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A numerical simulation is performed in this study for a plate-type microreactor with parallel micro-
channels and diagonal inlets/outlets. The methanol steam reforming reaction is considered, and the
performance is evaluated by examining the concentration profiles of methanol, hydrogen, and carbon
monoxide within the rector under various operating conditions, including the influences of the steam/
carbon (S/C) ratio, reaction temperature, and liquid feed rate. Particularly, the effect of aspect ratio of the
microchannel on the methanol conversion rate, hydrogen generation rate, and mole fraction of carbon
monoxide in the outlet gas mixture are also explored. The results show that such a plate-type design of
methanol microreformer may cause nonuniform reaction states in each microchannel and affect its
reforming performance significantly. It is found that these concentration nonuniformities are heavily
dependent on the reaction temperature, S/C ratio, and liquid feed rate. The numerical model provides an
efficient way to characterize the reforming reactions within the reactor, and the results will benefit the
future design for a plate-type methanol microreformer.

1. Introduction

Applications of fuel cells in portable power sources have
received much attention, especially for polymer electrolyte fuel
cells (PEFCs) and direct methanol fuel cells (DMFCs), because
of their low operating temperature and rapid start-up perfor-
mance. However, the volumetric energy density of hydrogen is
relatively lower,whichmakes it difficult to reduce the volumeof
fuel storage system in practical applications of portable PEFCs.
For DMFCs, the liquid methanol possesses higher volumetric
energy densitywhile the system requires higher catalyst loading,
and the fuel crossover phenomenon is still difficult to overcome.
Although this problemcanbe improvedusing adilutemethanol
solution, it decreases the energy density and also increases the
design complexity of fuel system simultaneously. To solve this
technical difficulty, one possible solution is the employment of a
methanol microreformer. The liquid methanol first passes
through the microreformer and then the generating hydrogen
flows directly into the PEFC. Such a design combines themerits
of PEFCs and DMFCs: using methanol as high volumetric
energydensity fuel andproducing the same level of performance
in power output as PEFCs.

Numerous studies have been devoted to the investigation of
micro fuel reactors for methanol steam reforming in the
literature.1-30 Detailed reviews for this research field can be
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found in the work of Holladay and co-workers.1,2 Particu-
larly, the plane-type microreactors have received much atten-
tion, because of their compact sizes and great potential to be
used in portable fuel cell systems as a hydrogen generation
unit.9-25 Seo et al.9 used stainless steel as a substrate to
fabricate a unit of reformer and vaporizer. The heat for the
endothermic reaction originates from an electric heater, and
the developed fuel processor can generate sufficient hydrogen
for a fuel cell with a power output of 10 W. Park and co-
workers10,11 also developed a microchannel methanol steam
reformer. The system is comprised of a fuel vaporizer, a heat
exchanger, a catalytic combustor, and a steam reformer. They
found that the microchannel patterning, the catalyst coating,
and the microchannel bonding can significantly affect the
reactor performance. Lim et al.12 fabricated a plate-type
reactor with 10 parallel channels on a stainless steel substrate.
They found that the catalyst coated with a zirconia-sol solu-
tion exhibited good adherence on the substrate. The chal-
lenges and prospects for micro fuel processors were proposed
byShah et al.13 They suggested that themicroreaction techno-
logy is the most promising method of supplying hydrogen for
feeding portable fuel cells. Kwon et al.14 made a microrefor-
mer using a silicon wafer substrate and a “fill-and-dry”
method for catalyst coating. The stack of microreformer only
occupies 15 cm3, and themaximum hydrogen production rate
occurs at ∼320 �C in their experiments. In contrast to the
widely used commercial Cu-ZnO-Al2O3 catalyst, Jeong et
al.15 studied the steam reforming of methanol over a series
of Cu/Zn-based catalysts by a microchannel reactor. They
found that a microreactor coated with Cu/ZnO/ZrO2/Al2O3

catalyst with an undercoated Al2O3 buffer layer exhibits a
higher methanol conversion rate and a lower CO concentra-
tion in the outlet gas. Kim and Kwon16 designed a multi-
channel catalytic microreactor by anisotropic wet etching of
photosensitive glass and established the overall fabrication
processes for a microelectromechanical systems (MEMS)-
based design. They further discussed the fabrication proce-
dures for a methanol microreformer, including catalyst
preparation, coating, and patterning on a wafer.17 A micro-
reformer integrated with a combustor and an evaporator was
developed by Yoshida et al.18 They found that the design of
themicrochannel evaporator is critical to obtain larger hydro-
gen output. Shin et al.19 also designed a micro fuel processor
system using low-temperature cofired ceramics and consid-
ered both steam reforming and partial oxidation processes.
Kawamura et al.20 fabricated a methanol microreformer by
glass and silicon substrates. A serpentine catalyst-coated
microchannel was designed based on a simple one-dimen-
sional theoretical model. A microchannel reactor with
combustor for methanol steam reforming was designed by
Won et al.21 They found that the temperature of the com-
bustor could be controlled, depending on the methanol feed
rate. A plate-type fuel processor was developed by Sohn
et al.22 for a 150-W polymer exchange membrane (PEM) fuel
cell system. The fuel processor includes a reformer, a com-
bustor, a heat exchanger, and a evaporator and could be
operated without any external heat supply. Kundu et al.23

studied the stability and performance of a microchannel
reactor for methanol steam reforming with different sols as
a binder in the catalyst coating. They found that the mixed
sol of alumina and zirconia comparatively produced better
performance. Stefanescu et al.24 developed the suspension
coating method using alumina prepared from commercial
powders and studied the optimization of wall coating for

microchannel reactors. Recently, Kundu et al.25 further com-
pared the performance and pressure drop of catalyst-coated
and catalyst-packed microchannel reactors. They found that
the pressure drop in a packed catalyst reactor is higher while
the complete conversion of methanol could be achieved at
lower temperature with a packed catalyst design.

So far, most studies have focused on the experimental
measurements. Only limited studies pay attention to the
development of a theoretical model and numerical simulation
for methanol microreformers. Choi and Stenger26 studied the
water-gas shift reaction in the reforming system of the fuel cell
and obtained an empirical rate expression from the experi-
mental data, using nonlinear least-squares optimization. Cao
et al.27 described a cylindrical-type micro fuel processor and
developed a three-dimensional pseudo-homogeneous model
based on fundamental conservation laws of mass and energy.
Their results provide carbon conversion and local tempera-
ture distribution in the micro fuel processor. Cominos et al.28

fabricated a methanol microreformer and investigated its
performance with different compositions and loadings of
catalysts under various operating conditions. They also simu-
lated the flow distribution pattern at the inlet and outlet
sections of the device, using the commercial CFD-ACEþ
software. Pan and Wang29 designed a compact plate-fin
methanol reformer in which the endothermic and exothermic
reactions are integrated into one unit. Its performance was
investigated by both experiment and numerical simulation.
The theoretical predictions are in good agreement with ex-
perimental data, and the numerical model could accurately
predict the methanol conversion and the reformate composi-
tion in the reacting chamber. Because the microreformer
based on the plate-type design has been widely investigated
experimentally, in this study,wedevelop a numericalmodel to
simulate the plate-type microreformer for methanol steam
reforming. Numerical simulations are performed to investi-
gate the concentration distributions of methanol, hydrogen,
and carbon monoxide in the reactor, with respect to the
variations of liquid feed rate, reaction temperature, and
steam/carbon (S/C) ratio. The effects of aspect ratio of the
microchannel on the methanol conversion performance are
also examined. Results provide numerical predictions for the
concentration profiles of reactants and products in the system
and benefit the further design of the plate-type methanol
microreformer for practical application in portable fuel cell
systems.

2. Theoretical Model and Formulation

The top view of the plate-type microreformer is shown in
Figure 1. The reactor contains 10 parallel channels, each with a

Figure 1.Top view of the plate-typemicroreactor (dimensions given
in units of millimeters). The depth of the flow channel is 0.5 mm.

http://pubs.acs.org/action/showImage?doi=10.1021/ef9005252&iName=master.img-000.jpg&w=209&h=121
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width of 1 mm. The mixture of methanol and steam enters the
reactor and then the steam reforming reaction occurs when the
mixture flows through the parallelmicrochannels. The outlet is in
a diagonal position, with respect to the inlet. The surface of each
microchannel is assumed to be coated with Cu/ZnO/Al2O3

catalyst with a thickness of 30 μm. To simplify the development
of three-dimensional numerical model, we assume that the flow is
incompressible and under steady state within the reactor. The
mixture of gases behaves as an ideal gas, and the chemical
reaction occurs onlywithin the catalyst layer. The reactor ismade
of stainless steel, and the bottom surface is held at a fixed
temperature. Accordingly, the governing equations, based on
theplatformofFluent software, canbe established to simulate the
reaction of methanol steam reforming. The continuity and mo-
mentum equations are respectively given as

ðεFÞ Dui
Dxi

¼ 0 (1)

εuj
Dui
Dxj

¼ -
ε

F
Dp
Dxi

þ εν
D2ui
Dx2j

þ Si (2)

where ε is the porosity, F the density, p the pressure, and ν the
kinematic viscosity. The source term Si in eq 2 is induced by the
flow through the catalyst layer. Here, we use themodel of porous
media to simulate the catalyst layer, and this term is represented
in the form

Si ¼ -
vui

kp
-
βui
2

juj j ð3Þ

where kp is the permeability and β is the inertial loss coefficient.
Note that this source termvanishes in the domain of flow channel
and exists only within the catalyst layer. The energy equation is

Fcpuj
DT
Dxj

¼ keff
D2T
Dxj2

þ St ð4Þ

where keff is the effective thermal conductivity andSt is the source
term due to the chemical reactions in the catalyst layer. The
effective thermal conductivity represents the volume average of
the fluid conductivity and the solid conductivity in the following
form:

keff ¼ εkf þ ð1 - εÞks ð5Þ
where kf and ks are the fluid and solid thermal conductivity,
respectively. The source term can be expressed by

St ¼ -
X
i

h�i
Mw, i

þ
Z T

Tref , i
cp, i dT

 !
ðRi, rÞ ð6Þ

where hi� is the enthalpy of formation,Mw,i the molecular weight,
Ri,r the volumetric generation rate, and the subscript “i” represents
the reactant species. The concentration equation is written as

εuj
DCi

Dxj
¼ Deff

D2Ci

Dxj2
þ Sc ð7Þ

where Deff is the effective concentration diffusion coefficient and
Sc is the source term due to the steam reforming reaction. The
kinetic model for methanol and steam mixture flowing over Cu/
ZnO/Al2O3 catalyst contains two reactions as follows:

CH3OHþH2O sf
k1
CO2 þ 3H2 ð8Þ

CO2 þH2sfrs
k2

k-2

COþH2O ð9Þ

The first is the methanol steam reforming (SR) reaction and the
second is the reverse water-gas shift (rWGS) reaction. The source

term Sc in eq 7 satisfies the following relationship:

Sc ¼ Mw, i
XNR

r¼SR, rWGS

Ri, r ð10Þ

where NR the number of chemical species in the SR and rWGS
reactions. By employing the power rate law, the kinetic reaction
parameters and the rate equations of these reactions are defined as
follows:

rSR ¼ k1CCH3OH
0:6CH2O

0:4 expð- E1
a

RT
Þ (11)

rrWGS ¼ k2CCO2
CH2

expð- E2
a

RT
Þ

-k-2CCOCH2O expð- E2
a

RT
Þ ð12Þ

where Ea
1 = 76 kJ/mol and Ea

2 = 108 kJ/mol. Detailed
discussions for the reaction rate constants, activation energy,
and pre-exponential factor for SRand rWGS reactions could
be found in the study of Purnama et al.30

To solve this numerical model, the boundary conditions must
be specified appropriately. At the inlet of the reactor the velocity,
the temperature and concentration of the methanol-steam mix-
ture are specified.The pressure at the outlet is assumed tobe equal
to the atmospheric pressure. In the microreactor, the normal
velocity, concentration, and temperature are assumed to be
continuous across the interface between the fluid layer and the
catalyst layer. On the interface between the catalyst layer and the
substrate, the temperature is also continuous and the normal
velocity is zero, since there is no flow across the solid boundary.
Finally, the temperature of the substrate is specified as the wall
temperature. The mathematical model has been solved by the
finite-volume method using a first-order upwind scheme. Several
grid structures with different grid numbers also have been tested,
to ensure numerical accuracy and obtain converged results with
reasonable CPU time consumption. Some of the parameters used
in the simulations are listed in Table 1.

3. Results and Discussion

We first examine the effects of liquid feed rate on the
concentration profiles of methanol, hydrogen, and carbon
monoxide (CO) within the reactor ,and the results are shown,
respectively, in Figures 2a, 2b, and 2c for the typical case with
a reaction temperature of 260 �C and a steam/carbon (S/C)
ratio of 1.5. Note that, in practical devices, the methanol
solution in the liquid phase should be vaporized first in a
vaporizer and then flows into the reactor. Thus, here, we use
the liquid feed rate, which is generally used in related studies to
indicate the mass flow rate. While, in the simulations, the
methanol-steam mixture at the inlet is in the gas phase, with
the samemass flow rate as the assigned liquid feed rate.When
the flow rate is low, as shown in the 0.5 mL/h case, the steam
reforming reaction mainly occurs within the entrance region
and the methanol concentration decreases rapidly along the
microchannels to the outlet, as shown inFigure 2a. This result
indicates that wemay obtain a highmethanol conversion rate
under low liquid feed rate, but the hydrogen generation rate

Table 1. Parameters Used in the Simulations

parameter value

inlet gas temperature 140 �C
catalyst density 890 kg/m3

catalyst layer porosity 0.38
catalyst permeability 2.38 � 10-12 m2

inertial loss coefficient, β 7.9 � 105 m-1
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also will be low, because of the low feed rate of the reactants.
In addition, the utilization of reaction area is poor, because
most of the regions of the reactor lack reactants toperform the
reforming reaction. This condition can be improved gradually
by increasing the liquid feed rate, as shown in the cases with a
liquid feed rate of 1.0-5.0 mL/h. Apparently, with higher
liquid feed rates, the reactants can reach the downstream area

and make the reforming reaction more uniform within the
reactor. Moreover, the hydrogen generation rate will also
increase simultaneously, while the methanol conversion rate
will decrease, because the methanol will pass through the
reactor more quickly and have less time to come into contact
with the catalyst layer. The decreasing rate of methanol
concentration is also different in each microchannel.

Figure 2. Concentration profiles of (a) methanol, (b) hydrogen, and (c) carbon monoxide for six assigned liquid feed rates with wall
temperatures of 260 �C and a steam/carbon (S/C) ratio of 1.5.

http://pubs.acs.org/action/showImage?doi=10.1021/ef9005252&iName=master.img-001.jpg&w=322&h=576
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One can see that the methanol conversion rate is higher in the
central part of the reactor with such a diagonal inlet/outlet
design. The concentration profiles of hydrogen are in contrast
to those of methanol, as demonstrated in Figure 2b. In the
case of low liquid feed rate (0.5 mL/h), the high methanol
conversion rate results in high hydrogen concentration in the
downstream area of the reactor. As the feed rate increases, the
reduction in methanol conversion rate also causes the hydro-
gen concentration to decrease gradually, especially in the
lower and upper parts of the reactor. The concentration of
CO in the outlet gas mixture is also an important factor to
evaluate the performance of a methanol reformer. If the
concentration of CO is low enough, the outlet gas can be
employed directly to the PEM fuel cells, especially the high-
temperature PEM fuel cell systems using a polybenzimidazole
(PBI) membrane with an operating temperature of >120 �C,
which possess a higher tolerance to the CO poisonous phe-
nomena on the electrodes. As shown in Figure 2c, the CO
concentration at the outlet is quite high at low liquid feed
rates. That is, a higher methanol conversion rate is also in
accordance with a higher CO concentration in the reactor,
especially in the downstream parts of the central microchan-
nels. It is also found that an increase in liquid feed rate is
indeed an efficient way to reduce the CO generation rate and
allow the outlet hydrogen-rich gas to be utilized directly for
fuel cells.

The effects of temperature on the concentration profiles of
methanol, hydrogen, and CO are respectively illustrated in
Figure 3a, 3b, and 3c for three assignedwall temperatureswith
an S/C ratio of 1.5 and a liquid feed rate of 3 mL/h. We
observe that the methanol conversion is quite poor at Tw =
220 �C, resulting in the low concentrations of hydrogen and
CO within the reactor. Apparently, this condition can be
improved by operating the reactor at higher wall temperature,
as shown in the results for the caseswithTw=260 and 300 �C.
Because the liquid feed rates are the same, these results imply
both the hydrogen generation rate and CO concentration in
the outlet gas will be increased by raising the reaction tem-
perature. It is also noted that the methanol conversion is
relatively more efficient within the central microchannels and
the CO is mainly generated in these regions. The reason is due
to the microchannel design in the reactor. Obviously, under
such a diagonal inlet/outlet design with parallel microchan-
nels, the gas mixture is easier to pass through the reactor via
the lower and upper microchannels and has less time to
contact and react with the catalyst layer, causing a lower
methanol conversion rate.Whereas, in the centralmicrochan-
nels, the gasmixture cannot reach the outlet directly and takes
more time to flow through the reactor. Accordingly, it seems
to have better conversion efficiency and produce higher CO
concentration in these regions. These results show that this
design of microreactor with parallel microchannels could be
improved further to obtain more uniform concentration
distributions and increase the reforming efficiency. One pos-
sible solution is to adopt the design with parallel-serpentine
microchannels, which could be verified further in future
theoretical study.

It is also important to explore the concentration profiles of
methanol, hydrogen, and CO in the microreactor under
different S/C ratio conditions. The results are respectively
demonstrated inFigure 4a, 4b, and 4cwith a liquid feed rate of
3 mL/h at Tw = 260 �C. As seen in Figure 4a, the region of
high methanol concentration near the inlet recedes gradually
and in Figure 4b, the mole fraction of hydrogen in the region

near the outlet reduces gradually with increasing S/C ratio,
which are both due to the addition of steam (in terms of mole
fraction) in the inlet gas mixture. It is obvious that the
methanol conversion rate will be enhanced with higher S/C

Figure 3.Concentration profiles of (a) methanol, (b) hydrogen, and
(c) CO for three assigned wall temperatures with a S/C ratio of 1.5
and a liquid feed rate of 3 mL/h.

http://pubs.acs.org/action/showImage?doi=10.1021/ef9005252&iName=master.img-002.jpg&w=240&h=605
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ratio. However, the case with an S/C ratio of 1.0 will still
produce the highest hydrogen generation rate in these cases
since the concentration of methanol is the highest under the

Figure 4.Concentration profiles of (a) methanol, (b) hydrogen, and
(c) CO for three assigned S/C ratios with Tw = 260 �C and a liquid
feed rate of 3 mL/h.

Figure 5.Mole fraction of all species in the outlet gas atTw=260 �C
with an S/C ratio of 1.5.

Figure 6. Variations of (a) the methanol conversion, (b) the hydro-
gen generation rate, and (c) the mole fraction of CO, for three
assigned channel heights with Tw= 260 �C and an S/C ratio of 1.5.

http://pubs.acs.org/action/showImage?doi=10.1021/ef9005252&iName=master.img-003.jpg&w=225&h=620
http://pubs.acs.org/action/showImage?doi=10.1021/ef9005252&iName=master.img-004.png&w=177&h=151
http://pubs.acs.org/action/showImage?doi=10.1021/ef9005252&iName=master.img-005.png&w=190&h=457
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same feeding rate. That is, in order to obtain sufficient
hydrogen generation rate and high methanol conversion rate,
the microreactor should operate with higher S/C ratio and
liquid feed rate. Note that the central microchannels always
generate more hydrogen. The higher hydrogen concentration
in this region will enhance the rWGS reaction. Therefore,
more CO will be produced in this region, as shown in
Figure 4c. Because of the same mechanism in the central
microchannels, the CO concentration seems to be reduced
gradually with higher S/C ratio.

The variations of themole fractionsof all specieswith liquid
feed rate are demonstrated in Figure 5 for a typical case with
anS/C ratio of 1.5 andwall temperatures of 260 �C. It is found
that the mole fraction of hydrogen decreases gradually as the
liquid feed rate increases. Because the mole fraction of
hydrogen is heavily dependent on the methanol conversion
rate, aswehave discussed in the results of Figure 2, an increase
in liquid feed rate diminishes the methanol conversion rate
and thus reduces the hydrogen concentration in the outlet gas
simultaneously. A lowermethanol conversion rate also results
in a higher mole fraction of steam in the outlet gas. Therefore,
the humidity of the hydrogen-rich gasmixture could be raised
by increasing the liquid feed rate, especially when the gas
mixture must be cooled to the proper temperature for the
following application in fuel cells.

The aspect ratio of the cross section of the microchannel
also may play an important role in the factors that affect the
performance of themicroreactor. To investigate this effect, we
fix themicrochannel width and adjust the aspect ratio (height/
width) of themicrochannel with different heights. In this way,
the cross-sectional area will change and the mean velocity in
the microchannel, with lower aspect ratio, will increase under
the same liquid feed rate. To evaluate this effect reasonably,
the liquid feed rate is replaced by themean velocity at the inlet
and the variations of methanol conversion, hydrogen genera-
tion rate, and CO concentration with the mean velocity are
demonstrated in Figure 6a, 6b, and 6c, respectively, for three
assigned microchannel heights. It is found that a lower aspect
ratio gives significantly higher methanol conversion for
the same mean velocities, as shown in Figure 6a, whereas a
lower aspect ratio also indicates a smaller cross-sectional area,
which results in a lower mass flow rate. Therefore, the
hydrogen generation rate seems to decrease with lower micro-
channel height, as illustrated in Figure 6b. The microchannel
height also affects the CO concentration in the outlet gas
significantly, as shown in Figure 6c. For an assigned mean

velocity, the CO concentration decreases quickly as the
microchannel height increases. The results reveal that a
higher methanol conversion also induces higher CO concen-
tration and the adjustment of microchannel height seems to
be a possible way to control the CO concentration in the
outlet gas.

4. Conclusions

In this study, we have implemented a numerical study to
simulate the performance of a plate-type microreformer con-
structed by parallelmicrochannels with a diagonal inlet/outlet
design for the methanol steam reforming reaction. The effects
of liquid feed rate, reaction temperature, and steam-to-carbon
(S/C) ratio on the concentration profiles of methanol, hydro-
gen, and carbon monoxide (CO) within the reactor are
explored, and the influences of aspect ratio of microchannel
on the methanol conversion rate, hydrogen generation rate,
andCO concentration in the outlet gas are examined in detail.
The results show that the reforming reaction is not uniform in
the microreactor and the microchannels in the central part
always exhibit better reforming performance. Thus, the flow
channel design should be improved further, to obtain more-
uniform reaction conditions in each channel and higher
reforming efficiency in finite volumetric space, and then we
can get hydrogen-rich gas from a device occupying a smaller
volume. From the CO concentration profiles, it is noted that
the regionwith highmethanol conversion also causes highCO
concentration there and, thus, increases theCOconcentration
in the outlet gas. To reduce CO concentration, the micro-
reactor should operate at lower temperature, higher liquid
feed rate, and larger S/C and aspect ratios. According to the
numerical results, a device of CO remover seems to be
necessary if the outlet gas generated from this design is used
as fuel for general polymer exchange membrane (PEM) fuel
cell systems. A future theoretical study for different micro-
channel pattern will be beneficial for the optimization of
methanol microreformer.

Note Added after ASAP Publication. The affiliations of the
authors have been modified. The original version of the paper
was posted to the Web on August 26. The revised version of the
paper was reposted to the Web on September 4.
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