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One of the promising technologies for on-board hydrogen production is methane steam 
reforming in reactor with packed bed. The study of the effect of various catalytic 
packing arrangements on the steam methane reforming process is of considerable 
interest. The present article analyses the influence of catalyst shapes and packing 
arrangement on steam methane reforming reactions efficiency. The reformer tube 
contains several packings with a changing relative position; additionally, two forms of 
catalysts, a ball and a cylinder, are also used. The pressure drop depending on the 
packing location, methane conversion and hydrogen yield were analysed. It was found 
that the packing arrangement with spacing allows better distribution of the supplied 
heat. Due to the distance between the packing sections flow becomes more turbulent 
after each section, which intensifies the heat transfer and mixing of the mixture. The 
highest hydrogen yield is observed on catalytic packings located at a distance of 40 mm 
from each other and consisting of cylindrical catalysts. The most uniform pressure drop 
occurs at a packing arrangement without spacing. The increase in methane conversion 
observed with the increment in spacing distance, but the difference is insignificant. 
Therefore, the arrangement of catalysts with spacing can be used for the improvement 
of steam methane reforming process. 
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1. Introduction 
 

Currently, there is a global trend of switching from fossil fuels to renewable energy sources. That 
process is greatly influenced by policies aimed on climate change mitigation and the big breakthrough 
in the field of alternative energy. However, it is impossible to solve all energy problems at once by 
simply switching from one energy source to another, this issue requires a comprehensive approach. 
There are many industries where the transition from fossil fuels is of great difficulty as this will reduce 
their productivity [1-2]. Examples of such industrial areas are metallurgy, glass production, various 
electric and thermal power plants. Many countries use different energy saving technologies as it 
helps to reduce fuel consumption and emissions of harmful substances into the atmosphere [3-4]. 
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One of the promising energy saving technologies is the use of secondary energy sources, for 
example, flue gases released after the combustion process. There are many ways of flue gas industrial 
use, for example, in article [5] authors suggest using the heat of flue gases to heat the water, which 
reduces the boiler fuel consumption. Another method is thermochemical regeneration of the heat of 
exhaust flue gases due to endothermic reactions. The heat of flue gases is used for the heat supply 
for reforming reactions and the reaction products (with high hydrogen content) may be combusted 
in the fuel consuming equipment or stored. Thus, the heat of flue gases is stored as chemical energy 
of the transformed fuel. This method allows not only to sensibly use the flue gas heat but also to 
improve the facility energy efficiency [6]. 

The latest published articles are focused primarily on steam methane reforming process 
optimization. The optimal values of temperature, velocity, pressure, steam to methane ratio and 
oxidizer composition are of great interest. Pashchenko [7] performed the experimental and 
numerical analysis of steam methane reforming reactions in a microchannel reformer. He 
determined, that with the increasing Reynolds number the hydrogen yield is decreasing. Also, the 
methane conversion rate is practically three times higher if reactor temperature rises from 800K to 
1000K. 

The industrial schemes with the implementation of thermochemical regeneration were assessed 
by Popov et al., [8]. The authors compared the industrial process scheme in a glass furnace to an 
upgraded version with thermochemical recuperation and concluded that efficiency could be higher 
in a range of 10-25% without affecting other parameters of the process. 

In the aforementioned articles, the steam methane reforming process was studied by 
thermochemical analysis in Aspen Hysys and Mathcad. These programs give valuable information on 
the reaction products but they cannot be used to investigate the distribution of the parameters inside 
the reactor. A better understanding of this phenomenon is crucial to further reactor performance 
enhancement. Computer modelling is widely used to simulate species and temperature distribution, 
pressure drop and other parameters [9-11]. 

In [9-14] the authors describe a method of thermochemical regeneration due to steam-methane 
reforming. The reaction of methane conversion occurs in the reactor near catalyst’s surface. Main 
reaction product is a synthetic fuel with very high hydrogen concentration, which has a rather high 
calorific value. Karthik and the authors in their article [14] investigated the influence of catalyst 
shapes on changes in pressure drop and the reaction characteristics. Their study showed, that various 
forms and quantities of catalysts have considerable influence on the course of endothermic 
reactions. 

Therefore, the study of the catalyst packing location influence on steam methane reforming 
characteristics is of great interest. The aim of the work is to study the influence of different catalytic 
packing arrangements on the thermochemical reactor performance. One of the reactor key 
parameters is methane conversion. So, the dependence of methane conversion on the spacing 
distance between catalyst packing sections is studied. 
 
2. Methodology  
 

In this article, two forms of the catalyst were considered: the cylindrical shape and the ball shape. 
Three catalyst packings consisting of five elements each were used. The effect of the different 
distance between packing sections on the reaction and flow performance was studied. Additional 
distance between the packing sections provides additional mixing of the reaction mixture, which may 
lead to higher methane conversion. The steam-methane mixture flows through that arrangement of 
catalysts and due to narrow channels between catalyst and reformer wall flow becomes turbulent, 
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which in turn leads to a change in the pressure drop and hydrogen yield. The commercially available 
Ni-based catalyst was chosen for this study due to its low cost, widespread use and high efficiency. 
Figure 1. shows the schematic diagram of the reactor used in present work. 
 

 
Fig. 1. Schematic diagram of the shapes and location of the 
catalyst packing 

 
One of the most effective ways to study these problems is CFD modeling, which allows to visually 

assess the key parameters of the ongoing processes. In the present article the software package 
Ansys Fluent is utilized. Ansys Fluent uses finite volumes method (FVM) to solve the partial 
differential equations. 
 
2.1 Model Geometry 
 

Model geometry is a tube filled with catalysts. The diameter of the tube is 13 mm and the length 
is 500 mm. The catalysts are presented in the form of cylinders with a diameter of 10 mm and a 
height of 10 mm and balls with a diameter of 10 mm. The packed bed contains 3 separate sections 
with 5 randomly arranged catalysts in each section. The packing sections are located at a distance of 
X = 0, 20, 40, 80 mm from each other. The tube wall is also divided into separate sections along the 
packed bed region. The wall partition is used to define the heat flow on the tube surface. The details 
will be discussed below in the boundary conditions section. Figure 2 shows the model geometry with 
a packed bed consisting of cylinders, created in Ansys Fluent.  
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Fig. 2. Reactor geometry with cylindrical shape catalysts 

 
Figure 3 shows the model geometry with a packed bed consisting of balls, constructed in Ansys 

Fluent. 
 

 
Fig. 3. Reactor geometry with spherical shape catalysts 

 
2.2 Mesh 
 

Ansys Fluent solves the model equations by the finite-element approach. The computational 
domain was divided into tetrahedral elements to obtain the computational mesh. The choice of 
tetrahedral mesh is motivated by rather complex geometry.  

The model geometry was cut into finite elements, resulting in a numerical mesh. To obtain 
plausible results, a fine grid with a high number of elements was created. It is also important to refine 
the mesh in the boundary layer, i.e., near the catalysts. Triangular pyramids were chosen as grid 
elements since these elements are the simplest in the field of CFD modeling of such problems. To 
refine the mesh near the catalyst’s surface, the Sizing procedure was used. As a result, a mesh with 
a total number of elements equal to about 3 million was obtained. In Figure 4 and Figure 5 the 
numerical mesh for catalysts with cylindrical and spherical forms are presented.  
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Fig. 4. Mesh for geometry with cylindrical catalysts 

 

 
Fig. 5. Mesh for geometry with spherical catalysts 

 
2.3 Governing Equation 
 

The flow of liquid. To solve single-phase unsteady flows, Ansys Fluent uses the Reynolds-averaged 
equations of mass and momentum conservation 

 
𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌𝑈̅) = 0                                                                                                                                               (1) 

 
𝜕(𝜌𝑈̅)

𝜕𝑡
+ ∇ ∙ (𝜌𝑈̅𝑈̅) = −∇𝑃 − ∇ ∙ (𝜏̿ + 𝜏𝑡̿) + 𝜌𝑔̅ + 𝑆𝑃                                                                               (2) 

 
where 𝑈̅ and 𝑃 are mean velocity and pressure, 𝜏̿ and 𝜏𝑡̿ are viscous and turbulent stress tensors, 𝜌𝑔̅ 
is the gravitational body force, 𝑆𝑃 is the momentum sink due to the porous media. The viscous stress 
tensor 𝜏̿ for a Newtonian fluid is given by 
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𝜏̿ = −μ(∇𝑈̅ + (∇𝑈̅)𝑇) − (
2

3
𝜇 − 𝑘) (∇ ∙ 𝑈̅)𝛿̿                                                                                                 (3) 

 
where l is the molecular viscosity and the second term on the right-hand side of the equation is the 
effect of volume dilation. The Reynolds stresses are modelled using the Boussinesq hypothesis as 
follows 
 

𝜏𝑡̿ = 𝜇𝑡(∇𝑈̅ + (∇𝑈̅)𝑇) −
2

3
(𝜇𝑡(∇ ∙ 𝑈̅) + 𝜌𝑘)𝛿̿                                                                                              (4) 

 
where 𝜇𝑡 ,is the turbulent viscosity. Based on literature information [15], the shear-stress (SST) 𝑘 −
𝜔 model which computes 𝜇𝑡 in terms of turbulent kinetic energy (k) and turbulence eddy frequency 
(𝜔) was used in this work. The SST 𝑘 − 𝜔 model [16] has the ability to solve the flow variables all the 
way to the wall without using wall functions. However, the model needs a fine mesh (𝑦+ ≤ 1) to 
resolve the boundary layer which has been taken care of in the present work. The description of the 
equations solved in this model are described in the reference guide [17].  

A porous media approach was used to model flow, reaction, and diffusion through particle (solid 
domain). A large momentum source (𝑆𝑝 in Eq. (2)) as defined in Eq. (5) was used for the solid domain 

which suppressed the convective flux across the fluid-solid interface. Due to this, only the diffusion 
dominated inside the solid particles. 

 

𝑆𝑝 = −
𝜇

𝐾perm
𝑈̅ − 𝐾loss

𝜌

2
|𝑈̅|𝑈̅                                                                                                                        (5) 

 
where 𝐾perm is the permeability and 𝐾loss is the quadratic loss coefficient. The first and second term 

in Eq. (5) represents the viscous and inertial losses, respectively. 
Energy Transport. The temperature distribution in turbulent flow was simulated by solving the 

enthalpy equation with negligible effect of viscous dissipation for low mach number (M) flows as 
 

𝜕(𝜌ℎ)

𝜕𝑡
+ ∇ ∙ (𝜌𝑈̅ℎ) = ∇ ∙ ((𝜆 + 𝜆𝑡)∇𝑇) + ∇ ∙ (∑ ℎ𝑖𝜌

𝑛

𝑖=1

(𝐷𝑖 + 𝐷𝑡,𝑖)∇𝑌𝑖) + 𝑆ℎ                                      (6) 

 
where h is the mean (Reynolds averaged) static enthalpy (and not the total enthalpy) and was 
calculated as ℎ = ∑ ℎ𝑖𝑌𝑖, 𝜆 is the thermal conductivity, 𝜆𝑡 is the thermal conductivity due to turbulent 
transport, 𝐷𝑖  is the molecular diffusivity of 𝑖𝑡ℎ species in the multicomponent mixture, 𝐷𝑡,𝑖 is the mass 

diffusivity of 𝑖𝑡ℎ species due to turbulent transport, 𝑌𝑖 is the mass fraction of 𝑖𝑡ℎ species and 𝑆ℎ is the 
heat source due to chemical reactions. In Eq. (6), ℎ𝑖  is the enthalpy of 𝑖𝑡ℎ species defined as 
 

ℎ𝑖 = ∫ 𝐶𝑝,𝑖(𝑇)𝑑𝑇
𝑇

𝑇ref

                                                                                                                                              (7) 

 
𝜆𝑡 was calculated using 𝜇𝑡 and the turbulent Prandtl number (𝑃𝑟𝑡) as 

 

𝜆𝑡 =
𝐶̂𝑝𝜇𝑡

𝑃𝑟𝑡

                                                                                                                                                               (8) 
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where 𝐶̂𝑝 is the specific heat capacity and the value of 𝑃𝑟𝑡 was 0.9. The heat transport inside the 

catalyst was simulated by solving Eq. (6) in which an effective thermal conductivity of solid (𝜆eff) was 
used in place of λ. The heat release or intake by the chemical reactions inside the catalyst particle 
can be defined as 
 

𝑆ℎ = 𝜌𝑠 ∑ 𝑟𝑗(−∆𝐻𝑗)

𝑚

𝑗=1

(9) 

 
where 𝜌𝑠 is the particle density, 𝑟𝑗 and ∆𝐻𝑗 are the reaction rate and the heat of reaction for reaction 

j, respectively. 
Species Transport. For diffusion and chemical reaction studies, the MSR reaction as given below 

were considered [23] 
 

𝐶𝐻4 + 𝐻2𝑂 ↔ 𝐶𝑂 + 3𝐻2;  ∆𝐻1 = 206.1 kJ/mol                                                                                       (10) 
 
𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2;  ∆𝐻2 = −41.15 kJ/mol                                                                                      (11) 
 
𝐶𝐻4 + 2𝐻2𝑂 ↔ 𝐶𝑂2 + 4𝐻2;  ∆𝐻3 = 165.0 kJ/mol                                                                                  (12) 
 

The species mass fraction distribution in the gas phase was simulated by solving species transport 
equation for 𝑛 − 1 species as 

 
𝜕(𝜌𝑌𝑖)

𝜕𝑡
+ ∇ ∙ (𝜌𝑈̅𝑌𝑖) = ∇ ∙ (𝜌(𝐷𝑖 + 𝐷𝑡,𝑖)∇𝑌𝑖) + 𝑆𝑖                                                                                     (13) 

 

where 𝐷𝑖  and 𝐷𝑡,𝑖 are the molecular and turbulent diffusivities of the 𝑖𝑡ℎ species in the 
multicomponent mixture, respectively and 𝑆𝑖 is the rate of species formation or consumption by 
chemical reaction for species i. 𝐷𝑖  was modeled using the Wilke correlation [18] and the 
corresponding binary diffusion coefficient using the Fuller et al., correlation [19]. 𝐷𝑡,𝑖 was computed 
from lt and the turbulent Schmidt number (𝑆𝑐𝑡) as 
 

𝐷𝑡,𝑖 =
𝜇𝑡

𝑆𝑐𝑡,𝑖
                                                                                                                                                           (14) 

 
where 𝜌 is the density and 𝑆𝑐𝑡 was taken to be 0.9. The species mass fraction distribution in particles 
was simulated by solving Eq. (13) in which an effective diffusivity (𝐷eff,𝑖) was used in place of 𝐷𝑖. 𝐷eff,𝑖 
was defined using the particle porosity (𝜀) and tortuosity (𝜏) values of 0.44 and 3.54, respectively [4] 
as 
 

𝐷eff =
∈𝑠

𝜏𝑠
𝐷𝑖                                                                                                                                                          (15) 

 
The species formation or consumption by the chemical reaction inside the catalyst particle was 

accounted through species source or sink terms as 
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𝑆𝑖 = 𝜌𝑠 ∑(𝛼𝑖𝑗𝑟𝑗)𝑀𝑖

𝑛

𝑗=1

(16) 

 
where 𝜌𝑠 is the particle density, 𝛼𝑖𝑗 represents the stoichiometric coefficient of component i in the 

reaction j, and 𝑀𝑖  is the molecular weight of species i. The species and heat source term in the particle 
were defined based on the Hou and Hughes [20] kinetic model for MSR over a 𝑁𝑖/𝛼𝐴𝑙2𝑂3 catalyst. 
 
2.5 Boundary Conditions and Model Validation 
 

The calculation was carried out in the Ansys Fluent 2019 R2 software package, on 16 Xeon E5-
2640 v4 processors. The operating conditions were as follows: atmospheric pressure, temperature 
293K. The catalysts were set as a porous region with porosity of 0.44. A mixture of CH4 + H2O with a 
ratio of 1/2 was fed to the tube inlet, the mixture inlet temperature was 1100K and the speed was 
0.25 m/s. The reaction kinetics was set by a custom function written in C language. As a reaction 
kinetic basis on the commercial Ni-based catalysts the data from Xu and Froment [22] was 
implemented. The following assumptions were made 

 
i. calculations were performed in steady state regime; 

ii. no energy flux due to a mass concentration gradient; 
iii. no additional surface oxidation reactions (metal oxidation reactions); 
iv. fresh catalyst is modeled (no carbon deposition on the catalyst surface). 

 
Verification of the custom function and numerical approach was carried out in the article [21] by 

our research team, so verification was not carried out in the present work. The tube wall was divided 
into sections; the length of each section was equal to the length of the packed bed section. This was 
necessary to supply only the packing section with heat. A heat flux of 400 W/m2 was supplied to wall 
2, heat flux of 600 W/m2 was supplied to wall 3. As the mixture flowed through the first packing layer 
it rapidly cooled down due to the occurring endothermic reactions. Therefore, it is necessary to 
supply heat to the other packing layers. Also, for comparison, the calculation was carried out without 
heat supply to the walls. In Fig. 6. the diagram of heat supply to the packing sections is shown.  

 

 
Fig. 6. Scheme of wall heat flux setting 

 
3. Results 
 

During the reactions without heat supply, the results presented in Figure 7 to Figure 10 were 
obtained. The conversion of methane was not affected by the location of the packed bed sections. 

Figure 7 shows the contour of hydrogen mass fraction on cylindrical catalysts without heat supply 
to the reactor walls. It can be seen that the hydrogen yield does not change depending on the location 
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of the packed bed sections. Observed effect is due to the rather low temperatures after the first 
packing section as more heat is required to obtain high reaction rates. 
 

 
Fig. 7. The contour of hydrogen mass fraction for catalysts with cylindrical shape without wall heat flux 

 
Figure 8 shows the contour of methane mass fraction on cylindrical catalysts without additional 

heat flux. It can be observed that, regardless of the packing sections location, the amount of 
converted methane remains unchanged.  That strongly correlates with hydrogen fraction distribution 
as methane is reactant and hydrogen is reaction product. So, the fraction distribution should be 
practically identical, but reversed. 

 

 
Fig. 8. The contour of methane mass fraction for catalysts with cylindrical shape without wall heat flux 

 
Figure 9 shows the contour of hydrogen mass fraction on spherical catalysts without heat supply. 

It can be seen that the hydrogen yield does not change depending on the catalyst packing 
arrangement. The observed behavior is similar to the results obtained for cylindrical catalyst. The 
reasons are deemed similar as well. 

 

 
Fig. 9. The contour of hydrogen mass fraction for catalysts with spherical shape without wall heat flux 
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Figure 10 shows the contour of methane mass fraction on spherical catalysts without heat supply. 
It can be seen that catalyst packing configuration has no effect on the amount of converted methane.  
Methane conversion on cylindrical catalyst is more active than on spherical ones for the first packing 
section. That effect was also observed by Karhik [14]. 
 

 
Fig. 10. The contour of methane mass fraction for catalysts with spherical shape without wall heat flux 

 
Figure 11 and Figure 12 show the temperature contours for various shapes and locations of the 

packing sections. It can be seen that the temperature practically did not change when the spacing 
between sections was increased. Particle shape also has negligible effect on the temperature 
distribution as the main driving factor is heat of the endothermic reaction. Additional heat flux to the 
reactor wall could provide more heat for the reaction and make the particle shape influence more 
pronounced. 

 

 
Fig. 11. Temperature contour for catalysts with cylindrical shape without wall heat flux 

 

 
Fig. 12. Temperature contour for catalysts with spherical shape without wall heat flux 

 
Figure 13 shows the velocity vector field for cylindrical catalysts. It can be seen that a turbulence 

of the flow occurs behind the cylindrical catalysts. It is stronger than for spherical catalysts due to the 
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better streamlining of the latter. Figure 14 shows the velocity vector field for spherical catalysts. It 
can be seen that there is less turbulence of the flow behind spherical catalysts than behind cylindrical 
catalysts. After each section vortices occur, which contribute to the steam methane reforming 
intensification due to changes in speed and an increase in temperature. 

 

 
Fig. 13. Velocity contour for catalysts with cylindrical shape 

 

 
Fig. 14. Velocity contour for catalysts with spherical shape 

 
The results of steam methane reforming with heat supply to the reformer walls are shown in 

Figure 15 - 18. It is clear that on the cylindrical catalysts, when the distance between the packing 
sections increases, more hydrogen is released. When the distance between the packings is equal to 
40 mm, the highest hydrogen yield is observed, while at a distance of 80 mm the amount of hydrogen 
decreases, therefore, the best choice of the distance between the packing layers is the distance 
between 40 mm and 80 mm. The reaction rate intensification on the catalysts with spherical shape 
is not observed. It can be seen that, regardless of catalyst packing arrangement, the amount of 
converted methane remains unchanged. A possible reason is the good shape streamlining, which 
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does not contribute to the occurrence of large vortices. For all cases considered spherical catalysts 
showed worse performance than cylindrical ones from the methane conversion rate and hydrogen 
yield perspective. The finding is in good agreement with the literature [14].  
 

 
Fig. 15. The contour of hydrogen mass fraction for catalysts with cylindrical shape with wall heat flux 

 

 
Fig. 16. The contour of methane mass fraction for catalysts with cylindrical shape with wall heat flux 

 

 
Fig. 17. The contour of hydrogen mass fraction for catalysts with spherical shape with wall heat flux 

 

 
Fig. 18. The contour of methane mass fraction for catalysts with spherical shape with wall heat flux 
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Figure 19 and Figure 20 show the temperature contours for different shapes and locations of 
packing sections are presented. The contour with cylindrical shaped catalysts (Figure 19) shows that 
the temperature to which the catalysts are cooled is different and the greatest cooling occurs at a 
distance of 40 mm between the catalysts. On the spherical shape of the catalysts, the temperature 
variance is the same. 

 

 
Fig. 19. Temperature contour for catalysts with cylindrical shape with wall heat flux 

 

 
Fig. 20. Temperature contour for catalysts with spherical shape with wall heat flux 

 
Figure 21 and Figure 22 show the dependence of pressure drop for different packing layers along 

the central cross-section of the reactor tube throughout the tube length. It can be seen that with an 
increase in X, the pressure drop shifts, while a smooth drop is observed at a distance of X equal to 0 
mm. 
 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 104, Issue 1 (2023) 124-140 

 

137 
 

 
Fig. 21. Pressure drop along the length of the pipe (cylindrical 
catalysts) 

 

 
Fig. 22. Pressure drop along the length of the pipe (spherical 
catalysts) 

 
Figure 23 and Figure 24 show diagrams of the CH4 and H2 content for different arrangement of 

the packing layers. When heat is supplied to the packed bed, an intensification of the steam methane 
reforming reaction is observed, which is a natural process. It is also seen that hydrogen yield is the 
highest on the cylindrical shape of the catalysts and the distance between the packing layers equal 
to 40 mm.  
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Fig. 23. CH4 outlet concentration for different arrangement of the 
packed bed 

 

 
Fig. 24. H2 outlet concentration for different arrangement of the 
packed bed 

 
4. Conclusion 
 

The influence of the packed bed arrangement on the reaction process characteristics has been 
studied in the present article.  

If cylindrical catalysts are used and packing sections are placed at different distances from each 
other, it is possible to intensify the hydrogen output. But with an increase in the distance between 
the packing layers, the pressure drop shifts, which must be taken into account for the choice of 
reformer design. The obtained results indicate that the best hydrogen yield is achieved when the 
distance between packing sections is in the range of 40-80 mm. Intensification of methane 
conversion occurs only when heat is supplied to the catalyst packing through the reformer wall. With 
the ability to change the heat supply it is possible to control the operation of the reactor itself, which 
helps with different operating modes. 
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If more streamlined forms of catalysts are taken, for example, the spherical shape, then changing the 
distance between the packing sections will not affect the reforming process. It can be seen from the 
obtained results that the turbulence of the flow behind the catalysts is too small to give a significant 
increase in the conversion rate of methane. But at the same time, the location of the packing sections 
at different distances from each other will allow the reactor to be used in different operating modes. 

This study makes a considerable contribution to the reformer design offering a way of increasing 
steam methane reforming process efficiency. Moreover, that study could be freely used to 
investigate packed beds with other arrangements and element shapes.  
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