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Abstract
Purpose – The purpose of this paper is to investigate the heat and mass transport characteristics in
microchannel reactors with non-uniform catalyst distributions.
Design/methodology/approach – A two-dimensional model is developed to study the heat and mass
transport characteristics in microchannel reactors. The heat and mass transport processes in the
microchannel reactors with non-uniform catalyst distribution in the catalytic combustion channel are also
studied.
Findings – The simulated results are compared in terms of the distributions of species mole fraction,
temperature and reaction rate for the conventional and new designed reactors. It is found that the chemical
reaction, heat and mass transport processes are significantly affected and the maximum temperature in the
reactor is also greatly reduced when a non-uniform catalyst distribution is applied in the combustion catalyst
layer.
Practical implications – This study can improve the understanding of the transportation characteristics
in microchannel reactors with non-uniform catalyst distributions and provide guidance for the design of
microchannel reactors.
Originality/value – The design of microchannel reactors with non-uniform catalyst distributions can be
used in methane steam reforming to reduce themaximum temperature inside the reactor.
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Nomenclature
A = coefficient;
cp = specific heat, J kg�1 K�1;
d = diameter, m;
D = diffusivity, m2 s�1;
E = Activation energy, J mol�1;
h = enthalpy, J mol�1;
k = thermal conductivity, W m�1 K�1;
K = permeability, m2;
M = molecular weight, kg mol�1;
P = pressure, Pa;
R = universal gas constant, 8.314 J mol�1 K�1;
Ri = reaction rate, mol m�3 s�1;
S = source term;
T = temperature, K;
u! = velocity vector, m/s;
X =Mole fraction; and
Y = mass fraction.

Greek symbols
a = coefficient;
« = porosity;
m = dynamic viscosity, Pa s;
r = density, kg m�3; and
t = tortuosity.

Superscripts and subscripts
eff = effective;
f = fluid;
i = ith species;
k = Knudsen;
m =mixture;
mass = mass equation;
mom = momentum equation;
p = pore;
s = solid; and
T = temperature equation.

1. Introduction
Hydrogen is commonly used as the ideal fuel for fuel cells (Chen et al., 2020; Li et al., 2017; Li
and Sunden, 2018; Li et al., 2021; Mauro et al., 2010; Peng et al., 2020; Shen et al., 2019).
Various methods have been developed to produce hydrogen from methane, such as steam
reforming, partial oxidation and autothermal reforming (Yuan et al., 2007). Methane steam
reforming can be used for hydrogen production. For the methane steam reforming, an
external heat source must be supplied to maintain the hydrogen production process due to
the endothermic reaction. Microchannel reactors with both a reforming channel and a
catalytic combustion channel have superior heat transfer characteristics (Bhat and
Sadhukhan, 2009). The exothermic reaction in the combustion channel can act as the heat
source for the reactions in the reforming channel.
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Many numerical studies have already been carried out for methane steam reforming in
microchannel reactors. The chemical reaction coupled mass and heat transport phenomena
in a methane reformer duct were analyzed by Yuan et al. (2007). It was concluded that the
porous layer configuration, temperature and catalyst loading have strong effects on the
transport processes and reformer performance. In addition, a similar study was carried out
by Ni (2013). Effects of pore size, permeability, gas velocity, temperature and rate of heat
supply on the reformer performance were systematically discussed. The reforming channel
is considered in the above-mentioned numerical simulations and a constant heat flux is
applied as the heat source.

The thermal characteristics of a microchannel reactor with co-flow and counter-flow
arrangements were numerically investigated by Zanfir and Gavriilidis (2004) It was found
that the thermal behavior was strongly affected by the flow arrangements. The reactor is
better balanced thermally for the co-flow arrangement compared with a counter-flow
arrangement. Effects of inlet parameters of the reforming flow channel and the combustion
flow channel on the reactor performance were systematically studied using a mathematical
model by Wang et al. (2012). Results showed that a hot spot near the reactor inlet was
observed due to the local imbalance of the heating effect of steam reforming and catalytic
combustion in the corresponding channels. A microchannel reactor for methane steam
reforming with a stripe combustion catalyst layer was suggested to minimize the hot spot
by Jeon et al. (2013). The response surface methodology was used to obtain the optimal
optimize stripe configuration. It was concluded that the stripe combustion catalyst layer can
greatly decrease the maximum temperature without any methane conversion loss. Methane
steam reformers with three different wall-coated catalyst layer patterns were presented, and
the corresponding thermal behavior and the reaction kinetics were analyzed by Settar et al.
(2015). Recently, the effect of discrete catalytic layer arrangement on methane steam
reforming performance has been studied byWang et al. (2021). The heat and mass transport
processes inside different reactors were investigated and compared in detail. Segmented and
continuously coated catalyst layers were applied in microchannel reactors for methane
steam reforming by Mundhwa and Thurgood (2017). Different combinations of segmented
and continuous configurations are used to examine the heat, mass and chemical reaction
processes. The maximum temperature, thermal hot spots and axial thermal gradients were
significantly decreased when the segmented configurations were adopted in the reactors.

The formation of a hot spot in the reactor can result to material failure and catalyst
deactivation (Bartholomew, 2001). To reduce the maximum temperature in the reactor, a
non-uniform catalyst distribution is proposed in the catalytic combustion channel. In this
study, a two-dimensional mathematical model was developed and applied to study the heat
and mass transport processes in the microchannel reactors with non-uniform catalyst
distribution in the catalytic combustion channel. This approach forms a unique and novel
investigation of significant relevance for hydrogen production. This non-uniform catalyst
distribution is used in the catalytic combustion channel of microchannel reactors for the first
time.

2. Model description
2.1 Physical model
Figure 1 presents the schematic of a microchannel reactor for hydrogen production. The
computational domain consists of several layers, i.e. the reforming channel, reforming
catalyst layer, the combustion channel, the combustion catalyst layer and the solid plate.
The reactor length is 50mm, the channel height is 0.5mm, and the catalyst layer thickness is
0.1mm. The thickness of the solid plate in the middle is 0.5mm, and the thickness of the top
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and bottom solid plates is 0.25mm. A co-flow arrangement is adopted in the microchannel
reactor. The detailed information can be found in Table 1. The thermal conductivities of
catalyst layer and solid plate provided by Jeon et al. (2013) were used in this study.

In this study, a non-uniform catalyst distribution is applied in the combustion catalyst
layer. It is assumed that the catalytic combustion rate is proportional to the catalyst loading.
The catalytic combustion rate is multiplied by a coefficient for the implementation of
uniform and non-uniform catalyst distributions. The catalytic combustion rate is described
in the following section. This coefficient is labeled as a. Four cases are considered in this
study. For Case A, a uniform catalyst distribution is studied. For Case B, a non-uniform catalyst
distribution (a varies from 0.25 to 1.75) is applied. For Case C, a non-uniform catalyst distribution
(a varies from 0.5 to 1.5) is considered. For Case D, a non-uniform catalyst distribution (a varies
from 0.75 to 1.25) is investigated. The profiles of the coefficienta distribution in the four cases are
plotted in Figure 2. The maximum slope of the profile is provided by Case B and followed by
Case C, Case D and CaseA.

2.2 Governing equations
The mass, momentum, species and energy equations are solved to describe the methane
steam reforming and catalytic combustion processes in microchannel reactors.

Mass equation:

r � r u!
� �

¼ Smass (1)

where Smass is the source term.
Momentum equation:

Figure 1.
Schematic of a
microchannel reactor
for hydrogen
production

Table 1.
Geometric and
physical parameters

Parameter Value Unit

Channel length 50 mm
Channel height 0.5 mm
Catalyst layer thickness 0.1 mm
Solid plate thickness 0.5/0.25 mm
Catalyst layer porosity 0.5
Catalyst layer tortuosity 4
Catalyst layer pore diameter 300 nm
Catalyst layer thermal conductivity 2 Wm–1 K–1

Solid plate thermal conductivity 20 Wm–1 K–1
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r � r u!u!
� �

¼ r � mr u!
� �

�rP þ Smom (2)

where Smom is the source term. In the porous layers, the Darcy’s law is adopted [9].
Species equation:

r � r u!Yi

� �
¼ r � rDeff ;irYi

� �þ Si (3)

where Si is the source term caused by the chemical reactions.
Energy equation:

r � rcp u
!T

� �
¼ r � keffrT

� �þ ST (4)

where ST is the generated or consumed heat by the corresponding reactions.
Hydrogen is produced in the reforming catalyst layer and heat is generated in the

combustion catalyst layer. The methane steam reforming is accompanied by the water-gas
shift reaction and reverse methanation reaction. The corresponding reactions are as follows:

Methane steam reforming reaction

CH4 þ H2O $ COþ 3H2 (5)

Water-gas shift reaction

Figure 2.
The profiles of the

coefficienta
distribution in the

four cases
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COþ H2O $ CO2 þ H2 (6)

Reverse methanation reaction

CH4 þ 2H2O $ CO2 þ 4H2 (7)

Catalytic combustion of methane

CH4 þ O2 $ CO2 þ 2H2O (8)

The kinetic rate equations developed by Xu and Froment (1989) was used in the reforming
catalyst layer.

R1 ¼ Bk1=p2:5H2
pCH4pH2O � p3H2

pCO=Ke;1

� �
=DEN2 (9)

R2 ¼ Bk2=pH2 pCOpH2O � pH2pCO2=Ke;2
� �

=DEN2 (10)

R3 ¼ Bk3=p3:5H2
pCH4p

2
H2O � p4H2

pCO2=Ke;3

� �
=DEN2 (11)

DEN ¼ 1þ KCOpCO þ KH2pH2 þ KCH4pCH4 þ KH2OpH2O=pH2 (12)

In the above equations, kj is the reaction constant, pi is the partial pressure of ith species,Ke,j

is the equilibrium reaction constant, and Ki is the adsorption constant of ith species. The
coefficient B is used to convert the unit of reaction rate from kmol/(kgcat h) to mol/(m3 s)
(Sohn et al., 2016).

The reaction kinetics proposed by Song et al. (1991) was applied for the catalytic
combustion of methane.

R4 ¼ Cexp �E=RTð ÞXCH4X
0:5
O2

(13)

whereXi is the mole fraction, C is the coefficient, E is the activation energy.
The source terms of the governing equations and the parameters in the kinetic rate

equations are given in Tables 2 and 3 (Zanfir and Gavriilidis, 2003; Elnashaie et al.,
1990).

2.3 Numerical implementation
The commercial software ANSYS FLUENT is used for the development of
mathematical model. The chemical reaction rate, mass diffusivity and source terms
are implemented by using the user defined functions (UDFs). The detailed
descriptions of boundary conditions can be found in Table 4. The pressure and
velocity fields are linked by the SIMPLE algorithm. As shown in Figure 3, three mesh
systems (x� y), namely, mesh I (100� 48), mesh II (150� 60) and mesh III (200� 72),
are used for the mesh independence study. And the mesh system of 150� 60 is used
for the numerical simulations.
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Table 2.
Source terms of the

governing equations

Description Units

Smass ¼ SCH4 þ SH2O þ SCO þ SCO2 þ SH2 (reforming catalyst layer) kg m–3 s–1

Smass ¼ SCH4 þ SO2 þ SCO2 þ SH2O (combustion catalyst layer) kg m–3 s–1

Smom ¼ � m

K
u! (reforming/combustion catalyst layer) kg m–2 s–2

SCH4 ¼ �R1 � R3ð ÞMCH4 (reforming catalyst layer) kg m–3 s–1

SH2O ¼ �R1 � R2 � 2R3ð ÞMH2O (reforming catalyst layer) kg m–3 s–1

SCO = (R1�R2)MCO (reforming catalyst layer) kg m–3 s–1

SCO2 ¼ R2 þ R3ð ÞMCO2 (reforming catalyst layer) kg m–3 s–1

SH2 ¼ 3R1 þ R2 þ 4R3ð ÞMH2 (reforming catalyst layer) kg m–3 s–1

SCH4 ¼ �R4MCH4 (combustion catalyst layer) kg m–3 s–1

SO2 ¼ �2R4 (combustion catalyst layer) kg m–3 s–1

SCO2 ¼ R4MCO2 (combustion catalyst layer) kg m–3 s–1

SH2O ¼ 2R4MH2O (combustion catalyst layer) kg m–3 s–1

ST = Ri Ri Dhreaction,i (reforming/combustion catalyst layer) W m–3

Table 3.
Complementary

expressions

Descriptiona

Effective mass diffusivity
Deff ;i ¼ «

t
� Di;m � Di;k

Di;m þ Di;k
Effective thermal conductivity keff = (1�« )ksþ«kf
Kinetic rate constant k1 = 4.225� 1015 � e(�240100/RT)

Kinetic rate constant k2 = 1.955� 106 � e(�67130/RT)

Kinetic rate constant k3 = 1.02� 1015 � e(�243900/RT)

Equilibrium constant ke,1 = 5.75� 1012� e(�11476/RT)

Equilibrium constant ke,2 = 1.26� 10�2�e(4639/RT)

Equilibrium constant ke,3 = 7.24� 1010� e(�21646/RT)

Adsorption constant KCH4 ¼ 6:65� 10�4 � e �38280=RTð Þ

Adsorption constant KCO = 8.23� 10�5 � e(�70650/RT)

Adsorption constant KH2 ¼ 6:12� 10�4�9 � e �82900=RTð Þ

Adsorption constant KH2O ¼ 1:77� 105 � e 88680=RTð Þ

Table 4.
Boundary conditions

Description Conditions Value Units

Velocity 4 m/s
Reforming channel inlet Mole fraction CH4:H2O = 0.75:0.25 –

Temperature 1073 K
Velocity 3 m/s

Combustion channel inlet Mole fraction CH4:Air = 0.09:0.91 –
Temperature 1073 K

Reforming channel outlet Pressure 0 Pa
Combustion channel outlet Pressure 0 Pa
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3. Results and discussion
Model validation was carried out to assess the accuracy of the mathematical model. This
was done by comparing computational results with available experimental data. The same
configuration and operating conditions were adopted in the numerical simulations. The
methane conversion rates for temperatures varying from 923 to 1123K were predicted. As
shown in Figure 4, the numerical results agree well with the experimental data provided by
Irani et al. (2011).

Figure 4 shows the mole fractions of the four cases in the reforming channel and at the
catalyst layer interface. As seen in Figure 5(a), the methane mole fraction is gradually
decreased along the flow direction. This is attributed to the reactions of the methane steam
reforming and reverse methanation. It can be observed in Figure 5(b) that the hydrogen mole

Figure 3.
Mesh independence
study
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fraction is gradually increased along the flow direction due to the reactions of the methane
steam reforming, water-gas shift reaction and the reverse methanation. The methane
conversion rates for the four cases are 78.35, 77.44, 77.96 and 78.21%, respectively. This
reveals that the application of a non-uniform catalyst distribution in the combustion catalyst
layer has a slight effect on themethane conversion rate.

The profiles of methane mole fraction of four cases in the combustion channel and
catalyst layer interface are plotted in Figure 6. The methane is gradually consumed by the
catalytic combustion reaction which is an exothermic process. And the generated heat is
transferred to the reforming side for the methane steam reforming reactions through the
solid plate in the middle. It also can be seen that methane is almost consumed by the
catalytic combustion reaction.

The temperature distributions of the four cases are presented in Figure 7. It is clearly
seen that the temperature is gradually increased and then decreased. In addition, the local
temperature distributions at the middle of the solid plate are presented in Figure 8. For Case
A, the temperature is increased from 1237.9 to 1274.1K and then decreased to 1176.3K. For
Case B, the temperature is increased from 1150.8 to 1242.8K and then decreased to 1190.5K.
For Case C, the temperature is increased from 1196.0 to 1253.3K and then decreased to
1183.3K. For Case D, the temperature is increased from 1221.2 to 1264.5K and then
decreased to 1179.2K. It is obvious that the maximum temperature is decreased when a non-
uniform catalyst distribution is applied in the combustion catalyst layer. In addition, the
location of the maximum temperature is also significantly affected by the distribution of the
catalyst. Case B provides the best performance in terms of attaining more uniform
temperature profile.

Figure 4.
Comparison between
the numerical results

and experimental
data
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Figure 5.
Mole fractions in the
reforming channel
and catalyst layer
interface
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The steam reforming reaction rate distributions in the reforming catalyst layer are given in
Figure 9. It can be seen that the reaction rate is gradually decreased due to the consumption
of methane and water. Also, the reaction rate is decreased from the reforming channel-
catalyst layer interface to the catalyst layer- solid plate interface because the mass transport
resistance in the porous regions. In addition, the local profiles of the steam reforming
reaction rate of the four cases at the middle of the reforming catalyst layer are exhibited in
Figure 10. It is evident that the reaction rate is significantly affected by the distributions of
the catalyst upstream of the catalyst layer. The corresponding maximum reaction rates of
four cases are 2292.6, 1689.3, 1990.4 and 2170.0mol/(m3 s), respectively.

The water-gas shift reaction rate distributions in the reforming catalyst layer of the four
cases are shown in Figure 11. The maximum reaction rate appears near the outlet region and
the minimum reaction rate appears near the inlet region. The local profiles of the water-gas
shift reaction rate of four cases at the middle of the reforming catalyst layer are shown in
Figure 12. The reaction rate is gradually increased along the flow direction. Also, the
reaction rate is greatly influenced by the distributions of the catalyst, especially downstream
of the catalyst layer. The corresponding maximum reaction rates of four cases are 2.7, 2.2,
2.4 and 2.6mol/(m3 s), respectively.

The distributions of the reverse methanation reaction rate in the reforming catalyst layer
of the four cases are shown in Figure 13. The local profiles of the reverse methanation
reaction rate of the four cases at the middle of the reforming catalyst layer are illustrated in
Figure 14. It is obvious that the reaction rate is sharply decreased close to the inlet region

Figure 6.
Methane mole
fraction in the

combustion channel
and catalyst layer

interface
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and then gradually decreases. The profiles of the four cases are also similar while the
maximum reaction rates are different. The corresponding reaction rates are 3117.7, 2720.6,
2925.2 and 3041.0mol/(m3 s), respectively.

The catalytic combustion reaction rate distributions in the combustion catalyst layer of
the four cases are shown in Figure 15. It can be seen that the maximum reaction rate appears
near the inlet region and the minimum reaction rate appears near the outlet region. The local
profiles of catalytic combustion reaction rate of the four cases at the middle of the reforming
catalyst layer are exhibited in Figure 16. The profiles of the reaction rate are significantly
affected by the distributions of the catalyst. The maximum reaction rates are 4276.0, 1215.4,
1888.6 and 3052.1mol/(m3 s), respectively. The reaction rate of Cases A and D is directly
decreased along the channel direction, while it is increased and then decreased for Cases B
and C.

4. Conclusions
A two-dimensional model is developed to examine the heat and mass transport process in
microchannel reactors for hydrogen production. In this study, a non-uniform catalyst

Figure 7.
The temperature
distributions of the
four cases
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Figure 8.
Temperature

distributions at the
middle of the solid

plate of the four cases

Figure 9.
Steam reforming

reaction rate
distributions in the
reforming catalyst

layer of the four cases
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Figure 10.
Steam reforming
reaction rate of the
four cases at the
middle of the
reforming catalyst
layer

Figure 11.
Water-gas shift
reaction rate
distributions in the
reforming catalyst
layer of the four cases
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Figure 12.
Water-gas shift

reaction rate of the
four cases at

the middle of the
reforming catalyst

layer

Figure 13.
Reverse methanation

reaction rate in the
reforming catalyst

layer of the four cases
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Figure 14.
Reverse methanation
reaction rate of the
four cases at the
middle of the
reforming catalyst
layer

Figure 15.
Catalytic combustion
reaction rate
distributions in the
combustion catalyst
layer of the four cases
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distribution is applied in the combustion catalyst layer of microchannel reactors to minimize
the temperature. The mass transfer and chemical kinetics processes in the reactors are also
influenced due to the non-uniform catalyst distribution in the combustion side. It is found
that the maximum temperature of Cases B, C and D is greatly reduced compared to Case A
and the location of the maximum temperature is also affected by the catalyst distribution. It
is concluded that the maximum temperature inside the reactor can be reduced by means of
the non-uniform catalyst distribution in the combustion catalyst layer with only a slight
methane conversion penalty.
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