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Abstract

A Pt—Zr catalyst coated FeCrAlY mesh is introduced into the combustion outlet conduit of a newly designed microchannel reactor (MCR)
as an igniter of hydrogen combustion to decrease the start-up time. The catalyst is coated using a wash-coating method. After installing the
Pt—Zr/FeCrAlY mesh, the reactor is heated to its running temperature within 1 min with hydrogen combustion. Two plate-type heat-exchangers are
introduced at the combustion outlet and reforming outlet conduits of the microchannel reactor in order to recover the heat of the combustion gas
and reformed gas, respectively. Using these heat-exchangers, methane steam reforming is carried out with hydrogen combustion and the reforming
capacity and energy efficiency are enhanced by up to 3.4 and 1.7 times, respectively. A compact fuel processor and fuel-cell system using this

reactor concept is expected to show considerable advancement.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Microchannel reactors (MCR) have attracted much attention
on account of their many advantages over other reactors, namely,
enhanced heat and mass transfer, flow uniformity, high specific
surface-area, safe control in the explosive regime, and easier
scale-up without any changes in geometry [1,2]. In recent years,
the microchannel reactor has been used for chemical synthesis
[3], nanoparticle synthesis [4,5], emulsification for food produc-
tion [6,7], and medical science [8,9].

In particular, many studies have examined the use of a MCR
as a compact fuel processor in fuel cells [10-20]. Microchan-
nels with a high surface-to-volume ratio can improve the rate of
heat and mass transfer and enhance the active catalytic reaction
rate by as much as 10-500 times that of a conventional reactor
and it can dramatically reduce the volume of the fuel proces-
sor. A compact size allows the development of a small-scale
fuel processor and a portable power generator to replace bat-
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tery packs in laptops or mobile phones [11,21]. A typical fuel
processor for the steam reforming for PEMFCs is composed of
five unit operations such as a fuel preheater, a fuel reformer,
a carbon monoxide clean-up process, a heat-exchanger and a
combustor. With the merit of microchannel reactors such as the
parallel connection of multiple reactors, these five unit opera-
tions can be integrated into a single unit. This should enhance the
energy efficiency. A combustor for the integrated steam reform-
ing of methane has been developed [10]. Tonkovich et al. [12]
developed a steam reformer for the integrated feed preheating
and product quenching process. Patil et al. [11] successfully
demonstrated a fuel processor that consisted of a vapourizer,
steam reformer and heat-exchanger in an entire system. Dels-
man et al. [18,19] designed and fabricated a heat-exchanger for
an integrated preferential oxidation microdevice. The high heat
capacity of a microchannel reactor with a metallic plate means,
however, that a longer start-up time is required [19].

More desirably, anode-off gases containing hydrogen can be
introduced into the combustor as a fuel. The fuel cell typically
consumes about 80% hydrogen and the anode-off gas contains
about 30% hydrogen. Therefore, there are some changes when
using the anode-off gas as a fuel for catalytic combustion. Since
hydrogen is extremely light and flows upward across the catalyst
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body [22], there is considerable non-uniformity in the tempera-
ture profile of the catalytic bed. Janicke et al. [23] reported hot
spots in front of the reactor and some explosion sounds during
the test when a H»/O, mixture was introduced in a microchannel
reactor with a heat-exchanger. These hot spots and their move-
ment according to the gas flow rates [24] should be carefully
controlled in order to apply hydrogen catalytic combustion for
hydrocarbon steam reforming. A novel designed microchannel
reactor, in which the anode-off gas containing hydrogen could
be combusted catalytically, has been developed in a previous
study [10]. The start-up time for the reactor was, however, too
long for it to be applied to a portable fuel processor. In addition,
the energy of combustion and reformed gas had to be recovered.

For these reasons, a FeCrAlY mesh coated with Pt—Zr cat-
alysts has been introduced into the combustion outlet conduit
of a novel microchannel reactor as an igniter to decrease the
start-up time for hydrogen combustion. The Pt and Zr catalysts
are introduced using a wash coating method. A plate-type heat-
exchanger is included in order to recover the heat of combustion
gas and reformed gas.

2. Experimental
2.1. An igniter for dynamic process

It was previously reported that a Pt—Sn/Al, O3 catalyst coated
on a microchannel was sufficiently active to initiate hydrogen
combustion at room temperature. A novel microchannel reactor,
which was designed to inhibit the formation of hot spots at the
mixing point of hydrogen and air, uniformly heated the reactor
to 800 °C without explosion. Nevertheless, the start-up time to
the running temperature of the reactor is approximately 2.5 h.
In order to apply this to a portable fuel cell, the start-up time
needs to be reduced significantly. Therefore, an igniter, i.e., a
FeCrAlY mesh coated with Pt—Zr catalysts, was introduced into
the combustion outlet conduit of the reactor reported previously
[10]. A FeCrAlY mesh with dimensions of 27 x 27 mm was used
as a substrate for wash-coating the catalyst. A fresh FeCrAlY
mesh was heat-treated at 900 °C for 2 h in air. The treated mesh
was coated with a Zr solution followed by heat treatment at
700 °C in air for 2 h. The Pt catalyst was coated on the Zr-coated
FeCrAlY mesh and calcined at 300 °C for 2 h. As showninFig. 1,
the prepared FeCrAlY mesh was rolled carefully and installed
at the combustion outlet conduit.

2.2. Design of microchannel heat exchanger

Plate-type heat-exchangers were used to recover the heat of
the combustion and reformed gases. Furthermore, the recov-
ered heat was used to preheat the reactant gases, e.g., air and
methane, and to vapourize the liquid water. The microchan-
nel heat-exchanger for preheating air consists of a cover plate,
a base plate and five sets (10 plates) microchannel sheets.
The microchannel heat-exchanger for preheating methane and
vapourizing water consists of a cover plate, a base plate and 25
sets (50 plates) microchannel sheets. A stainless-steel plate was
used to fabricate the microchannel sheets, as well as the cover

Pt=Zr/FAC

Fig. 1. Igniter (Pt—Zr/FAC) equipped with a microchannel reactor for rapid start-
up. Numbers indicate points at which temperature is measured.

and the base plates. Microchannels were patterned on metal
plates using a wet chemical-etching method. Each microchannel
sheet had two conduits and two flow-distribution chambers to
provide uniform gas distribution. Each sheet with 34 channels
had the following flow path dimensions: 300 wm in diameter,
30 wm in depth, and 20 mm in length. Two types of sheet, which
were a mirror image of each other, were stacked alternately and
bonded by a brazing method. The two types of sheet are shown in
Fig. 2. The dimensions of heat-exchanger 1 and heat-exchanger
2, excluding the fittings, were approximately 40 x 40 x 7 mm
and 40 x 40 x 27 mm, respectively. The assembled units of the
microchannel heat-exchanger 1 and heat-exchanger 2 are shown
in Fig. 3.

2.3. Hydrogen catalytic combustion and methane steam
reforming

The microchannel reactor used in this study was the same as
that reported elsewhere [10]. A stoichiometric mixture of hydro-

Fig. 2. Two types of microchannel sheets used in heat-exchanger. Each sheet is
a mirror image of the other.
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<HEX 1>

<HEX 2>

Fig. 3. Assembled unit of microchannel heat-exchanger 1 (for preheating air) and heat-exchanger 2 (for preheating methane and vapourizing water).

gen and air were introduced for combustion. Hydrogen was
introduced into the newly designed conduit, as explained earlier
[10]. Air was pre-heated in the microchannel heat-exchanger 1.
Methane and liquid water were supplied into the microchannel
heat-exchanger 2 for methane steam reforming. The tempera-
ture was controlled by regulating the flow rate of the hydrogen
and air mixture. Methane steam reforming tests were carried
out at a steam-to-carbon ratio of 3.0. A detail schematic dia-
gram of the experimental set-up is reported elsewhere [10]. The
gas was supplied by a mass-flow controller (MFC, Brooks 5850
series) and liquid water was supplied by a micro liquid pump
(NS, MINICHEMI PUMP, 1-1000 w1 min_l). The water was
introduced at a heat-exchanger 2 temperature of 120 °C. The
liquid components were separated by a cold trap in the produced
stream. The flow rate of the reformed gas was measured using a
soap bubble flow meter. The reactants and products gases were
analyzed with a gas chromatograph (Agilent 6890N) that was
equipped with HP-MOLSIV, HAYESEP D columns and thermal
conductivity detectors (TCD). The temperature was monitored
using a data-acquisition/switch unit (Agilent 34790A) that was
equipped with K type thermocouple placed into every conduit in
the reactor. The position at which the temperature was measured
are shown in Fig. 1. The microchannel fuel processor with the
heat-exchangers was insulated with ceramic wool before con-
ducting tests.

3. Results and discussion
3.1. Fast start-up of microchannel fuel processor

Hydrogen combustion takes place over a platinum catalyst,
even at room temperature [23,25]. Although the hydrogen and
oxygen reaction is very fast and there is a broad explosion limit
for hydrogen (4-94% in O, on a volume percent basis), the
problems associated with this explosive reaction can be solved
by using a microchannel reactor. The MCR can suppress prop-
agation of flames because the dimensions of the microchannels
(500 x 250 pm) are smaller than the quenching distance for
H,/O; mixtures, which is approximately 1000 wm [10,23,26].
A high catalyst load is need for the dynamic process [23], but
is difficult to place a high catalyst load on microchannel sheets

made from metals. The FeCrAlY mesh is a good solution to this
problem. A high catalyst load can be deposited on the mesh on
account of its very high surface-to-volume ratio. Furthermore,
the mesh has similar thermal conductivity to that of the
microchannel plate and there by allows rapid transfer of heat.

A coating of the Pt—Zr, to serve as a combustion catalyst,
was applied to the FeCrAlY mesh. The prepared FeCrAlY
mesh was rolled carefully so it could be installed into the
one of the conduits of microchannel reactor as an igniter for
hydrogen combustion. Hydrogen is extremely light compared
with air and flows/diffuses upward across the catalyst body
[22]. The rolled Pt-Zr/FeCrAlY mesh was installed into
the combustion outlet side of the microchannel reactor. The
mesh induced ignition at the end of combustion section and
allowed movement of the hot spot to the microchannel of the
combustion section. A thermocouple was placed immediately
below the rolled Pt—Zr/FaCrAlY mesh and its tip touched
the Pt—Zr/FeCrAlY mesh. The hydrogen flow rate was varied
from 0.022 to 0.054molmin~!. A mass flow controller was
used to introduce a stoichiometric volume of air. Nitrogen
(4.9 %103 molmin~!) and water (1.5 x 1072 molmin~—!)
were introduced into the reforming section.

As shown in Fig. 4, the rate of temperature increase in the
microchannel reactor is very fast and the maximum temperature
increases with increasing hydrogen flow rate. In all cases, the
microchannel reactor heats up to the working temperature within
a minute. After the temperature reaches the maximum point,
it decreases because the hydrogen diffuses upwards across the
rolled Pt-Zr/FeCrAlY mesh body. After a few minutes, the tem-
perature increases slowly and reached the first maximum point.
This microchannel reactor can be heated up within a minute by
introducing the Pt—Zr/FeCrAlY mesh as an igniter for hydro-
gen combustion. It is anticipated that this type of reactor can
be applied to a dynamic process such a portable fuel processor
and/or liquid, e.g., methanol, vapourizer.

3.2. Effect of heat-exchanger on reactor capacity and
energy efficiency

It is well known that the major gas products of methane
steam reforming are hydrogen and carbon monoxide, reaction
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Fig. 4. Temperature profiles in combustion outlet conduit. The thermocouple is
placed immediately below the Pt—Zr coated FAC roll (point 5).

(1). A small concentration of carbon dioxide is produced via the
water—gas shift (WGS) reaction (2):

CH4 + H,0 < CO + 3H2(AH898 = 206kJmol ') (D
CO 4 Hy0 < CO, 4 Hy(AH)gg = —41kJmol 1) )
Reactions (1) and (2) can be summarized as follows (3):

CHy + 2H;0 < CO, 4 4Hy(AH)gg = 165kJmol 1) (3)

A high concentration of hydrogen and a low concentration
of carbon monoxide are desirable for PEMFC applications. In
order to improve the hydrogen and carbon dioxide selectivity,
it is beneficial to increase the steam-to-carbon ratio (S:C ratio).
An increase in the S:C ratio means that a higher heat flux is
required to evaporate the additional water in the feed stream. For
this reason, there is a need for a compromise between selectivity
and system efficiency. In addition, a molar steam-to-carbon ratio
of 3.0 must be maintained in order to inhibit carbon precipitation.

The composition of product gas at different reforming tem-
peratures is given in Fig. 5. Methane was introduced at a rate of
5 x 1073 mol min~! with a S:C ratio of 3.0. The MCR temper-
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Fig. 5. Effect of reformer outlet temperature on composition of dry reformate.
CHy4 feed flow rate =5.0 x 1073 mol min~!, steam-to-carbon ratio = 3.0.
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Fig. 6. CHy conversion and Hy production rate according to reformer out-
let temperature. CHy feed flow rate =5.0 x 1073 mol min~!, steam-to-carbon
ratio=3.0.

ature controlled by varying the hydrogen/air flow rate. As the
reformer outlet temperature is increased from 542 to 705 °C, the
concentration of Hy increases form 61 to 77 volumetric %, as
shown in Fig. 5, and is similar to the equilibrium value. This
indicates that the MCR has excellent heat and mass-transfer
characteristics. The concentration of CO also increases with tem-
perature. Since this concentration should be less than 20 ppm for
application in fuel cells, additional CO clean-up processes such
as the WGS reaction, partial oxidation and/or methanation are
required to reduce the CO concentration, to an acceptable level.

The CHy4 conversion and Hj production rate for a constant
rate of feed demonstrate the performance of the fuel processor.
The rates of CH4 conversion and Hj production according to the
reformer outlet temperature are presented in Fig. 6. Both these
rates increase with increasing reformer outlet temperature. At
705 °C, the rates of CHy4 conversion and H; production are 96%
and 9.8 x 10~ molh—!, respectively. Furthermore, the rate of
CH4 conversion is very similar to the equilibrium value. These
findings show that the reformer with microchannels sustains very
fast molecular diffusion. The electrical power for a typical fuel
cell can be obtained with 60% efficiency and 80% utilization of
H». According to this assumption, the anticipated power outlet
of the MCR reformer is about 31 W as fuel cell power.

The CHy4 conversion and H, production rates together with
the temperature profile for reforming are shown in Fig. 7 as a
function of the feed flow-rate; the test conditions for each case
are given in Table 1. The data show that hydrogen production

Table 1
Conditions of combustion and methane steam reforming

Case Combustion section Reforming section

Air (102mol  H, (107 2mol  CH4 (1072 mol  Steam (10~2 mol
min~!) min~!) min~!) min~!)

1 9.38 3.75 0.25 0.75

2 12.0 4.80 0.50 1.55

3 15.5 6.20 1.00 3.00

4 19.3 7.65 1.70 5.10
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Fig. 7. CH4 conversion and H; production rate, and temperature profile for
reforming as function of feed flow-rate. Steam-to-carbon ratio=3.0. Dashed
line is equilibrium methane conversion rate at 700 °C.

increases with increasing methane-feeding rate. Furthermore,
with the heat-exchanger, the reforming capacity of the reactor
is enhanced by about 3.4 times compared with that reported in a
previous study [10]. On the other hand, the temperature gradient
between the combustion and reforming sections ranges from 160
t0 200 °C. As shown in the Table given in Fig. 7, the temperature
gradient increases with the extent of the more methane steam
reforming reaction. This is because methane steam reforming is
a highly endothermic reaction. The energy balance and reactor
performance is shows in Table 2. It can be seen that the energy
efficiency increases with increasing methane feed rate. Further-
more, the energy efficiency is enhanced by a factor of 1.8 with
the heat-exchanger, as compared with the previous study [10].

Table 2
Energy balance and performance of developed fuel processor

On other hand, the amount of hydrogen consumed is 1.7 times
higher than that produced by the methane steam reforming due
to of the low thermal content of hydrogen. Hence, it is necessary
to conduct further experiments with a mixture of methane and
hydrogen as a fuel for catalytic combustion.

3.3. New design concept of heat-exchanger integrated
micro fuel processor and fuel cell system

A new device with longer channels and a reduced plate
width was designed by applying the results obtained from heat-
exchangers with the integrated microchannel fuel processor.
The design of this new device is presented in Fig. 8. A heat-
exchangers is placed at the top and the bottom of the microchan-
nel reformer. Furthermore, in order to increase the surface area
for a high catalyst loading, one of the plates between the reform-
ing and combustion sections has three-dimensional channels,
i.e., mesh type. In this design, plates with three-dimensional
channels can be placed in the combustion section to increase the
surface area for a high catalyst loading. However, the quenching
distance of hydrogen combustion needs to be considered when
installing a three-dimensional channel plate in the combustion
section. Furthermore, the channel length of the plate has to be
increased and the width of the plate has to be reduced in order
to improve the heat-exchanger efficiency. Delsman et al. [18]
reported that a micro device with longer channels and a narrow
width could improve the heat-exchanger efficiency with a lower
number of plates. Numerical modelling and experiments can be
used determine the number of plates in each section.

A prospective new design of fuel-cell system is shown
in Fig. 9. The excess hydrogen generated from hydrocarbon
reforming is stored in a tank and used as a start-up fuel for fuel
processor. After start-up, fuel can be changed from hydrogen to

Case Reaction Flow rate (10~2 mol min—!) Conversion (%) Portion (%) Total AHS98 (kJh~h

1 H; combustion 3.75 100 100 —545
1 0.25 91 65 18
3 0.25 35 8
H; regeneration 0.7 104
Efficiency 23.9%

2 H, combustion 4.80 100 100 —697
1 0.5 52 31
3 0.5 96 48 23
H; regeneration 1.7 237
Efficiency 41.7%

3 Hj combustion 6.20 100 100 —900
1 1.0 55 64
3 1.0 94 45 42
H, regeneration 3.1 453
Efficiency 62.0%

4 H; combustion 7.65 100 100 —1100
1 1.7 48 73
3 1.7 73 52 64
H; regeneration 44 634
Efficiency 69.4%
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Fig. 8. Schematic drawing of heat-exchanger integrated fuel processor. Three dimensional microchannel plates are installed between combustion plate and reforming

plate to increase surface area of reforming plate.
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Fig. 9. Schematic drawing of newly designed system for steam reforming. A hydrogen storage tank is installed between the CO clean-up process and the fuel cell
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methane, other hydrocarbon material, or a mixture of hydrogen
and hydrocarbon. This fuel-cell system concept can allow fur-
ther advances in the development of a simple system to remove
the need for an electro device to start-up the fuel processor.

4. Conclusions

This study examines hydrogen combustion and methane
steam reforming in a plate-type heat-exchanger containied in
an integrated microchannel fuel processor. The introduction
of Pt-Zr/FaCrAlY mesh as an igniter of hydrogen combus-
tion allows this microchannel reactor to be operational within a
minute. This type of reactor can be applied to a dynamic pro-
cess such a portable fuel processor and/or liquid, e.g., methanol,
vapourizer.

By introducing plate-type heat-exchangers, the reactor capac-
ity of the methane steam reforming and the energy efficiency can
be enhanced by factors of about 3.4 and 1.8, respectively. Energy
balance analysis shows, however that the amount of hydrogen
consumed is 1.7 times higher than that produced by methane
steam reforming because of the low thermal content of hydro-
gen. Therefore, further experiments are required with a mixture
of methane and hydrogen as a fuel for catalytic combustion.

Using this type of reactor concept, a new microchannel device
and fuel-cell system can be designed, in which a plate-type heat-
exchanger is integrated into a single device. In addition, a new
three-dimensional microchannel plate can be installed in the
reforming and/or combustion section to increase the surface-
to-volume ratio. This concept can allow further advances in the
development of compact and dynamic fuel processors. In the
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new fuel-cell system, hydrogen is stored in a tank to provide
the start-up fuel. This fuel-cell system offers further advances
in the development of a simple system without an electro device
to start-up the fuel processor.
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