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The potential of methane steam reforming at microscale is theoretically explored. To
this end, a multifunctional catalytic plate microreactor, comprising of a propane com-
bustion channel and a methane steam reforming channel, separated by a solid wall, is
simulated with a pseudo 2-D (two-dimensional) reactor model. Newly developed
lumped kinetic rate expressions for both processes, obtained from a posteriori reduc-
tion of detailed microkinetic models, are used. It is shown that the steam reforming at
millisecond contact times is feasible at microscale, and in agreement with a recent ex-
perimental report. Furthermore, the attainable operating regions delimited from the
materials stability limit, the breakthrough limit, and the maximum power output limit
are mapped out. A simple operation strategy is presented for obtaining variable power
output along the breakthrough line (a nearly iso-flow rate ratio line), while ensuring
good overlap of reaction zones, and provide guidelines for reactor sizing. Finally, it is
shown that the choice of the wall material depends on the targeted operating regime.
Low-conductivity materials increase the methane conversion and power output at the
expense of higher wall temperatures and steeper temperature gradients along the wall.
For operation close to the breakthrough limit, intermediate conductivity materials,
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such as stainless steel, offer a good compromise between methane conversion and wall
temperature. Even without recuperative heat exchange, the thermal efficiency of the
multifunctional device and the reformer approaches ;65% and ;85%, respectively.
� 2008 American Institute of Chemical Engineers AIChE J, 55: 180–191, 2009

Keywords: steam reforming, catalytic combustion, microreactors, methane, propane,
hydrogen, syngas, multifunctional

Introduction

Steam reforming (SR) of hydrocarbons is still the principal
industrial process for hydrogen production in refineries and
petrochemical plants. The hydrocarbon feedstock can range
anywhere between natural gas to naphtha feeds. An overview
of the industrial developments in the SR process is given by
Rostrup-Nielsen.1,2 Nowadays, the increased interest in
hydrogen, as an alternative to transportation and stationary
power fuels, has rendered the SR process a key element for
the hydrogen economy worldwide.3 At the industrial level,
SR, an endothermic process, is taking place in tubular reac-
tors positioned in large gas fired furnaces. The process gas is
heated up to the reaction temperature by means of radiation
from the flue gases and the furnace walls. The process is rel-
atively slow since the residence time is on the order of sec-
onds.4 It is also rather bulky, because of the space required
to accommodate the flames in the furnace, and typically with
low thermal efficiency, since typically only half of the heat
produced in the furnace is transferred to the tubes. Because
of these downsides, SR at micro- and mesoscales has
received increased attention over the last 15 years. Currently,
SR downscaling is a pressing topic of research in light of
potential hydrogen utilization in various daily life applica-
tions, such as portable devices (e.g., cell phones, laptops),
transportation, or local power stations (buildings, farms).5,3

Experimental work on methane SR in microreactors has
been reported in6,7,4. Venkataraman et al.4 studied combined
catalytic methane combustion on Pt and steam methane
reforming on Rh in mesoscale catalytic plate reactors
(CPR).4 They reported self-sustained and stable operation for
several hours without deactivation, as well as high-methane
conversion ([95%), with a residence time ;70 ms. Tonko-
vich and coworkers described methane SR on a Rh/MgO cat-
alyst in a single channel microreactor with adjacent cylindri-
cal tubes for catalytic hydrogen combustion on a Pd based
catalyst.7 They reported 98% approach to equilibrium in
1 ms contact time. In related experimental work,6 they reported
over 90% methane conversion at a contact time of a few ms in
a SR channel integrating an adjacent channel with a methane
partial oxidation zone followed by a combustion zone.

On the modeling front, there are a few theoretical paramet-
ric studies on methane SR in mesoscale reactors in which the
smallest characteristic length scale is equal to or higher than
�1 mm.8–13 With rare exceptions, e.g.,11,14 empirical
kinetics, such as the global rate expressions by Froment and
coworkers,15 have been employed. In the work of Stutz and
Poulikakos,14 the methane partial oxidation process in a sin-
gle cylindrical channel of a monolith reactor was numerically
studied with detailed chemistry. The important effect of the
wall material on the maximum temperature, methane conver-
sion and hydrogen yield was underscored. Finally, Eigen-

berger and coworkers explored different heat-integrated reac-
tor concepts for catalytic reforming, and stressed the impor-
tance of appropriate reaction zone overlapping in order to
reduce hot spots in the reactor.16

Unlike the aforementioned theoretical works where SR
was investigated in mesoscale devices, in this work, we study
a microscale (submillimeter gap size) multifunctional reactor
combining catalytic propane/air combustion on Pt coupled
with catalytic methane SR on Rh in alternate (CPR) chan-
nels. We perform a parametric study with respect to operat-
ing conditions, such as the combustible and reforming stream
flow rates as well as with structural parameters, such as the
wall material and the channels’ gap size. In line with previ-
ously published work of our group,17,18 we aim at providing
the experimentalist and reactor designer with guidelines for
choosing the aforementioned parameters for optimized micro-
reactor operation. We mark out the attainable operating
regimes for self-sustained operation, as well as for optimal
operation. Another major contribution of this work pertains
to the chemistry employed for the SR process. Unlike pub-
lished works, in which lumped kinetic models with fitted pa-
rameters are used, the analysis here is performed for first
time using fundamental chemistry through a newly devel-
oped, reduced, kinetic model for SR and WGS.19 It is
remarked that reliable chemistry is essential for determining
the feasibility of the process at microscale.

Model Description

Reactor model

A multifunctional microreactor comprising of two alternate
planar channels separated by a solid wall, being catalytically
coated on the sides, is simulated. A schematic of the simu-
lated domain is shown in Figure 1. On one side of the wall,
catalytic propane combustion on Pt takes place. On the other
side of the wall, methane SR (along with water-gas shift
(WGS)) on Rh takes place. The wall acts as a heat exchanger
between the two channels. This is a popular reactor configu-
ration due to its relative simplicity and compactness; it pro-
vides flexibility with respect to the choice of catalyst and
fuel used in the two channels, and allows for different flow
configurations (e.g., co- and countercurrent flow). Herein, we
focus on the co-current flow because it allows for self-
sustained operation over a wider flow rate regime, as com-
pared to counter-flow mode. In addition, lower reactor tem-
peratures are obtained due to bigger reaction zone overlap-
ping.17 Our choice of propane (instead of methane) combus-
tion has been based on its higher reactivity and more robust
stability, against extinction, guided from previous CFD
work.20 Finally, in21,22 the interested reader can find informa-
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tion on how to integrate catalyst layers within stainless steel
structured reactors.

A pseudo 2-D reactor model consisting of the mass and
the energy balances for the gas-phase in the two channels
and the catalytic wall is employed.23,24 A central Finite Dif-
ference scheme is used with 400 axial nodes in each channel.
The Sherwood and Nusselt numbers vary with position and
can be nonmonotonic. Herein, following recent work, we use
constant (average) values of 3.8 and 4.0 that appear suitable
for these microreactors.25 Due to the very high-aspect ratio
of the microreactor, radiation is neglected.26,20 Flow rates,
whenever reported, assume a microreactor width (in the third
dimension) of 1 cm and are given to provide a sense for real
experiments.

Kinetic model

There are several experimental works aiming at the devel-
opment of lumped kinetic models for SR and WGS on differ-
ent catalysts.8,27,28,15 In this work we use lumped reversible
rate expressions for methane SR and WGS on Rh, which are
based on a reduced microkinetic model. The latter is a prod-
uct of a posteriori reduction of a detailed microkinetic model
that has been validated against a number of experimental
data,29 and has recently been revised in reference 30. The
reduction of the microkinetic model has been done using
principal component analysis and regular perturbation theory.

All details on its derivation can be found in19. In the follow-
ing, a reduced kinetic model is given

SR: CH4 þ H2O !COþ 3H2

rSR ¼ k55cCH4

1þ k56
k57

ffiffiffiffiffiffiffiffiffiffiffi
k1
k2
cH2

q8: 9; 1þ
ffiffiffiffiffiffiffiffiffiffiffi
k1
k2
cH2

q
þ k19

k20
cCO

8: 9;2
ð1� gSRÞ

(1)

where

KSR ¼
pCO p3H2

pCH4
pH2O

(2)

Kequilibrium;SR ¼ exp �DG0
SRðTÞ
RT

8>>:
9>>; (3)

gSR ¼
KSR

Kequilibrium;SR
(4)

WGS: COþ H2O !CO2 þ H2

rWGS ¼
k7

k13
k14

cH2O

1þ
ffiffiffiffiffiffiffiffiffiffiffi
k1
k2
cH2

q
þ k19

k20
cCO

8: 9;2
ð1� gWGSÞ (5)

where the equilibrium factor gWGS is defined similarly as for
the SR rate expression above.

The concentrations in Eq. 1 and Eq. 5 refer to the surface
concentrations. The reaction rate constants (k) in Eq. 1 and
Eq. 5 correspond to those reactions of the full microkinetic
model that are retained in the reduced microkinetic model. The
reduced microkinetic model for the SR and WGS reactions
along with the kinetic parameters involved are given in Table 1.

Propane combustion on Pt is modeled as in31 using a sin-
gle-step rate expression, which was also developed through
a posteriori reduction of a microkinetic model that is in

Table 1. Reduced Reaction Mechanism for CH4 Steam Reforming on Rh

No. Reaction

Sticking Coefficient
(unitless) or

Pre-exponentials
(s21)

Temperature
Exponent b

Activation
Energy

(kcal/mol)

R1 H212*?2H* 7.73 3 1021 0.939 0.0
R2 2H*?H212* 5.55 3 10111 1.47 19.4 2 7.36 hCO 2 5.0 hH
R7 H2O

*1*?H*1OH* 5.73 3 10111 20.379 16.2 2 1.05hH 1 15.7hO
2 13.4 hH2O

1 28.8hOH
R13 H2O1

*?H2O
* 7.72 3 1022 1.41 0.0

R14 H2O
*?H2O1

* 2.06 3 10113 20.757 10.3 2 4.37 hH2O
1 25.0hOH

R19 CO1*?CO* 5.00 3 1021 22.0 0.0
R20 CO*?CO1* 5.65 3 10112 2.88 38.1 2 15.0hCO 2 3.7hH
R55 CH412*?CH3

*1H* 5.72 3 1021 20.441 10.8 1 1.56hCO 1 1.05hH
R56 CH3

*1H*? CH412* 7.72 3 10110 0.0593 8.61 2 2.14hCO 2 1.45hH
R57 CH3

*1*?CH2
*1H* 2.49 3 10110 20.203 11.0 1 1.08hCO 1 0.733hH

The reaction rate constant (k) is calculated as follows: k ¼ A
Cn�1
Rh

T
T0

8: 9;b
e�E=RT or k ¼ S

Cn
Rh

ffiffiffiffiffiffiffiffiffiffi
RT

2pMW

q
T
T0

8: 9;b
e�E=RT , where A is the pre-exponential, s is the sticking

coefficient, GRh is the site density, n is the reaction order with respect to the surface species, E is the activation energy, R is the ideal gas constant and T0 is the
reference temperature (300 K). In the simulations, GRh has been set equal to 2.49 � 10–9 mol/cm2. Concerning the coverages, as an approximation, the following
values are used (balance vacancies): yH = 0.25 and yCO = 0.05.

Figure 1. Schematic of the simulated multifunctional
microreactor.
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good agreement with experimental data (both catalyst igni-
tion and autothermal fixed bed data) under fuel lean condi-
tions.32 Details on the derivation of the reduced kinetic
model can be found in33. For the sake of completeness, the
model is presented in the following:

Catalytic propane combustion: C3H8 þ 5O2 ! 3CO2 þ 4H2O

rcat;C3H8
¼ kadsC3H8

cC3H8

1þ
ffiffiffiffiffiffiffiffiffiffiffi
kads
O2

CO2

kdes
O2

r8>>:
9>>;

2
(6)

In Eq. 6, the adsorption and desorption rate constants are cal-
culated using the equations in the caption of Table 1, and their
values are quoted in Table 2. The activation energy for the ox-
ygen desorption step depends on the temperature and the oxy-
gen surface coverage (see Table 2). The oxygen coverage is
computed locally, along the axial direction, by solving the fol-
lowing nonlinear algebraic equation

ho ¼ 1� 1

1þ
ffiffiffiffiffiffiffiffiffiffiffi
kads
O2

CO2

kdes
O2

r8>>:
9>>;

(7)

The aforementioned expressions hold over typical operating
conditions, and do not apply in the limit where one co-rea-
gent is missing. It is remarked here that the full model for
the combustion channel (i.e., the reduced combustion chemis-
try model along with the reactor model described in the previ-
ous section) has been successfully validated through (a) CFD
results with the commercial package FLUENT in31,34, and (b)
experimental data in31 in terms of axial wall temperature pro-

files when using different metal thermal spreaders mounted on
the catalytic plate. Since the overall model used in this work
builds upon fundamental parts that have been individually vali-
dated, it is expected to work reasonably well.

To facilitate the analysis in the ensuing sections, a base
case is specified, whose variables are quoted in Table 3, and
used for the simulations unless otherwise stated. The inlet in
the reforming channel is a methane/water vapor mixture;
hence the inlet temperature is assumed to be at 400 K. The
points in panels, whenever shown are calculations and the
lines just connect the points.

Role of reforming stream flow rate

In this section, the various operating lines are introduced.
We have intentionally chosen the combustible stream inlet
velocity in the stable operating regime, such that propane
conversion is complete in all cases. This eliminates the com-
plication of (additional) extinction and blowout operating
lines we have discussed in recent work.31,23,24,35,20 Figure 2A
and B show the wall temperature and methane conversion vs.
reactor length for different reforming stream inlet velocities
at a constant combustible stream inlet velocity of 6.1 m/s
(1 SLPM). In these and subsequent graphs, whenever we dis-
play reactor length on the x-axis, we refer to the location
from the entrance or axial coordinate of a (total length fixed)
5-cm long reactor. The reforming stream inlet velocity
increases from the top to the bottom of the graphs. Herein,
the maximum wall temperature always corresponds to the
maximum reactor temperature. Figure 2C shows the maxi-
mum wall temperature and the methane conversion vs.
reforming stream inlet velocity and flow rate. Figure 2D
shows the power output vs. reforming stream inlet velocity
and flow rate. The power output is computed using the lower
heating value of hydrogen at 300 K.

At a relatively low reforming stream inlet velocity of 1.22
m/s (thick solid line), the heat demand for methane conversion
is quite lower than the heat released via combustion. Therefore,
the wall temperature gets as high as 1,750 K in the post-reform-
ing zone (Figure 2A). Such high-temperatures are undesirable
due to material stability issues. The high catalytic reforming
rates, due to the high-wall temperatures, drive methane conver-
sion to completion very fast (\0.5 cm, Figure 2b). Increasing
the reforming stream inlet velocity, at a constant combustible
stream inlet velocity, increases the amount of heat that is con-
verted to chemical energy, due to the endothermic reaction,
causing a concomitant decrease in the wall temperature.

At a reforming stream inlet velocity of 2.56 m/s, the wall
temperature is slightly below 1,500 K (Figure 2A, dashed
line). At this temperature, 100% methane conversion is still
achieved within 2.5 cm from the entrance (Figure 2B, dashed
line). Like previously published work,17,18 1,500 K is a rea-

Table 2. Kinetic Rate Parameters for Propane Combustion

Reaction A (s21) or s (2) b Eact (kcal/mol)

C3H812*?C3H7
*1H* 0.06 0.154 4.0

O212*?2O* 0.0542 0.766 0.0
2O*?O212* 8.41 3 10112 20.796 Edes

O2
¼ 52:8� 2:3ðT=T0Þ � 32:0ho

The activation energy for oxygen desorption is dependent on the surface coverage of oxygen (ho) and temperature. T0 5 300 K.

Table 3. Nominal Values of Simulation Variables that are
Kept Constant Unless Otherwise Stated

Reactor length l 5 cm
Wall thickness dw 750 lm
Wall conductivity ks 15 W/m/K
Combustion channel
Gap size d1 300 lm
Equivalence ratio / 0.85
Inlet velocity u0 6.1 m/s (1 SLPM)
Inlet temperature Tin 300 K
Pressure P 1 atm
Catalyst to geometric surface area g 1.7

Steam reforming channel
Gap size d2 200 lm
Inlet composition S/C 2
Inlet temperature Tin 400 K
Pressure P 1 atm
Catalyst to geometric surface area g 1.0
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sonable, yet somewhat arbitrary, upper temperature bound
for materials stability. Our choice of the specific temperature
of the wall material limit is based on the observation that SR
on noble metals appears stable experimentally at high-tem-
peratures and partial oxidation has been conducted at temper-
atures as high as 1,200 8C.36,37,4 One could obviously pick a
lower temperature and modify slightly the limits of opera-
tion, since concepts remain the same.

A methane conversion of 99% is hereafter defined as the
breakthrough limit. The breakthrough limit is obtained at a
reforming stream inlet velocity of 3.29 m/s (0.27 SLPM-dot-
ted lines). Reforming stream inlet velocities higher than
3.29 m/s, result in incomplete conversion and lower wall
temperatures. At a reforming stream inlet velocity of 6.47 m/s
(0.53 SLPM), the maximum hydrogen yield is obtained
(Figure 2D). The maximum is caused by a trade-off between
higher flow rate, but lower conversion (of methane). The maxi-
mum wall temperature at the maximum power output limit is

reasonable (;1,200 K, Figure 2A, dashed-dotted line), and the
methane conversion at the outlet is 63% (Figure 2B, dashed-
dotted line; Figure 2C). Further increase in the reforming
stream inlet velocity causes further decrease in wall temper-
atures, methane conversion, and hydrogen outlet flow rate
from its maximum value. In Figure 2C, the vertical line
denotes the methane breakthrough limit, and the horizontal
line denotes the material stability limit. The shaded region,
whenever used in this work, represents the operating region
that satisfies both of these conditions.

The times in Figure 2B are contact times (tc) in the
reforming channel. In the complete conversion regime, the
contact time is calculated as the sum of contact times in
each reactor differential up to 99.9% methane conversion
(i.e., the contact time in the effective, reactive length of the
reactor). In the incomplete conversion regime, the contact
time is the sum of contact times in each reactor differential
of the entire reactor. The contact times over the entire range

Figure 2. (A) Wall temperature, and (B) CH4 conversion vs. reactor length for different reforming stream inlet veloc-
ities (in (B) same inlet velocities as in (A) are implied for the same line configurations); (C) maximum wall
temperature and CH4 conversion at the outlet vs. reforming stream inlet velocity and flow rate; the verti-
cal line denotes the CH4 breakthrough limit; the horizontal line denotes the materials stability limit and
the shaded region represents the operating region that satisfies both of these conditions; (D) power out-
put vs. reforming stream inlet velocity and flow rate.

The combustible mixture inlet velocity is 6.1 m/s (1 SLPM). The wall thermal conductivity (ks) is 15 W/m/K.
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of reforming stream inlet velocities are on the order of a few
milliseconds. This implies that both the intrinsic SR chemis-
try on Rh, as well as transverse mass and heat transfer in the
reactor are sufficiently fast to enable SR in microscale (\1
mm characteristic dimension) reactors at millisecond times.
Our results are in excellent agreement with a recent experi-
mental report on the same catalyst.7 In related work, we
have found that on Rh the intrinsic speed of SR chemistry is
actually comparable to that of partial oxidation (millisec-
onds); this is not surprising given the fact that partial oxida-
tion, under kinetics-limited conditions, consists of a very
short combustion zone followed up by a slower SR zone.36–
38,29

Reaction zone analysis

Overlap of reaction zones could lead to hot spot elimina-
tion and is a potential advantage of the co-current configura-
tion. In this section, we explore this overlap and conditions
that maximize it.

Figure 3 shows the locus of locations of the maximum SR
rate (solid line with diamond symbols), the maximum pro-
pane combustion rate (solid line with square symbols), and
the methane conversion (solid line with triangle symbols)
over the SR inlet velocity range discussed in Figure 2. The
combustible stream inlet velocity is 6.1 m/s (1 SLPM).
The shaded region denotes the operating regime between the
materials stability limit (left, vertical, solid line) and the
breakthrough limit (right, vertical, solid line). The vertical
dashed line shows the reforming stream inlet velocity and
flow rate at which the maximum hydrogen flow rate at the
outlet (and maximum power output) is obtained. Figure 4I-IV
show the wall temperature profile, the SR reaction rate pro-

file, the combustion and reforming reaction heat flux profiles,
as well as the methane conversion profile for the three desig-
nated cases (A, B, and C) of Figure 3.

Figure 3 shows that for low-reforming stream inlet veloc-
ities (up to 5 m/s), the maximum reforming rate is anchored
just past the entrance. Sufficient heat is generated via com-
bustion, and is transferred fast upstream via wall conduction
to stabilize the SR chemistry. The increased heat consump-
tion with increasing reforming stream flow rate results in
lower local temperature, and pushes the combustion front
slightly downstream. However, over this low-range of flow
rates, the combustion and reforming reaction zones remain
close to one another and rather close to the inlet. Moreover,
the peak combustion rate is always downstream of the peak
reforming rate. At ;5.1 m/s, a transition occurs and the max-
imum reforming rate abruptly moves well downstream of the
maximum combustion rate. For even higher reforming stream
inlet velocities (and flow rates), the locations of the maxi-
mum rates are more sensitive to the reforming stream inlet
velocity, and the distance between them is larger. In parallel,
the methane conversion decreases substantially. For inlet
velocities higher than the breakthrough line, the reaction
zones overlap less. However, given that the reaction zones in
the two channels are fairly broad, reasonable overlap of reac-
tion zones occurs.

Figure 4 throws some light at the abrupt ‘‘jump’’ of the
maximum SR rate location at ;5.1 m/s (Figure 3). Figure 4I
shows that at low-reforming stream inlet velocities (case A),
the wall temperature is high just past the entrance (;1,250 K
at 0.0125 cm). Due to the hot wall and the very high-meth-
ane concentration, the SR reaction rate is maximum there
and decreases monotonically downstream (Figure 4II). Of
course, the maximum SR heat flux is also found at the same
point (Figure 4III), and is ;150 kW/m2. As the reforming
stream inlet velocity (and flow rate) increases, the SR reac-
tion rate just past the entrance decreases, and a second local
maximum in the rate further downstream develops. This non-
monotonic behavior arises from the concentration and tem-
perature trade-off as one moves downstream past the en-
trance (decrease in methane concentration and increase in
temperature). At the transition SR inlet velocity (5.12 m/s;
case B), two reaction rate maxima are distinguished in Fig-
ure 4II; one near the entrance, where the wall temperature is
high (;1,000 K, Figure 4I), and methane concentration is
maximum (conversion approximately 0%, Figure 4IV), and
one at ;0.6 cm, where the wall temperature is substantially
higher ([1,200 K, Figure 4I), and methane conversion is
;22% (Figure 4IV). As the reforming stream inlet velocity
increases even further (curves C), the front end of the reactor
cools down (Figure 4I), which in turn lowers the maximum
SR rate, as well as the maximum combustion and reforming
heat fluxes (Figure 4II and 4III). A single maximum SR rate
occurs that moves downstream with increasing reforming
stream inlet velocity. It is found that the higher the reforming
stream inlet velocity, the wider the SR and combustion reac-
tion zones.

It becomes quite clear that, as found previously in multi-
functional gas burners-catalytic microreactors,17,18 properly
balancing flow rates is an important consideration. This bal-
ance affects the maximum reactor temperature, and, thus, the
conversion and the energy efficiency. A natural question

Figure 3. Position of maximum combustion and
reforming reaction rates and CH4 conver-
sion vs. reforming stream inlet velocity and
flow rate.

The combustible stream inlet velocity is 6.1 m/s
(1 SLPM). The wall thermal conductivity (ks) is 15 W/m/
K. The shaded region represents the operating region that
satisfies the materials stability (left vertical solid line),
and CH4 breakthrough (right vertical solid line) require-
ments. The vertical dashed line indicates the reforming
stream inlet velocity and flow rate for which the maxi-
mum power output is obtained. Profiles at designated
points (A, B, C) are shown in Figure 4.
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raised is how this balance changes with other operating con-
ditions. This is discussed in the following section on attain-
able regions.

Attainable regions, power output from the microreactor,
and efficiency

The aforementioned findings can be generalized by depict-
ing various operating lines as a function of another parameter
(e.g., combustible stream inlet velocity and flow rate). Fig-
ure 5A shows the locus of maximum wall temperatures along
the materials stability line, the breakthrough line, and the
maximum power output line. At each constant combustible
stream inlet velocity, the reforming stream inlet velocity grad-
ually increases from the top to the bottom of the diagram.

Figure 5B shows the ratio of flow rates in the two chan-
nels along the three operating lines. A ratio of reforming to
combustible stream flow rates between 0.25 and 0.3 allows
operation of the microreactor at or close to the break-
through limit over a wide range of combustible stream flow
rates. The maximum wall temperature under these condi-
tions is always below the selected materials stability limit
(\1,450 K).

The aforementioned ratio of flow rates written above is
fuel-specific, and is different for different endothermic and
exothermic reactions. Furthermore, it is the outcome of repet-
itive simulations. A general back-of-the-envelope calculation,
shown next, provides a good approximation value of the ratio

of flow rates at the breakthrough limit for any given combus-
tible and reforming mixtures. For a steady-state process, the
overall energy balance on the wall dictates that the net heat
generated via the exothermic and endothermic reactions is
absorbed as sensible heat in the combustion and reforming
channels. This reads

yinC3H8
_m1DHcomb þ yinCH4

_m2DHref þ _m1cp1ðTout
1 � Tin

1 Þ
þ _m2cp2ðTout

2 � Tin
2 Þ ¼ 0 ð8Þ

Here, y denotes mass fraction, _m denotes mass flow rate and
the subscripts 1 and 2 refer to the combustion and reforming
channel, respectively. In Eq. 8, the contribution of the WGS
reaction is neglected (the contribution of the WGS reaction
is small at normal operating conditions19). The average mix-
ture values cp can be approximated as the arithmetic aver-
ages of the product mixture cp values between the inlet and
outlet temperature. The heats of reactions are approximated
at 300 K. Assuming 100% conversion in both channels at an
outlet temperature of 1,400 K, Eq. 8 predicts a ratio of volu-
metric flow rates: Q2/Q1 5 0.25 (SLPM/SLPM). Figure 5b,
shows that the Q2/Q1 ratio at the breakthrough limit (\99%
methane conversion) is ;0.3. For an outlet temperature of
1,000 K, Eq. 8 gives Q2/Q1 5 0.46. With better approxima-
tion of the heats of reactions and the specific heats, the pre-
dicted ratio of flow rates is more accurate. The most critical
factor in this calculation is the outlet reactor temperature.

Figure 4. Wall temperature (I), steam reforming (SR) reaction rate (II), reaction heat flux (III), and CH4 conversion
vs. reactor length (IV) for the three designated cases of Figure 3.
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However, the estimate is bounded within a factor 2 from the
model prediction, even with a poor choice of the outlet tem-
perature. In other words, the energy balance can provide an
excellent (back-of-the envelop) estimate of flow rates.

Figure 5C shows the corresponding microreactor power
output, defined previously. For the range of combustible
stream inlet velocities considered here, the maximum power
output (thick, solid line) is obtained when the methane con-
version is between 52 and 66%. Several important observa-
tions can be made from Figure 5C: First, higher power out-
put can be obtained when the reactor is operated at higher
combustible stream inlet velocities (for the range considered).
This is because higher combustible stream inlet velocities
result in higher heat input, and, thus, they can reform larger
flow rates of methane. However, microreactor operation at
high-combustible stream inlet velocities is limited from high-
wall temperatures. Evidently, at some combustible stream
inlet velocity, beyond 7.6 m/s (1.25 SLPM), the breakthrough
and the materials stability lines would cross. Furthermore,
microreactor operation at high-reforming stream inlet veloc-
ities is limited by low-residence times that inevitably lead to

incomplete conversion and lower power output. Second, the
attainable power output range shrinks at low-combustible
stream inlet velocities because the allowable range of reform-
ing stream inlet velocity for a self-sustained process shrinks.
Third, the power output calculated is on the order of tens of
Watts. Therefore, a stand-alone microreactor can be used for
power generation for portable electronics and a few hundred
such microreactors stacked together can generate power in
the order of tens of kW.

Figure 5D shows the efficiency of the system and of the
reforming channel vs. the combustible stream inlet velocity
along the breakthrough line of Figure 5c. The system’s effi-
ciency, defined as the power output in the form of syngas
over the power input in the form of methane and propane on
the basis of their lower heating values, is ;65%. The
reformer’s efficiency, defined as the power output in the
form of syngas over the power input in the form of methane
and the heat input from the combustion channel, is ;85%.
In these definitions, it is assumed that the sensible heat con-
tent of the exit streams from the two channels is wasted. In
heat integrated systems involving recuperative heat exchange,

Figure 5. (A) Maximum wall temperature, (B) ratio of reforming stream to combustible stream flow rate, (C) power
output, and (D) system’s and reformer’s efficiency at the breakthrough point vs. combustible stream inlet
velocity and flow rate.
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the thermal efficiencies will be much higher than the num-
bers reported here.

Role of channels’ gap size

In this section, the parameter under consideration is the
reforming and the combustion channel gap sizes, which vary
up to 10 times their nominal values. When varying the gap
size, one can keep either the flow rates or the velocities
fixed.39 Herein, we have chosen to keep the reforming and
combustible stream flow rates constant (close to the desirable
breakthrough limit), since we consider that the power gener-
ated (and, thus, the reformer flow rate) will be the primary
target in such devices. The flow velocity is inversely propor-
tional to the gap size at a constant flow rate, and, thus, the
residence time is proportional to the gap size.

In Figure 6, the power output and the methane conversion
are plotted vs. normalized reforming and combustion channel
gap sizes with respect to their nominal values. The subscripts
1 and 2 refer to the combustion and reforming channel,
respectively. Figure 6 shows that the power output and the
methane conversion remain insensitive to the reforming
channel gap size change (solid lines). Given the constant
flow rates in the two channels, this implies vary fast trans-
verse mass transfer in the reforming channel. Indeed, our cal-
culations have shown that the transverse Damköhler (Dat)
number ranges from ;0.04 for the nominal gap size to ;0.5
for a gap size 10 times the nominal value (the Dat numbers
are representative values calculated at 1 cm from the
entrance).

On the other hand, Figure 6 shows that the power output
and the methane conversion decrease with increasing com-

bustion channel gap size (dashed lines). For a combustion
channel gap size larger than 0.06 cm (twice the nominal
value), there is methane breakthrough. Unlike the reforming
process, the dominant effect here is the external mass-trans-
fer limitations (despite the longer residence times). Our cal-
culations have shown that Dat in the combustion channel
ranges from ;2 for the nominal gap size to ;10 for a gap
size 10 times the nominal value. At the lowest gap sizes
examined, the increase in performance is rather small. Thus, it
appears that designing sufficiently narrow channels, so that
mass-transfer limitations are rather small, is beneficial to power
generation. Very narrow channels are undesirable due to
increased pressure drops and a higher probability of plugging.

Role of wall thermal conductivity

In Figure 7, the effect of the wall material on methane
conversion, maximum wall temperature, and power output is
investigated. These are plotted vs. reforming stream inlet ve-
locity for three different wall conductivities at a fixed com-
bustible stream inlet velocity of 3.05 m/s (0.5 SLPM). The
three wall conductivity values selected are: 3, 15, and
300 W/m/K. The first value represents low conductivity ce-
ramic materials (e.g., cordierite, silica, alumina), the second
stainless steel, and the third is a rather high theoretical value
representing very conducting materials (e.g., aluminum, cop-
per). Results do not differ for wall thermal conductivities
higher than ;100 W/m/K (e.g., silicon carbide, platinum).

The horizontal solid line at 1,500 K specifies the materials
stability limit. The vertical solid line specifies the break-
through limit. The shaded box specifies the region where
both conditions are satisfied. Figure 7 shows that at low-
reforming stream inlet velocities (up to the vertical line), the
wall thermal conductivity affects only the maximum wall
temperature and not methane conversion. On the contrary, in
the incomplete methane conversion regime (to the right
of the vertical line), the wall thermal conductivity affects
both the maximum wall temperature and the methane conver-
sion. In particular, the lower the wall thermal conductivity is,
the higher the maximum temperature, and the higher the
methane conversion. The former effect explains the latter
one, since hot spot formation localized in the reforming zone
increases the SR reaction rate. The inset of Figure 7 shows that
in the incomplete conversion regime, the power output is higher
for the lowest conductivity material at a given reforming stream
flow rate as a result of the higher methane conversion. Further-
more, the power output increases with increasing reforming
stream flow rate for all conductivities up to a maximum value
(not shown). The operating region in Figure 7 corresponds to
the region below the maximum power output line in Figure 5c.

Figure 8 provides a closer look into the hot spot forma-
tion; the wall temperature profiles for the three thermal con-
ductivities are plotted at the breakthrough line. It is shown
that use of a high-wall conductivity material (dotted line)
results in an isothermal wall. More insulating materials, not
only increase the maximum wall temperature, but also cause
steep axial temperature gradients, which may be detrimental
for the catalyst and the mechanical properties of the wall.

All in all, the gist of the analysis on the role of the wall
thermal conductivity is that at low-reforming stream inlet
velocities, high-conductivity ceramics or metals are preferred

Figure 6. Power output and methane conversion vs.
normalized combustion and reforming chan-
nel gap size (d1/d18 and d2/d28, respectively).
The nominal combustion channel gap size is d18 5 0.03 cm.
The nominal reforming channel gap size is d28 5 0.02 cm.
The solid lines refer to variation in the reforming channel
gap size. The dashed lines refer to variation in the combus-
tion channel gap size. The reforming and combustible
stream flow rates are kept constant at 0.27 SLPM and
1 SLPM, respectively (close to the breakthrough limit for
the nominal sizes).
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to low-conductivity ceramic materials, because they smooth
out temperature gradients while methane conversion is com-
plete. On the contrary, if the overall economics of the system
suggest reactor operation at the incomplete conversion re-
gime (e.g., at the maximum power output limit), then low-
conductivity ceramics will give higher conversion at the risk
of hot spot formation and steep temperature gradients.

Proposed operation strategy for variable
power generation

Variable power generation is an important practical con-
sideration and requires process tunability over a certain
range. The discussion in Figure 5 and the energy balance
provide a simple procedure for optimal microreactor opera-
tion with variable power output (over a five- to 10-fold
range) whose steps are presented in the following.
� Use the energy balance to derive an approximate ratio

of the reforming to combustible stream flow rate close to the
breakthrough limit for chosen fuels and oxidants. For that, a
choice of outlet temperature is required. Our simulations

have revealed (Figure 5a) that an outlet temperature of
1,300 K is an appropriate choice over a wide range of flow
rates. Reforming flow rates up to (or even a little above) the
breakthrough point ensure good overlap of reaction zones
(Figure 3).
� Given the ratio of reforming and combustible stream

flow rates (obtained above), one can dial in the desired
power output by adjusting the flow rates in almost a linear
fashion (while keeping the flow rates ratio fixed - an iso-flow
rates ratio strategy). This procedure corresponds to micro-
reactor operation along the dashed line of Figure 5c (along
or close to the breakthrough line).
� There are practical maximum and minimum limits of

generated power per single pair of parallel plate reactors. As
mentioned before, the maximum allowable combustible
stream flow rate, and, subsequently, the maximum power
output from a single device are dictated by the materials sta-
bility limit due to high-temperatures. Under other conditions,
one may also encounter the blowout limit of the combustible
stream (not observed herein). The minimum set of flow rates
is dictated by heat losses to the environment that would
cause device extinction. Finally, mass flow controllers have
to be tuned over the desirable range of inlet flow rates. By
finding the maximum flow rates and power, one can set the
mass flow controllers to reduce the power down to the lowest
controllable flow rate limit.
� Aside from the adjusting flow rates, the total generated

power can further be adjusted in the desired range by choos-
ing an appropriate number of microreactors stacked together.
� Regarding designing a system, dimensions have to be

picked to minimize mass transfer limitations. Taking the
combustion channel as an example, whose intrinsic chemistry
is typically faster, one can set the transverse Damköhler
number equal to 2, assume a temperature (e.g., 1,300 K) and
inlet concentrations to estimate the reaction rate, and finally
estimate the gap size from Dat 5 2.
� Materials of construction depend on what the overall

system optimum may be; medium conductivity materials

Figure 8. Wall temperature vs. reactor length at the
breakthrough line of Figure 7 (vertical line)
for three different wall conductivities.

Figure 7. Maximum wall temperature and CH4 conver-
sion vs. reforming stream inlet velocity and
flow rate at a constant combustible stream
inlet velocity of 3.05 m/s (0.5 SLPM) for vari-
ous wall thermal conductivities.

The vertical line denotes the CH4 breakthrough limit; the
horizontal line denotes the materials stability limit, and the
shaded region represents the operating region that satisfies
both of these conditions for a wall thermal conductivity (ks)
of 15 W/m/K. The inset shows the power output from the
microreactor vs. reforming stream inlet velocity.
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may be a good compromise to minimize hot spots and
achieve high-conversions.

Conclusions

Coupled propane combustion/methane steam reforming in
a catalytic plate microreactor has been theoretically investi-
gated using fundamental chemistry for both processes with a
pseudo 2-D reactor model. Following is a compilation of the
major findings:
� Running steam reforming on Rh at microscale at milli-

second contact times is feasible. In fact, the process can be
designed to operate at submillisecond contact times.39

� An operation strategy for a multifunctional microcom-
bustor/microreformer to obtain variable power output has
been proposed. According to it, an approximate ratio of the
reforming to combustible stream flow rates, close to the
breakthrough limit, can be estimated using the overall energy
balance with reasonable approximations. Since this ratio does
not significantly change with operating flow rates, one can
adjust the flow rates (operation along an iso-flow rate ratio)
to get the desired power output. Along this line, good over-
lap of reaction zones occurs (Figure 3). The power output
from a single device is on the order of some tens of Watts.
The maximum power output is limited by the materials sta-
bility limit (blowout issues may also occur under certain con-
ditions).
� Reactor sizes must be carefully chosen to minimize

mass-transfer effects, but avoid high-pressure drop and plug-
ging. The steam reforming process is reaction-controlled at
microscale. Rather, the combustion process timescale is
determined from both mass transfer and reaction. Therefore,
in order to maximize power output, a combustion channel
gap size lower than 600 lm is required. More generally, the
gap size can be estimated from Dat 5 2.
� Use of low-conductivity wall materials, as opposed to

high-conductivity materials, increases fuel conversion and
power output in the incomplete conversion regime at the
expense of increased maximum wall temperature and axial
wall temperature gradients. The differences are more pro-
nounced at lower conversions. Very low-conductivity materi-
als should be avoided since, aside from large temperature
gradients, they limit heat transfer upstream and can cause
combustion blowout.31 The final wall material choice
depends on the targeted operating regime. If this is the
breakthrough point, then intermediate conductivity materials,
such as stainless steel, offer a good trade-off between tem-
perature and conversion.

In a follow up article,40 we compare different combustion
fuels and reforming catalysts to provide further design crite-
ria for the operation of multifunctional devices. Further pro-
cess intensification tips are also discussed. Finally, in Refer-
ance 39, we analyze the role of two additional parameters
(not studied here), namely the catalyst loading and the inlet
steam to carbon ratio, along with a more detailed analysis of
the gap size effect; these are important knobs to an experi-
mentalist.
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