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Hydrogen is one of the vital energy sources for addressing climate change, and methane steam reforming via
a packed bed reactor is a primary method for global hydrogen supply. Recently, to enhance heat transfer, metal
foam become the focus of research, and the heat transfer performance of reactors significantly affects hydrogen
production. Therefore, it is one of the promising approaches to install the metal foam inside the packed bed
reactor for higher hydrogen production. In this study, the methane steam reforming in the packed bed reactors
installed with the different metal foams has been investigated by numerical method. It was found that the
installation of metal foam leads to the increment of average velocity and the decrease of pressure drop, which
is increased by 7.69 % and decreased by 4.82 % at maximum. Besides, the heat transfer performance was
improved after the installation of metal foam, the temperature increased by 68.07 K at maximum and the overall
heat transfer coefficient increased by 10.64 %. Due to the better performance of flow and heat transfer, the
overall efficiency of hydrogen production is increased by 23.21 %.

1. Introduction

Excess carbon emission introduces global warming and other environmental challenges as a result of the use
of fossil fuels (Oner and Dincer, 2023). Hydrogen become one of the promising alternatives to fossil fuel and
can effectively settle environmental challenges, which has the advantages of high calorific value, low emissions,
and multipurpose raw material. There are many studies about the methods of hydrogen production, such as,
via dark fermentation of bacteria (Vadala et al., 2023), through operating Rankine cycle-based fuel cell (Sathish
et al., 2023), and from plastic waste pyrolysis (Al-Fatesh et al., 2023). Yet, the traditional method has still been
the main may for hydrogen production. Methane steam reforming accounts for 60 % of global hydrogen
production (IEA, 2021), which will be the primary method in the next 20 y.

Wu et al. (2020) studied the reactor of different catalyst particle distributions with variable diameters in the axial
direction and pointed out that this distribution contributes to higher efficiency. Mokheimer et al. (2014) studied
the effects of different operating parameters on methane steam reforming via the equivalent medium method.
Lao et al. (2016) compared the numerical results of the equivalent medium method with the industry data and
pointed out the accuracy of this method. The equivalent medium method has been used in this study. In the
process of methane steam reforming, the packed bed reactor is the key equipment. Yuan et al. (2017) found
out that there is a lower temperature zone near the inlet of the reactor, which limits the efficiency of the reactor.
To enhance heat transfer performance, it is a promising method for installing metal foam in the packed bed
reactor. In this study, the methane steam reforming in the packed bed installed with metal foam has been
investigated. The reactors with different metal foams were compared from flow, heat transfer, and reaction. The
enhancement has been evaluated and the mechanism was analysed.

2. Methods

The methods of this study have been illustrated in this section in five parts: physical model, governing equations,
reaction mechanism, boundary conditions and method validation. The details are shown as follows.
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2.1 Physical model

The multi-tubular packed bed reactor is commonly used in industry. In this study, a single tube installed with
catalyst particles and metal foam has been used to investigate. The tube is divided into two zones, the zone of
packed catalyst and the zone of metal foam. As detectable in Figure 1, the physical model and the geometry
parameters are shown. The catalyst particles are sphere-type with a 12 mm diameter.

Metal foam
Zone

D=2.60x102m
L,=0.25m
Catalyst Catalyst 1
D i Zone L,=0.05m
L;=0.50 m
L

Figure 1: The diagram of a single tube installed with catalyst and metal foam and the geometry parameters

2.2 Governing equations

The equivalent medium method was used to study the methane steam reforming, in which the catalyst zone
was treated as a porous medium with reactions proceeding. In the metal foam zone, the Darcy extended
Forchheimer flow model and local thermal non-equilibrium model were adopted in the simulation. Besides, there
are no reactions proceeding in this zone. The main governing equations are presented in Table 1. As shown in
Table 1, ui, Xi, pr, p, i, |, T, Zett, Cp, hm, Imj, Atetf, hst, ast, Ts, Tt, Aseff, Ym, Rm represents the velocity in the direction
i, the cartesian coordinates in the direction i, the density of the fluid, the pressure, the dynamic viscosity, the
unit tensor, temperature, the effective thermal conductivity, the specific heat capacity, the formation standard
enthalpy of species m, the diffusion flux of species m in direction j, the effective thermal conductivity of fluid, the
interfacial heat transfer coefficient, the interfacial surface area, the solid temperature, the fluid temperature, the
effective thermal conductivity of solid, the mass fraction of species m and the generation or consumption rate
of species m. Si and Sh are the momentum source term and the energy source term. All equations involved are
coupled by using finite volume analysis software ANSYS Fluent software, in which the SIMPLE algorithm is
employed and the reaction rate was calculated by the User Defined Functions.

Table 1: The main governing equations in the simulation
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2.3 Reaction mechanism

The kinetic model of Xu and Froment (1989) was used. There are three main reactions considered in the
simulation, and the reaction rates are also shown below.

Reaction 1:  CH,+H,0 2 CO+3H,, 4H2g = 206 k] /mol (1)
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Reaction 2:  CO+H,0 2 CO,+H,, 4HY5g = —41.1 k]/mol )
Reaction 3: CH,+2H,0 2 CO,+4H,, 4H2g = 164.9 k]/mol 3
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k _ 2 2
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4
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where r1, r2 and r3 represent the reaction rates of three reactions: Reaction 1, Reaction 2 and Reaction 3. ki, k2
and ks represent the rate coefficients of three reactions. Ki, Kz and Kz are the equilibrium constants of the three
reactions. Kco, Kn., Kn.o and Kch. represent the adsorption constants of three species, pcH., pr., pco, pco. and
prH.0 are the partial pressures of different species.

2.4 Boundary conditions

The SST-ko turbulence flow model was adopted in this study, and the Re is about 8500. The boundary
conditions and the properties of the catalyst and the metal foams (Jadhav et al., 2021) were presented in Tables
2-3. As observable in Table 2, Vin, Tin, Qwal, dcHs, #H20, pc,Cpc, Kc represents the inlet velocity, the inlet
temperature, the wall heat flux, the methane mass fraction at the inlet, the water vapour mass fraction at inlet,
the density of catalyst, the specific heat of catalyst and the thermal conductivity of the catalyst. In Table 3, PPI,
Dy, Dy, ¢ K, C represent the pores per linear inch, the fibre diameter, the pore diameter, the porosity, permeability
and form drag coefficient.

Table 2: Boundary conditions for simulation and properties of the catalyst

Vin (M/s)  Tin (K)  qwat (W/IM?) deps (4) droo () pe (kg-m3)  Cpe (3-kgt-K?) Ke (W-mL-K-1)
4.00 773.15 30,000.00 0.20 0.80 1,947.00 1,000.00 1.00

Table 3: Properties of different metal foam (Jadhav et al. 2021)

Name Material PPl Dr(10#m) Dp (10°3m) ¢ asf (m1) hst (W-m=2-K-1) K (1077 m?) C (m1)
MF-1 10 4.45 4.95 0.95 360.60 2,209.34 2.48 94.98

MF-2  Stainless 20 4.51 3.42 0.90 960.65 1,987.88 2.18 208.82
MF-3  steel-316 30 2.16 2.32 0.92 936.38 2,927.22 1.64 148.97
MF-4 40 1.84 1.65 090 1,671.76 3,112.21 4.20 397.01

2.5 Method validation

The model validation was compared with the work of Mokheimer et al. (2014). In the validation, the operating
pressure was set as 1,000,000 Pa, and the Tinwas set as 848 K, 838 K and 798 K, 773 K, which was same as
Tin. The results of the methane conversion rate are shown in Figure 2a. The maximum deviations are 10.92 %,
9.20 %,12.60 % and 7.25 % for three temperature cases. The average deviations range from 2.36 % to 6.23 %.
The mesh independence has been validated, as shown in Figure 2b. The quantities of mesh range from 1,428
to 39,904, and the methane conversion rate was focused on. As the mesh quantity is larger than 20,667, the
deviations are no more than 0.1 %. At last, the global size of the mesh was set as 0.7 mm, and the height of the
first boundary layer was set as 0.1 mm.
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Figure 2: The validation of (a) method compared with Mokheimer et al. (2014) and (b) mesh independence

3. Results and discussions

Different reactors were compared in the same condition. To evaluate the performance of reactors, the results
have been investigated from the heat transfer, flow and reaction mechanism.

3.1 Flow performance

The comparison of velocity contours among different reactors has been shown in Figure 3. Because of the
higher porosity, the installation of metal foam increases the average velocity (V) as detectable in Figure 3.
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Figure 3: Velocity contours of different reactors: (a) N, (b) MF-1, (c) MF-2, (d) MF-3 and (e) MF-4

Figure 4a depicts the V distribution in the axial direction, in which the V increases after the zone of metal foam
(0.5 <A/L <0.6, where the A/L represents the ratio of the axial distance to the reactor length). The V is increased
by 7.69 % at maximum compared with the N (The N represents the normally packed bed reactor with no metal
porous). As observable in Figure 4b, compared with the N, the MF-1, MF-2, and MF-3 have lower pressure drop
per unit length (4p/L). However, the MF-4 leads to the increment of Ap/L. The Ap/L of MF-1 is decreased by
4.82 % and the 4p/L of MF-4 is increased by 10.18 %. The MF-1, MF-2 and MF-3 have better flow performance.
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Figure 4: Comparison of (a) velocity (V) distribution in the axial direction and (b) pressure drop per unit length
(4p/L)

3.2 Heat transfer performance

As shown in Figure 5, the temperature contours of different reactors have been compared. Obviously, because
there is no reaction proceeding and velocity is higher in the zone of metal foam, more heat transfers in the radial
direction, which leads to the higher average temperature in this zone. With comparing the MF-1 and the MF-4,
the temperature of MF-1 in the zone near the wall is higher than the MF-4. The reason is that the velocity is
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higher in the zone near the wall of MF-1 according to the Figures 3b and 3e, the convective heat transfer is
enhanced.

Figure 5: Temperature contours of different reactors: (a) N, (b) MF-1, (¢) MF-2, (d) MF-3 and (e) MF-4

Figure 6a depicts the temperature (T) distribution in the axial direction, in which the installation of metal foam
leads to the increment of T. The T is increased by 68.07 K compared with the N. As for the comparison of overall
heat transfer coefficient (), the MF-1, MF-2 and MF-3 have a higher value than the N as observable in Figure
6b. The y of MF-1is increased by 10.64 %. The results are consistence with the reference (Jadhav et al., 2021),
in which metal foam contributes to better performance of heat transfer.
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Figure 6: Comparison of (a) temperature (T) distribution in the axial direction and (b)overall heat transfer
coefficient (»)

3.3 Hydrogen production comparison

The hydrogen mass fraction of different reactors has been compared firstly. As observable in Figure 7a, the
installation of metal foam leads to a higher hydrogen mass fraction after the zone of metal foam. The reaction
rate of hydrogen production (Rn2) has been compared in Figure 7a. The Rn. equals zero in the zone of metal
foam. Because the reaction rate depends on the temperature, there is higher Ry after the zone of metal foam
due to the enhancement of heat transfer. The Ru. of MF-1 is about 10 times higher than that of N.
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Figure 7: Comparison of (a) reaction rate of hydrogen production (RH2) and (b) hydrogen mass flow per catalyst
mass per pressure drop

To evaluate the overall efficiency of hydrogen production, the hydrogen mass flow per catalyst mass per
pressure drop (Hcp) has been used. It is obvious that the installation of metal foam leads to the increase in
overall efficiency as shown in Figure 7b. The MF-1 has the highest Hcp, which is increased by 23.21 % compared
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with the N. The results illustrate that there is less catalyst and lower flow losses for higher hydrogen production
because of the installation of metal foam.

4. Conclusions

In this study, the methane steam reforming in different packed bed reactors installed with metal foam was
numerically studied. The investigation compared heat transfer, flow and hydrogen production. A comparison of
the overall heat transfer coefficient among different reactors was conducted. Considering the amount of usage
catalyst and flow loss, the hydrogen mass flow per catalyst mass per pressure drop was used to evaluate the
overall efficiency of hydrogen production. The results can guide hydrogen production for higher efficiency and
less cost. The main findings are shown below.

1) As for flow performance, the installation of metal foam can improve the flow performance of the packed bed
reactor. Because of higher porosity, the average velocity increases in the reactors, which is increased by 7.69 %
at maximum. While the metal foam with suitable geometry parameters is used, the pressure drop will decrease,
which is reduced by 4.82 % at maximum.

2) As regards heat transfer, because there are no reactions proceeding and velocity is higher, more heat
transfers from the wall into the fluid through the metal foam. The temperature is increased by 68.07 K at
maximum, and the overall heat transfer coefficient is increased by 10.64 %. The installation of metal foam leads
to the better heat transfer performance of packed bed reactors.

3) Considering the amount of usage catalyst and flow losses, the hydrogen mass flow per catalyst mass per
pressure drop was adopted to evaluate the overall efficiency of hydrogen production. The better performance
of flow and heat transfer leads to higher overall efficiency in the reactors installed with metal foams, which is
increased by 23.21 % at maximum.
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