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Abstract 

Wall-coated Methane Steam Reformers (MSR) are commonly used as fuel processing in the 

hydrogen production chain. In such devices, the catalyst which is generally nickel-based is 

coated on the walls, and the heat supply influences directly the fuel processing efficiency. In 

this work, two-dimensional CFD study is carried out to explore an enhancement on MSR 

thermal behavior. Two configurations in terms of catalyst coating are investigated. The first 

MSR configuration is equipped with continuous catalytic layer, while in the second, discrete 

catalyst layers separated by an inert gap are imposed. The effect of the catalyst patterning 

on the thermal and mass behavior of MSR is discussed. The results show that the MSR 
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efficiency can be improved by extending the catalytic zone and discretizing the catalyst 

coating. Comparing to conventional MSR with continuous catalytic layers, enhancement of 

28.71 % in CH4 conversion and 88.574 % in H2 production is realized by using discretized 

catalytic layers. 

Keywords: Methane steam reforming; Numerical simulation; catalyst patterning; fuel 

conversion enhancement; hydrogen production. 

 

 

 

 

 

 

  



1. Introduction 

Hydrogen (H2) is considered as one of the most promising energy carriers. It appears to be a 

potential candidate facing the climatic and environmental issues that our planet earth is 

confronted. In fact, the most attractive aspect of hydrogen carrier consists on its energetic 

properties: abundance in the universe; high energetic potential; clean energy carrier and so 

on. Regarding the abundance of hydrogen, it is not readily available, it is necessary to 

produce it from available feedstock, such as water. However, the cost of producing H2 from 

water is expensive compared to its production from other resources (natural or renewable). 

Currently, H2 is produced from fossil fuels and extensive researches and efforts are going on 

to facilitate its use as a clean energy [1,2]. 

Several technological procedures and processes are used in the industry to produce H2 from 

fossil fuels. Natural gas reforming is by far the most used process, more commonly known as 

Methane Steam Reforming process (MSR) [3–7]. Many efforts have been made during the 

last decades to improve the ways of H2 production. The improvements are intended to: 

enhance the existing MSR technologies [8,9], perform new designs for MSR systems [10,11] 

and develop new materials and composites [12,13]. Note that the reformers are classified 

according to their position in Fuel Cell (FC) systems. From one hand, the reforming system 

can be internal where the H2 is produced in the FC [14–16]. In this class of reformers, the 

major focus of researches and developments concerns High Temperature Fuel Cells (HTFC) 

using Nickel (Ni) materials as anode or catalyst [17–20]. From the other hand, the reforming 

system can be also external where H2 is produced separately and then injected in the FC 

[21,22]. 

The intensification of MSR systems can substantially save energy and it is a mean to preserve 

the environment. The concept of intensification and optimization of the MSR process 



represents one of the major concerns of researchers. In fact, this process is often limited by 

the heat and mass transfer behaviors in the reactors, which sometimes leads to a slow 

reaction kinetics [23] characterized by the presence of cold spots [24] in the catalytic zones. 

Thus, many authors have worked extensively to promote the MSR process by: investigating 

its integration with chemical plants (i.e. ammonia production [25]), developing new FC 

nanomaterials [26,27], investigating numerous fuels [28,29], studying the catalyst material 

and its effectiveness [30–33] and  designing new reactors configurations and other ways of 

heat supply [34,35]. 

Among all the ways cited above for the intensification of MSR, the catalyst materials and 

reactor geometry are the most issues treated in the literature. Regarding the catalyst 

material, it is said before that the Ni-based catalyst is the most utilized because it is cost-

effective and efficient [36]. The effectiveness factor of this material is the key parameter for 

the intensification of MSR. It is defined as the ratio of current reaction rate to the reaction 

rate that would result if entire catalyst interior is exposed to the external surface (called the 

washcoat) conditions [37]. Baek et al. [31] and Nam [32] have recently studied the 

effectiveness factors of Ni catalyst pellets under small-scale MSR conditions near 

atmospheric pressure and then proposed simple correlation equations. Areum et al. [33] 

estimated the effectiveness factors of Ni washcoat catalyst layers under small-scale MSR 

conditions. De Jong et al., [38] have focused their attention on the numerical analysis of 

thermal behavior and the kinetics of the steam reforming reaction of natural gas in a vapo-

reformer, to produce hydrogen. They explored the methane conversion performance of six 

different designs, such as reformer insulation. They showed that a 9.5% improvement in 

hydrogen production can be achieved by increasing the air fraction by around 50%. In 

addition, by increasing the thickness of the insulation of the reaction chamber, an additional 



improvement of 11.2% can be achieved by promoting the good distribution of heat. 

Vigneault and Grace [39] designed a prototype of a multi-channel membrane reactor for 

small-scale production of hydrogen by methane steam reforming. The authors compared 

their measurements to numerical results. They showed that thanks to this prototype, a 

methane conversion rate of the order of 87% is reached with a very high hydrogen purity 

(99.999%). Note that the authors of this study considered a multichannel reactor to obtain 

87 % of enhancement, while, in our work only one channel was considered in simulation  

Concerning the reactor geometry, several efforts are devoted to optimize the MSR rector 

configuration in order to intensify the MSR process. Lee et al. [34] integrated a planar heat 

exchanger steam reformer with a catalytic combustor in order to deliver the unused energy 

of the anode off-gas for heating and reforming. They investigated the effect of several 

parameters on both the thermal behavior between the reactors and H2 volume fraction at 

the exit of the reformer. Kang et al. [40] investigated the performance of methane 

conversion in an innovative coupled reactor (combustor and reformer) over variations of 

operation parameters. Jinwon et al. [7] developed experimentally four MSR rectors having a 

shell and tube configuration. They examined the effect of heat transfer on the methane 

conversion performance at low temperature. Their results show that the overall heat 

transfer area is a critical parameter in achieving a high methane conversion rate. 

In this work the effect of the heat supply and configuration of a wall-coated MSR on the 

methane conversion efficiency is examined using Computational Fluid Dynamics (CFD). Two 

wall-coated MSR configurations at industrial operating conditions are compared in terms of 

methane conversion and hydrogen production. The results show that, by applying an 

intermediate heating of the gas mixture, the cold spots in the reformer are minimized 

leading to improved heat transfer behavior and thus the methane conversion efficiency. 



2. Numerical details  

2.1. Geometric model and grid 

A parallel-plate catalytic channel is modeled using two-dimensional simulations, where the 

upper and lower plates are coated with Ni-based catalyst [41], as shown in Figure 1. The 

MSR channel length and height are 20 mm and 3.1 mm respectively. Two models are 

proposed, the first is “Model A” and the second is “Model B”. The difference between these 

models is the segmentation of the catalytic zone within the MSR channel. For the Model A, 

the catalytic zone (2 catalytic walls) is continuous and takes a 4 mm length. It is positioned at 

8 mm away from both the channel inlet and outlet.  For the Model B, the catalytic zone (4 

catalytic walls) is discontinuous and discretized in two zones; each catalytic zone has a length 

of 2 mm. These two zones are separated with an inert zone of 2 mm, which leads to an 

overall length of the catalytic zone of 6 mm. The overall catalytic zone of the model B locates 

at 7 mm away from both the inlet and outlet of the domain. Note that the thickness of the 

non-catalytic and catalytic walls is neglected and not considered during the calculations. 

 

 

 

 

 

 

 

 

 



Figure 1. Schematic of the studied configuration “Model A” and Model B” with dimensions in 

mm 

A structured grid with quadrilateral cells is generated for the computational domain. It is 

non-uniform along both directions and refined near the walls due to the flow gradients at 

these regions. 

2.2. Governing equations  

The following assumptions are made: (1) steady-state reactive flow; (2) two-dimensional 

flow; (3) no gas radiation; (4) laminar flow (low velocity 0.1 m/s); (5) ideal gases and 

incompressible flows. With the above assumptions, the conservation equations are written 

as follow: 

Continuity 

����������	
 + ���������� = 0																																																											�1� 
x-Momentum 

��� ����������	 + �� ���������� � = − ���	
 + � ��	
 ����� ����	
� + �� ����� ���� �� − �	��				�2� 
 

z-Momentum 

��� ����������	 + �� ���������� � = − ���	
 + � ��	
 ����� ����	
� + �� ����� ���� �� − �	��			�3� 
Energy equation in the gas-phase 

�� ������� !"
#�	
 + �� �$����� !
%� = ��	
 �&��� �!
�	 � + �� �&��� �!
�' � + ()*+										�4� 
 

Species equation in the gas-phase 
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Energy equation in the catalytic wall 
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Species equation in the catalytic wall 
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2.2.1. Gas mixture 

The physical properties of gas mixture depend on both mass fraction wi and temperature. 

The gas mixture is assumed to be ideal. So, since the gas mixture is assumed to be 

compressible, the mixture density is obtained by the equation of state for ideal gas: 

���� = �4
!
 	�> -�
<�� �?@ 																																																													�8� 
where �2B2 is the total pressure which is equal to atmospheric pressure; <��� is molar mass 

of gas mixture, while 4
 and T is constant of ideal gases and temperature respectively.     

The heat capacity is calculated at constant pressure as function of temperature variation: 
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The thermal conductivity &��� and dynamic viscosity ���� of gas mixture are calculated from 

kinetic theory [40]. Their expressions are as follows: 
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where '� is the molar mass of b2c component and R�" is a function obtained using the 

Mason-Saxena expression [41]. In this formulation, S = 1.065 for thermal conductivity, 

while in the basis of the Wilke’s method [44], it equals to unity for dynamic viscosity. 

Finally, the diffusion coefficient is calculated based on Lewis number. This number is 

assumed to be unity for all species. It involves that the molecular diffusion is equal to the 

thermal one. So, the diffusion coefficient is given as follows: 

.� = � &�	� ���� 																																																																										�13� 
2.2.2. Catalyst wall 

The catalytic layer is a mixture of nickel and AL2O3. It is modeled using 1D model due to its 

thin thickness where the diffusion is neglected. One considers that the MSR process occurs 

only at the surfaces impregnated by nickel-based catalyst. Basing on this assumption, the 

mass flow of the gas mixture is equals to that at the catalyst interface [45]. 

2.2.3. Chemical kinetics and reaction rate evaluation 

The evaluation of the reaction rate from the MSR kinetics is needed to determine the gas 

mixture composition between the inlet and the outlet of the MSR. Even the reaction 

mechanism of MSR involves several elementary reactions; its reaction rate depends of three 

main reversible reactions: (1) MSR (endothermic reaction); (2) WGS (moderate exothermic 

reaction) and (3) the reverse methanation (endothermic reaction). The reactants CH4 and 

H2O generate three products with different stoichiometric coefficients at equilibrium state: 

CO, H2 and CO2 by following equation (14): 

d	�8N +	e	8Xf	 ↔ γ�f + δ	8X + 	�fX																																															�14� 



with 

jd, e, l, m, no = j−1,−1,+1,+3, 0o, j0, −1,−1,+1,+1o	GpK	j−1,−2, 0, +4,+1o																				�15� 
for MSR, WGS and reverse methanation reaction respectively. In this work, only the MSR 

reaction is studied where its enthalpy of reaction is ∆8°Xrs = 165	jKJ ∙ mol?@o. The reaction 

rate expression considered in this work is based on the power law form and given as follow 

[14,46–48]:  
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where r is the specific reaction rate [mol. s

−1
. g

−1
], A, �{|}  and  �|�� are respectively the pre-

exponential factor, partial pressure of reactants. These parameters represent the reaction 

constant k which is monitored by the reaction order coefficients which are determined at 

atmospheric pressure, 0.47 and -0.01 for CH4 H2O partial pressures respectively. The partial 

pressures of reactants are variable as function of their respective mass fractions, while A is 

equal to 0.39 jmol	. g?@. 	s?@. 	Pa?~.N�o. E is the activation energy of MSR which is equal to 

4.32	 × 10N	jJ. mol?@o. 
2.3. Operating and boundary conditions  

The MSR channel operates under atmospheric pressure and a prefect mixing of the 

reactants. The boundary conditions are imposed as follow: the mixture enters the channel 

with a uniform axial velocity �� = 0.1	�/� and a constant temperature	!~ = 520	°�. The 

uniform axial velocity is used here in order to replicate the experiment [41], where the flow 

was corrected using a porous media. The mass fractions of the species at the inlet are: 

-{|N~ = 0.07, -|X�~ = 0.29 and -�X~ = 0.64. At the exit of the channel all the axial gradients 

are set to zero �-�
 � = �!
 � = ��� �⁄⁄⁄ . For all the walls, a non-slip condition is 

applied �� = �� = 0	�/� with no species diffusion. A constant temperature equals to the 



inlet mixture temperature is applied to the inert walls. At the catalytic walls, Neumann 

condition is applied using the equations (6) and (7) for the temperature and species 

calculations, respectively.  

2.4. Simulation method  

CFD is a powerful tool for simulating fluid flows and related physics. It offers a great benefit 

to the development of several engineering areas, such as: turbomachinery [49,50], 

automobile [51], bio-engineering [52], reactive processes [49,53,54] and aerospace [55]. 

Thus, the simulations of the present study were performed using an in-house CFD code. The 

code uses the finite-volume method to solve the governing equations. The simulations of the 

present study were performed using an in-house CFD code which is based on finite-volume 

method to solve the governing equations. The Semi-Implicit Method for Pressure-Linked 

Equations (SIMPLE) algorithm is applied for the pressure-velocity coupling. It is a widely used 

numerical procedure to solve the Navier-Stokes equations due to its easy implementation 

and quick convergence for a large variety of problems. A power-law scheme is used to solve 

the 8 transport equations of the mixture applied in the gas-phase and catalyst layer, which 

are: 1 for pressure, 2 for momentum, 1 for energy and 4 for all species. Before starting the 

calculations, the flow field in the entire domain is initialized using the values of the inlet. 

Convergence criteria are set to 10
-9

 for all equations. Further details about the numerical 

methods used in the code and its validation can be found in our previous works [56,57]. 

 

 

3. Results and discussions 

Here we present and discuss the computations obtained after resolution form both 

configurations. The main objective is to evaluate the performance of SMR equipped with 



continuous and discrete catalyst layers to bring to the forefront the effect of the catalyst 

layer patterning. The efficiency is evaluated by calculating conversion and production rates 

of methane and hydrogen respectively. They are obtained by integrating the local mass flow 

as function of the MSR height, e, at the outlets (z=L), with inlet mass flow as reference (z=0). 

Thus, the conversion and production rates Xi are evaluated by following this expression: 

 
�� = 1 −	� ���-�K	�P��~� ���-�K	�P~�~ 							b = �8N, 8X (9) 

Before that, the thermal and CH4/H2 mass profiles distribution is presented. Then, a 

comparison in terms of local quantities is carried out. Finally, we finish by the calculations of 

CH4/H2 conversion/production rates and we quantify the enhancement realized. 

 

1.1. Temperature distribution: 

Figure 2 illustrates the thermal behavior within the SMR for both models (A) and (B). Note 

that the temperature distribution, after and before the catalytic zone, is almost the same for 

both cases. However, near the catalytic zone the temperature distribution differs 

significantly from one case to the other. This difference is due to the distribution of the 

catalyst layers at the lower and upper walls of each model. One can see that the 

temperature decreases at the catalyst layers, this behavior is caused by the endothermic 

reaction, which occurs at these locations and leads to the consumption/production of the 

involved species. Consequently, a considerable amount of heat is absorbed resulting in the 

decrease of the temperature. The decrease is around half the temperature (250°C) of the 

mixture at the inlet. Furthermore, downstream the catalyst layers, the temperature 

increases to reach its initial value (520°C) due to the exchange with the heated walls. 

Regarding the temperature at the center of the catalytic zone, it takes the values of 390 °C 



and 450 °C for the models A and B respectively. The gap between the two catalyst layers 

(model B) increases the length of the catalytic zone (6mm). This ensures a good heat supply 

for the mixture to recover the needed heat for the endothermic reaction. From this 

comparison we can conclude that the model B is better than the model A regarding the heat 

supply capacity that contributes to an effective CH4 conversion, as will be shown next. 

       

 

 

 

 

Figure 2. Temperature distribution and contours of MSR models. 

1.2. CH4 and H2 distributions: 

The mass fractions of CH4 and H2 within the SMR are shown in Figures 3 and 4 respectively 

and discussed in this subsection. The distributions of the species for each model are in 

adequacy with the thermal distributions (Figure 2). For the CH4, it is consumed when it 

enters the catalytic zone, as expected. Comparing both models, the model B consumes the 

CH4 faster than the model A. For example, the iso-line wCH4=0.13 locates at the average 

position z=0.011 for the model A, whereas it is located upstream this position for the model 

B, at around z=0.009. At the outlet, only 43.62% of CH4 is consumed by configuration A while 



it reaches 72.33 % by configuration B. This proves the capability of the proposed model B in 

consuming significantly the methane to convert it to hydrogen. For the H2, it is known and 

clearly seen that form Figure 4 that its production relates directly to the CH4 consumption. 

The model B produced more hydrogen that the model A as expected. A. For example, the 

iso-line wH2=0.055 locates at the average position z=0.011 for the model A, whereas it is 

located upstream this position for the model B, at around z=0.008. At the outlet, the 

hydrogen mass fraction reaches its maximum value of 0.06 for the model A, whereas its 

maximum values for the model B is 0.085. Thus, the model B is more efficient than the 

model A by 30% of H2 production. Furthermore, one can observe that by looking to the iso-

mass fractions. For example, 38 % of CH4 amount is converted before the end of the catalytic 

region for model (A), while, the CH4 conversion is faster for model (B) where, at the same 

position (z=11 mm), 57.14 % is converted. Thus, one can conclude that most of fuel is 

consumed before the mixture leaves the reactor. At the outlet, only 43.62% of CH4 is 

converted by configuration (A) while it is about 72.33 % by configuration (B). This behavior 

enhances the CH4 non-converted amount at the outlet leading to poor efficiency, more 

particularly by model (A). 

 

 

 



 

 

Figure 3. CH4 mass fraction distribution and contours of MSR models. 

 

 

 

 

 

 

Figure 4. H2 mass fraction distribution and contours of MSR models. 

 

1.3. Comparison between Model (A) and Model (B): 

The above mentioned and discussed contours (Figures 2, 3 and 4) give a general comparison 

between the models A and B. However, a detailed comparison is needed to investigate the 

effect of the catalyst arrangement. To this purpose, line comparison of the above quantities 

is of interest to further assessing the SMR’s performance. 

a. Average temperatures: 

Figure 5 presents the temperature profiles at the channel centerline for both models A and 

B. At the entrance of SMR (0 < z < 5mm), the temperature profiles remain constant, as 



expected from both models due to the absence of reaction in this region. Within the 

catalytic zone, the temperature profiles behave differently, the model A profile presents one 

minimum whereas the model B profile shows two minima. Each behavior of these profiles 

corresponds to the catalyst arrangement. The minima of the model A profile are located at 

around z = 11 mm and takes the value of 340 °C, while, concerning the model B profile are 

located at around z = 8 mm and z = 12 mm respectively with almost the same value of 420 

°C. For the model A, the reaction process manifests continuously along the catalytic layer, 

which leads to the consumption of 35% (520-340/520) of the initial temperature within the 

centerline region. For the model B, the endothermic reaction manifests discontinuously 

along the catalytic layers. This leads to the consumption of 20% (520-420/520) of the initial 

temperature at each layer. It is interesting to point out that the consumption rate of the 

second layer is the same as the first layer due to the presence of the inert wall between the 

layers. This wall supplies the second layer with more heat (475 °C), which favors the 

endothermic reaction with a similar manner as the first layer. Note that both profiles reach 

back the initial temperature again at the channel outlet due to the heat exchange between 

the mixture and the heated walls. 



 

b. Average CH4 and H2 mass fractions: 

Figure 6 depicts the evolution of CH4 and H2 average mass fractions for Model (A) and (B) 

(Figure 6(a) and Figure 6(b) respectively). For both models, one observes that the 

consumption of CH4 and the production of H2 behaves the same trends. However, from the 

beginning of the catalyst zone, noticeable discrepancies between both models are noted for 

CH4 consumption as much as for H2 production. Model (B) equipped by shifted catalyst layer 

presents best CH4 consumption along the catalyst zone. This consumption is stronger as the 

gas mixture crosses the catalyst zone until a minimum CH4 mass fraction is reached. For 

Model (B), the lower CH4 average mass fraction is about 6% around the ending edge (z= 15 

mm), while, it is about 12 % using a continuous catalytic layer: enhancement of 50 % in 

terms of CH4 consumption is realized. This behavior is certainly due to the thermal behavior. 

 

Figure 5.  Comparison of the average temperatures, along the SMR models. 



As remarked in Figure 5, the average temperature is kept higher by shifting the catalytic 

layer. So, improved and regular heat supply allowed efficient fuel conversion leading to a 

good yield of H2. Using model (B), an improvement of 80 % is achieved comparing to model 

(A) with continuous catalytic layer. 

 



 

Figure 6. Average mass fraction in MSR models as function of z-axis: 

(a) CH4, (b) H2 



1.4. MSR efficiency: conversion and production rates: 

Table 4 recapitulates the MSR reaction achievement for the compared models: (1) Inlet 

species mass fractions (CH4, H2O, CO and H2); (2) Conversion (CH4) and production (H2) rates. 

The reformer efficiency is evaluated by comparing the achievement of each model in terms 

of conversion and production rates. By looking to CH4 and H2 rates, one can conclude that 

the model (A) gives the weakest performance. By this catalytic layer design, the catalyst is 

extended to 4 mm without inter-catalytic spacing, only 9.28% of CH4 is converted leading to 

significant loss of fuel. By contrast, model (B) achieves good performances even in terms of 

conversion or production, with a large gap comparing to model (A). CH4 outlet mass fraction 

obtained by model (B) is about 5.88 %. Nevertheless, by comparing model (B) with model 

(A), 6.6 % of additional CH4 mass fraction is converted which corresponds to 2.3% more H2 

mass fraction. 

Table 4. MSR reaction achievement of studied WCR models. 

SMR 

models 

Reactant mass fractions Product mass fractions CH4 

conversion 

rates [%] 

 

H2 

production 

rates [%] 

 

Inlet Outlet Inlet Outlet 

CH4 H2O CH4 H2O H2 CO H2 CO 

A 

21.28 71.45 

11.997 61.023 

2.6 1.19 

6.100 17.401 43.625 134.618 

B 5.887 54.161 8.403 28.069 72.335 223.192 

 

Figure 7 outlines the conversion and production rate of CH4 and H2. As highlighted in Table 4, 

model (B) realizes the best overall performance. Basing on the CH4 and H2 inlet mass 

fractions, CH4 conversion rate of model (B) is about 72.335 % and its H2 production rate is 



about 223.192%. Therefore, compared to model (A), enhancement of 28.71 % in CH4 

conversion and 88.574 % in H2 production is realized. 

 

 

Figure 7. CH4/H2 conversion/production rates obtained by each WCR model. 

 

 

4. Conclusion 

The intensification of the Methane Steam Reforming (MSR) process is investigated 

numerically in a 2D parallel-plate catalytic channel. Two configurations are investigated, 

“Model A” and “Model B”. The Model A contains a single catalytic zone of 4 mm and the 

Model B contains two discretized zones of 2 mm for each one and separated with an inert 

layer of 2 mm.  



Comparisons between the both models show that the discrete layers (Model B) have 

superior thermal performances due to the efficient fuel conversion. With Model B, 

enhancement of 28.71 % in CH4 conversion and 88.574 % in H2 production is achieved. 

It can be concluded that the MSR efficiency can be improved by segmenting the catalytic 

zone into subzones in order to extend the catalyst coating. This leads to increase the 

residence time of the reactants across the reformer and increase the H2 production rate. 

As a perspective, it is interesting to investigate the number of the discretized catalytic layers 

and the length of inert layer to better optimize the MSR system. 
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