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Abstract: CO methanation is an exothermic process, and heat removal is an essential issue for the
methanation reactor. Numerical studies were carried out to investigate the performance of a 3D
fluidized bed methanation reactor with immersed cooling tubes. The simulations were carried out
in the frame of the Euler–Euler model to analyze the performance of the reactor. The influences of
operating temperatures were studied to understand the reaction characteristics. The temperature
increases rapidly neared the inlet due to the reactions. The immersed tubes were effective at removing
the reaction heat. The chemical equilibrium state was achieved with an operating temperature of
682 K for the case with immersed tubes. Different control mechanisms can be found during the
process of increasing and decreasing the temperature. The reaction kinetic is the dominate factor for
the cases with lower temperatures, while the chemical equilibrium will play a more important role at
high temperature conditions. The configuration with staggered tubes is beneficial for heat removal.

Keywords: methanation; heat removal; simulation; immersed tubes

1. Introduction

Natural gas is an environmentally friendly fuel and has been widely used in civil-
ian applications and industrial fields [1], such as gas turbines, natural gas vehicles, and
boilers [2]. In exception for mining from the ground, one possible way is to produce
synthetic natural gas (SNG) by methanation. A sustained effort has been made to investi-
gate the methanation technology. The main reactions in the reactor with catalysts are CO
methanation and a water–gas shift (WGS) reaction, as follows,

CO + 3H2 ↔ CH4 + H2O ∆H298K = −206.28 kJ/mol

CO + H2O↔ CO2 + H2 ∆H298K = −41.16 kJ/mol

The water–gas shift reaction always accompanies the CO methanation when utilizing
the Ni catalyst. Also the mixtures of Co, Fe, Ru, Pd, and pt have been proposed and exten-
sively studied for CO methanation [3,4]. Investigations involving the production of SNG by
methanation date back to the 1960s. The methanation reactor can be divided into a fixed bed
and fluidized bed. Until now, we can find some commercial applications using a fixed bed
reactor, such as Lurgi Company, Linde company, and Johnson Matthey [5]. The fluidized
bed methanation reactor has some inherent advantages, such as excellent mixing, good
heat transfer, and the uniform distribution of temperature [6,7]. The experimental works
of the fluidized bed reactor for the methanation process have clearly indicated a superior
performance over the fixed bed reactor [8,9]. One of the first fluidized bed methanation
reactors for the industry was the Bi-gas-process of bituminous coal research, Inc., which
was tested for thousands of hours at a laboratory in 1963 [10]. With the development of
computational fluidized dynamics (CFD), numerical simulations become effective tools
for investigating the heat and mass transfer in the methanation reactors [11]. The reaction
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kinetics were “concluded” by Kopyscinski [8], Li [12], and Chein et al. [13]. Liu et al. [14]
simulated the methanation process in the fluidized bed reactor and the products were
predicted. The isothermal condition was adopted and the energy conservation equation
was not solved in their works. Li et al. [15] carried out the works on the methanation
reactor utilizing the structure-based drag model, considering the formation of the cluster.
The optimal operating temperature was about 400 degrees. Ngo et al. [16] controlled the
temperature of the methanation reactor by feed dilution. Zhang et al. [17] developed a
simulation model to predict the hot-spots appearing in the reactor. The distributions of
temperature, pressure, and conversion rate were obtained in their work. Li et al. [18] stud-
ied the heat removal in a 2D methanation reactor by the two-fluid model. Zhang et al. [19]
showed that particle flow and circulation will affect heat removal.

In the literature, relating to the study of the methanation reactor, the authors reached
a consensus that temperature is the critical factor for the methanation process. The reaction
heat is usually removed from the wall for the lab-scale reactor. However, for the pilot or
industrial scale reactor, it is not easy or sufficient to transfer the reaction heat from the
center to the wall region [18], which will lead to a fast increase in temperature in the central
region. The non-uniform distribution of temperature generates hot-spots, which perhaps
leads to the sintering of the catalyst or agglomeration. One feasible scheme is to utilize the
immersed tubes in the reactor to withdraw the heat efficiently, but it is rarely reported on
in the literature for the three-dimensional methanation reactor and the topic is still open
and challenging.

In this work, we focus on the heat removal of the methanation reactor using immersed
tubes and the effect of temperature on performance. The two-fluid model is adopted to
describe the flow and reaction behavior in the reactor. The reaction characteristics are
analyzed under the different operating conditions. The effects of immersed tubes on the
conversion of reactants and the selectivity of methane were obtained by simulation (and
are discussed). The temperature mechanism on the performance of the methanation reactor
is revealed and analyzed. Eventually, this work can provide guidance in the design of the
configuration and the optimization of a methanation reactor.

2. Mathematical Models

A Eulerian–Eulerian two-fluid model was adopted to describe the evolution of gas and
solid phases. The continuity equation, momentum equation, species transport equation,
and energy balance equation were solved in the current work. The kinetic theory of granular
flow was adopted for the closure of the model. The governing equations and conservation
equations are shown Appendix A. More details can be found in our previous work [20].
The reactions considered in the current work are CO methanation and the water–gas shift
reaction. The reaction rates are written as follows [8,13]:

RMETH =
k1

P2.5
H2

(
PCH4 PH2O −

P3
H2

PCO

Keq1

)
/DEN2 (1)

RWGS =
k2

PH2

(
PCOPH2O −

PCO2 PH2

Keq2

)
/DEN2 (2)

DEN = 1 + KCH4 PCH4 + KCOPCO + KH2 PH2 +
KH2OPH2O

PH2

(3)

where RMETH and RWGS are in the units mol · s−1· kg−1
cat . The partial pressure of gas species

is measured by the unit Pa. R is the ideal gas constant, R = 8.314 J ·mol−1· K−1. The con-
stants used in Equations (1)–(3) are calculated based on an Arrhenius-type dependency,
and the parameters are listed in Table 1.

The reaction degree of CO methanation and WGS reaction can be evaluated by the
conversion rate of reactants and the selectivity of products. Moreover, they can be used for
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characterizing the performance of a reactor. The definitions of the conversion rates of CO
and H2 are as follows:

XCO =
nCO,in − nCO,out

nCO,in
× 100 (4)

XH2 =
nH2,in − nH2,out

nH2,in
× 100 (5)

The selectivities of the CH4 and CO2 are defined as:

SCH4 =
nCH4,out

nCO,in − nCO,out
× 100 (6)

SCO2 =
nCO2,out

nCO,in − nCO,out
× 100 (7)

where n is the molar flow rate of the gaseous components.

Table 1. Kinetic parameters for the calculation of the reaction rate.

Parameter A Unit E Unit

k1 3.711 × 1017 mol · s−1 kg −1
cat Pa−0.5 240,100 J/mol

k2 5.431 mol · s−1 kg −1
cat Pa−0.5 67,130 J/mol

Keq,1 1.198 × 1023 Pa2 26,830 J/mol

Keq,2 1.767 × 10−2 −4400 J/mol

KCH4 6.65 × 10−9 Pa−1 −38,280 J/mol

KCO 8.23 × 10−10 Pa−1 −70,650 J/mol

KH2 6.12 × 10−14 Pa−1 −82,900 J/mol

KH2O 1.77 × 105 88,680 J/mol

3. Setup of Simulation

The methanation reactors are shown in Figure 1. The height and width are 0.3 and
0.15 m, respectively. The depth of the reactor is 0.01 m. Reactor (a) is without cooling tubes.
Reactor (b), with tubes, is the reference reactor in our work. The amount of cells is 165,300.
Reactor (c), with staggered tubes, was used to investigate the influence of the arrangement.
The amount of cells for reactor (c) is 165,108. The diameter of the immersed tube is 0.008 m.
The horizontal distance between two tubes is 0.012 m. The vertical distance between two
rows is 0.016 m. The mixture of CO and H2 was injected to the reactor from the bottom
inlet, with the mole ratio 1:3. The gas inlet rate is 0.35 g/s for the reference case and N2 was
used as the balance gas with 50% mass fraction. The catalyst is the Ni/Al2O3 particle with
a density of 2000 kg/m3 and a diameter of 200 µm. The total inventory is 87 g for all cases.

For the simulations, the k− ε model was adopted to model gas turbulence. The en-
ergy conservation equations were solved to obtain the temperature of the gas and solid
phase. No-slip boundary conditions for the mean particle velocity was imposed. Outflow
conditions were set for the outlet of the reactor with the atmosphere pressure. The code
uses a cell-center type finite volume method with a second-order centered scheme in space
and a first-order scheme in time. The semi-implicit fractional step method was adopted
with iterative linear solvers.
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Figure 1. Structure of the fluidized bed methanation reactor. (a) without tubes, (b) with normal
arranged tubes, (c) with staggered tubes.

4. Results and Discussion
4.1. Performance of Reactor

The instantaneous distributions of gas components are shown in Figure 2. The nitrogen
is used as a balance gas with 50% mass fraction. CO is almost completely converted in the
region close to the inlet. H2 can be found at the outlet, which is the reactant of methanation,
but also the product of the water–gas shift reaction. CH4 is produced simultaneously in the
range of 1 centimeter from the inlet. The formation of CO2 lasts for a longer time and we
can find the increase of the mass fraction of CO2 to the end of bed materials.

Figure 2. Snapshot of instantaneous mass fraction of gas species. Nitrogen is utilized as balance gas.

The time evolution of gas species mole fraction at the outlet is shown in Figure 3. At
the initial time, the reactor is full of nitrogen. After 0.8 s, the products arrive at the outlet
of the reactor. The heat removal is 1300 W for the reactor, which is decided after several
simulations and theoretical predictions. The mole fraction at the outlet fluctuates around
the constant value after 6 s, which illustrates that the system reaches the balance state under
current conditions. The main component at the outlet is CH4 and H2O. The value of CO
is quite low. A certain amount of carbon dioxide is detected at the outlet, which is the
product of the water–gas shift reaction. The corresponding conversion rate is shown on
the right of Figure 4. The conversion of CO and H2 are about 0.988 and 0.915, respectively.
The lower conversion for H2 is caused by the production of H2 by the water–gas shift
reaction. The selectivity of CH4 is 0.902, which indicates that most of the CO has been
converted into CH4. Whilst, the selectivity of CO2 is about 0.098. Due to the occurrence of
the water–gas shift reaction, some reactants are converted into CO2, which is hard to avoid
when utilizing Ni as catalyst.
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Figure 3. Profile of the time-evolution of the gas species mole fraction at the outlet of the reactor.

Figure 4. Profile of the time-averaged conversion rate of the reactants and the selectivity of products.

The most concerned and influential parameter in the current work is the temperature,
as shown in Figure 5. The highest temperature occurs near the gas inlet. Because the
methanation is a strong exothermic reaction, the temperature increases rapidly close to the
inlet, with reaction heat released. With the gas and solid moving upward and encountering
the tubes, the heat carried by gas and solid phases is removed by the cooling tubes and the
temperature decreases. The time-evolution of temperature at the outlet is computed and
shown in Figure 6. The temperature increases first and then reaches the nearly constant
value after 6 s. Under the current conditions, the final temperature fluctuates around 683 K
with heat removal 1300 W.

Figure 5. Distribution of instantaneous temperatures at different time points.
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Figure 6. Time-evolution of temperature at the outlet of the methanation reactor.

4.2. Influence of the Temperature

To investigate the influence of temperature on the performance of the methanation
process, we carried out the cases with different cooling powers of the immersed tubes,
0 W, 1300 W, and 2000 W, which correspond to the temperature increase process, steady
process, and temperature decrease process, to reveal the mechanism of the temperature on
the methanation.

The profile of time-evolution gas temperature for different processes is shown in
Figure 7. The dashed line represents the reference case with a steady state. With the current
gas inlet rate, we found the heat removal of 1300 W was a suitable value for the current
condition. For the case without heat removal, the temperature increased linearly to the
end of the case. If we set the heat removal at 2000 W, the outlet temperature decreases.
For these two dynamic cases, did not have the steady state at the end of the simulations.
What we wanted to know was the influence of temperature during the changing process;
each case was carried out for 25 s.

Figure 7. Profile of the time-evolution gas temperature. Dashed line: reference case with heat removal,
1300 W. Green line: no heat removal. Purple line: heat removal 2000 W.

The conversion rates of CO and H2 are shown in Figure 8. The conversion rates of
CO decrease with time for both cases. For the temperature increasing process (black line),
the decline is smaller than that for the temperature decreasing process. The conversion rate
of H2 is inversely proportional to the temperature. The same tendency can be found for the
selectivity of CH4, as shown in Figure 9. When increasing the temperature, the selectivity
of CO2 increases. It means that more reactants are converted into CO2 and we get less
CH4 when we raise the operating temperature from steady state. Considering both the
Figures 8 and 9, we get that during the process of increasing the temperature, the water–gas
shift reaction and reverse reaction were enhanced. The original chemical equilibrium was
interrupted. By decreasing the temperature, more CH4 are generated and we get less
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CO2. The conversion of CO decreases due to the decreases of reaction kinetics. Until now,
we know when the temperature is higher than the critical stability value, the chemical
equilibrium is the dominant factor; when the temperature is lower than the critical stability
value, the reaction is limited by the kinetics.

Figure 8. Time-evolution of conversion rate of CO (left) and H2 (right).

Figure 9. Time-evolution of selectivity of CH4 (left) and CO2 (right).

4.3. Influence of Flow Behavior

To investigate the influence of dynamic behavior, we tested the cases with different
inlet rates. The flow rate of CO and H2 kept constant for all of the simulations to produce
the same amount of reaction heat. The balance gas, N2, was adjusted to generate the
different flow patterns and the flow rates of N2 are 0.070 g/s, 0.175 g/s and 0.345 g/s,
respectively. The solid volume fraction is shown in Figure 10. The bed expanded height
increases with the inlet rate. More (and larger) bubbles are formed around the tubes for
the case with the higher gas inlet rate. The corresponding conversion rate of reactants and
selectivity of products are shown in Figure 11. The CO conversion decreases with the inlet
rate under the combining effect of residence time and the heat transfer. The conversion of
H2 and selectivity of CH4 increase with the inlet rate. The selectivity of CO2 decreases with
inlet rate.
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Figure 10. Profile of the solid volume fraction with different fluidization gas inlet rate; (a) 0.245 g/s,
(b) 0.35 g/s, (c) 0.525 g/s.

Figure 11. Conversion rate of reactants and selectivity of products with different fluidization gas rates.

4.4. Influence of the Arrangement of Tubes

Three arrangements of immersed tubes are discussed in this section. The basic one is
without tubes. The normal arrangement of tubes has been discussed in the first part of this
section. The performance of the staggered tubes are shown in Figure 12. Compared with
Figure 5, the temperature in the reactor with staggered tubes is lower than the reference
case, which indicates the heat removal efficiency is higher with staggered tubes and the
region with high temperature becomes narrow. The second sub-figure in Figure 12 shows
the flow pattern with staggered tubes. CO2 is generated in the whole bed. We can find that
methane is produced between the first and second row of tubes at the last sub-figure.
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Figure 12. Instantaneous distribution of temperature, solid volume fraction, mass fraction of CO,
CO2, and CH4.

The Nusselt number is computed and shown in Figure 13. The highest value of Nu
for the staggered tubes case is larger than the reference case, which illustrates a larger
heat transfer between the fluid and tubes. The gas velocity is shown on the right of
Figure 13. For the case with staggered tubes, the gas detours between different rows of
tubes. However, for the reference case, most gas will traverse the bed material without
passing the channel between the rows. This leads to a lower performance of heat transfer
for the reference case.

Figure 13. (Left): instantaneous distribution of the Nusselt number. (Right): instantaneous distribu-
tion of gas velocity.

The conversion rate of reactants and selectivity of products for different plans of the
reactors are shown in Figure 14 for quantitative analysis. The conversion rate of CO is quite
high for all three cases. The case without tubes produces the least amount of CH4 and
the largest of CO2 due to the reaction heat is not removed from the center of the reactor.
Comparisons between the reference case and staggered arrangements of tubes show that
the production of CH4 is larger with staggered tubes, and the lowest selectivity of CO2
was observed. The results indicate the optimal configuration should be the staggered one,
which corresponds to the most effective removal of the reaction heat.
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Figure 14. Conversion rate and selectivity under different configuration. Black column: normal
arrangement of tubes. Red column: staggered arrangement of tubes. Blue column: without tubes.

The interaction coefficient between phases are shown in Figure 15. The drag coefficient
decreases with solid volume fraction. With the high solid volume fraction, the interaction
between gas and solid is nearly the same for the case with normal arrangement and
staggered arrangement. Difference between two configurations can be found at low solid
volume fraction as shown on the right of Figure 15, the staggered tubes lead to a lower
drag coefficient. The difference of the micro-dynamic behavior will finally generate the
different performances of the reactor.

Figure 15. (Left): distribution of the drag coefficients for the case with staggered tubes. (Right):
fitting results of the drag coefficient for different arrangement of tubes.

5. Conclusions

This numerical study was carried out to better understand the CO methanation
process in a three-dimensional fluidized bed reactor utilizing a Euler–Euler two-fluid
model. The performance of the methanation reactor and reaction characteristics were
obtained and analyzed. The reaction heat removal was realized by the immersed tubes in
the reactor. The influences of operating parameters on the production of methane were
studied. Based on the current results, some essential issues can be explained, and the
following conclusions can be drawn:

• The chemical equilibrium of the methanation process was achieved during the CFD
simulation with effective heat removal by immersed pipes, and the preferable tem-
perature was about 682 K. The results also show that the temperature has an essential
impact on the production of methane.

• The reaction finished near the inlet of the reactor, and then the main process was the
mixing of the gas components. The CO vanished for each operating condition and the
conversion rate was higher than 98%. The highest value of selectivity of methane was
92 % under current operating conditions.

• During the process of increasing temperature from the steady condition, the water–gas
shift reaction and reverse reactions played a more important role for the performance of
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the reactor. The production rate of CH4 decreased and more reactants were converted
into CO2. Chemical equilibrium was the decisive factor during the process with
increasing temperature.

• With the decrease in temperature, the effect of the reaction kinetic became the dominant
factor. The selectivity of CH4 increased, whilst the conversion rate of CO decreased
due to the low reaction rate.

• The arrangement of the tubes will influence the interaction between the fluid and
tubes. The staggered tubes are beneficial for the effective removal of reaction heat.
The selectivity of methane with staggered tubes was 3% higher than that with normal
tubes.

• The effect of the structures of the tubes, including the diameter, distance between
tubes, and the amount of tubes, should be studied to determine the construction at
the next stage.
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Appendix A. Governing Equations

A two-fluid model in the frame of the Eulerian–Eulerian model coupling with kinetic
theory of granular flow was adopted in this work. Both gas phase and solid phase are
regarded as a continuum medium. The continuity equations for gas phase and solid phase
are written as follows,

∂(αgρg)

∂t
+5 · (αgρgug) = 0 (A1)

∂(αsρs)

∂t
+5 · (αsρsus) = 0 (A2)

where α, ρ and u represent volume fraction, density, and velocity, respectively. Only
homogeneous reactions are taken into consideration and the source term for mass transfer
between phases is zero.

The momentum equations are

∂αgρgug

∂t
+5 · (αgρgugug) = −αg5 p +5 · (τg) + αgρgg + β(us − ug) (A3)

∂αsρsus

∂t
+5 · (αsρsusus) = −αs5 p−5ps +5 · (τs) + αsρsg + β(ug − us) (A4)

where τg and τs are the stress tensors for the gas and solid phase,

τg = µg[5ug + (5ug)
T ]− 2

3
µg(5 · ug)I (A5)

τs = µs[5us + (5us)
T ]− (λs −

2
3

µs)(5 · us)I (A6)

µ represents the shear viscosity,

µs =
4
5

α2
s ρsdsg0(1 + e)

√
θ

π
+

10ρsds
√

πθ

96(1 + e)αsg0

[
1 +

4
5

g0αs(1 + e)
]2

(A7)
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µg = Cµ
k2

ε
(A8)

The solid pressure is calculated based on kinetic theory of granular flow, as follows,

ps = αsρsθ + 2ρs(1 + e)α2
s g0θ (A9)

and g0 is the radial distribution function,

g0 =

[
1−

(
αs

αs,max

)1/3
]−1

(A10)

The momentum transfer coefficient between phases is,

β =


3
4

(
CDαgαsρg |ug−us |

ds

)
α−2.65

s αs < 0.2

150
(

µgα2
s

αsd2
s

)
+ 1.75

(
αsρg

ds

)
|ug − us| αs ≥ 0.2

(A11)

CD =

{
24

Reαg

[
1 + 0.15(Reαg)0.687] Re < 1000

0.44 Re ≥ 1000
(A12)

where the Reynolds number is written as

Re =
ρgds|ug − us|

µg
(A13)

The kinetic theory of granular flow is adopted in the current work for the closure of
the model. The transport equation of granular temperature is

3
2

[
∂

∂t
(αsρsθ) +5 · (αsρsθ)us

]
= (−5 psI + τs) : 5us +5 · (ks5 θ)− γs − 3βθ + Dgs (A14)

where Dgs and γs are written as,

Dgs =
dsρs

4
√

πθg0

(
18µg

d2
s ρs

)2
|ug − us|2 (A15)

γs =
1
3
(1− e2)

3
2 θ

τc
s

(A16)

ks represents the conductivity of fluctuating energy,

ks =
25ρsds

√
πθ

64(1 + e)g0

[
1 +

6
5
(1 + e)gsαs

]2
+ 2α2

s ρsdsg0(1 + e)(
θ

π
)1/2 (A17)

k− ε is adopted in our work for the closure of the model,

∂

∂t
(
αgρgk

)
+5 ·

(
αgρgugk

)
= 5 ·

(
αg

µt

σk
5 k

)
+ αgGk − αgρgε (A18)

∂

∂t
(
αgρgε

)
+5 ·

(
αgρgugε

)
= 5 ·

(
αg

µt

σε
5 ε

)
+ αg

ε

k
(C1GK − C2ρgε)− αgρgε (A19)

where Gk is the generation of turbulence kinetic energy,

Gk = µt5 ug · [5ug +5uT
g ]−

2
3
5 ug(µt5 ug + ρgk) (A20)
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The transport equations of energy for the gas phase and solid phase are

∂

∂t
(
αgρg Hg

)
+5 ·

(
αgρgugHg

)
= 5

(
κg5 Tg

)
+ h
(
Tg − Ts

)
+ Sg (A21)

∂

∂t
(αsρsHs) +5 · (αsρsusHs) = 5(κs5 Ts) + h

(
Ts − Tg

)
+ Ss (A22)

where h is the heat transfer coefficient,

h =
6αsαgλgNu

d2
p

(A23)

Nu = (7− 10αg + 5α2
g)(1 + 0.7Re0.2Pr1/3) + (1.33− 2.4αg + 1.2α2

g)Re0.7Pr1/3 (A24)

and the Prandtl number is calculated as,

Pr =
µgCg

λg
(A25)

The transport equation for the gas species is

∂αgρgYg,i

∂t
+5 · (αgρgugYg,i) = 5 · (αg Jg,i) + ψg,i (A26)

where ψg,i is the source term due to reactions. The species for solid particles keep constant.
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