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Catalytic wall reactors permit high heat-transfer rates between exothermic and en-
dothermic reactions taking place catalytically on opposite sides of a thin wall, because
they eliminate resistance to heat transfer in thermal boundary layers, thus making them
compact and efficient. A parallel plate catalytic wall reactor was built in which exother-
mic methane combustion on platinum and endothermic methane steam reforming on
rhodium occurred on walls in alternate channels. This reactor ga®e 95% con®ersion of
methane to synthesis gas with a residence time of �70 ms at a steamrmethane ratio of
1r1 with a thermal efficiency of �60%. A preheat pass was added on the combustion
side that enabled heat exchange between hot combustion products and cold combustion
inlet gases to increase temperature upstream and decrease it downstream. This two-pass
reactor ga®e H rCO ratios of �14r1 with a residence time of �170 ms at a2
steamrmethane ratio of 4r1. To increase the H rCO ratio, the endothermic channel2
length was also extended, with a platinum-ceria wall coating on the extended region to
further reduce downstream temperatures and promote water-gas shift. This reactor ga®e
downstream temperatures as low as 200�C, and produced H rCO ratios as high as 42r12
with a residence time of � 300 ms at a steamrmethane ratio of 4r1. The extended
reactor shows good potential for producing high H rCO ratio product streams suitable2
for preferential oxidation and subsequent use in fuel cells in a scalable configuration.

Introduction

Steam reforming of hydrocarbons requires temperatures of
800 to 900�C for high equilibrium yields. It is typically carried
out in tubes packed with catalyst coated pellets with burners
operating at �1,500�C outside the tubes to provide heat for
the endothermic reactions. The high heat-transfer resistance
between the flames and the catalyst pellets necessitates high
flame temperatures and results in reformer residence times
of several seconds.

The catalytic wall reactor consists of a thin wall coated with
Žthe same or different catalysts on the two sides Frauhammer

.et al., 1999; Polman et al., 1999; Zalc and Loffler, 2002 . An¨
Ž .exothermic reaction such as combustion takes place on one

side, which provides heat for an endothermic reaction occur-
ring on the other side. Carrying out reactions on two sides of

Correspondence concerning this article should be addressed to L. D. Schmidt.

a thin wall eliminates heat-transfer resistance in thermal
boundary layers, thus increasing heat-transfer rates and re-
ducing residence times. Conventional reactor sizes can be re-

Žduced by a comparable factor typically by a factor of at least
.10 if residence times can be reduced from a few seconds to a

few milliseconds. Catalytic wall reactors in parallel plate con-
figurations can also be scaled more easily than multitube re-
actors in furnaces. Another advantage of catalytic wall reac-
tors is the lower operating temperatures in catalytic combus-
tion as compared to flame combustion, thus eliminating NOx
formation.

Catalytic wall reactors have been examined for several
Ž .years. Koga and Watanabe 1991 described a plate type re-

former that coupled catalytic combustion and reforming,
which took place in alternate channels. The catalysts filled
the gaps between the plates and were not deposited on the
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walls, which resulted in higher heat-transfer resistance.
Ž .Igarashi et al. 1992 described a wall reactor that used a

heating medium to supply heat for an endothermic reaction
that occurred on walls in alternate channels, although the
presence of a thermal boundary layer in the combustion
channel resulted in high heat-transfer resistance. Frauham-

Ž .mer et al. 1999 described a reactor that coupled catalytic
combustion and methane steam reforming in alternate chan-
nels with catalysts coated on both sides of the walls. They
carried out preliminary experiments using a ceramic honey-
comb monolith with specially designed distribution channels

Ž .for the combustion and process gases. Polman et al., 1999
described and tested a metal flat plate reactor for same reac-
tion system. Both of these systems were operated successfully
only below �800�C, and the stability of catalyst and wall ma-
terials, and heat losses from the reactor, seemed to limit suc-

Ž .cessful operation in these systems. Zalc and Loffler 2002¨
described a plate reformer for methane steam reforming that
consisted of a single reforming channel with a combustion
channel on either side. Temperatures and residence times
were not discussed for most of these systems. Water-gas shift
reactions to increase H rCO ratios were not considered in2
any of these systems.

Ž .Redenius et al. 2001 described a radiant burner that con-
sisted of catalyst coated on one side of a thin metal wall.
Methane combustion on platinum generated the radiant en-
ergy, and multiple passes were added to recuperate energy
from the hot combustion products. The burner was operated
at temperatures �950 to 1,200 K with a radiant efficiency of
�60%.

Ž .Venkataraman et al. 2002 described a coupled catalytic
wall reactor in a concentric tube configuration using quartz
tubes that operated at temperatures �1,000�C and enabled
efficient heat exchange between methane catalytic combus-
tion and homogeneous ethane cracking. High ethane conver-

Ž .sions and ethylene selectivities 77% and 87%, respectively
were obtained at contact times of �50 ms. Temperature
profiles for systems with multiple passes on the combustion
side, and for co-current and counter-current modes of opera-
tion, were measured.

In this research, the results from the concentric tube con-
figuration are extended to a parallel plate configuration with
catalysts coated on both sides of the plates, and the perfor-

Žmance of the parallel plate reactor for syngas a mixture of
.CO and H and hydrogen production is evaluated.2

Reactions
We consider the coupling of the catalytic combustion of

methane on platinum

CH q2O ™CO q2H O, �H sy802.6 kJrmol4 2 2 2 298

with the steam reforming of methane on rhodium

CH qH O™COq3H , �H sq205.6 kJrmol4 2 2 298

Water-gas shift on rhodium or platinum-ceria may also take
place in the endothermic reaction channels by the reaction

COqH OlCO qH , �H sy41.0 kJrmol2 2 2 298

Figure 1. One- and two-pass cocurrent systems.
‘‘Exo’’ and ‘‘Endo’’ denote exothermic and endothermic re-
actions occurring on catalyst coated walls, respectively. Ar-

Ž .rows indicate directions of flow. a One-pass three-channel
Ž . Ž .system; b one-pass, five-channel system; c Two-pass,

Ž .three-channel system; d extended two-pass 3-channel sys-
tem.

From the heats of reaction of combustion and reforming, it
is seen that combusting 1 mole of CH releases enough heat4
to reform approximately 4 moles of CH . However, heat4
losses in the reactor and sensible heat absorption by reac-
tants and products decrease the number of moles of CH4
that can be reformed per mole of CH combusted.4

Experimental System
Figure 1 shows various parallel plate configurations that

could be used for coupling exothermic and endothermic reac-
tions, with arrows indicating directions of flow. Figure 1a de-
picts a one-pass, three-channel system with two exothermic
channels and one endothermic channel. The exothermic and
endothermic flows in these alternate channels are cocurrent,
but these systems can be run in the countercurrent mode as
well. The one-pass five-channel configuration in Figure 1b is
similar to that in Figure 1a, but it has 3 exothermic and 2
endothermic channels, suggesting that these systems can be
scaled up simply by adding more channels. The two-pass
three-channel configuration in Figure 1c allows heat ex-
change between the hot exothermic products and cold
exothermic reactants, which results in a sharp axial tempera-
ture gradient. The extended two-pass three-channel configu-
ration in Figure 1d extends the length of only the endother-
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mic channel of the two-pass system to further decrease down-
stream temperatures.

In this research, we present results mainly from experi-
ments conducted using the configurations depicted in Figures
1a, 1c, and 1d.

Reactor structure
The reactor was in a parallel plate configuration, as

sketched in Figures 1a�1d. The plates were 8 cm�5 cm�0.1
Žmm corrugated fecralloy a 73% Fe, 20% Cr, 5% Al and �

.1% NiqSi alloy sheets with corrugations perpendicular to
the direction of flow. For the extended two-pass reactor, the
catalyst coated plates were 13 cm long. The reactants entered
the reactor through 5 equally spaced 0.5 mm holes across the
5 cm width. The product gases on the endothermic side ex-
ited through a 1 mm wide slot into a collection tube. The
gaps between the plates were nominally 4 mm in all the con-
figurations shown in Figure 1. Fiberfrax paper was used as a
gasket between the plates and the stainless steel frames that
held the plates, and the frames were tightly bolted on the
outside.

Fecralloy has a melting point of �1,500�C, making it suit-
able for use in the coupled catalytic wall reactor. We used
this reactor up to �1,200�C with no visible deterioration in
the alloy. The plates used in the reactor have 1 mm deep
corrugations that make them more rigid and prevent warp-
ing, which helps maintain a uniform gap between the plates.
The corrugations also increase surface area over flat plates,
and promote gas mixing and better heat transfer between the
gases and the wall.

Catalyst preparation
The fecralloy plates were first oxidized in air in an oven at

900�C for �5 h, thus forming a layer of alumina on the sur-
face that improved adhesion of the washcoat and catalyst.
The surfaces were then coated with an alumina washcoat and
a catalyst in a manner similar to that described by

Ž .Venkataraman et al. 2002 .
The washcoat was an aqueous suspension of �10 wt% �-

alumina powder having 3 �m particles, and contained 1 wt.
Ž .% Cr O from Cr NO and 0.1 wt. % Y O from2 3 3 3 2 3

Ž . Ž .Y NO H O Redenius et. al., 2001 . One of two coatings3 3.6 2
of the washcoat were applied to produce a coating �10 �m
thick. The �-alumina was partially converted to �-alumina,
which has a less porous structure, when the washcoat was
briefly fired to �1,000�C during preparation. The washcoat
adhered well to the fecralloy, and did not flake off even after
many hours of operation.

Ž .Platinum from 8 wt. % H PtCl solution and rhodium2 6
Ž Ž . .from 13.9 wt. % Rh NO solution were used as the com-3 3
bustion and reforming catalysts, respectively. The extended
region in the extended two-pass reactor was coated with plat-

Ž .inum-ceria, a 1:1 by volume mixture of 5 wt. % Ce NO3 3
solution and 8 wt. % H PtCl solution, to promote water-gas2 6
shift reactions. A fecralloy plate coated with rhodium on both
sides was also placed in the endothermic channel in the one-
and two-pass reactors, and a similar plate coated with plat-
inum-ceria was placed in the extended region of extended
two-pass reactor. These plates increased catalytic surface
area, while maintaining uniform temperatures.

Apparatus
Compressed air, methane, and nitrogen at room tempera-

ture were delivered from cylinders and metered by mass-flow
controllers. Nitrogen was used as a reference gas for gas
chromatographic analysis of the product gases from the en-
dothermic and exothermic sides. Water from a pressurized
tank was delivered by an automotive fuel injector to a heated
quartz tube that generated steam for the endothermic chan-
nel. An electronic pulse generator connected to the fuel in-
jector controlled the steam flow rate. Metal tubes with equal
restrictions were used to deliver the reactants to the reactor
inlets to ensure equal flow rates in all the exothermic or en-
dothermic channels. The exothermic and endothermic gases
entered these tubes at 25�C and 300�C, respectively.

Startup
After the methane and air flows were started, the exother-

mic reaction was ignited by heating the reactor with a Bun-
Ž .sen burner to a temperature �600�C at which ignition on

platinum takes place. Ignition of all platinum surfaces was
achieved in �30 s for the one-pass system and in �60 s for
the two-pass system. After ignition of the platinum surfaces
in all the channels, the Bunsen burner was removed, and ni-
trogen, steam, and methane flows to the endothermic chan-
nels were started. All gas flows are reported as standard liters

Ž .per minute slpm at 1 atm and 273 K, and steam flows on
Ž .the endothermic side are reported as steamrCH SrC mo-4

lar ratios. The flow rates reported here are the sum totals of
flows in all the exothermic or endothermic channels. All resi-
dence times were corrected for gas temperature and volumet-
ric flow rate changes due to reaction. These were estimated
as the channel volume divided by the endothermic gases vol-
umetric flow rate based on an average channel temperature.
Nominal residence times quoted are estimated to be accurate
to within �10%.

Measurements
Temperatures were measured in the exothermic channel

Ž .Figure 2 with a 0.16 cm inconel sheathed chromel-alumel
thermocouple. Upstream temperatures were measured 1 cm
downstream of the inlet in the exothermic channel, and
downstream temperatures were measured at the position of
the endothermic product gas exit in the exothermic channel.
Temperatures are regarded as accurate to �50�C and posi-
tions to �0.5 cm. Fairly uniform flows of the reactants across
the width of the channel were obtained, as seen from the
centerline and edge temperature profiles obtained in an
exothermic channel of a two-pass system, as shown in Figure
2. The temperature difference between the centerline and the
edge at any position along the flow direction was �100�C for
all reactor configurations.

Gases were analyzed by gas chromatography using samples
withdrawn by a syringe from exothermic or endothermic ef-
fluents. Measurements were accurate to �5%, and carbon
balances closed to �7%. CH conversions and CO selectivi-4
ties are regarded as accurate to �1%.

CH concentrations on the exothermic side were varied4
Ž . Ž .from 6.4% lean to 9.5% stoichiometric CH in air.4

Exothermic CH conversions �90% or greater were ob-4
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Figure 2. Measured centerline temperature profiles in
the one-, two- and extended two-pass,
three-channel co-current systems.
All temperatures were measured in the exothermic chan-
nels. The flow rates of the exothermic gases were 0.3 slpm
CH and 3 slpm air. The flow rates of the endothermic gases4
were 0.2 slpm CH and 0.2 slpm N with a SrC ratio of 3r1.4 2
The dashed curve indicates the measured temperature near
the edge, showing that the temperature difference from cen-
ter to edge is �100�C

tained for all these systems. The adiabatic efficiency of all
these systems was estimated to be �55 to 60%.

Results
The performances of the various reactors shown in Figure

1 are presented in this section. We show that the tempera-
ture profile in the one-pass co-current system is suitable for
methane steam reforming, resulting in products with H rCO2
ratios of �3r1, whereas the temperature profiles in the
two-pass and extended two-pass co-current systems are suit-
able for both methane steam reforming and water-gas shift,
resulting in products with H rCO ratios �3r1.2

H �CO in a one-pass system2

Figure 2 shows a measured centerline temperature profile
in a one-pass, three-channel cocurrent system depicted in
Figure 1a. It is seen that the temperature was almost con-
stant along the length of the channel, which is similar to the
temperature profile observed for the concentric tube configu-

Ž .ration by Venkataraman et. al. 2002 . The CH conversion,4
CO selectivity, and H rCO ratios in the endothermic product2
stream as a function of the endothermic CH flow at a SrC4
ratio of 1r1 and fixed exothermic CH flow are shown in4
Figure 3a. CO selectivities increased and CH conversions4
decreased with increasing CH flows. Figure 3b shows the4
trade-off between residence time and CO selectivity. Lower

Ž .residence times higher endothermic CH flows resulted in4
higher CO selectivities because not much water-gas shift,
which has slower kinetics than steam reforming, took place.
Although it seems paradoxical that reduced downstream tem-

Ž .peratures led to less water-gas shift an exothermic reaction ,
it should be noted that the lower temperatures in this case
were due to higher endothermic CH flows, which resulted4
in lower residence times. For endothermic flows of 0.7 slpm
CH and 0.2 slpm N at a SrC ratio of 1r1 and exothermic4 2

Figure 3. Measured results of the one-pass system.
Ž . Ž . Ž .a Endothermic CH conversion X , CO selectivity S ,4 CO
and H rCO ratio as a function of the endothermic CH flow2 4
rate in a one-pass, three-channel system. The endothermic
N flow rate was 0.2 slpm with a SrC ratio of 1r1. The flow2
rates of the exothermic gases were 0.63 slpm CH and 64

Ž . Ž .slpm air. b Measured CO selectivity S and residenceCO
Ž . Ž .time � as a function of downstream temperature T in ad

one-pass 3-channel system at the conditions above.

flows of 0.63 slpm CH and 6 slpm air, we obtained �95%4
endothermic CH conversion, �95% CO selectivity, and a4
H rCO ratio of �3r1 at a residence time of �70 ms.2

A one-pass, five-channel cocurrent system depicted in Fig-
ure 1b was also built and tested. This system was not studied
as extensively as the three-channel systems. Endothermic CH4
conversions �90% were obtained for various exothermic and
endothermic flows.

H �CO in a two-pass system2

Figure 2 shows a measured centerline temperature profile
in a two-pass, three-channel cocurrent system depicted in
Figure 1c. The temperature was highest in the upstream sec-
tion and fell rapidly in the downstream section, which is con-
sistent with the temperature profile for the concentric tube

Ž .configuration reported by Venkataraman et al. 2002 . The
high upstream and the lower downstream temperatures are
favorable for endothermic steam reforming and exothermic
water-gas shift, respectively. Since low downstream tempera-
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Figure 4. Measured results of the two-pass system.
Ž . Ž .a Downstream temperature T and H rCO ratio as ad 2
function of CH rO ratio of the combustion gases in a two-4 2
pass, 3-channel system. The exothermic CH flow rates were4
0.5, 0.4, and 0.3 slpm. The flow rates of the endothermic
gases were 0.2 slpm CH and 0.2 slpm N with a SrC ratio4 2
of 4r1. The effect of removing downstream insulation is also

Ž . Ž .illustrated by open symbols. b Upstream temperature Tu
Ž .and endothermic CH conversion X as a function of4

CH rO ratio of the combustion gases in a two-pass, three-4 2
channel system at the conditions above.

tures were possible, experiments were conducted to see how
low of a downstream temperature could be achieved.

Figure 4 shows the effect of first decreasing the exothermic
ŽCH flow at a fixed CH rair ratio closed symbols; top to4 4

bottom for temperatures and conversion, bottom to top for
.H rCO and then increasing the air flow at a fixed exother-2

Ž .mic CH flow closed symbols; right to left . The upstream4
and downstream temperatures dropped sharply as the
exothermic CH flow was decreased, and then slightly as the4
air flow was increased. The endothermic CH conversion fol-4
lowed a trend similar to the upstream temperature as shown
in Figure 4b, and the H rCO ratio increased with decreasing2

Ž .downstream temperatures Figure 4a due to more water-gas
shift. Removing insulation from the downstream section of

Ž .the reactor open symbols; arrows resulted in lower up-
stream and downstream temperatures, which also led to lower
endothermic CH conversions and higher H rCO ratios.4 2

Figure 5 shows residence time and CO selectivity as a func-
Ž .tion of the downstream exit temperature. CO selectivities

Figure 5. Comparing the two-pass and extended
two-pass systems.

Ž . Ž .Measured CO selectivity S and residence time � as aCO
Ž .function of downstream temperature T in a two-pass,d

three-channel system and an extended two-pass, three-chan-
nel system at a SrC ratio of 4r1. The solid curve represents
calculated equilibrium CO selectivity for a starting mixture
of CH and steam at a SrC ratio of 4r1 as a function of4
temperature.

decrease with increasing residence times and lower down-
stream temperatures, because more water-gas shift occurs in
the downstream section. The CO selectivities match those
predicted by equilibrium at the operating SrC ratio of 4r1.
For endothermic flows of 0.2 slpm CH and 0.2 slpm N at a4 2
SrC ratio of 4r1 and exothermic flows of 0.3 slpm CH and 34
slpm air, we obtained �94% endothermic CH conversion,4
�27% CO selectivity, and a H rCO ratio of �14r1 at a2
residence time of �170 ms.

High H rrrrrCO ratios in an extended two-pass system2

Ž .The exit gas composition in the two-pass system Figure 5
was near equilibrium at the exit temperature, so a further
reduction in temperature would be required to further in-
crease H rCO ratios. This was achieved in the extended2
two-pass configuration. Experiments in our laboratory have
shown that rhodium is not very active for water-gas shift at

Žshort contact times at temperatures below 600�C Wheeler
.and Schmidt, 2002 , so we used a platinum-ceria catalyst

Ž .Trovarelli, 2002 , which was coated on the walls in the ex-
tended region. Figure 2 shows a measured centerline temper-
ature profile in an extended two-pass 3-channel co-current
system depicted in Figure 1d. The extended region was not
insulated to decrease temperature more rapidly. The high
upstream temperatures and low downstream temperatures
are similar to the two-pass temperature profile, but the tem-
perature fell sharply in the extended section, which is favor-
able for the exothermic water-gas shift reaction. Figure 5
shows CO selectivity as a function of the downstream tem-
perature. The CO selectivities are 10 to 20% higher than those
predicted by equilibrium at the exit temperature at the oper-
ating SrC ratio of 4r1.

Figure 6 shows CO selectivities and H rCO ratios at vari-2
ous endothermic CH flows and SrC ratios as a function of4
the residence time. The CO selectivity increased and the
H rCO ratio decreased with increasing endothermic CH2 4
flows that resulted in lower residence times. Lower CO selec-
tivities and higher H rCO ratios were observed at higher SrC2
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Figure 6. Measured results of the extended two-pass
system.
Ž . Ž .a Measured CO selectivity S as a function of residenceCO

Ž .time � in an extended two-pass, three-channel system. The
flow rates of the endothermic gases were 0.2, 0.3, and 0.4
slpm CH and 0.2 slpm N , with SrC ratios of 3r1 and 4r1.4 2
The flow rates of the exothermic gases were 0.3, 0.4, and 0.5

Ž .slpm CH at constant CH rair ratios of 1r10. b H rCO4 4 2
Ž .ratio as a function of residence time � in an extended

two-pass 3-channel system at the conditions above. T de-d
notes downstream exit temperatures measured in the ex-
tended region on the exothermic side wall.

ratios as expected. For endothermic flows of 0.2 slpm CH4
and 0.2 slpm N at a SrC ratio of 4r1 and exothermic flows of2
0.3 slpm CH and 3 slpm air, we obtained �92% endother-4
mic CH conversion, �9% CO selectivity, and a H rCO ra-4 2
tio of �42r1 at a residence time of �300 ms.

Simulation
Heat transfer between the reaction streams, CH conver-4

sions, and product selectivities for most systems discussed
here were simulated using the CFD-ACE software package,
which can handle chemically reacting flows in user-defined
geometries. Methane combustion on platinum was simulated

Ž .using the mechanism of Deutschmann et al. 2000 , which has
10 species and 24 reactions, and methane steam reforming
and water-gas shift on rhodium were simulated using the

Ž .mechanism of Klein and Schmidt 2002 which has 12 species
and 42 reactions. No gas-sphase reactions were considered

Ž .because previous results Redenius et. al., 2001 suggest they
are not important for these conditions.

Features
Ž .In these simulations, the full two-dimensional 2-D

Navier-Stokes and energy conservation equations were solved
to determine the composition, flow, and temperature fields.
These simulations incorporated the following features:

� Radiation heat exchange between surfaces. Surfaces and
boundaries were characterized as opaque or transparent,
while gases were nonparticipating media.

� 2-D heat conduction in walls and convection heat losses
from system boundaries.

� Temperature variations of density, viscosity, specific heat,
thermal conductivity and diffusivity.

� Multicomponent diffusion with thermo-diffusion and
species conservation. These simulations yielded temperature,
enthalpy, velocity, species mass fraction and species flux at
every point in the reactor, surface species mass fraction and
flux at all catalytic surfaces, and heat and mass flux at every
surface and boundary in the reactor.

Boundary and initial conditions
Inlet velocities, temperatures, pressures, gas compositions,

and radiative properties were specified as boundary condi-
tions. The outlets were at fixed pressure, and estimates of
temperature and gas composition were specified at these out-
lets as boundary conditions. For the internal walls, radiative
properties and surface chemistry mechanisms were specified,
whereas for the external boundaries, heat transfer from the
walls and radiative properties were specified. Velocity, pres-
sure, temperature, and gas composition at every point in the
reactor were specified as initial conditions. Initial surface
coverages on the catalytic walls were also specified, and these
were estimated by trial and error using CHEMKIN.

For the results presented in Figure 7, the initial tempera-
ture at every point in the reactor was set to 700�C to simulate
light-off.

Results
Figure 7 shows simulated temperatures and CH and CO4

mass fractions in a two-pass, 3-channel co-current system us-
ing 12,870 grid points in the reactor. As seen from Figure 7a,
the temperature in the upstream section is high and falls in
the downstream section as observed experimentally. High

Ž .CH conversions �95% are predicted for both the exother-4
Ž .mic and endothermic sides Figure 7b . Figure 7c shows that

CO is formed in the upstream section due to steam reform-
ing at the high temperatures and consumed in the down-
stream section due to water-gas shift at the lower tempera-
tures. These all agree qualitatively with our experimental re-
sults.

The endothermic CH conversion and selectivity to CO4
predicted for these conditions were 99.6% and 70%, respec-
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tively, whereas they were experimentally observed to be 99.4%
and 43%. These differences between simulation and experi-
mental results are due to differences between predicted and
observed temperatures. Also, methane steam reforming and
water-gas shift kinetics on rhodium are not well known, and
this contributes to differences as well.

When a good agreement between experiments and predic-
tions is reached, these simulations will be used as a predictive
tool for designing better reactors for hydrogen production.

Discussion
We discuss the role of mass transfer in the system, as well

as scale-up, scale down, and transient characteristics of the
reactor. Methods to increase the extent of the water-gas shift
reaction are also considered.

Mass transfer
Combustion and reforming reaction rates are high at these

Žoperating temperatures, and mass transfer of methane the
.limiting species to the catalytic surface limits conversion. A

simple dimensional calculation can be performed to estimate
the diffusion time to the catalyst walls. For flow in the en-
dothermic channel with reaction on two walls, the time for
diffusion t to the reactive walls in laminar flow can be ap-
proximated as

2 2xr2 0.4 cmr2Ž . Ž .
t( ( s0.04 s2D 1 cm rs

Ž .where x is the gap width 4 mm and D is an approximate
Ž 2gas-phase diffusion coefficient estimated to be �1 cm rs at

.the experimental temperature . The time for diffusion to the
wall is only �0.01 s if a plate coated with catalyst on both
sides is inserted in the endothermic channel because the dif-
fusion distance is halved. For flow in the exothermic channel
with reaction on one wall, this expression predicts t(0.16 s.
Thus, the time for diffusion of the reactants to the catalyst
surface is comparable to or shorter than the experimental
residence time, which ensures that all the feed gases contact
the catalytic surface. This also implies that reducing the gap
width to 2 mm would potentially increase throughput by four
times, and a 1 mm gap would increase throughput by a factor
of 16.

Thermal efficiency
The thermal efficiency of these systems was calculated as

the sum of the endothermic reaction heat required, which
was obtained from the endothermic CH conversion, and the4
sensible heat absorbed by the exothermic and endothermic
products, divided by the exothermic reaction heat released,
which was obtained from the exothermic CH conversion. We4
calculated that �40�45% of the heat generated in these sys-
tems was lost to the surroundings by conduction and radia-
tion. These losses would be significantly lowered by adding
more reaction channels to the system to reduce top and bot-
tom losses. This would also raise temperatures in the reactor,
which would permit lower CH flows or leaner CH -air mix-4 4
tures on the exothermic side.

Figure 7. Simulated results of a two-pass three-channel
system.
The flow rates of the exothermic gases were 0.3 slpm CH4
and 3 slpm air, and they entered the reactor at 25�C and 1.3
atm. The flow rates of the endothermic gases were 0.2 slpm
CH and 0.2 slpm N with a SrC ratio of 3r1, and they en-4 2

Ž .tered the reactor at 600�C and 1 atm. a Predicted tempera-
Ž .ture profile scale in K . The plot shows the temperature

profile in the middle of the exothermic channel. The closed
Ž .symbols represent the experimental temperature profile. b

Predicted CH mass fraction profile. The plot shows CH4 4
mass fraction profiles in the middle of the exothermic and

Ž .endothermic channels. c Predicted CO mass fraction pro-
file. The plot shows the CO mass fraction profile in the
middle of the endothermic channel.

Scale-up and scale down
These reactors can be scaled up simply by increasing plate

size and adding more channels, although it would be neces-
sary to devise strategies to maintain desired temperature pro-
files in the scaled up reactors which would run closer to adia-
batic conditions. Scaling down by decreasing the plate size
would lead to increased heat losses, and better insulation,
such as a vacuum jacket around the steam reforming zone,
would be needed. The extended two-pass configuration
yielded enough hydrogen to power an 80 W fuel cell, and we
calculate that a similar 1 m3 system would power a 900 kW
fuel cell.

Startup and response times
By using an electrical spark to ignite the exothermic reac-

Ž .tion, fast startup times are possible Leclerc et al., 2002 .
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Heating rates of �50�Crs are possible for a 4 gm fecralloy
plate based on the total combustion of 0.15 slpm CH . By4
starting the exothermic flows to heat the reactor before turn-
ing on the endothermic flows, startup times of �10 s should
be obtainable. These reactors also have fast response times
to changes in exothermic or endothermic flows, because the
heat-transfer resistance due to conduction in the thin metal
wall is low, resulting in close coupling between temperatures

Ž .on both sides of the wall Figure 7a .

Water-gas shift
The water-gas shift reaction is slightly exothermic, so low

Ž .temperatures favor low CO selectivities Figure 5 , whereas
high temperatures are needed for fast kinetics. Optimally,
operating at a relatively high temperature when the gas com-
position is far from equilibrium, and then lowering the tem-
perature as equilibrium dictates conversion, maximizes the
rate of CO conversion at each point along the length of the

Ž .reactor Zalc and Loffler, 2002 . Further investigations of ki-´
netics on particular catalysts and mass-transfer rates to the
catalyst surfaces are needed for designing reactors with opti-
mal temperature drops.

The exit gas composition in the extended two-pass system
at the exit temperatures was far from equilibrium, which pre-
dicts a CO selectivity of �1% at a SrC ratio of 4r1. Since
the rate of water-gas shift on noble metal-ceria catalysts is

Žlow at these temperatures Bunluesin et al., 1998; Trovarelli,
.2002 , increasing catalytic surface area in the extended region

might help in increasing H rCO ratios.2
Negligible differences in the endothermic CH conversions4

between the two-pass and the extended two-pass configura-
tions suggest that the extent of methanation, which is the re-
verse of the steam reforming reaction, was low in the ex-
tended two-pass reactor where considerable water-gas shift
occurred. Water-gas shift studies on various noble-metal ce-

Žria catalysts at millisecond residence times Wheeler and
.Schmidt, 2002 have shown that platinum-ceria shows the

lowest extent of methanation.

Summary
Catalytic wall reactors have promise as small autothermal

systems to generate chemicals without external heat genera-
tion. In this work, we have demonstrated that:
Ž .1 The system operates stably at 800 to 1,000�C for long

hours without deactivation, indicating that both the catalyst
and the metal walls are stable.
Ž .2 Conversions of fuel are high: 90% or greater on the

combustion side and 90 to 99% on the reforming side. Resi-
dence times required appear to be controlled by mass-trans-
fer rates to the catalyst walls.

Ž .3 Water-gas shift can be accomplished in the reactor at
short times. We obtain H rCOs14r1 by using rhodium in2
the two-pass system.
Ž .4 With an extended two-pass system, H rCOs42r1 can2

be obtained by using platinum-ceria in the extended region.
This gives 45% H and 1.1% CO by volume in the exit stream.2
This composition is suitable for selective CO oxidation and
subsequent use in a PEM fuel cell.
Ž .5 This experimental system generates sufficient H for an2

80 W fuel cell. It should be possible to scale the reactor up or
down by at least a factor of 5 for larger or smaller applica-
tions.
Ž . Ž .6 Using multiple channels Figure 1b , heat losses should

be reduced to obtain essentially adiabatic operation. Optimal
temperature profiles should be obtainable by suitable config-
urations of flows and insulation.
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