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Abstract

In this contribution we describe the results of a study into the thermal and thermo-mechanical behavior of a high temperature micro
gas reactor for investigation of the intrinsic reaction kinetics of rhodium-catalyzed direct catalytic partial oxidation (CPO) of methane into
synthesis gas. The chip comprises a flow channel etched in silicon, capped with a thin composite membrane of heavily boron-doped silicon
(p++-Si) and low stress silicon-rich nitride (SiRN), on which thin film heaters and sensors are located. The results of analytical and numerical
models, which are verified with experimental results, can be used as general guidelines for the design of membrane-based microreactors.

It is found that a membrane composition of 850 nm p++-Si and 150 nm SiRN result in time constants of 1 ms for heating up as well
as cooling down, which enables the required fast control of the exothermic reaction. Thermo-mechanical analyses demonstrated that this
membrane is mechanically stable for temperatures up to at least 700◦C. Although the shape of the heaters — meander or sinusoidal — does
not influence the mechanical stress profiles significantly, a decrease in heater width compared to the membrane width results in a drastically
improved thermal efficiency of the microreactor. Furthermore, thermal considerations showed that exact temperature distribution in the
composite membrane is mainly determined by the heater width in combination with the thickness of the heavily boron-doped silicon part
of the membrane and its (temperature-dependent) thermal conductivity.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Microreactor; Lab-on-a-chip; Thermal analysis; Thermo-mechanical analysis; Modeling

1. Introduction

In general, miniaturized analysis systems — microde-
vices — offer fundamental advantages in comparison with
conventional macroscale systems due to their small charac-
teristic dimensions[1]. In silicon microdevices the charac-
teristic dimensions of the internal structures typically range
from the sub-micrometer to the sub-millimeter range[2].
These small characteristic dimensions result in small inter-
nal volumes and high surface-to-volume ratios, which lead
to improved heat and mass transfer rates, small volumes heat
up and cool down faster, thus fast reaction control (millisec-
ond range) is possible in microsystems.

On the other hand, the chemistry — reaction mechanism
and kinetics — remain unchanged in these small internal
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structures, for example flow channels in microreactors. This
allows potentially dangerous reactions such as exothermic
reactions or reactions with flammable, explosive, toxic or
hazardous chemicals to be performed under relatively safe
conditions. More specific, in flow channels created in sili-
con the high thermal conductivity of silicon offers the pos-
sibility of fast removal of heat generated by an exothermic
reaction. Furthermore, silicon micromachining technology
offers the possibility of high-density integration of control
functionality, e.g. in situ temperature sensors and/or flow
measurements with dedicated sensors[3]. Due to these ad-
vantages silicon microreactors are well suitable for study-
ing heterogeneous catalyzed gas phase reactions, it becomes
possible to control high temperature catalytic partial oxida-
tion reactions and study their reaction kinetics. For example,
a thin membrane-based microreactor with integrated heaters
and temperature sensors has been developed for studying
Pt-catalyzed oxidation of ammonia[4].
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We designed a silicon-based thin membrane microreac-
tor for studying the Rh-catalyzed direct catalytic partial ox-
idation (CPO) of methane into synthesis gas. In the next
sections the reaction is described after which the require-
ments for designing a fast microreactor are discussed. These
requirements are analyzed and worked-out by thermal and
mechanical models and verified by experiments. The aim of
this research is to better understand the influence of design
parameters on the functionality and lifetime of the microre-
actor.

2. Catalytic partial oxidation of methane

A microreactor is designed in which the intrinsic reac-
tion kinetics of rhodium-catalyzed direct CPO of methane
into synthesis gas can be studied. Synthesis gas, a mixture
of carbon monoxide and hydrogen, is an important interme-
diate product used in the chemical industry. It also can be
used for small-scale and on-demand production of hydro-
gen as needed in fuel cells. The direct CPO of methane into
synthesis gas ideally occurs as described by the following
exothermic reaction:

2CH4 + O2 → 2CO+ 4H2 (1)

The selectivities towards carbon monoxide (CO) and hy-
drogen (H2) can be influenced by the simultaneous oc-
currence of three other reactions. These reactions are total
combustion of methane, and secondary reactions of carbon
monoxide and/or hydrogen. All these three reactions result
in formation of carbon dioxide (CO2) and/or water (H2O),
and consequently reduce the selectivity towards synthesis
gas [5]. These reactions can be prevented by using high
temperatures[6]. For the direct CPO of methane, rhodium
(Rh) is the best choice of catalyst, since it shows a good
catalytic activity as well as a high stability over a broad
temperature range[5,7]. Rh-catalyzed direct CPO starts
when a gas mixture of methane and oxygen is heated up
to 550–600◦C. This exothermic reaction may cause the
temperature locally to rise as high as 1000◦C [8].

In order to be able to study the reaction kinetics of the
mentioned reaction (1), high temperatures are required as
well as contact times in the millisecond range. For control
purposes fast heat up and cool down times are needed to
avoid hysteresis or dangerous runaway reactions due to ex-
cessive heat generation, which could, in the worst case, lead
to damage (explosion) of the system. A well-designed sil-
icon technology-based microreactor should be capable of
meeting these requirements.

3. Silicon thin membrane microreactor for CPO
reactions

The design of the microreactor is based on published
layouts[3,4], comprising a thin membrane with heaters on

the topside and a catalyst layer at the bottom side. Pictures
and cross-sections are shown inFig. 1. The average gas
flow rate in the flow channel is of the order of 5 m/s, result-
ing in residence times of about 6 ms, and the volume of the
reaction channel is∼8�l. In order to control high temper-
ature reactions, the characteristic time constants (τ-values)
of the reactor for heat up and cool down have to be smaller
than the residence time:τ-values of 2 ms or smaller are
required. The channel wall surface-to-volume ratio of this
microreactor is about 8000 m2/m3, which is very high com-
pared to typical laboratory (∼1000 m2/m3) and production
(∼100 m2/m3) vessels[2].

Pre-heating of a gas mixture takes place with platinum
heating filaments, located on top of the thin membrane
(Fig. 1). The thickness and composition of the membrane
in the microreactor is very important, from a thermal and
mechanical point-of-view. For fast heating of the catalytic
material and the gas mixture, the thickness of the membrane
should be minimized, which yields a high heater-to-catalyst
conductivity and low transverse heat losses. On the other
hand, fast cooling down of the gas mixture (e.g. if thermal
runaway is detected) requires high transverse heat transport
(conduction) through the membrane for fast heat removal
from the catalyst and gas, thus a thicker membrane (and/or
use of heat conducting material). Also, heat conduction
through the membrane is needed for controlling exothermic
reactions for safe steady-state operation of these reactions
excessive heat has to be removed.

Besides this thermal paradox, the thickness also affects
the mechanical stability of the membrane. In order to gain
a fast thermal response, only the membrane needs to be
heated such that high temperature gradients will arise. Due to
these gradients and the thermal expansion of the membrane,
buckling and high stresses are reported in a microreactor
with a membrane of 0.5–1�m thick low stress silicon nitride,
although fast heat up was obtained, mechanical stresses due
to thermal expansion which eventually ruptured the reactor,
limited the stability[4].

To guarantee good mechanical stability of the membrane
at high temperatures as well as efficient heat transfer, a com-
promise on the thickness and composition of the membrane
is to be found. In this work the membrane is made of heav-
ily boron-doped monocrystalline silicon (∼850 nm: p++-
Si) and a thin layer of low stress silicon nitride (∼150 nm:
SiRN), which is also used for electrical isolation of heaters
and sensors. The 1�m thick membrane provides good ther-
mal contact between the catalyst in the interior of the flow
channel and the heaters, fast heat up is possible, whereas
fast cooling down can be obtained as a result of the doped
silicon-layer of the membrane. The composite membrane of
p++-Si and SiRN is expected to be less susceptible to fatal
mechanical stresses at elevated temperatures.

In Fig. 1 three pictures of the microreactor are shown as
well as schematic views of the flow channel for pointing
out where heaters, temperature sensors and catalytic ma-
terial are positioned. There are five heater sections, each
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Fig. 1. Picture of the microreactor (3.0 cm× 4.5 cm× 0.1 cm) in which the flow channel region is marked. In the 3D scheme the heater locations on
the membrane are given. Close-ups of the membrane area with heaters and temperature sensors and the catalytic layer are shown as well as a 2D
cross-sectional view of the channel, all with typical dimensions of the microreactor.

meandering over a length of 4.1 mm, resulting in a heated
length of 20.5 mm. The first and last 5 mm of the channel
remain unheated and serve as a buffer for entrance effects
and cooling down of the converted gas, respectively. The
width of each meandering heater section is 450�m and
per heater section two temperature sensors are integrated in
four-point measurement configuration. Catalytic material is
deposited on the membrane at the inside of the channel un-
der only the last two heaters, where the flow has developed
and has equilibrated to the right temperature. Rhodium is
deposited only on the hottest part, thus the middle, of the
membrane to prevent the formation of secondary products
(H2O and CO2). During operation the heaters pre-heat the
gas mixture and catalyst to temperatures to 550–600◦C to
start the CPO reaction. Simultaneously the sensors measure
the temperature so that feedback temperature control is ob-
tained. The silicon wafer with the flow channel is anodically
bonded to a pyrex baseplate with inlet and outlet holes.

4. Thermal analysis of the silicon membrane
microreactor

First, analytical models were developed to investigate the
effects of the thickness and the thermal conductivity of both
layers of the composite membrane on the thermal behavior.

In Fig. 2(a)a 2D model with an overview of the membrane
is shown. Since the bulk temperature of the microreactor will

be kept at room temperature, large temperature gradients will
develop in thex-direction of the membrane. Therefore, the
heat flux in thex-direction will be much higher than in thez-
direction. Due to this and the large channel length over width
ratio (30 mm/500�m), heat conduction in the channel length
direction (z-direction) is neglected in the model for studying
the temperature profile in the membrane. Furthermore, in
the y-direction the membrane can be treated as a lumped
capacitance with a uniform temperature over its thickness,
since the Biot number in this direction is smaller than 0.1
[9]. Hence, only the temperature profile in thex-direction
(membrane width) is analyzed.

The temperature profile in thex-direction is influenced
by heat convection and by heat conduction outside and in-
side the membrane, whereas radiation to the surroundings
is neglected. When Nusselt and Rayleigh numbers and heat
transfer coefficients are evaluated it is found that natural (or
free) convection and conduction outside the reactor are very
small, and that heat transport inside the reactor is forced
convection only[10]. In Fig. 2(b)calculated heat losses due
to convection and conduction are shown for the microre-
actor described inSection 3, conduction through the p++-
Si/SiRN-membrane is clearly the dominant heat transport
mechanism.

The temperature profileT(x) in the membrane can be
found by solving the energy balance over an infinitesimal
element (�x in Fig. 2(a)). Since platinum has a high ther-
mal conductivity (73 W/m K), the heaters are modeled as a
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Fig. 2. (a) 2D membrane model with overview of different heat flows in and out an infinitesimal element�x; (b) overview of calculated heat losses in
the membrane (150 nm SiRN and 850 nm p++-Si) of the microreactor.

uniform heat flux boundary condition on top of the mem-
brane. For the situation in which the width of the heater
sections is almost identical to the width of the flow chan-
nel (500�m), T(x) is almost parabolically shaped over the
complete membrane width and can be described by[11,12]:

T(x) = q′
heater

hchannel+ henv

(
1− e

√
αx + e−√

αx

e
√
α(w/2) + e−√

α(w/2)

)
+ Tenv,

α = − hchannel+ henv

kp++ tp++ + kSiRNtSiRN
(2)

with q′
heater the delivered power per unit width by the plat-

inum heaters,kp++ andkSiRN are the thermal conductivities
of p++-Si and SiRN,tp++ andtSiRN the thicknesses of these
layers, hchannel and henv are the heat transfer coefficients
from the membrane to the channel and to the environment
andTenv is the temperature of the environment, the unheated
gas and the bulk Si of the microreactor (25◦C). Values for
the heat transfer coefficients can be calculated using Nusselt
correlations for square channels heated from the top side
[11].

With Eq. (2)the influence of parameter variations on the
temperature profile is investigated. The temperature distri-
bution is examined for different thicknesses of p++-Si and
SiRN and for variations in thermal conductivities of these
materials. For heater powers of 0.2 and 1.5 W the tempera-
ture profiles are examined. Since not much is known about
the thermal conductivity of heavily boron-doped silicon
above∼50◦C, the thermal conductivitykp++ is assumed to
be identical to the thermal conductivity of standard p-type
bulk silicon in all calculations[13]. Because the thermal
conductivity of bulk silicon is a function of temperature,
solutions were found in an iterative way. Furthermore, in
the analysis the following initial parameter settings are
used (if not mentioned otherwise):kSiRN = 3 W/m K [14],
tp++ = 850 nm,tSiRN = 150 nm. InFig. 3 the temperature
profile T(x) of the membrane is shown at a heater power of
1.5 W for different values of one parameter, while the other
remain at their initial values.

As can be seen, at 1.5 W heater input a variation in the
thermal conductivity of the p++-Si of 10 W/m K results in a
variation in the maximum temperature of 12–17%, whereas
the influence of a variation in the thermal conductivity of
the silicon nitride layer is small (<1%).

Wet chemical etching with potassium hydroxide (31 wt.%
at 75◦C) saturated with isopropanol (KOH/IPA) is used
to obtain the desired membrane. Boron acts as an etch-
stop, with increasing boron concentration in the silicon, the
etchrate of doped silicon decreases fast[15]. Deviations
from the aimed thickness (850 nm) might occur due to con-
centration gradients in the boron. Although the accuracy of
etching is high (within several tens of nanometer), the rela-
tive error is often considerably higher[16]. Fig. 3(c)shows
that a thickness variation of 100 nm in the p++-Si thickness
results in errors of 8–11% in the maximum temperature,
whereasFig. 3(d) shows that thickness variations in the
SiRN layer have negligible influence on the temperature
profile T(x). In Table 1the relative errors in the maximum
temperature obtained in the membrane are summarized
for both input powers as a function of variation in four
parameters.

FromFig. 3andTable 1the following conclusions can be
drawn:

• for thermal analysis of the membrane the SiRN layer can
be neglected without introducing significant errors in the
temperature profiles;

Table 1
Relative errors in maximum temperature of the membrane when varying
thickness or thermal conductivity of p++-Si or SiRN at different heater
powers

Parameter 0.2 W per heater
(0.11 W/mm2)

1.5 W per heater
(0.83 W/mm2)

kp++ = kSi(T) ± 10 W/m K 4% 12–17%
tp++ = 850 ± 100 nm 6–8% 8–11%
kSiRN = 3 ± 3 W/m K 0.6% 0.5%
tSiRN = 150 ± 150 nm 0.2% 0.7%
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Fig. 3. Temperature profileT(x) when varying (a)kp++ , (b) kSiRN, (c) tp++ , and (d)tSiRN.

• the thickness of the boron-doped silicon part of the mem-
brane is an important design/fabrication factor, variations
in this thickness will lead to deviations of the expected
maximum temperature of 6% (low heater power) up to
11% for a high input power; accurate membrane etching
is thus necessary;

• in particular at a high heater power, variations in the ther-
mal conductivity of the p++-Si layer may induce signifi-
cant differences in the estimated and measured maximum
temperature in the membrane;

• a combination of a small deviation in thickness as well
as thermal conductivity of the p++-Si layer may lead to
even larger percentage errors (up to 20%).

A more detailed equation for the temperature profile that
also takes the heater width into account independently from
the membrane width can be found by using Laplace trans-
forms. The result is given inEq. (3), in whichε is the heated
fraction of the membrane and is defined as the width of the
heater section divided by the membrane width[10]:
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and x̂ is a dimensionless coordinate,x̂ = 2x/w (x̂ =
[ − 1,1]), w the membrane width,P the heater input,L
the membrane length,Tg the average gas temperature,kav
the average thermal conductivity of the membrane,kav =
(kp++ tp++ + kSiRNtSiRN)/(tp++ + tSiRN) andU(x̂ − ε) is the
unit step function.

WhenEq. (3) is used to calculate the temperature profile
in the membrane, it is found that by reducing the width of
the meandering heater section while keeping the dissipated
power constant, thus increasing the power density on the
membrane, the maximum temperature in the membrane can
be dramatically increased (Fig. 4). In other words, the effi-
ciency of heating in terms of input power is increased. Since
the catalytic patches have a width of 130–140�m, heater
sections of 150�m in width will be used in a microreac-
tor re-design instead of 450�m. In the latter case, a lower
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Fig. 4. (a) Temperature profiles in the membrane (150 nm SiRN and 850 nm p++-Si) for the normalized channel width (λ) for three power values (P = 1,
1.5 and 1.7 W) andε = 0.9; (b) three heated fractions (ε = 0.2, 0.5 and 1) andP = 1.5 W.

supply power can be used to reach the catalyst temperature
needed for starting the CPO reaction.

4.1. Heating and cooling behavior

To analyze the dynamics of the microreactor, the thermal
responses on heating up and cooling down of the membrane
were measured and computed. Simulations (3D) were done
in CFD-ACE+ [17]. In Fig. 5(a)the thermal step response
on switching-on the heaters is shown. With the integrated
temperature sensors the temperature of the membrane is
measured. As can be seen the initially taken values for
the thermal conductivity of the p++-Si layer (assumed to
be identical to the thermal conductivity of standard bulk
silicon, k(T) in Fig. 5) were too high. Good fits between
measurements and simulations are obtained when the ther-
mal conductivity is ca. 100 W/m K at 75◦C, whereas silicon
has a thermal conductivity of∼140–145 W/m K at this
temperature. These values are close to values found when
the thermal conductivity curves at low temperatures of
[18] are extrapolated to∼100◦C. Values for the thermal
conductivity of p++-Si at higher temperatures where not
measured/estimated. A slightly lower thermal conductivity
of p++-Si implies that the maximum temperatures reached
in the membrane will be a little higher than modeled in

Fig. 5. (a) Measured and simulated heat up curves forP = 0.4 W for microreactor shown inFig. 1 (ε ≈ 1); (b) open loop responses of the microreactor
as function of elapsed time when 0.4 W is applied; (c) or turned off.

Fig. 3. Furthermore, there is a growing difference between
the measured and computed curves at longer heating times,
which indicates that substrate-heating (i.e. heating of the
bulk silicon frame inFig. 2) plays a role during measure-
ments. So better cooling of the chip via a good thermal
contact to a heat sink is required.

Fig. 5(b) and (c)shows how fast the microreactor reaches
a steady state when a constant power is supplied. Open
loop response fits yield time constants (τ) for heating
up and cooling down of less than 1 ms, well within the
range needed in the microreactor, fast control is indeed
possible.

A time constant of 1 ms is expected and can be estimated
with Eq. (4), taking only conduction through the p++-Si part
of the membrane into account. When it is assumed that the
heat resistance is defined by half the membrane width (w/2)
and the capacitance by the membrane volume ((w/2)Ltp++ ),
theτ-value (orRC-time constant) can be estimated (Eq. (4))
to be 1 ms:

τ = RthCth =
(

w/2

kp++ tp++L

)
ρp++cp,p++

(w
2

)
tp++L (4)

with cp,p++ the heat capacitance of the p++-Si layer
(700 J/kg K) andρp++ the density (2300 kg/m3).
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Fig. 6. Composite plate model (a) and influence of SiRN layer (h2) on total flexural rigidity of the composite membrane (b) (Ep++−Si = 122 GPa;
ESiRN = 300 GPa;vp++−Si = 0.22; νSiRN = 0.25).

5. Mechanical analysis of the microreactor

As discussed before, the mechanical strength of the mem-
brane is an important issue since (very) thin membranes are
used and high temperature gradients are present. First, an
analytical analysis of the influence of the SiRN insulation
layer on the membrane deflection and stress is made and
compared with measurements on test-membranes. The re-
sults are used in a model for estimating the stress and de-
flection at high temperatures.

The influence of the SiRN layer on the flexural rigidity
(D) is examined using a numerical model in ANSYS[19].
In case of pure bending, a plate has a neutral surface where
both stress and strain are 0 (Fig. 6(a)). For a ‘single layer’
plate (h2 = 0), the position of the neutral surface is exactly
the middle plane of the layer (e1 = e2 = 0.5h1); the flexural
rigidity D has to be taken with respect to this neutral surface.
When the plate consists of two materials (like the composite
membrane of SiRN and p++-Si), the flexural rigidity also
has to be calculated with respect to the position of the neutral
axis. The moments of inertia with respect to this neutral axis
can be found by using the parallel-axis theorem[20]. For
composite plates the flexural rigidity can be described by

Dh2 �=0 = D1 + D2 = E1

1 − ν2
1

[
h3

1

12
+ h1

(
e1 − h1

2

)2
]

+ E2

1 − ν2
2

[
h3

2

12
+ h2

(
e2 − h2

2

)2
]

(5)

Fig. 7. (a) Measured pressure–deflection curve for a 0.5 mm× 5 mm membrane compared with ANSYS simulations for three different initial stresses in
the SiRN top layer; (b) accompanying maximum stresses in the top corner of the SiRN top layer.

whereEx, hx, ex, andνx are the modulus of elasticity, the
thickness, the distance from the neutral surface to top and
bottom of the composite plate, and Poisson’s constant for
layerx, respectively.

In Fig. 6(b)the influence of the SiRN layer on the flexural
rigidity D of the composite membrane is shown, the dimen-
sionless factorDh2 �=0/Dh2=0 is plotted versus the thickness
of the p++-Si layer (h1) for two different SiRN thicknesses
(h2). For the microreactor (h1 ≈ 0.85�m, h2 ≈ 150 nm)
the total flexural rigidityDh2 �=0 is about 2.3 times the value
without the SiRN layer(Dh2=0). So when the nitride layer
is taken into account the flexural rigidity of the composite
membrane will increase rapidly: the relative thin SiRN layer
has a significant influence on the mechanical behavior of the
microreactor.

Three types of test samples are made to verify the numer-
ical models. The deflection of membranes of 1 mm×1 mm,
0.5 mm× 1 mm and 0.5 mm× 5 mm for different pressures
were determined using interferometric surface analysis mi-
croscopy. In all cases the thickness of the p++-Si layer was
3.3�m and the SiRN layer 250 nm (measured with SEM af-
ter a cross-section with focused ion beam etching). It was
found that the shape of the measured pressure–deflection
curve of the square membrane fits the analytical model as
proposed by Pan et al.[21] when an average initial stress
(σ0 or pre-stress) of ca. 60 MPa is present in the compos-
ite membrane (the adjusted flexural rigidity is used). Finite
element simulations in ANSYS are used to estimate pre-
stress in the rectangular composite membranes. InFig. 7the
measured pressure–deflection curve for the 0.5 mm× 5 mm
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Fig. 8. (a) Simulated pressure–deflection curve for the reactor membrane (850 nm p++-Si, 150 nm SiRN) compared with ANSYS simulations for two
different initial stresses in the SiRN top layer; (b) accompanying stresses at the edges of the membrane when the initial stress in the SiRN is 400 MPa.

membrane is shown compared with ANSYS simulations for
three initial stresses in the SiRN layer (a) as well as the ac-
companying maximum stresses in the SiRN at the top sur-
face in the corner of the membrane (b).

In the ANSYS results shown inFig. 7 only a pre-stress
(σ0) was taken for the SiRN and not for the p++-Si layer,
since it is difficult to implement a reliable value of the
pre-stress in p++-Si layer of the composite membrane. A
small tensile stress is present in the p++-Si layer (since the
atomic radius of boron is smaller that that of silicon, 0.88
and 1.17 Å, respectively), but the distribution of the boron is
non-uniform through the thickness of the p++-Si layer[22].
Hence, the tensile stress is also non-uniform in the p++-Si
layer. The exact distribution of the stress through the p++-
Si layer is unknown, and therefore not implemented in the
ANSYS model. Good-fits are obtained for a pre-stress of
ca. 400 MPa in the SiRN (in fact, this is equal to the men-
tioned average pre-stress of 60 MPa present acting in both
layers of the composite membrane). Because this is close to
the pre-stress values of∼300 MPa measured in SiRN layers
grown in our equipment[23], it can be concluded that this
ANSYS model is accurate enough to predict the mechani-
cal behavior of the microreactor.Fig. 8shows the simulated
deflection-curve for the membrane of the microreactor for
two cases (initial stress 0 and 400 MPa in the SiRN) and the
maximum stress at the edge of the membrane.

From Fig. 8, it can be seen that the tensile pre-stress
in the SiRN layer reduces the deflection of the composite
membrane. Furthermore, for the investigated pressures (up to

Fig. 9. (a) Top view of temperature distribution in the membrane for three heater shapes (catalyst temperature at least 600◦C); (b) von Mises stresses in
the membrane (plotted for indicatedx-directions).

2.5 bar) the maximum stresses in the membrane are far below
the yield stresses of silicon and silicon nitride (7 GPa and
higher). Therefore, problems with the mechanical stability
of the membrane (operated at atmospheric pressure) due to
pressure fluctuations are not expected.

5.1. Thermo-mechanical behavior

In the section about thermal modeling, it was found that
by reducing the width of the heater sections, the ‘thermal
efficiency’ of the reactor can be increased substantially.
Here, the influences of the heater shape and width on the
thermo-mechanical stresses, which are induced during heat-
ing of the membrane, are analyzed. CFDRC simulations are
done for four heater configurations, meander shaped heaters
of 450�m (as is the case in the presented microreactor) and
150�m in width, a sinusoidal shaped heater of 150�m in
width and a straight ‘parallel bar’ configuration heater as
proposed by Quiram et al.[24]. In all cases, calculations
of the stresses are done for heater powers that lead to tem-
peratures of the catalyst patches of at least 600◦C, which
is one of the design constraints. This means that different
power densities are used in the calculations. InFig. 9, the
thermo-mechanical stresses, analyzed with the von Mises
stress criterion are shown for three heater shapes. The in-
duced stress for a sinusoidal heater of 150�m is practically
identical to the case for meander shaped heater with identi-
cal width (and therefore not shown inFig. 9). For all heater
designs the thermo-mechanical stresses are far below the
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critical yield strength of silicon. Problems due to thermo-
mechanical stresses are therefore not expected in the mi-
croreactor shown inFig. 1, nor for reactors with smaller
heaters or other heater shapes. When small heaters are used
the stress in the middle of the membrane is higher then in
the case of wide heaters. This is due to the fact that the tem-
perature gradients in the middle of the membrane are larger
for small heaters. From mechanical point-of-view the use of
small heaters in order to increase the thermal efficiency of
the reactor does not endanger the mechanical stability of the
membrane. Therefore, smaller heaters can be applied in a
re-designed microreactor without problems. Although par-
allel line shaped heaters have the lowest thermo-mechanical
stresses, this design does not allow integration of tempera-
ture sensors between the heaters (as shown inFig. 1) and is
therefore not favored.

6. Conclusions and outlook

A thermal and (thermo-)mechanical analysis of a microre-
actor for high temperature heterogeneous gas phase reactions
is presented. The reactor is designed according to the flat-
membrane type and will be used for studying Rh-catalyzed
direct CPO of methane. A composite membrane consisting
of 850 nm heavily boron-doped monocrystalline silicon and
150 nm low stress silicon nitride was used.

From the thermal analysis it is found that for calculat-
ing the temperature profile in such a membrane the SiRN-
part can be neglected without introducing significant errors,
whereas small variations in the thickness of the p++-Si-part
and/or its thermal conductivity will lead to significant de-
viations of the maximum temperature that can be reached
with fixed heating power. Furthermore, it is shown that the
efficiency of heating can be increased substantially by re-
ducing the width of the heaters (with respect to the mem-
brane width), thus increasing the power density. Fast control
of exothermic reactions is possible with this microreactor,
since time constants for heating up and cooling down of
1 ms are theoretically and experimentally determined. Dur-
ing the measurements of these time constants it is found that
the thermal conductivity of p++-Si at 75◦C is significantly
lower than that of standard bulk p-type silicon (100 and
145 W/m K, respectively). This trend, a difference in con-
ductivity of a factor 1.4, is observed for all measurements
up to about 80◦C.

Mechanical analysis of the microreactor showed that
the SiRN-part strengthens the membrane, problems with
the mechanical stability of the membrane due to pressure
fluctuations are not expected, since maximum stresses in
the membrane are far below the yield stresses of silicon
and silicon nitride. Thermo-mechanical modeling of the
stresses in the membrane induced during heating indicated
that for all investigated heater configurations these stresses
are far below the yield values up to 700◦C. Furthermore,
the thermo-mechanical stresses are practically indepen-

dent of the shape of the heaters. From these results it can
be concluded that mechanical stability problems due to
heating are not expected with the presented microreactor.
Initial experiments with Rh-catalyzed hydrogen oxidation
reactions indeed confirmed that the microreactor handles
temperatures up to 450◦C very well. Currently the mi-
croreactor is used to investigate Rh-catalyzed direct CPO of
methane. This reaction will result in even higher membrane
temperatures.
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