agricultural solid waste, and industrial solid waste [1,2]. The related
research points out that the total production of MSW in the world will reach 3.4 × 109 tons by 2050 [3].
For these OSW, the traditional treatment methods include landfill, incineration, and composting [4–6].
However, these treatment methods have some disadvantages, such as a long treatment period, serious
environmental pollution, and low utilization rate of organic matter. Therefore, innovative waste treatment
approaches, such as hydrothermal carbonization (HTC) and plasma technology, have begun to appear
[7–9]. OSW’s pyrolysis and gasification technology is considered one of the most promising technologies
by virtue of product gas with higher heating values (HHV) [10].

In the process of pyrolysis and gasification, sufficient contact between gasification agents and volatile
compounds in the OSW leads to less waste heat, better-quality gas products, and higher energy efficiency
[11,12]. Deng et al. [13] developed a set of self-supporting pyrolysis and gasification process in an
updraft fixed bed reactor, which uses the self-produced syngas as the heat source to achieve significant
energy recovery. Chun et al. [14] proposed a pyrolysis and gasification device which combines a screw
carbonizer and a drum activator, and explored the pyrolysis and gasification behavior of the sludge.
Under the condition of high temperature and low moisture content, the activated carbon with high
adsorption capacity and clean combustible gas with HHV of 10107 kJ/Nm3 were generated. Li et al. [15]
designed a new type of atmospheric fixed bed reactor on the basis of experiment and simulation. The
high-temperature products were recycled to the gasification system depending on the recovery system,
and the heat conversion efficiency was dramatically improved.

As the cleanest energy, the demand for natural gas is increasing [16]. The rich CO and H2 in pyrolysis
and gasification products can produce natural gas through a methanation reaction [17]. Therefore,
methanation technology has received more and more attention. The fixed-bed reactor is the earliest
developed methanation reaction device, which has achieved large-scale industrial applications [18].
However, the investigations found that there were serious hot spots in the reactor because the
methanation reaction was highly exothermic [19,20], which led to the deactivation of the catalyst and the
reduction of the reaction efficiency [21]. Researchers have proposed a series of improvement measures to
solve this problem. Moioli et al. [22] proposed a system in which several fixed-bed reactors were
connected in series. This system can realize the gradual increase of inlet temperature to avoid the risk of
reactor thermal deactivation. Moreover, the addition of external heat exchange cooling equipment and an
intermediate cooling cycle can also solve hot spots [23,24]. In addition to improving the reactor, more
stable catalysts have also been developed. A new type of metal catalyst with a multilayer honeycomb
structure was successfully prepared, and experiments showed that it also had superior stability at high
temperatures [25]. However, these methods have increased the operation cost of the methanation process
to a certain extent, so experts have begun to consider using the fluidized bed for the methanation reaction
[23,24].

It was found that during the methanation process in the fluidized bed, the whole reactor was almost
isothermal, which could preserve the activity of the catalyst. Moreover, it was conducive to the process of
heat and mass transfer [19,26,27]. A circulating fluidized bed (CFB) reactor with changing diameters was
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assembled to control the temperature and prevent the catalyst sintering [28]. It was found that a higher
methane yield could be obtained by enlarging the reactor, which also proved the feasibility of the large-
scale application of methanation reactors. In the fluidized bed reactor with submerged heat exchange
tubes, the methanation efficiency could be close to the ideal state because the tube effectively removed a
large amount of reaction heat [29,30]. The magnetic fluidized bed reactor was proved to have advantages
in inhibiting particle agglomeration, enhancing fine particle fluidization quality, and improving gas-solid
contact efficiency [20]. Liu et al. [31] proposed a laboratory transport bed reactor to lessen the equipment
size and catalyst consumption by virtue of the rapid flow inside the reactor.

Compared with experimental research, numerical simulation can save the steps of building reactors and
speed up the efficiency of device optimization [26]. It is an effective tool for studying methanation reactors.
Li et al. [26,32] combined the discrete element method (DEM) simulation method with an improved local-
structure-dependent (LSD) drag model, focusing on the flow behavior of particles and the evolution process
of bubbles. A post-processing technology called the approximate image processing method (AIPM) was
developed to further obtain geometric parameters such as the shape and size of bubbles. Du et al. [33]
used the Multiphase Particle-In-Cell (MP-PIC) model to conduct the numerical study of the heat transfer
coefficient of the catalyst for the first time and found that the heat transfer coefficient of the catalyst at the
inlet was the largest and changed sharply in the dense phase region of the reactor. Increasing the inlet gas
velocity and operating temperature also increased the heat transfer coefficient of the catalyst. Numerous
investigations [34–36] found that the inlet gas velocity not only affected the contact time between the gas
phase and the solid phase but also influenced the removal efficiency of the reaction heat. Large gas
velocity can effectively remove the reaction heat and promote the reaction in the direction of CH4

generation. But at the same time, it also led to the reduction of gas-solid contact time so that the reaction
could not be completely carried out. The influence of catalyst dosage on CO conversion rate was also
very complex. More catalysts promoted the reaction [34,35], but it also made it difficult to remove the
reaction heat [37]. Temperature dominated the rate of the chemical reaction. It controlled both kinetics
and thermodynamics processes [31]. When the temperature was lower than 380°C, the reaction was
mainly controlled by kinetics. The increase in temperature made the molecular thermal motion more
intense, the reaction rate increased, and the conversion rate of CO increased. When the temperature was
higher than 380°C, the reaction was mainly controlled by thermodynamics. The increase in temperature
made the reaction proceed in the direction of the endothermic reaction, and the conversion rate of CO
decreased [38]. However, few people have explored the variation and distribution of temperature in the
reactor. And how to achieve a balance between controlling temperature and realizing high conversion is
worth studying.

To enhance the utilization efficiency of the OSW pyrolysis gasification syngas and solve the catalyst
sintering problem caused by the hot spot phenomenon, the three-dimensional reaction model of the
fluidized bed reactor was established in this study. The main contributions of this work are (a) the
successful construction of a three-dimensional comprehensive model of the fluidized bed reactor to
simulate the gas-solid multiphase flow, (b) the in-depth study of the heat transfer mechanism in the
methanation process to solve the problem of catalyst deactivation, and (c) the understanding of the effects
of gas velocity and particle flowrate on CO conversion and temperature to be further referenced for
experimental optimization.

2 Mathematical Model

2.1 Governing Equations
In the fluidized bed methanation reactor, the gas phase and solid phase exist simultaneously. The

continuity equations, momentum equations, and energy equations of these two phases are solved,
respectively.
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Continuity equation for gas phase:

@

@t
agqg
� �þr � agqg vg

!� � ¼ Rg (1)

Continuity equation for catalyst phase:

@

@t
acqcð Þ þ r � acqc vc

!� � ¼ Rc (2)

Momentum equation for gas phase:

@

@t
agqg vg

!� �þr � agqg vg
!vg
!� � ¼ �agrPg þr � sg

¼� �
þ agqg~g þ b vc

!� vg
!� �

(3)

Momentum equation for catalyst phase:

@

@t
acqc vc

!� �þr � acqc vc
!vc
!� � ¼ �acrPc þr � sc

¼� �
þ acqc~g þ b vg

!� vc
!� �

(4)

The energy equation for gas phase:

@ agqgcpgTg
� �

@t
þr � agqg vg

!cpgTg
� � ¼ r kgrTg

� �þ hgc Tc � Tg
� �þ Sg (5)

The energy equation for catalyst phase:

@ acqccpcTc
� �

@t
þr � acqc vc

!cpcTc
� � ¼ r kcrTcð Þ þ hcg Tg � Tc

� �þ Sc (6)

More physical quantities need to be described as a result of closing the conservation equation.

Stress tensor of gas phase:

sg
¼ ¼ aglg rvg

!þ rvg
!� �Th i

� 2

3
aglg r � vg!

� �
I
¼

(7)

Shear viscosity of gas phase:

lg ¼ lgl þ lgt (8)

lgt ¼ qgCl
j2

e
(9)

j� e:

@ agqgj
� �
@t

þr � agqg vg
!j

� � ¼ r ag
lgt
sk

rj

� �
þ agGj � agqge� agqge (10)

@ agqge
� �
@t

þr � agqgvg
!e

� � ¼ r ag
lgt
se

re
� �

þ ag
e
j

C1Gj � C2qge
� �� agqge (11)

Gj ¼ lgtrvg
!� rvg

!þrvg
!T

h i
� 2

3
rvg
! lgtrvg

!þ qgj
� �

(12)

where, C1 ¼ 1:44, C2 ¼ 1:92, rj ¼ 1:0, re ¼ 1:3, Cl ¼ 0:09
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Shear viscosity of gas phase:

sc
¼ ¼ aclc rvc

!þ rvc
!� �Th i

þ ac �c � 2

3
lc

� �
r � vc!
� �

I
¼

(13)

lc ¼
8

5
acqcdcg0h

ffiffiffi
h
p

r
þ 5qcdc

ffiffiffiffiffiffi
ph

p

96acg0h
1þ 8

5
acg0h

	 
2
(14)

g0 ¼ 1� ac
ac;max

� �1=3
" #�1

(15)

kc ¼ 8

3
acqcdcg0g

ffiffiffi
h
p

r
(16)

h ¼ 1þ e

2
(17)

h:

3

2

@

@t
acqchð Þ þ r � acqc vc

!h
� �	 


¼ �Pc I
¼þacsc

� �
: rvc

!þr � khrhð Þ � cc þ fc (18)

kh ¼ 75qcdc
ffiffiffiffiffiffi
ph

p

384hg0
1þ 12

5
hg0ac

	 
2
þ 4qca

2
cdcg0h

ffiffiffiffiffiffiffiffi
h=p

p
(19)

cc ¼
48g 1� gð Þg0

dc
ffiffiffi
p

p qca
2
ch

3=2 (20)

fc ¼ �3bh (21)

The pressure of catalyst phase:

Pc ¼ acqchþ 4g0a
2
cqchg (22)

Momentum exchange coefficient:

b ¼
0:75CDag

acqg
dc

� �
vg
!� vc

!�� ��a�2:65
g ac < 0:2

150
lga

2
c

agd2c

� �
þ 1:75

acqg
dc

� �
vg
!� vc

!�� �� ac � 0:2

8>><
>>: (23)

CD ¼
24

agRec
1þ 0:15 agRec

� �0:687h i
Rec < 1000

0:44 Rec � 1000

8><
>: (24)

Res ¼
qgds
lg

vg
!� vs

!�� �� (25)
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Heat transfer coefficient:

hcg ¼ hgc ¼
6jgacqgNuc

d2c
(26)

Nuc ¼ 7� 10ag þ 5a2g

� �
1þ 0:7Re0:2c Pr1=3

� �
þ 1:33� 2:4ag þ 1:2a2g

� �
Re0:7c Pr1=3 (27)

Pr ¼ cpglg
jg

(28)

The Kinetic theory of granular flow (KTGF) is used to obtain the properties of the solid phase, while the
Gidaspow drag model is selected to describe the force between the gas and solid phases. For the sake of
closing the energy equations, the heat transfer between gas and solid phases is described mathematically
with the Gunn heat transfer model. Table 1 presents more detailed model choices.

2.2 Reaction Kinetics
The reaction equation for CO to generate CH4 under the catalysis of catalyst is as follows:

COþ 3H2 $ CH4 þ H2O 4 H298K ¼ �206:28 kJ=mol (29)

According to the kinetic rate model of CO methanation proposed by Chein et al. [38] and Xu et al. [45],
we can get the following information:

r ¼ k

p2:5H2

pCH4pH2O � p3H2
pCO

Keq

" #
=DEN 2 (30)

where,

DEN ¼ 1þ KCH4pCH4 þ KCOpCO þ KH2pH2 þ
KH2OpH2O

pH2

(31)

In Eqs. (29)–(30), r, k, and Keq are the reaction rate, kinetic rate constant, and equilibrium constant,
respectively [23]. pi is the partial pressure while Ki is adsorption constant, respectively. And “i”
represents different species of gas, including CH4, CO, H2, and H2O. All these kinetic parameters are
given in Arrhenius function form as exhibited in Table 2.

Table 1: Model selection

Description Model Reference

Turbulence model Standard j� e model [39]

Momentum transfer KTGF [40]

Granular viscosity Gidaspow [41]

Granular bulk viscosity Lun et al. [42]

Drag coefficient Gidaspow [43]

Interphase heat transfer model Gunn model [44]
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2.3 Data Evaluation
Methanation can be evaluated by the conversion rate of CO. The CO conversion rate is defined as

follows:

XCO ¼ mCO; in � mCO; out

mCO; in
(32)

Under the quasi-stable state, the values of parameters Aj (j represents catalyst volume friction,
temperature, gas velocity, catalyst velocity) are calculated by the following formula:

Aj ¼
Pn

1 aj;8þ0:05n

n
8þ 0:05n ¼ 15ð Þ (33)

where, aj; z is the instantaneous value of the parameter Aj at the time of 8 + 0.05n s.

The probability Bz (z represents gas velocity, catalyst velocity) is defined as:

Bz ¼ ez; x; y½ �=E� 100 (34)

where, ez; x; y½ � is the number of values of parameter z within the range of x; y½ � and E is the total number of a
series of values of parameter z.

2.4 Geometry and Calculating Settings
The fluidized bed reactor proposed by Liu et al. [31] is selected for this simulation, as shown in Fig. 1.

The height of the whole reactor is 1800 mm, the inner diameter is 10 mm, and the outlet length is 250 mm. In
terms of the mesh, the hybrid grid is used to accurately capture the multiphase flow characteristics. The

Table 2: Kinetic parameters

Unit

Kinetic rate constant

k ¼ 3:711� 1017exp
�240100

RT

� �
mol Pa0:5=kgcat s

Equilibrium constant

Keq ¼
p3H2

pCO
pCH4pH2O

¼ 1:198� 1023exp
�26830

T

� �
Pa2

Adsorption constant

KCH4 ¼ 6:65� 10�9exp
38280

RT

� �
Pa�1

KCO ¼ 8:23� 10�10exp
70650

RT

� �
Pa�1

KH2 ¼ 6:12� 10�14exp
82900

RT

� �
Pa�1

KH2O ¼ 1:77� 105exp
�88680

RT

� �
-
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tetrahedral meshes are used for the solid inlet with complex flow conditions, and the conventional hexahedral
meshes are used for other parts.

The mixture of the gas inlet is composed of CO, H2 and N2. Among them, CO and H2 are the main
reactants of the methanation reaction, and the mole fraction ratio is controlled at H2:CO = 3:1, which is
consistent with the best value found in the experiments [37]. In order to achieve a high CO conversion
rate, the temperature of the gas is preheated to 400°C. The solid inlet is filled with spherical particles
with a density of 1000 kg/m3 and an average diameter of 0.04 mm. At the same time, a certain amount of
N2 is introduced for gas transmission.

Both catalyst inlet and gas inlet are set as velocity inlets, while the mixture outlet is selected as the
pressure outlet. The boundary condition of the reactor wall is set as the adiabatic and no-slip wall. Before
adding catalyst particles, it must be ensured that the gas flow field inside the reactor is uniform and
stable. In the subsequent simulation, the Pressure-Based method is adopted to solve the control equations
while the Phase Coupled SIMPLE scheme is applied to the pressure-velocity coupling. The energy
equations are solved by the Second Order Upwind, and other equations are solved by the First Order
Upwind. The time step is set to 1 × 10−4 s, and the max iterations per time step are set to 10.

In this work, different operating parameters were set to investigate the mass transfer behavior and heat
transfer mechanism of the methanation process in the fluidized bed reactor. According to previous studies, we
can find that the flow behavior directly affects the reaction rate and the heat transfer efficiency [41,44].
Therefore, the inlet gas velocity and catalyst flowrate are determined as the research variables. Table 3
shows the different working conditions in this study, and test 2 is the reference working condition for
specific analysis. Tests 1, 2, 3, and 4 change the velocity of inlet gas. Tests 2, 5, 6, and 7 are used to
study the influence of the number of catalyst particles on the operation performance of the methanation
reactor.

Figure 1: Schematic diagram and grid partition of the fluidized bed methanation reactor
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3 Results and Discussion

3.1 Mesh Independence and Model Feasibility
The number of meshes directly impacts the time and accuracy of the calculation. In order to select the

most suitable method of meshing, three different kinds of meshes are divided as exhibited in Table 4. Under
the same simulation conditions, the temperature distribution in the reactor with different meshes is predicted,
which is demonstrated in Fig. 2. The results of fine meshes, medium meshes, and coarse meshes are similar.
Along the height of the reactor, the temperature increases rapidly and then decreases slowly. The results of
the medium and fine meshes are basically the same, while the results of the coarse meshes are obviously
different. Generally speaking, the calculation results of fine meshes are more reliable, but the huge
number of grids may consume a large amount of the calculation time. The medium meshes with
670733 grids were adopted to achieve a balance between the computational cost and the simulation accuracy.

In order to verify whether the calculation model and the reaction model are reasonable, the experimental
results are compared with the simulation results. As exhibited in Fig. 3, when the gas inlet velocity is
2.75 m/s and the particle circulating temperature is 400°C, the particle conveying velocities are changed,

Table 3: Different simulation conditions

Test number 1 2 3 4 5 6 7

Inlet gas velocity (m/s) 2.78 3.45 4.12 4.79 3.45 3.45 3.45

Catalyst flowrate (kg/(m2·s)) 14.37 14.37 14.37 14.37 7.18 10.78 17.96

Table 4: Three kinds of computing meshes

Name of meshes Fine meshes Medium meshes Coarse meshes

Number of meshes 495992 670733 1156295
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Figure 2: Temperature distribution with different meshes
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and the different CO conversion rates are obtained. The errors of the final results under the four working
conditions are all within 10%, so the model is in good agreement with the experiment.

3.2 Simulation under the Reference Case

3.2.1 Particle Distribution
In the process of simulation, the catalyst volume fraction at different heights is monitored and analyzed,

as illustrated in Fig. 4. In the region above the height of the catalyst inlet, the variation trend of catalyst
volume fraction can be divided into three processes. In the first stage, the catalyst particles are just
transported into the reactor. The accumulation of the particles appears near the solid inlet, and the volume
fraction of the particles gradually increases. In the second stage, the gas flow area decreases, and the gas
velocity increases because of the accumulation of particles. The particles in the reactor are carried away
by high-velocity flowing gas. In the third stage, the gas phase and the solid phase gradually form a stable
coexistence situation, and the operation of the reactor becomes stable. Comparing the variation
characteristics at different heights, it is found that the fluctuation range of catalyst volume fraction
declines with the increase in height. Because the proportion of the catalyst particles in the top area is
small, the disturbance will not influence the distributions greatly.

Fig. 5 describes the catalyst volume fraction in the reactor along the height. There are no catalyst
particles below the solid inlet, which is consistent with Fig. 4. At the entrance of the catalyst particles,
the particle volume fraction of the section is the maximum value, which is 0.042. At the same time, the
maximum value of 0.4 also appears on the volume fraction cloud map, which is consistent with the
proportion of catalyst volume fraction at the particle inlet. In the upper part, the catalyst volume fraction
is unchanged, distributed between 0.02 and 0.025. Observing the cloud maps at the crosses, there is a
certain degree of particle aggregation on the side of the solid inlet. As the height rises, the particle
agglomeration phenomenon has been significantly weakened, although the values of the catalyst volume
fraction remain unchanged.

0.0728 0.0868 0.1036 0.1176
0

20

40

60

80

100

)
%(

noisrevnoc
O

C

Particle inlet velocity (m/s)

Experiment
Simulation

Figure 3: Comparison between simulation results and experimental results
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3.2.2 Pressure Distribution
Fig. 6 records the variations of pressure at different heights with time. In the whole reactor, the pressure

decreases first and then fluctuates to a fixed value. The methanation catalytic reaction is a rapid reaction with
reduced volume. After the catalysts are added to the reactor, the methanation reaction leads to the transient
negative pressure state. Hence, pressure drops sharply at the beginning. Later, with the continuous inflow of
the gas and the catalyst, the internal pressure increases first, then followed by the stable condition. The
pressure distribution on each section is gradually getting normal.

Figure 4: Variations of particle volume fraction at different heights

Figure 5: Distributions of particle volume fraction on sections with different heights
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Comparing the values of the pressure at different heights, it is found that the pressure is inversely
proportional to height. It is easy to understand that when the gas flows through the reactor, there are
energy consumption terms such as resistance loss along the way, local resistance loss, and collision loss
with particles. As the height reduces, more pressure is required to compensate for these losses, and the
higher the pressure value will be. Meanwhile, the outlet of the reactor is set as a pressure outlet, so its
pressure value is 0. In addition, the pressure fluctuation is gradually weakened during the upward flow of
the gas and the catalyst. In the quasi-steady state, the pressure fluctuation range decreases from 17.7 Pa at
the inlet to 4.5 Pa at the outlet.

3.2.3 Velocity Distribution
As shown in Fig. 7, the gas velocity shows a downward trend as a whole. In the region of Z < 150 mm,

the gas velocity decreases sharply since the pipe diameter of the reactor becomes larger. In the region of Z >
150 mm, the gas velocity slowly decreases because the methanation reaction on the catalyst surface is a
process of volume reduction. The volume reduction contributes to a slight decrease in the velocity of the
gas. The catalyst particles enter the reactor at a very small velocity, which can be intuitively seen from
cloud maps of the velocity distribution. Then, the fast-flowing gas brings about a sharp increase in the
catalyst velocity. Some interesting conclusions can be drawn by comparing the velocity changes of the
gas phase and the solid phases’ velocity changes. The velocity difference between the gas and the catalyst
becomes smaller and smaller with the climbing of height. This proves that the development of the
multiphase fluid flow is complete. However, their velocities are not entirely consistent as a result of a
certain relative slip.

The probability density distribution can more intuitively reveal the distribution probability of parameters
in different intervals. Select a certain number of research points equidistantly on the research object (such as
cross sections) and read the parameter values (such as gas velocity) on these points. The range of parameter
values is divided into 20 or 40 cells on average, and the probability of occurrence of values in each cell is
counted. Finally, the probability density distribution is obtained by sorting the data.
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Figure 6: Variations of pressure at different heights with time
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Figure 7: Distributions of velocities on sections with different heights

In order to show the velocity distributions of different sections more accurately, a probability bar chart,
as presented in Fig. 8, is drawn. Take the gas velocity probability diagram as an example. The data processing
method is as follows. Firstly, the variation range of gas velocity is determined to be 0~8 m/s, and then the
probability of each small velocity interval is calculated in increments of 0.2 m/s. The statistical method
used in the catalyst velocity probability diagram is consistent with the above. Figs. 8a and 8b have many
obvious similarities. At the cross-section of Z = 0 mm, there is no catalyst, so the gas velocity is not
affected by the catalyst. The gas velocity distribution is very uniform, with a nearly 70% probability of
the velocity being in the range of 3.4 m/s to 3.6 m/s, which is determined by the gas inlet velocity. Since
the no-slip wall boundary condition is selected, some lower velocities appear near the wall. At the section
of Z = 175 mm, the velocity is close to 0 m/s in large part of the area because the velocity at the inlet of
the catalyst particles is very small. At the same time, the gas flow at the inlet of the catalyst compresses
the original gas flow in the reactor, so that a larger velocity will be formed in some places. At the
sections of Z = 1000 and Z = 1780 mm, the velocity distribution is very uniform, too large and too small
velocities hardly appear, and the probability of occurrence of each velocity interval is less than 15%.

3.2.4 Temperature Distribution
Since the methanation reaction is a strongly exothermic process, observing the temperature distribution

inside the reactor to prevent the occurrence of hot spots is of great importance for the experiment. As shown
in Fig. 9, the overall temperature rise of the whole reactor is 93.14 K, but the highest temperature occurs at
the section of Z = 400 mm with a value of 833.39 K. In the region of Z > 400 mm, the temperature drops
slowly, and the rate of decrease gets slower. The magnitude of the temperature is determined by the heat
released by the reaction and the heat carried away by the gas and the solid. As the concentration of
catalyst particles increases, both the reaction rate and the released heat increase. As the gas and the
catalyst particles are mixed better, the gas-solid contact area increases, and more heat will be carried
away accordingly. From the above analysis, it can be seen that the catalyst particles are prone to
aggregation in the region of Z < 400 mm, so the reaction heat is very large. At the same time, the gas
and the catalyst particles are not well mixed, and the heat cannot be removed in time. As a result, the
heat builds up gradually and peaks at 400 mm. In the region of Z > 400 mm, although the volume
fraction of the catalyst particles is basically unchanged, good gas-catalyst mixing enables the heat to be
removed effectively.
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Figure 8: Probability distribution of velocity: (a) solid velocity; (b) gas velocity
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Figure 9: Distributions of temperature with different heights
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Sections with heights of 175, 400, 1000, and 1780 mm were selected as research objects. As
demonstrated in Fig. 10, the 3D diagram of cross-sectional temperature can vividly observe the
temperature level and distribution. At the same time, the temperature curves on the Y = 0 mm section are
also drawn. It is obvious that although the maximum temperature of the section appears at Z = 400 mm,
the temperature of the hot spot is at Z = 175 mm. Because Z = 175 mm is the cross-section of the solid
inlet, the concentration of the catalyst particles is highest here. At the cross-section of Z = 175 mm, the
temperature varies from 673 to 951 K, while the temperature varies from 673 to 769 K at the cross-
section of Z = 1780 mm. This means that as the height increases, in addition to the continuous decrease
of the maximum temperature, the minimum temperature on the cross-section is also increasing.
According to Figs. 10a–10d, the minimum temperature appears near the wall. But its value gradually
increased from 673 K at the beginning to 739, 758, and 761 K. Therefore, the temperature distribution on
the cross-section becomes more uniform as the height increases.

3.3 Simulation under Variable Conditions
Every working condition is named according to different inlet gas velocities and catalyst flowrate. For

example, the working condition with an inlet gas velocity of 2.78 m/s and catalyst flowrate of 14.37 kg/(m2·s)
is called “2.78–14.37”. Other working conditions are named according to this method as well.

3.3.1 Characteristics of Catalyst Volume Fraction
Fig. 11 is composed of some curves which show the variation of the catalyst volume fraction under the

different operating conditions. The overall volume fraction in the reactor becomes smaller with the increase
of the inlet gas velocity. With the increase of the catalyst flowrate, the catalyst volume fraction becomes
larger. Hence, reducing the inlet gas velocity and increasing the catalyst flowrate can make more catalysts

Figure 10: Distributions of temperature on sections: (a) Z = 175 mm; (b) Z = 400 mm; (c) Z = 1000 mm;
(d) Z = 1780 mm
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remain in the reactor to achieve full contact between the gas and catalyst phases. In addition, we have some
interesting findings. In the area with a height of 0~250 mm, the changing trend of catalyst volume fraction
under all operating conditions is basically the same. In the area with a height of 250~600 mm, the result
distribution under different operating conditions can be divided into two types. Under the conditions of
high gas velocity and small catalyst flowrate, the volume fraction of the catalyst decreases slowly with
the increase of the height. However, under the conditions of low gas velocity and a large catalyst flow
rate, the catalyst volume fraction has a small increase in this region.

Under the quasi-stable state, the mean mass of the catalyst particles in the reactor and its variation range
is shown in Fig. 12. The mass of the catalyst in the reactor directly determines the reaction rate, and the
variation of the particle mass affects the operation stability of the reactor. As the inlet gas velocity
increases, the mass of the catalyst gradually decreases. This is because high-velocity flowing gas can
carry more catalysts away from the reactor. In addition, if the gas velocity is too large or too small, the
variation range of the catalyst mass will increase. When the inlet gas velocity is too low, the back-mixing
of catalyst particles is very serious, and the lower part of the reactor is blocked. When the inlet gas
velocity is too high, the catalyst particles cannot smoothly pass through the upper corner of the reactor,
and a slight blockage will also appear. The increase of the catalyst flowrate obviously increases the
particle mass inside the reactor. However, the catalyst flowrate does not have prominent effects on the
variation range of the catalyst particle mass.

3.3.2 Characteristics of Conversion Rate
In the simulation process of the methanation reaction, the inlet gases include CO, H2, and N2. When the

gas mixture at the outlet was detected, H2O and CH4 were found in addition to the gas components at the
inlet. This indicates that the methanation reaction has occurred. By monitoring the composition of the gas
mixture, the CO conversion rate can be calculated using Eq. (32). And the degree of methanation reaction
can be evaluated. Therefore, the mole fractions of each gas component at the reactor outlet and the
corresponding calculated CO conversion are plotted as shown in Fig. 13.
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With the increase of inlet gas velocity, the conversion rate of CO decreases from 81.6% to 72.4%,
basically showing a linear downward trend. This leads to the corresponding reduction of the product CH4

of the methanation reaction, during the reaction raw materials CO and H2 increase. The increase of
catalyst flowrate leads to the increase of CO conversion rate from 66.8% to 81.5%. However, the increase
rate decreases from 11.1% to 3.5% with the increase of the catalyst flowrate. In other words, too many
catalyst particles cannot promote the increase of CO conversion but will lead to waste of catalyst. In
comparison with Fig. 12, the mass of the catalyst has a direct and obvious relationship with the CO
conversion. The increase of catalyst mass enhances the contact between the raw gas and the catalyst,
resulting in a thorough CO reaction.

3.3.3 Characteristics of Temperature
The temperature affects not only the progress of the methanation reaction but also the activity of the

catalyst. Therefore, the temperature rise from the inlet to the outlet of the reactor and the maximum
temperature inside the reactor are recorded. The results are plotted in Fig. 14. The climbing of the inlet
gas velocity increases the temperature, but the maximum temperature is smaller. From the change in the

Figure 12: Catalyst mass in the reactor with different working conditions: (a) different inlet velocity;
(b) different catalyst flowrate

Figure 13: CO conversion and spices distribution with different working conditions: (a) different inlet
velocity; (b) different catalyst flowrate
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catalyst volume fraction, the conclusion is that the rise in the inlet velocity reduces the residence time of the
catalyst in the reactor. This phenomenon makes the contact time between the raw gas and the catalyst
insufficient, and thus the methanation reaction is limited. However, the increased inlet gas velocity is
beneficial for the removal of the reaction heat. If the reaction heat is not removed in time, the catalyst
will be inactivated and the reaction device will be damaged because of the high temperature. The increase
of the inlet gas velocity accelerates the circulation of the catalyst and the gas and takes more reaction heat
away from the device.

Increasing the catalyst flowrate will obviously increase the catalyst mass inside the reactor, as shown in
Figs. 11 and 12b. The increase of the catalyst leads to an increase in the reaction rate, and the maximum
temperature inside the reactor increases accordingly. However, heat transfer is insufficient since too many
catalyst particles cannot fully contact the gas. Most of the heat still stays in the reactor and cannot be
effectively removed.

4 Conclusions

The fluidized bed methanation reactor can efficiently utilize pyrolysis and gasification syngas from
OSW. A comprehensive model coupled with flow and heat transfer was established to explore the
mechanism of mass transfer and heat transfer. The following conclusions can be drawn from the
simulation results:

1) The pressure and catalyst volume fraction along the height show similar trends. At the bottom, the
values of parameters fluctuate greatly. As the height increases, these fluctuations are gradually
weakened and even eliminated. Under the quasi-steady state, the pressure fluctuation range
decreases from 17.7 Pa at the section with a height of 0 mm to 4.5 Pa of 1780 mm.

2) The distribution of temperature is directly related to the catalyst volume fraction. Where the catalyst
gathers, the reaction gives off a lot of heat, and the maximum temperature can reach 951 K. In the area
where the catalyst is dispersed, the full mixing of gas and catalyst increases heat dissipation efficiency,
and the maximum temperature on the cross-section decreases to 769 K.

3) The increase of inlet gas velocity not only reduces the residence time of the catalyst which makes the
CO conversion rate decreases from 81.6% to 72.4% but also increases the instability of operation.
However, when the inlet gas velocity is small, the mixing of the gas phase and the solid phase is

Figure 14: Temperature rise and max temperature in the reactor: (a) different inlet velocity; (b) different
catalyst flowrate
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inadequate. Insufficient heat exchange prevents the heat from being discharged from the reactor in
time, and the maximum temperature in the reactor can reach 968.4 K.

4) The catalyst flowrate directly determines the catalyst mass remaining in the reactor. With the increase
of catalyst flowrate, the CO conversion rate can be increased from 66.8% to 81.5%. However, when
the flowrate is too large, the growth rate of CO conversion decreases to 3.5%. This shows that
excessive catalyst flowrate is easy to brings about the waste of the catalyst.
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