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Abstract

Microchannel reactor offers opportunities for the development of compact fuel processor for PEMFCs. The design and experimental wc
concerning a microdevice for the methane steam reforming with hydrogen catalytic combustion is presented herein. We designed novel f
channel on reformer sheets and microholes on combustor sheet to inhibit the hot spot, which takes place in front of the reactor. Experimental re:
show that the Pt—Sn/AD; coated microchannel combustor was active enough to initiate hydrogen combustion at room temperature and able
increase reactor temperature up to 80y hydrogen combustion uniformly. The performance of the microchannel reformer was investigated at
various operating conditions. The developed micro fuel processor generates enough hydrogen for power output of 26 W as fuel cell.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Microchannel reactor (MCR) is a good solution for com-
pactness of fuel processing. MCR has many advantages, such
Fuel cells are an alternative for clean energy generdfipn as enhanced heat and mass transfer, the flow uniformity, high
Especially, polymer electrolyte membrane (PEM) fuel cell havespecific-surface area, safe control in explosive regime and eas-
received a great attention as attractive power sources for mobiler scale-up without geometry changd{5]. Microchannel fuel
and small stationary power units because of low operation tenprocessors containing catalytic combustion or electric heater
perature, high energy density, low weight, compactness, poteilntegration have been recently develogdeb—10] They used
tial for low cost and volume, long stack life, fast start-ups andmethane and methanol for combustion so that needed the evap-
suitability to discontinuous operatidg]. orator and/or pre-heater. The anode-off gases containing hydro-
A typical fuel processor of steam reforming for PEM- gen can be introduced into combustor as a fuel. Since hydrogen
FCs is composed of five unit operation such as fuel vaporizeombustion on Pt catalysts can take place under room tempera-
ers/preheaters, fuel reformers, carbon monoxide clean-up praure[11], there is no need of any evaporator or pre-heater.
cesses, heat exchanger and combustor as shokig.if. However, hydrogen catalytic combustion in MCR has some
The application of this conventional steam reformer forchallenges for application. Since hydrogen is extremely light
hydrocarbon takes up to 30-40% of the volume of the fuel celln comparison with air and flows/diffuses upward across the
system3]. This large size requires heavy investments and longatalyst body12], the temperature profile of catalytic bed tends
start-up times. In order to apply PEMFCs to portable deviceso be considerably non-uniform. Janicke e{48] reported that
commercially, a fuel processor should be of high energy densitthere was hot spot in front of the reactor whes/® mixture
and compact size inevitably. was introduced in microchannel reactor/heat exchanger. This
hot spot and its movement depending on the gases flow rate
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Fig. 1. Schematic diagram of fuel processor-fuel cell system of steam reforming, consisting of five-unit operation and a fuel cell. The dividee tEgnsner
with external combustor.

The combustor was designed to introduce fuel and air sep&h—Mg solution in combustor and reformer, respectively. The
rately. Pt—-Sn/AlO3 and Rh—-Mg/AbO3 was impregnated by microchannel reactor was first pre-treated in air at @D@or
wash-coating in combustor and reformer of MCR, respectively2 h before alumina coating. The deposited catalyst thin films
because Rh—Mg catalyst has good activity for methane steamere characterized by scanning electron microscopy (SEM) and
reforming[15] and Pt-Sn catalyst does for hydrogen combus-energy dispersive analysis of X-rays (EDX).

tion[16]. Especially, in order to heat up reaction temperature of

reformer over 700C uniformly for methane steam reforming,

hydrogen and air was separately introduced to the microchannéi?- Hydrogen catalytic combustion and methane steam

combustor. The reactor was heated up to8D@niformly and ~ 7¢forming

methane steam reforming could be carried out in the reformer ) _

with hydrogen combustion in the combustor. And it was con- _Hydrogen combustior(1) and methane steam reforming
firmed that combustion and methane steam reforming could bé?) take place in each microchannel sheets, respectively, as
handled in one compact reactor. described below

2. Experimental Ha 4+ 050; > H2O  (AHjg5=—242kJmol™) (1)

2.1. Design of microchannel reactor (MCR) CHs + H20 <» CO+3Hy  (AHp9g=2062kJ molY)  (2)

The designed MCR consists of cover plate, base plate and 25 A Stoichiometric mixture of hydrogen and air are separately
sets (50 plates) microchannel sheets. Inconel plate was useditdroduced as shown iRig. 2 andFig. 3 for combustion. And
fabricate the microchannel sheets and stainless steel for covétren hydrogen and air are mixed in the MCR manifold. Methane,
and base plates. Microchannels were patterned on a plate usisgmetimes B, and steam are supplied into the microchannel
a wet chemical etching method. The cover plate has three comeformer for methane steam reforming or reactor cooling. Tem-
duits and base plate has two conduits, which act as flow inlgberature was controlled by the mixture flow rate of hydrogen and
and outlet. Each microchannel sheets have two conduits and tvair. Methane steam reforming tests were carried out with steam
flow distribution chambers for enhancing the uniform distribu-to carbon ratio of 3.0Fig. 4is the schematic diagram of experi-
tion. Especially, we designed an inventive gas flow channel anthental set-up. Gas was supplied by mass flow controller (MFC,
microholes to introduce fuel for combustion separately. EaclBrooks 5850 series) and steam as water was done by micro
sheet having 22 channels has the following dimensions of thiéquid pump (NS, MINICHEMI PUMP, 1-100@Q./min). Water
flow path, 50Qum in diameter, 25@.m in depth and 17 mm in was introduced when the reformer temperature was°C20
length. Combustor sheets and reformer sheets were stacked alterguid components were separated by cold trap in the pro-
nately and then bonded by brazing method. The dimensions afuced stream. The flow rate of reformed gas was measured by
the combustor (25 plates) and reformer (25 plates) unitexcluding soap bubble flow meter. Reactants and products gases were
fittings were about 40 mm 40 mmx 30 mm.Fig. 2shows the analyzed by a gas chromatography (Agilent 6890N) equipped
assembled unit of microchannel fuel processor and a combustaith HP-MOLSIV, HAYESEP D columns and thermal con-
sheet. IndetaiFig. 3is the schematic representation of the novelductivity detectors (TCD). Temperature was monitored by data
designed microchannel sheets and flow paths. Pt—gDAdat-  acquisition/switch unit (Agilent 34790A) equipped with K type
alyst for hydrogen combustion and Rh—Mg#@% catalyst for  thermocouple into fuel inlet, combustor outlet and reformer out-
methane steam reforming were prepared by a first alumina wasket conduits. The microchannel fuel processor was insulated by
coating followed by the subsequent impregnation of Pt—Sn anderamic wool before test.
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Fig. 2. Photograph of assembled catalytic combustor/reformer and a microchannel sheet for hydrogen combustion and uniform pre-heatingnefrtfieveefor
microholes were designed for combustive fuel separately feeding.

3. Results and discussion and the reactor having 1@dn in diameter was inherently
safe at ambient pressure. Additionally, the explosion limit
3.1. H; combustion and reforming in MCR diameter of H/O, mixture was between 1000 and L0

at 850°C in temperature and ambient pressure. We detected

Though hydrogen/oxygen reaction is very fast and has broathe temperature at fuel inlet, reformer outlet and combustor
explosion limits for b (4—94% in @ on volume percent basis), outlet to confirm that our reactor was able to control hydro-
yet the challenges of this explosive reaction can be solved bgen combustion and heat up the reactor up to “€Qni-
using a microchannel reactor. Since dimensions of microcharformly. Initial flow rate of the hydrogen and air was 3.8 and
nels (50Qum x 250um) are smaller than the quenching dis- 9.9x 10~2mol min~1, respectively (section (A)). At that time
tance for B/O, mixtures, which is commonly known about N o0f4.9x 103 molmin-1and steamof1.% 102 mol min—1
1000pm [17], MCR can suppress flame propagation. Furtherwas introduced into the reformer. Water was introduced when
more, Veser[5] reported that the explosion limit depended the temperature of reformer was 120. When the combus-
on the reaction condition such as temperature and pressuter outlet temperature reached 8@) hydrogen and air flow

Combustion
Regorming reactants e fuel flow path
flow path H

Fuel/Air mixing and
distribution chamber

Combuster sheet Micro hole for fuel Inlet

Air inlet conduit

Reformer sheet Microchannel for fuel Inlet

Fig. 3. The schematic representation of the novel designed microchannel sheets and flow paths. Red dotted line: fuel for combustion flow pathlined dashe
fuel/air mixture and combustion off gas flow path; blue solid line: reforming reactants flow path and blue dashed line: reformate flow path.
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[7]

10]

Fig. 4. Schematic diagram of experimental set-up. (1) Mass flow controller(MFC); (2) micro liquid pump; (3) pressure gauge; (4) microchanregi<sef;{f)
ceramic wool for reactor insulation; (6) K type thermo couple; (7) data acquisition/switch unit; (8) cold trap; (9) bubble flow meter and (10) gasgragmy
(GC).

rate was increased to 4.2 and %10 2molmin—1, respec- Sumed by methane steam reforming which is an endothermic
tively (section (B)). And then methane of 4<910~2 mol min~1 reaction. And the final operating temperature of reformer can
was introduced for methane steam reforming insteagdvNen  be controlled at 700C constantly by the hydrogen combustion.
reformer outlet temperature was 78D(section (C)). Inthe sec- Moreover, there were not any explosion sounds like that Jan-
tion (A) as shown irFig. 5 hydrogen combustion was initiated icke et al.[13] reported. The temperature difference between
at room temperature. And the temperature could be controllet¥el inlet and combustor outlet was within 110. The rea-

by increasing hydrogen/air flow rate in section (B). However,50n why there was temperature difference was that the reactants
the start-up time of reactor was so long that it took about 2.5 fior reforming and/or the coolants introduced by co-current flow
to reach the reformer outlet temperature of 700 In order ~ cooled down the inlet side. However, temperature of reformer
to apply this microchannel reactor to fuel processors or otheputlet was similar to fuel inlet. It indicated that the heat transfer
dynamic processes, many efforts, such as increasing cataly$f the reactor was very good.

loading weight on the microchannel and introduction of igniter,

need to decrease the start-up time. After methane steam reformo. Effecrs of hydrogen flow rate on combustion

ing began in section (C), reactor temperatures were decreased.

It indicates that the heat prOduced from combustion was con- In other to carry out methane steam reforming' we varied the
hydrogen flow rate into MCR to examine the capacity of com-
bustion section. The introduced hydrogen flow rate was from 2.1

] @ {8 i : to 3.9x 10-2molmin~! and it made the temperature of reac-
1000 : : tor increasedFig. 6 shows the results that the incremental rate
O goo | |7 R mer 7 of reformer outlet temperature was decreasing with an increase
& ; of hydrogen flow rate. It indicates that there is upper limit of
2 600 reactor capacity for hydrogen combustion because the increased
g 400 reactants flow rate cooled down the temperature of the reactor.
£ 500 To expand the combustor’'s capacity, heat exchanger for heat
£ 5 I recovery from combustion outlet and reforming outlet would be
0 1 2 3 4 5 proposed. The heat exchanger will preheat the reactants such as
Time on stream, hr air, fuel, water and methane.

Fig. 5. Reactor temperature plotted as a function of time on stream: $§A) H

of 3.8x 102 molmin~! and air of 9.5x 10~2 mol min~! into combustor, N 3.3. Product gas compositions and CH4 conversion with

of 4.9x 10-3molmin~! and water of 1.5 10-2molmin~! as liquid into reforming temperature

reformer; (B) b of 4.2x 10-2molmin~! and air of 1.1x 10~ molmin~!

air into combustor and (C) H of 2.2x102molmin~! and air of . L

1.1x 10-2 mol min-! into combustor, Cllof 4.9x 10-2 mol min-% and water Major gas product of methane steam reforming is hydrogen

of 1.5x 102 mol min~? into reformer. and CO, and minority of C®as produced via water—gas shift
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Fig. 6. The reformer outlet temperature changes via hydrogen flow rate. CH
feed flow rate = 2.5 10~3 mol min~L; steam to carbon ratio = 3.0. Fig. 8. A CH, conversion and b production rate according to reformer out-
let temperature. Ciifeed flow rate = 2.5 103 mol min~1; steam to carbon
100 ratio=3.0.
80 1 concentrations of CO also increased with temperature increas-
2 ing. Since the concentration of CO should be less than 20 ppm
S 60 for application to the fuel cell, additional CO-clean-up processes
T K such as WGS, PrOx and/or methanation are required to reduce
g CO concentration.
g Ll The CH, conversion and bl production rate for a constant
© feed flow rate indicate the performance of fuel proced$sgr.8
20 1 shows CH conversion and bl production rate according to
reformer outlet temperature. Combustion condition ikdhle 1
0 ! ! , , The CH, conversion and bl production rate were increased
500 550 600 650 700 750 with increasing reformer outlet temperature. When reformer

Temperature, °C outlet temperature was 708, the CH, conversion and blpro-
Fig. 7. The effect of reformer outlet temperature on composition of dry refor-dUCtlon rate was 95% and 8:310~° mOI mln_l' reSp.eC.tlvely'
mate. CH feed flow rate = 2.5 10-3 mol min-L; steam to carbon ratio=3.0.  Furthermore, the methane conversion was very similar to the
equilibrium conversion rate. It indicated that the reformer hav-
reaction ing microchannels showed very fast molecular diffusion. The
. 1 electrical power with a typical fuel cell can be anticipated by
CO+H20 < COx+Hz (AHzg=—4L1kImol™)  (3) g efficiency of fuel cell and 80% utilization of4HAccord-

The excess molar ratio of steam, S/C ratio 3.0, was for thd"9 10 this assumption, the anticipated power outlet of MCR
purpose of by-product carbon formation inhibition. For the samd€former is about 16 W as fuel cell power.
condition for the previous methane steam reforming, the com-
position of product gas with different reforming temperature is3-4 The effect of feed flow rate on a methane conversion
in Fig. 7. We controlled the MCR temperature by varying the @nd production rate of H;
hydrogen/air flow rate as shownTable 1 Asthe reformer outlet
temperature increased from 508 to 7@8 the concentration of  The effect of feed flow rate on the methane conversion was
H, increased from 54 to 75 volumetric % as showRig. 7. The ~ investigated for the maximum throughput of the developed fuel
processor. Methane feed flow rate was increased from 2.5 to

Table 1
The condition of combustion for methane steam reforming
Table 2
Case Combustion section Temperature®C) The conditions of combustion and methane steam reforming
(10-2 mol min1) - - - -
- Case Combustion section Reforming section
Air Ho Comb. outlet Reformer outlet
Air (102 H (102 CH, (1072 Steam (102
1 5.4 2.1 615 508 mol min—1) mol min—1) mol min—1) mol min—1)
2 6.7 2.7 721 607
3 8.9 3.6 800 693 1 9.8 3.9 0.25 0.75
4 9.8 3.9 821 708 2 10.7 4.2 0.36 11
3 11.2 4.4 0.49 15

CHj, feed flow rate = 2.5 10~3 mol min~1; steam to carbon ratio = 3.0.
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Table 3

The energy balance and performance of developed fuel processor

Case Reaction no. Flow rate (19mol min—1) Conversion (%) Portion (%) Total Hygg (kI 1)

1 1 3.9 100 100 —566
2 0.25 95 54 16
4 0.25 46 11
H> regen. 0.82 118
Efficiency 25.6%

2 1 4.2 100 100 —610
2 0.36 86 57 22
4 0.36 43 13
H> regen. 1.1 157
Efficiency 31.5%

3 1 4.4 100 100 —639
2 0.49 78 58 27
4 0.49 42 16
Hy regen. 1.4 198
Efficiency 37.7%

4.9x 10~3mol min~1. The steam to carbon ratio was kept at  On the other hand, reactiq@) and(3) can be summarized
3.0 to reduce the by-product carbon formation. The temperafto

ture of reformer outlet was kept around 7@ Hydrogen/air 0 1
flow rate was increased with increasing methane and water flofg 4 +2H20 < COz + 4Hz - (AH;98 = 1651kJmol™)

rate to maintain the reformer outlet temperature as shown in 4)
Table 2

As shown inFig. 9, methane conversion was decreased with
increasing methane feed flow rate in contrast with Fhe heat And the energy balance and performance were presented in

necessary for steam-reforming reaction, which is endothermiclable 3 As shownirTable 3 the energy efficiency was increased
could be supplied sufficiently by hydrogen combustion Withvx{lth an increase in methane feed flow rate. However, the effi-
increasing methane feed flow rate. There is a trade-off relaGieéncies, in all cases, were below 40%. The reason why the
tionship between methane conversion andproduction rate  efficiencies somehow low was that there was not heat recov-
to achieve the high throughput and efficiency. When methan8"Y from combustion and reforming off gases. Temperatures of
flow rate was 4.% 103 molmin2, reformer outlet temper- combustion off gas and reforming off gas, in case 3, were 811
ature was 698C to achieve 80% conversion of methane. Ina@nd 696'C, respectively. If there had been heatrecovery system,
this operation condition, the hydrogen production rate waghe energy efficiency would have increased.

1.4x 10-2mol min—1. Itindicates that anticipated power output ~ Furthermore, the object of this study was development of
of this fuel processor is 26 W. combustor of hydrogen from anode-off gases. Hydrogen com-

bustion in conventional reactor is very difficult because of back-
fire. In this study, we showed the possibility of the combustion

10 ‘L\\ Eq. Ch,conversion at 700°C 10 of anode-off gases.
_,7]\‘\“ _m B .
o 80 /[7@—. 0.8 ; 4. Conclusions
= o
3 60 ‘/+ pr w;;ion —los ; Amicrochannelreformer integrated microchannel combustor
f:_:’ T/ o H;por —— & was designed and manufactured for catalytic hydrogen combus-
8 : : : § tion. Pt—-Sn/AyO3 wash-coated microchannel combustor was
:f: “F""I‘ 2L each points, 0 = E active enough to initiate hydrogen combustion at room temper-
et %% i o8 g ature. This reactor was able to increase reactor temperature up
il 704 % 102 o to 800°C by hydrogen combustion. At that time the temperature
Comb gy 822 811 difference between combustor and reformer was°CLHow-
ol } 1 1 1 1 g 0.0 ever, the start-up time of reactor was so long that it took about
0.0020 00025 00030 00035 00040 0.0045 00050 0.0055 2.5 h to reach the heat exchanger outlet temperature ofG00
Feeing flow rate, mol min™ In other to apply this microchannel reactor to fuel processors or

Fig. 9. CH, conversion and kiproduction rate, and the temperature profile for other dynamlc processes, care has to be taken to decrease the

reforming in variation with feed flow rate. Steam to carbon ratio = 3.0, dashecStart-up time. If this kind of reactor applies to the fuel processor,
line is equilibrium methane conversion rate at 700 start-up equipments such as igniter will be a good solution.
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