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a b s t r a c t

Present study shows the performance analysis of methanol steam reforming considering 

different miniature-scale reformer geometries. Three different types of 3D models of steam 

reformers have been considered: straight annular, spiral, and serpentine-type reactors. 

Each reformer is packed with a copper-based catalyst to enhance the reaction between 

steam and methanol. Methanol steam reforming is an endothermic reaction with a two- 

step mechanism, whose reaction kinetic models were mathematically implemented. The 

study shows different hydrodynamic aspects of the flow fields through the catalyst bed, the 

conversion of methanol, and production of hydrogen for each type of reactors. Simulations 

were carried out at different temperatures and inlet velocities to study the methanol con

version and identify the most optimized reformer design. It was found that in the spiral and 

serpentine-type reformer, the methanol conversion was more due to the bending in the 

tubular reactor, which disturbs the flow field with an enhancement of mixing, causing more 

conversion. Spiral reformer exhibited conversion up to 91.16% at 650 K and producing 0.15 

mass fraction of hydrogen, which was found to be 3% more than the conversion achieved in 

serpentine type and almost 8% more than the straight annular type geometry when the 

inlet velocity was kept at 0.1 m/s for all the cases.

© 2023 Institution of Chemical Engineers. Published by Elsevier Ltd. All rights reserved. 

1. Introduction

Hydrogen is available in large quantities on earth in different 
forms. Use of hydrogen as fuel can solve lots of problems 
related to carbon dioxide emissions. Hydrogen is also known 
for its characteristics such as renewable and non-polluting 
(due to the absence of carbon) nature in comparison to other 
fuels (Luo et al. 2019; Niu et al. 2016; Sun et al., 2016). It is 
considered as the cleanest and the greenest fuel available to 
us and called a “zero-emission or emission-free fuel.” When 
diesel is replaced by hydrogen by 2% in terms of energy 
share, approximately 2.5% of CO2 emission is reduced 
(Chiriac et al. 2015). Only a few methods or reactions are 
commercially available for hydrogen production or 

extraction, and one of them is the steam reforming reaction. 
Other methods like auto thermal reforming, partial oxida
tion, electrolysis, and membrane-based technology are also 
known for hydrogen production at different scales. Fuel cells 
(FC) are known as an alternative source of energy (hydrogen) 
due to high energy efficiency and environmental friendly 
properties (Hall, 1987; Kreuer, 2001).

Hydrogen can be used in internal combustion engines 
because it can improve the performance of engine and re
duce emissions. Application of hydrogen can improve the 
combustion stability and extend the lean burn limit to the 
methanol-fed DISI (Direct Injection Spark Ignition) engine 
with an approximately 2.95 excess air ratio (Gong et al. 2020; 
Gong et al. 2020). By using flue gas temperatures up to 600 K, 
it was explained that methanol is a better fuel for reforming 
than other alternative fuels such as ethanol, glycerol, pro
pane and methane, providing maximum heat recovery 
(Pashchenko, 2020). In comparison to other endothermic 
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reforming reactions such as pyrolysis and dry-reforming, the 
yield of hydrogen in the case of methanol steam reforming 
(MSR) is higher and it consumes less energy (Duc-Khanh and 
Verhelst (2019)). Methanol is suitable for IC engines because 
it requires low temperatures (200–350 °C) to undergo the 
endothermic reforming reaction (Nehe et al. (2015)). Cu- 
based methanol steam reforming catalysts are commonly 
used in catalytic conversion processes (Davda et al. 2003; 
Duc-Khanh and Verhelst (2019)). The most commonly used 
catalyst for MSR, are ZnO/CuO/Al2O3 particles (Peppley et al. 
1999). Catalysts can be packed in tubes to form a fixed-bed 
reactor or coated on the surface to form a fixed-bed reactor 
plate (Chen et al. 2011). Reactor geometry, steam to carbon 
ratio, reaction temperature, and flow patterns within the 
reactor are all essential factors that affect the performance of 
the reformer. In the reforming process, heat transfer in the 
reformer also plays an important role (Iulianelli et al. 2014; 
Meille, 2021) because heat must be supplied as an external 
heat source to carry out the reaction. Methanol-reforming is 
also considered as thermochemical waste-heat recuperation 
based method which is a promising technology for re
covering waste heat that includes methanol from industrial 
processes and converting it into usable energy. This tech
nology involves the use of a thermochemical cycle to pro
duce hydrogen from steam and other sources, such as 
biomass or natural gas. One of the main advantages of this 
technology is that the synthetic fuel produced after re
forming contains a high percentage of hydrogen, usually 
more than 50% (Pashchenko, 2021). This hydrogen can be 
used in a variety of applications, including fuel cells, trans
portation, and energy storage. 

Many researchers investigated the MSR based hydrogen 
production process to increase its efficiency. For example, a 
computation study by Srivastava et al. (Srivastava et al., 
2022), showed the use of heat extracted from the exhaust gas 
during the process of methanol-steam reforming. The study 
emphasized the effect of heat transfer in their model by 
adding straight fines and curved fins to enhance heat con
duction. The heat supply was taken from the exhaust gas 
which flows surrounding the reformer channel. Another 
study by Perng et al. (Perng et al., 2017) demonstrated the 
effect of a diffuser in the reformer for the enhancement of 
the performance of the reforming reaction, by changing the 
angle of diffuser. Zhang et al. (Zhang et al. 2017) evaluated 
the performance of cross U-type and parallel U-type micro- 
reformers to produce a high yield of hydrogen. This was done 
both computationally and experimentally. A three dimen
sional analysis was done by Hsueh et al. (Hsueh et al. 2011) 
where a plate type methanol steam micro-reformer which 
was coupled with catalytic combustion of methanol was 
developed. The work showed the optimization of the re
forming reaction using a serpentine flow field. The config
uration improved the thermal management by utilizing the 
heat obtained from the exothermic combustion process in 
the ongoing MSR (endothermic) chamber. Gurau et al. (Gurau 
et al., 2020) reported an efficient design for hydrogen pro
duction in an on-board fuel cell using numerical simulations. 
Two operating regimes of fuel processor were considered, 
which resulted high methanol conversion and hydrogen 
production for a small reformer size. The objective of the 
study was also to verify that the outlet gas composition can 
be tolerated by phosphoric acid-doped high temperature 
proton exchange membrane fuel cell. Chein et al. (Chein et al. 
2012) reported the effect of baffles inside an integrated 

reformer-combustor, where the performance of reforming 
reaction was studied varying the number baffle plates and 
their angles. The baffle plates enhance the heat transfer due 
to the flow disturbance created inside the catalyst bed. It also 
resulted in an increase in pressure drop. Both experimental 
and numerical investigation of a glass-made methanol steam 
micro-reformer-combustor unit was performed by Kim (Kim, 
2009) which demonstrated a good methanol conversion. 
Another study on integrated reformer-combustor performed 
by Tadbir et al. (Tadbir and Akbari, 2011), investigated the 
effect of catalyst thickness, gas hourly space velocities, re
actor geometry, separating substrate properties, and inlet 
composition of the steam reformer. For generating 100 W 
power fuel cell by hydrogen, a micro methanol steam re
former was modelled and simulated by Vadlamudi et al. 
(Vadlamudi and Palanki, 2011). A multichannel methanol 
steam reformer for syngas production was incorporated by 
Zhuang et al. (Zhuang et al. 2020), which used the triple rate 
kinetic model of methanol steam reforming. The results were 
mainly based on the effect of steam to carbon molar ratio, 
weight hourly space velocity, operating temperature and 
catalyst layer thickness. Most of these studies attempted to 
increase the hydrogen production rate through MSR by 
changing various parameters. However, changing the overall 
geometry of the reformer, especially, the use of spiral and 
serpentine geometry has not been addressed so far. 

This present work numerically investigates the reformer 
performances with respect to hydrogen production by con
sidering different geometries of MSR-based micro-reactors. 
The conventional design of the reformer (i.e., straight an
nular type) was analysed with a Cu-based catalyst-packed 
bed of a certain length, and heat is applied directly on the 
wall as a temperature source. Two more types of reactor 
models were investigated considering serpentine and spiral 
geometry. CFD analysis of these reformers was done at three 
different temperatures; 550, 600, and 650 K and at different 
inlet gas velocities; 0.1, 0.15, 0.2, 0.25, and 0.3 m/s. A com
parison of the results of these types of reformers were pre
sented and analysed. 

2. Methodology 

In the present study, three-dimensional numerical models 
were formulated and computational fluid dynamics (CFD) 
based simulations were performed. All gases were assumed 
to act as an ideal gas, and the flow was considered to be 
turbulent and incompressible. A steady-state pressure driven 
flow through the tubular channel was considered. The in
fluence of any external body force and gravity were ignored. 
No thermal radiation within the gas phase was considered. 
The catalyst bed was assumed to be porous and isotropic 
with uniform physio-chemical properties throughout the bed 
length. Temporal decay of the catalyst was also neglected. 
The reaction would only take place in the catalytic porous 
zone. All the simulations were performed using the solver of 
ANSYS Fluent 2022R2 (Fluent and ANSYS (2013)). 

2.1. Geometry 

Three different types of geometry were designed for the 
study of reactor performance. These reactors are basically 
tubular channels with uniform cross sections at a miniature 
scale, through which the reactant gases flow. In the present 
study, the inner metal surface of the reactor channel and the 
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flow domain were considered for carrying out the simulation 
of the reforming reaction which takes heat from the wall 
surface. The conceptual design for the normal straight an
nular reactor was based on a reported study of Srivastava 
et al. (Srivastava et al. 2022). The spiral and serpentine re
actors, which were considered in the present study are 
shown in Fig. 1. All three reactors were packed with cu-based 
catalyst particles, and the diameter (d) of the reactor was 
considered to be 20 mm for comparing the efficiency of dif
ferent geometries. The reactants will flow through the inlet 
section (La=30 mm) which is the distance between the inlet 
and the catalyst bed. A flow path of similar distance 
(Lb=30 mm) was kept in between the catalyst bed and the 
outlet. The length of the catalyst bed (Lc) was considered as 
200 mm in each case of the reactor. Thus, the total length 
and volume becomes same for all the geometries. The length 
provided before the reactants enter the catalyst zone is for 
preheating the gases. The straight annular reactor was si
mulated first, following the serpentine and spiral reactors. 

It is important to mention here that the initial 30 mm 
length, that we considered is consistent with the study of 
Srivastava et al. (Srivastava et al. 2022). The choice of a 420 K 
inlet gas temperature was also influenced by this research, 
which demonstrated its effectiveness in promoting the re
forming reaction. The initial free flow zone serves not only 
for pre-heating but also for distinguishing the hydro
dynamics between the catalyst-packed and free-flowing re
gions. This approach facilitates logical and comprehensible 
analysis of contour diagrams. For the same reason, the 
30 mm length at the outlet was also considered. 

2.2. Governing equations 

For the CFD analysis, the governing equations were mainly 
based on conservation equations of mass, momentum and 
energy. The equations are shown as follows: 

Continuity equation: 

+ + =u
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v
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0
(1)  

Here, u, v, and w are the velocity components in x, y, and z 
directions respectively. 

Navier-Stokes equations: 
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Z-momentum equation: 
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In the above equations, Su, Sv, and Sw denote the mo
mentum source terms of the reactant gas flow in the porous 
zone of catalyst bed. The source terms; Su, Sv, and Sw only 
exist when there is a flow through the porous region. Hence 
their value will be zero for free-flowing region. These terms 
produced due to porous catalyst and can be expressed by the 
equation: 
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Fig. 1 – (a) Straight annular; (b) Serpentine; (c) Spiral type reformer.  
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The source terms; Su, Sv, and Sw in the above equations, 
can also be expressed as overall momentum source term Sm, 
as the following equation: 

µ=S
k

V
V

V
2

| |m
f (8) 

Where, k represents permeability, and represents inertial 
loss coefficient along each direction in the porous medium of 
catalyst bed which causes a pressure drop. By using Ergun 
equations (Burke and Plummer, 1928), these terms are ob
tained and are shown as following expression: 
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Where, dp denotes particle diameter of each catalyst par
ticles. 

In the momentum equations, denotes the porosity of the 
catalyst medium (volume of fluid in porous region/ total vo
lume of catalyst) and µmix is the viscosity of the gas mixture 
(White, 1991) which is given by Eq. (11): 
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and ij is expressed as Eq. (12): 
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ij in Eq. 12 is a normalization factor in Wilke’s mixture 
rule, accounting for component fractions and their influence 
on the overall viscosity, ensuring an appropriate scaling of 
the weighted average viscosity in the gas mixture calculation 
(Mathur and Saxena, 1965). 

Here, Mwi is the the molecular weight of the ith species in 
kg/mol. Species transport equation is represented as Eq. (13): 
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In the above equation,mass fraction of the ith species is 
denoted by mi, where the ith species stands for CH3OH, H2O, 
H2, CO2, and CO. These equations can also be expressed in 
terms of species concentration equation: 

= + =V C D C M R( . ) i eff i r
N

wi ir
2

1 (14) 

Where, Ci is the ith species concentration, Rir is the 
Arrhenius rate of reaction of ith species of rth reaction in mol/ 
m3-s. Again, the last term in the species transport equation is 
the source term which is due to the reactions in presence of 

catalyst material. Deff denotes the effective diffusion coeffi
cient given by Stefan-Maxwell equations (White, 1991). Due 
to the presence of catalyst, the effective diffusion coefficient 
is influenced by the porosity ( ) and it is expressed by Eq. (15): 

=D Deff k (15) 

Where, Dk denotes mass diffusion coefficient in absence of 
porosity. 

The expression of energy equation is given by Eq. (16): 

= +C V T T S( )( . )f p eff t
2

(16) 

Where, effective thermal conductivity of the porous catalyst 
medium is denoted by eff , and this can be expressed by  
Eq. (17): 

= + (1 )eff f c (17)  

Here, f is the fluid thermal conductivity and c is the 
solid thermal conductivity in the porous zone and eff is the 
effective thermal conductivity. Since, reaction occurs in the 
porous zone, the source term is present in the equation, 
which can be expressed as Eq. (18): 
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Where N is the number of chemical species taking part in 
chemical reaction, hi

o is the enthalpy of ith species in kJ/mol, 
Cpi is the specific heat capacity of the ith species in kJ/kg-K, 
and Table 1 shows the physical properties of the catalyst. 

2.3. Chemical kinetics 

Methanol-steam reforming is an endothermic reaction with a 
two-step mechanism. It consists of a non-reversible steam 
reforming (SR) (first step), and a reversible water gas shift 
reaction (WGS) (second step), whose reaction kinetic models 
are mathematically implemented and the values are shown 
in Table 2. SR and WGS reactions are mainly considered in 
the present study. 

+ + = +k
HCH OH H O 3H CO 49.5kJ/molK3 2

1
2 2 298

(SR)    

+ + = +k
HH CO CO H O 41.2kJ/molK2 2

2
2 298

(WGS)    

+ + =k
HCO H O H CO 41.2kJ/molK2

2
2 2 298

(WGS)  

The importance of the water gas shift reaction in re
forming lies in its ability to enhance the hydrogen production 
and remove excess carbon monoxide. 

The evaluation of the rate of above reactions are done by 
using Arrhenius model (Agrell et al. 2002; Fukahori et al. 
2008). The rate of SR and WGS reactions are expressed as (19) 
and (20); 

Table 1 – Physical properties of the catalyst.     

Property Value Reference  

Catalyst density (kg/m3) 1480 (Karim et al., 2005) 
Catalyst thermal conductivity (W/mK), c 1 (Karim et al. 2005) 
Catalyst bed porosity, 0.5 (Perng et al. 2017) 
Catalyst bed permeability (m2), k 2.379 × 10−12 (Karim et al., 2005)   
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Here, R is the universal gas constant, k is the pre-ex
ponential factor, and Ea is the activation energy. 

2.4. Boundary conditions 

The governing equations were discretised using the finite 
volume method (FVM). Pressure-based steady-state solver 
was used to perform the numerical simulations. For reac
tions, species transport models were chosen, with finite rate 
kinetic model or no turbulence chemistry interaction (TCI) 
model. SST k-omega turbulent viscous model was used for 
the straight annular, spiral and serpentine reactor, since 
some turbulence or disturbance is supposed to generate in 
the flow regime due to the curved tubular channel. The ve
locity, temperature, species concentration and species flux at 
the interface between the free flow region and catalyst bed 
domain are considered to be continuous. Velocity-inlet and 
pressure outlet type of boundary conditions were employed. 
For pressure-velocity coupling, SIMPLE-C scheme was uti
lized (Taylor et al. (2007)) and discretization of the pressure 
term was done by PRESTO! (PREssure STaggering Option) 
scheme which was recommended for temperature-depen
dent thermophysical properties and flows involving porous 
media (Canonsburg and Technology Drive (2012)). Mo
mentum, species, and energy equations were discretised by 
second upwind scheme. As convergence criteria, all the re
sidual values are kept less than 10−6. Residual values are set 
to quantify errors in CFD simulations in each step. These 
values represent the difference of the parameters between 
two consecutive steps of iterations during the numerical 
solution of the governing equations. By setting a target re
sidual for each parameter, users define the desired level of 
convergence. The solver monitors and compares residuals 
during iterations, and it will stop when the values fall below 
their residual limit. 

No-slip boundary conditions were considered at the walls. 
Mass diffusion coefficient Dk was taken as 6.8 × 10−5 m2/s 
(Karim et al., 2005). In the present study, the reactors are 
simulated at three different temperatures: 550 K, 600 K, and 
650 K. Selection of this temperature range is purely based on 
the application in automobile engines, where the exhaust 
gas is generally available at around 600 K, which acts as a 
heat source for the reforming reaction. 

At inlet, the reactant gases are preheated up to 420 K, and 
the reactor models were solved at different inlet velocities: 
0.1 m/s, 0.15 m/s, 0.2 m/s, 0.25 m/s, and 0.3 m/s with an S/C 

(steam to carbon) ratio of 1.1 for each case. At the outlet 0- 
gauge pressure was maintained. 

A distinct cell zone was designated to set the porosity of 
the catalyst bed, called the "catalyst section" located in the 
middle section of all the geometries, as shown in Fig. 1. This 
cell zone was specified as a porous zone, which allowed us 
to model the porosity and other properties of the catalyst- 
packed bed. It is important to mention that in the present 
study, the porosity and permeability of the packed catalyst 
bed were considered neglecting the porosity inside the 
particles. 

The grid-independence study (Fig. 2) was done on the 
straight annular channel, where the maximum velocity 
(Vmax) at the outlet was plotted against the size of the vo
lume elements and it was noted that after reducing the ele
ment size lower than 0.001 m, the variation in the maximum 
velocity was not significant. So this element size was con
sidered as the optimum one for the present study. 

3. Results and discussion 

The present study was started by validating the work of 
Srivastava et al. (Srivastava et al. 2022), where the simulation 
of methanol steam micro-reformer was shown. It was a 
straight annular geometry where the reformer reaction oc
curs in the inner cylinder taking heat energy from the hot 
exhaust gas flowing through the outer annular region. The 
present work does not consider the outer annular chamber 
and the temperature was specified directly on the wall sur
face of the reformer. The major objective was to analyse the 
effect of different geometries on the rate of hydrogen pro
duction. The straight annular reactor geometry was con
sidered as a base case for comparing the performance of 
other reactor geometries. All the input parameters were kept 
same as Srivastava et al. Inlet velocity and wall temperature 

Table 2 – Chemical Kinetics parameters.     

Parameter Value Reference  

Pre-exponential factor for SR (s−1), k1 8 × 108 (Agrell et al. 2002)(Fukahori et al. 2008) 

Pre-exponential factor for forward WGS (m3/mol s), k2 4 × 108 (Agrell et al. 2002)(Fukahori et al. 2008) 

Pre-exponential factor for backward WGS (m3/mol s), k 2 4 × 108 (Agrell et al. 2002)(Fukahori et al. 2008) 

Activation energy for SR (J/mol), Ea1 7 × 107 (Agrell et al. 2002)(Fukahori et al. 2008) 

Activation energy for forward WGS (J/mol), Ea2 1 × 108 (Agrell et al. 2002)(Fukahori et al. 2008) 

Activation energy for backward WGS (J/mol), Ea 2 1 × 108 (Agrell et al. 2002)(Fukahori et al. 2008)   

Fig. 2 – Grid independence test.  
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were considered as 0.1 m/s and 550 K respectively. S/C ratio 
was kept at 1.1 and reactants were pre heated to 420 K. The 
methanol conversion and the hydrogen production were 
compared with the results of Srivastava et al. and the results 
were found to be similar as show results in Fig. S1 
(Supplementary Information). Keeping the parameters same, 
other geometries (i.e., spiral and serpentine reformers) were 
analysed for hydrogen production. The contour of velocity, 
temperature, methanol mass fraction and hydrogen mass 
fraction distribution of straight annular geometry was in
vestigated at 0.1 m/s and 550 K wall temperature and are 
shown in Fig. 3. 

3.1. Straight annular type reformer 

In Fig. 3(a) the velocity contour was shown, where it was 
observed that, at the boundary of the annular channel the 
velocity was very minimum, and there was a little rise in 
velocity in the catalyst zone, and when the fluid leaved the 
packed bed, the velocity was abruptly increased. The tem
perature contour was shown in Fig. 3(b). It was observed that 
at the inlet section temperature was less because the pre
heating temperature was less than the reactor wall tem
perature. The temperature gradually increased after entering 
the catalyst zone due to the reduced velocity at the catalyst 
bed. The methanol mass fraction, shown in Fig. 3(c), was 
found to decrease gradually through the catalyst zone where 
the reaction was taking place and it was very less at the 
periphery of the reactor, indicating higher rate of reaction 
near the hot boundary. The hydrogen mass fraction contour, 
shown in Fig. 3(d), reveals that the hydrogen formation and 
accumulation was more at the periphery of the middle por
tion of catalyst zone, than at the outlet of the reformer. From 
the contours of the species, it was clear that methanol was 

gradually decreasing, and hydrogen was increasing through 
the catalyst bed. The area average of methanol and hydrogen 
mass fraction at the outlet were found to be 0.151 and 0.069 
respectively. The methanol conversion was calculated and 
found to be 74.83%. Velocity at the outlet was almost 
reaching up to 0.4 m/s which was 4 times more than the inlet 
velocity. The average temperature at the outlet was 
around 549 K. 

3.2. Serpentine type reformer 

In the case of serpentine type of reformer, the similar con
tour diagrams (at 550 K wall temperature and 0.1 m/s inlet 
gas velocity) have been generated and shown in Fig. 3. In the 
velocity contour, it was observed that at the bends in the 
catalyst zone of the reformer, the velocity was increased at 
the inner edge, whereas, on the opposite edge it was less, as 
shown in Fig. 4(a). And this distribution continues in the 
upper half of the reformer. The velocity was increased when 
the fluid leaved the catalyst zone and at the boundary of the 
reformer it was very less. The temperature distribution was 
observed to be similar to the straight annular type, however, 
it follows the bended path of the reformer, as shown in  
Fig. 4(b). The mass fraction of methanol and hydrogen gra
dually decreases and increases respectively, and at the 
boundary of the reformer methanol mass fraction was found 
to be less, as shown in Fig. 4(c). The hydrogen mass fraction 
was found to increase along the flow path as shown in  
Fig. 4(d). The methanol conversion and area average mass 
fraction of H2 at the outlet were found to be 79.85% and 0.083 
respectively. The average velocity at outlet was 0.23 m/s, 
which was not so much increased as compared to the 
straight annular type indicating more residence time and 
better conversion in the serpentine geometry. 

Fig. 3 – Contour of (a) velocity, (b) temperature and species distribution for (c) methanol and (d) hydrogen along a cross- 
sectional plane of straight annular reformer. 
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3.3. Spiral type reformer 

The spiral reformer geometry is not linear along any of the 
axis in 3-dimensional space, hence, at every interval of 
25 mm along the catalyst bed, the cross-sectional planes 
were taken to study the contour of the parameters, as shown 
in Fig. 5. The contours were generated at 550 K wall tem
perature and 0.1 m/s inlet velocity. It was observed from the 
temperature distribution, as shown in Fig. 5(a), that at the 
entry of the catalyst zone, the temperature was 420 K (pre
heating temperature) and the heat transfer in the catalyst 
bed region was observed along the curved channel. The ve
locity distribution, as shown in Fig. 5(b), depicts that the 
velocity was high at the inner peripheral region where, the 
gas mixture had to cover less distance comparative to the 
opposite region. Here also the velocity was minimum at the 
boundary of the reformer. The region inside the spiral re
former, where the temperature was more and velocity was 
less, it was observed that methanol mass fraction reduced 
due to receiving enough heat and sufficient reaction time for 
conversion. It was also observed that the hydrogen mass 
fraction gained in those regions (Fig. 5(c) and (d)). At the 
outlet, the average velocity was found to be 0.11 m/s and 
average temperature was 548 K. The conversion was found to 

be maximum in this spiral geometry of the reformer, which 
was 82.67%, and area average of H2 mass fraction gained at 
the outlet 0.098. 

3.4. Comparative analysis 

A comparison between the three types of reformers had been 
done to study the reaction performance in terms of methanol 
conversion and hydrogen production at different wall tem
peratures and gas inlet velocities. As shown in Fig. 6(a), 
methanol conversions were plotted against the wall tem
peratures (considering an inlet velocity of 0.1 m/s) and for all 
the three cases the conversion linearly increases. At 550 K, 
the conversion in each reformer was found to be 74.83% in 
straight annular type, 79.85% in serpentine type, and 82.67% 
in spiral type. At 600 K, the conversions in all types of reactor 
were increased and found to be 81.17% in straight annular 
type, 85.71% in serpentine type, and 87.67% in spiral type. At 
650 K, the conversion in the curved channels, increased even 
more, i.e., 83.66% in straight annular type, 89.17% in ser
pentine type, and 91.16% in spiral type. Since the reaction is 
endothermic in nature, the conversion increases with the 
increase of the temperature. However, upper limit of tem
perature was fixed at 650 – 670 K considering the commercial 

Fig. 4 – Contour of (a) velocity, (b) temperature and (c) & (d) species distribution along a cross-sectional plane of the 
serpentine reformer. 
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applications of on-board engines. Fig. 7(a) shows the varia
tion of outlet H2 mass fraction with wall temperature. It was 
observed that as expected, the H2 mass fraction increases 
with the increased wall temperature in all the cases. In the 
straight annular geometry, the area weighted mass fraction 
of H2 at the outlet was 0.069 at 550 K, 0.083 at 600 K, and 0.093 
at 650 K. In serpentine geometry, the H2 production was 
comparatively better and it was found that the conversions 
were 0.083, 0.106 and 0.125 at 550 K, 600 K and 650 K respec
tively. And in spiral geometry, even better production was 
achieved i.e., 0.098 at 550 K, 0.128 at 600 K, and 0.149 at 650 K. 
The comparative analysis clearly shows the influence of re
former geometry on the rate of hydrogen production and 
methanol conversion. 

It is interesting to note that the spiral type did not show 
that much reduction in conversion as well as in H2 produc
tion as the other two types. The H2 mass fraction at the outlet 
was also found to be reduced because of the reduction in 
conversion (Figs. 6(b) and 7(b)). At an inlet velocity of 0.2 m/s, 
the H2 mass fraction in straight annular, serpentine and 
spiral geometry was found to be 0.045, 0.067, and 0.078 re
spectively. At an inlet velocity of 0.3 m/s, the same was found 

to be 0.037, 0.048, and 0.059 respectively. The results indicate 
that, there was a velocity difference between the inlet and 
the outlet of the reformer due to the reaction and viscous 
resistance provided by the porosity of the catalyst material. 
This velocity difference is more in straight annular, than 
serpentine and even less in spiral type. Therefore, the velo
city has significant influence on conversion rate of the re
forming reaction. 

In case of spiral type reformer, the residence time inside 
the catalyst bed region was more and the reformer perfor
mance was better. Reforming reaction is also dependent on a 
parameter called gas hourly space velocity (GHSV), which 
defines that how long the reactant gas is in contact with the 
catalyst material inside the reformer. A lower GHSV means 
that the reactants are in contact with the catalyst longer, 
increasing methanol conversion and hydrogen yield. 
(Srivastava et al. 2022). Spiral type reformer exhibits a sa
tisfactory and best reaction performance, as methanol con
version was 3% more than serpentine type and almost 8% 
more than the straight annular type geometry. 

The pressure along the length of the catalyst bed varies 
depending on the reactor geometry and it has significant 

Fig. 5 – Contour of (a) temperature, (b) velocity and (c) & (d) species distribution along radial cross-sectional planes of the 
spiral reformer. 
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influence on the rate of conversion. In order to investigate 
the effect of pressure on the rate of methanol conversion, the 
mass fraction of methanol has been calculated along the 
length of the reactor and plotted in Fig. 8. Variation of the 
pressure was also shown simultaneously. It has been ob
served that in all the cases mass fraction of methanol re
duces along length of the reactor. In straight annular type 
(Fig. 8(a)), methanol was converted instantly as soon as it 
enters the catalyst bed, which is up to 50 mm of bed length. 
Then the conversion was almost at a fixed rate throughout 
the rest part of the bed (50–200 mm), and no further con
version was observed. In the serpentine and spiral type 
(Figs. 8(b) and 8(c)) both the plots were nearly similar. The 
methanol mass fraction reduced steadily up to 100 mm in 
both the cases. Though the slope of the methanol mass 
fraction curve was more in case of spiral type. After that a 
sudden drop was appeared from 100 mm to 150 mm, which 
shows that conversion took place more rapidly in that par
ticular region of bed. Finally in spiral type methanol mass 
fraction was much less than serpentine at the end of the bed. 
The pressure drop was seen to be slightly more in straight 
annular, slightly less in serpentine and even lesser in spiral. 
This was inversely proportional to the velocity drop in each 
reformer. It was noted how changing the geometry can affect 

the pressure drop which make a significant change in the 
conversion, though the conversion achieved was also de
pending on other factors like temperature, gas velocity and 
the geometry. In earlier studies (Pashchenko et al., 2020), it 
was found that on increasing the pore size of the catalyst 
bed, pressure drop will decrease. Though the porosity de
pends on the property of catalyst and in the present study 
Cu-based catalyst was considered which has a fixed prop
erty, it can be proposed that, for different catalyst material, 
the porosity will be different and the pressure drop will also 
be depend on that. Form the trends of methanol mass frac
tion, it can be understood that spiral and serpentine types of 
reformers will be able to produce more hydrogen efficiently 
than the straight annular type, since methanol was not 
converting steadily rather after a sudden conversion there 
was no significant reduction of methanol. 

In order to investigate the effect of reactor dimension on 
the reaction conversion, a number of simulations of the three 
types of reactors (straight annular, serpentine and spiral) 
with different diameters were performed keeping the length 
constant and considering the same initial velocity as 0.1 m/s. 
The results are presented in Fig. 9. The plot shows a distinct 
variation of methanol conversion with the variation of the 
reactor diameter. At a larger diameter of 25 mm, the 

Fig. 6 – Methanol conversion (%) at (a) different wall temperatures and (b) different reactant inlet velocities for different 
reformer geometries. 

Fig. 7 – Variation of produced H2 mass fraction (at the outlet) with (a) wall temperatures (K) and (b) reactant inlet velocity (m/ 
s) for different reformer geometry. 
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methanol conversion was observed to be significantly low. 
This decline suggests that larger reactor diameters may not 
be optimal for achieving high methanol conversion rates. 
Whereas, at a diameter of 15 mm the conversion was found 
to be significantly high. It was also observed that decreasing 
the diameter beyond 15 mm is not showing any change in 
the methanol conversion. This suggests that the optimal 
diameter for maximizing conversion lies near 15 mm dia
meter. This observation implies that the benefits gained from 
decreasing the diameter beyond a certain point are minimal 

or negligible. Therefore, a balance between these factors 
appears to exist, indicating an optimal diameter range for 
achieving maximum methanol conversion. 

4. Conclusion 

A computational fluid dynamics-based analysis on 3-di
mensional steam micro-reformers was performed to eval
uate the effect of spiral and serpentine type channel 
geometry packed with Cu based catalyst. Influence of re
former geometry was investigated considering the rate of 
hydrogen production and methanol conversion. Effect of 
inlet gas velocity was also analysed. It has been observed 
from the results that in the spiral and serpentine geometry, 
the velocity of gas mixture is less than the straight annular 
type because of the disturbance suffered through the curved 
channels. GHSV is the reciprocal of space velocity or re
sidence time. GHSV was much lower in spiral reformer than 
other two reformers which increases the residence time. It 
was observed that temperature and velocity distribution, 
which changes based on the reformer geometry, significantly 
influences the conversion rate. Spiral reformer exhibited 
conversion up to 91.16% at 650 K and producing 0.15 mass 
fraction of hydrogen, which was found to be 3% more than 
the conversion achieved in serpentine type and almost 8% 
more than the straight annular type geometry when the inlet 
velocity was kept at 0.1 m/s for all the cases. Similar trend 
was also observed in case of higher inlet velocities. Hence, 
the spiral reformer can be chosen as a better design for 
methanol steam reforming reaction and hydrogen 

Fig. 8 – Variation of pressure and methanol mass fraction along the length of the catalyst bed; (a) straight annular, (b) 
serpentine and (c) spiral type. 

Fig. 9 – Methanol conversion (%) at different reformer 
diameters for various reformer geometries. 
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production. Experimental validation of this prediction is kept 
as a future scope of research. 
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