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Micromachining of chemical reactors enables the manufacture of microchannel reac-
tors with unsually large surface-to-volume ratios. This can strongly affect the coupling
between heterogeneous (wall) reactions and homogeneous (gas-phase) reactions, ulti-
mately leading to a complete quenching of homogeneous reactions. Using a 2D boundary-
layer model coupled with detailed reaction kinetics for surface and gas-phase reactions,
we investigate the ignition behavior of hydrogen/air mixtures in a Pt-coated microchan-
nel. The influence of temperature, pressure, reactor diameter, and fuel-to-air ratio is
studied. We find that a purely kinetic radical scavenging by the catalytic surface can
indeed result in a complete suppression of gas-phase reactions. However, the attainability
of “intrinsic safety” in microchannel reactors is strongly dependent on a fine interplay
between homogeneous and heterogeneous reaction pathways in the individual reaction
system. In particular, the strong dependency of homogeneous reactions on pressure leads
to a breakdown of intrinsic reactor safety at sufficiently high reactor pressure. A
generalized equation for the boundary of safe reactor operation is derived for the current
reaction system. © 2006 American Institute of Chemical Engineers AIChE J, 52: 2217–2229, 2006
Keywords: catalytic hydrogen oxidation, microreactors, reactor safety, homogeneous–
heterogeneous interactions, high-temperature catalysis

Introduction

The importance of heterogeneous (that is, catalytic) and
homogeneous (that is, gas-phase) reactions and their interac-
tions in particular for high-temperature catalytic reactions has
been known for several decades. Margolis and coworkers were
among the first to establish their role in catalytic oxidation of
hydrocarbons1 and, since then, a large number of investigations
have established the importance of coupled heterogeneous–
homogeneous reactions in a wide variety of reactions systems,
most notably in catalytic combustion,2-4 partial oxidation of
small alkanes,5-7 and oxidative coupling of methane.8,9

All of these reactions systems have very high reaction tem-
peratures (T � 700°C) as a common characteristic. Because of
these extreme temperatures, noncatalytic (that is, homoge-

neous) gas-phase reactions can occur in parallel to catalytic
surface reactions. For some of the above systems, gas-phase
reactions are known to be the product-forming reactions, but in
most cases the occurrence of homogeneous reactions is an
undesired feature in catalysis because it complicates the fun-
damental understanding of reaction mechanisms, leads to se-
lectivity losses, and often poses a safety hazard arising from
uncontrolled process temperatures, reactor runaway, or even
explosive behavior. A well-controlled and safe chemical pro-
cess requires a good understanding of the underlying reaction
mechanisms as well as the main influences of operating pa-
rameters on the ignition behavior, and many studies have been
dedicated to understanding the ignition of chemical reactions,
for both homogeneous and catalytic processes.10,11

Catalytic oxidation of hydrogen is an important, yet simple,
subset of the above-mentioned hydrocarbon oxidation reac-
tions. The reaction has been studied for many years and is
therefore comparatively well understood.12-15 Beyond its im-
portance as a subset of hydrocarbon oxidations, it is also an
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important oxidation reaction in itself—in rocket propulsion, in
lean-burn catalytic combustion, and as a key reaction in fuel
cells. The reaction is characterized by particularly wide flam-
mability limits (�3–75 vol % H2 in air) and very high flame
velocities.10 Its strong exothermicity (�H � �240 kJ/mol)
makes it attractive as a possible energy (heat) source, although
the danger of strong explosions restricts its practical applica-
tion in most cases to highly dilute feed mixtures below the
lower flammability limit.

Given that (homogeneous) H2 oxidation—like the other
above-mentioned hydrocarbon oxidation reactions—proceeds
by a radical chain-branching mechanism, micromachined reac-
tors offer the potential to tailor the interplay between homoge-
neous and heterogeneous reaction pathways and thus control
homogeneous reactions. Such “microreactors,” that is, chemi-
cal reactors with characteristic dimensions in the submillimeter
range, show a number of advantages over conventional “mac-
roscopic” reactors, which makes them promising tools both for
novel chemical process routes and for fundamental studies of
chemical reactions.16-18 Among the advantages of microreac-
tors for chemical processes are their small overall dimensions,
small reactant volumes, short pathways for heat and mass
transport, and very large surface-to-volume ratios. Because
surfaces are known to capture free radicals, the unusually large
surface-to-volume ratio in microchannel reactors should influ-
ence and ultimately quench homogeneous reactions.

We previously demonstrated that the explosion hazard in H2

oxidation can indeed be strongly reduced, if not eliminated,
through the use of micromachined catalytic reactors.19-21 We
found in experimental investigations that the Pt-catalyzed ox-
idation of hydrogen with air can be conducted even at stoichi-
ometric conditions without any indication for homogeneous
reactions, especially without any explosive behavior, and con-
firmed in a theoretical study that this behavior is consistent
with wall-induced radical quenching. The importance of radi-
cal quenching for Pt-catalyzed hydrogen oxidation in “macro-
scopic” reactors was also demonstrated in simulation studies by
Vlachos and coworkers,22-24 whereas Andrae and Bjoernbom25

confirmed that chemical (that is, kinetic) wall effects dominate
over thermal wall effects, although the latter were found to
increase in importance for very fuel lean mixtures.

It is the aim of the present study to gain detailed insights into
the interplay between homogeneous and heterogeneous reac-
tions in this reaction system, and in particular to investigate the
boundaries for safe reactor operation for hydrogen oxidation in
a microchannel reactor. The study is based on detailed numer-
ical simulations with a two-dimensional (2D) boundary-layer
model coupled with elementary step kinetics for homogeneous
and heterogeneous (Pt-catalyzed) reaction pathways. To com-
pletely decouple kinetic quenching effects from thermal ef-
fects, we limit our simulations to isothermal conditions. In this
way, we evaluate the effect of temperature, pressure, reactor
diameter, and fuel-to-air ratio on the interplay between homo-
geneous and heterogeneous reaction pathways over platinum
catalysts, and establish the limits for effective radical quench-
ing in a microchannel reactor.

Model

The reactive flow in the microchannel reactor is described in
the present study by means of a 2D boundary-layer model,

incorporating balance equations for mass, energy, and momen-
tum.26 The equations are summarized for an axisymmetric
cylindrical coordinate system in Table 1. The CRESLAF rou-
tine of the commercially available CHEMKIN software pack-
age (version 3.7) is used to solve the resulting 2D partial
differential equations (PDEs).27 These equations are coupled
with a detailed description of gas-phase chemistry as well as
surface chemistry by CHEMKIN utility packages (CHEMKIN,
SURFACE CHEMKIN).

Model parameters are chosen to reflect the conditions of our
previous experimental studies as closely as possible.19-21 The
inlet linear velocity of the gases is set to 9 m/s (corresponding
to Re � 40) with a stoichiometric mixture of hydrogen and air
(unless stated otherwise). The microchannel is described as a
symmetric tube with the catalyst deposited on the walls. The
reactor diameter is varied between 2 mm and 50 �m, and
reactor pressure is set to atmospheric pressure unless explicitly
stated otherwise. To decouple kinetic effects from thermal
effects, we restricted our study to isothermal conditions, vary-
ing the temperature between 373 and 2000 K.

A typical simulation took between 1 and 10 min for a single
run on a SUN Blade 100 workstation, using between 30 to 100
nonuniformly distributed radial grid points and adaptive step-
sizing in the axial direction.

Reaction kinetics

Homogeneous Chemistry. Thermodynamic data, transport
properties, and elementary step kinetics for gas-phase chemis-
try were extracted from the GRI-mechanism 3.0.28 The result-
ing kinetics, which incorporates all reactions involving only H-
and O-containing species, thus consisting of 9 species and 19
reactions, is summarized in Table 2 (where k0 is the preexpo-
nential factor, E is activation energy, and � is the temperature
exponent).

Surface Chemistry

A correct description of the detailed interplay between ho-
mogeneous gas-phase reactions and heterogeneous surface re-

Table 1. Governing Equations of Axisymmetric 2-D
Boundary Layer Model
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actions must consider all reactants and possible reaction inter-
mediates to allow for a description of possible homogeneous–
heterogeneous coupling mechanisms. A detailed elementary
step mechanism for hydrogen oxidation on platinum is there-
fore used to describe the kinetics on the catalytically coated
wall.24 The mechanism is summarized in Table 3, where PT(S)
indicates a free Pt surface site and species followed by (S)
denote adsorbed species. The site density of the Pt surface is set
to 2.71E-9 mol/cm2.24,25 Because of the isothermal nature of
the presented simulations, the simulation results are indepen-
dent of the thermodynamics of the surface species as long as
thermodynamic consistency of the kinetic data is ensured.

Results and Discussion

The focus of the present investigation was on studying the
effect of mechanistic interactions between heterogeneous and
homogeneous reaction pathways in a catalytic microchannel
reactor. Therefore, the simulations are conducted isothermally
to focus on kinetic effects rather than (comparatively well
studied) thermal effects. Although such isothermicity is next to
impossible to realize in a conventional reactor for a strongly
exothermic reaction such as hydrogen oxidation, near-isother-
mal operation can be achieved in appropriately designed mi-
crochannel heat-exchange reactors, such as that demonstrated
by Schüth and coworkers.29 Thus, isothermal conditions are not
only helpful to develop a scientific understanding of heteroge-
neous–homogeneous coupling mechanisms, but can also be
regarded as realistic in the case of microchannel reactors.

Coupling homogeneous and heterogeneous reaction systems
strongly increases the complexity of the overall reaction sys-
tem. Therefore, to develop a thorough understanding of the
heterogeneous–homogeneous reactions, we choose a stepwise
approach: we first studied the purely homogeneous ignition as
a reference case. The behavior of the purely homogeneous
hydrogen oxidation has been thoroughly studied for decades
and is therefore well known.10 This case therefore serves not
only as a reference case but also to ensure the reliability of our

simulation setup. As a next step, heterogeneous (that is, sur-
face) reactions are introduced, and the fully coupled heteroge-
neous–homogeneous case is compared to the homogeneous
reference case as well as a purely heterogeneous case. Finally,
the influence of some of the main process parameters is studied
(reactor diameter, pressure) and critical conditions for safe
reactor operation based on radical quenching were deduced
from the results. The results are presented and discussed in
detail in the following.

Inert wall (homogeneous reaction)

The ignition behavior of a stoichiometric H2–air mixture
(H2:O2 � 2:1) in an isothermal microreactor with an inert wall,
that is, a purely homogeneous reaction system, is studied as the
reference case. The channel diameter is set to 1 mm and gas
mixtures are fed with 9 m/s linear velocity according to the
experiment.

The results are shown in Figure 1 where the ignition distance
Xign is plotted as a function of reactor temperature. We define
ignition distance as the distance from the reactor entrance to the
point where 50% conversion of H2 is reached at the centerline
of the reactor. The ignition curve shows the well-known be-
havior of gas-phase hydrogen (and hydrocarbon) combustion
reactions: the ignition distance strongly increases with decreas-
ing reaction temperature and eventually shows an asymptotic
behavior toward a critical ignition temperature, which is about
930 K in our case. Below this critical temperature, ignition can
no longer occur for any reactor length.

This behavior agrees well with the well-known (temporal)
ignition delay in H2 oxidation, which has been studied for
many decades.10 Ignition of the gas-phase reaction requires the
buildup of a “radical pool,” that is, a critical concentration of
highly reactive radicals, until the net chain-branching factor
increases beyond unity and a fast self-acceleration of the rad-
ical chain mechanism leads to ignition. This initial formation of
radicals follows the usual Arrhenius rate expression and thus
shows an exponential dependency on temperature, which is
reflected in the shape of the ignition curve. At lower temper-
atures, ignition therefore occurs with increasing (temporal)
delay, which translates into an increasing spatial ignition delay

Table 3. Surface Reaction Steps and Rate Parameters*

No. Reaction s k0 (1/s) Edes/act (kJ/mol)

1. H2 	 2PT(S) f 2H(S) 0.48 0.0
2. 2H(S) f H2 	 2PT(S) 9.4E	11 84.0
3. O2 	 PT(S) f O2(S) 0.03 0.0
4. O2(S) f O2 	 PT(S) 1.0E	13 214.2
5. OH 	 PT(S) f OH(S) 1.00 0.0
6. OH(S) f OH 	 PT(S) 1.0E	13 264.6
7. H2O 	 PT(S) f H2O(S) 0.75 0.0
8. H2O(S) f H2O 	 PT(S) 1.0E	13 42.0
9. H 	 PT(S) f H(S) 1.00 0.0
10. H(S) f H 	 PT(S) 1.0E	13 252.84
11. O 	 PT(S) f O(S) 1.00 0.0
12. O(S) f O 	 PT(S) 1.0E	13 281.4
13. OH(S) 	 PT(S) f O(S) 	 H(S) 6.1E	11 102.48
14. H(S) 	 O(S) f OH(S) 	 PT(S) 1.7E	10 50.82
15. H2O(S) 	 PT(S) f H(S) 	 OH(S) 1.2E	10 77.28
16. H(S) 	 OH(S) f H2O(S) 	 PT(S) 3.5E	11 52.08
17. H2O(S) 	 O(S) f 2OH(S) 1.0E	11 52.92
18. 2OH(S) f H2O(S) 	 O(S) 1.0E	11 79.38

*From Aghalayam et al.24

Table 2. Gas-Phase Kinetics of H2–Air Mixture

No. Reaction k0 (mol, cm, s) � E (kJ/mol)

1. H 	 O2 7 O 	 OH 5.13 
 1016 �0.82 69.1
2. H2 	 O 7 H 	 OH 1.8 
 1010 1.0 37.0
3. H2 	 OH 7 H2O 	 H 1.2 
 109 1.3 15.2
4. OH 	 OH 7 H2O 	 O 6.0 
 108 1.3 0.0
5. H2 	 O2 7 OH 	 OH 1.7 
 1013 0.0 200.0
6. H 	 OH 	 M 7 H2O 	 M* 7.5 
 1023 �2.6 0.0
7. O2 	 M 7 O 	 O 	 M 1.9 
 1011 0.5 400.1
8. H2 	 M 7 H 	 H 	 M** 2.2 
 1012 0.5 387.7
9. H 	 O2 	 M 7 HO2 	 M† 2.1 
 1018 �1.0 0.0
10. H 	 O2 	 O2 7 HO2 	 O2 6.7 
 1019 �1.42 0.0
11. H 	 O2 	 N2 7 HO2 	 N2 6.7 
 1019 �1.42 0.0
12. HO2 	 H 7 H2 	 O2 2.5 
 1013 0.0 2.93
13. HO2 	 H 7 OH 	 OH 2.5 
 1014 0.0 7.9
14. HO2 	 O 7 OH 	 O2 4.8 
 1013 0.0 4.2
15. HO2 	 OH 7 H2O 	 O2 5.0 
 1013 0.0 4.2
16. HO2 	 HO2 7 H2O2 	 O2 2.0 
 1012 0.0 0.0
17. H2O2 	 M 7 OH 	 OH 	 M 1.3 
 1017 0.0 190.5
18. H2O2 	 H 7 HO2 	 H2 1.7 
 1012 0.0 15.9
19. H2O2 	 OH 7 H2O 	 HO2 1.0 
 1013 0.0 7.5

M � third-body enhancement factors:
* H2O/20.0/.
**H2O/6.0/ H/2.0/ H2/3.0/.
†H2O/21.0/ H2/3.3/ O2/0.0/ N2/0.0/.
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in a tubular flow reactor (xign � vtign, where xign is the ignition
distance, v is the flow velocity of the gases, and tign is the
temporal ignition delay). At sufficiently low temperatures, rad-
ical recombination reactions balance radical initiation reactions
and thus eventually lead to a suppression of homogeneous
ignition.

Catalytic wall (platinum)

Next, the ignition of H2/air mixtures in a catalytically coated
microchannel reactor is studied and compared to the purely
homogeneous case. Pt is chosen as catalyst for several reasons:
First, it is a well known and widely used catalyst for oxidation
reactions and is therefore of practical relevance. Furthermore,
Pt was used in our experimental investigations and therefore
allows comparison between simulation and experimental re-
sults.20,21 Finally, the kinetics of H2 oxidation on Pt has been
extensively studied in the past and the available reaction ki-
netics are therefore comparatively well tested and reli-
able.14,23-25,30-32

Results are shown in Figure 2, where results for the fully
coupled heterogeneous–homogeneous reaction system in a Pt-
coated microchannel reactor (filled squares and solid line) are
shown compared with the purely homogeneous gas-phase ig-
nition (circles and dashed line) and the purely catalytic ignition
(that is, no homogeneous reactions; open squares and dotted
line).

Clearly, the coupled heterogeneous–homogeneous case
shows a completely different ignition behavior from that of the
purely homogeneous case: for T � 1000 K, ignition distances
for the catalytic cases are strongly reduced compared to the
purely homogeneous case, given that neither catalytic case
shows the asymptotic approach of the homogeneous ignition
toward a lower critical temperature, but displays ignition down
to the lowest temperatures studied (T � 373 K). Even though
catalytic ignition occurred for even lower temperatures, this
was not studied any further because the Pt surface kinetics have
not been verified for that temperature range, and the possible

condensation of the reaction product (water) must be taken into
account for a correct description of the reaction as well as the
flow in the microreactor channel in this temperature range.

The strongly reduced ignition distance—and particularly the
occurrence of ignition for much lower temperatures—is ex-
pected upon addition of a catalyst. The catalyst opens new
reaction pathways with lower activation energy, accelerating
reactions at higher temperatures and extending the range of
reactivity toward lower temperatures. It is well known that
hydrogen oxidation occurs over Pt catalysts at temperatures as
low as room temperature even for very dilute H2/air mixtures,
an effect that can be used in the start-up of catalytic reac-
tors.33,34 Comparison with the ignition curve for the (theoreti-
cal) case of a purely catalytic reaction system (that is, a system
in which the homogeneous reactions have been artificially
“switched off”; open squares and dotted line in Figure 2)
confirms that the two cases show identical ignition distances in
this temperature range, that is, this branch of the fully coupled
ignition curve is completely dominated by surface reactions.

This behavior changes at T � 1000 K: the ignition curve for
the fully coupled case crosses the ignition curve for the purely
homogeneous case and shows a sudden bend toward shorter
ignition distances, deviating from behavior of the purely cata-
lytic case. In this high-temperature range, ignition distances for
the coupled case fall between the purely homogenous and the
purely catalytic case, indicating that neither of the individual
reaction pathways suffices to describe the coupled heteroge-
neous–homogeneous case. The deviation from the ignition
behavior of the purely catalytic case indicates that, at these
high temperatures, homogeneous reactions start to influence
the ignition behavior. In fact, the parallel trends between the

Figure 1. Ignition distance vs. reaction temperature in a
microchannel reactor (diameter: 1 mm) and an
inert wall, that is, purely homogeneous reac-
tions.
See main text for definition of ignition distance and parame-
ters of the simulation. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]

Figure 2. Ignition distance vs. reaction temperature for a
reactor (diameter: 1 mm) and inert wall (purely
homogeneous reactions, filled circles), Pt-
coated catalytic wall (full heterogeneous–ho-
mogeneous coupled case, filled squares), and
a catalytic wall without gas-phase reactions
(purely heterogeneous case, open squares).
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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purely homogeneous ignition curve and the ignition curve for
the fully coupled case even suggest that homogeneous reac-
tions are qualitatively dominating the ignition, although a sub-
stantial off-set in ignition distance is observed arising from the
presence of the surface reactions. Interestingly, this off-set is
toward longer ignition distances, that is, the presence of the
catalyst leads to an additional ignition delay rather than the
acceleration of ignition as one might expect and as observed for
temperatures � 1000 K. Overall, the simulations thus show
that the catalyst acts as an ignition promoter at low tempera-
tures and as ignition inhibitor at sufficiently high temperatures.

The reason for the ignition-impeding behavior of the catalyst
at high reaction temperatures can be seen in the concentration
contour plots shown in Figure 3. Concentration profiles of
molecular oxygen and hydrogen radicals in the gas phase are
shown for the upper half of a reactor with 1 mm diameter at
T � 1113 K. Gas flow is from left to right, the reactor wall is
at the top of the graphs, and the symmetry line of the channel
is at the bottom.

The oxygen concentrations show two striking differences
between the inert wall (top row) and the Pt wall (bottom row):
for the Pt wall (that is, the fully coupled case) ignition at the
wall occurs almost instantaneously, whereas ignition at the
centerline is strongly delayed compared with the inert case.
Clearly, in the Pt-coated reactor, the reaction starts heteroge-
neously, that is, on the catalyst surface, near the reactor en-
trance, and ignition of the bulk gas phase occurs with a signif-
icant spatial delay at z � 0.6 mm.

The fast catalytic consumption of O2 near the wall is not
surprising, considering that catalysts are being used in catalytic
combustion precisely for the purpose of facilitating ignition.
The reason for the delayed ignition at the centerline can be
found in the H-radical concentration plots, given that H-radi-
cals are a sensitive indicator for the occurrence of homoge-
neous gas-phase reactions. The H-radical concentrations show
the same delayed ignition at the centerline as observed in the
oxygen concentrations. However, the maximum H-radical con-
centration is only about 7 mol % in the fully coupled case vs.
12 mol % in the purely homogeneous case. This indicates that

the homogeneous reaction has been weakened by the presence
of the catalytic wall. Furthermore, the H-radical concentration
drops to zero in the boundary layer above the catalytic wall,
suggesting that the Pt surface acts as a strong radical scavenger.
Apparently, the reactant depletion in the boundary layer and
radical scavenging by the surface reaction strongly weaken the
homogeneous reactions and thus delay ignition of the (bulk)
homogeneous ignition.35

Given that this effect can be expected to become more
dominant as the reactor diameter decreases (and thus the sur-
face-to-volume ratio increases), the effect of decreasing the
reactor diameter into the micrometer range was studied next.

Influence of some of the main process parameters

Effect of Microdimensions. The effect of decreasing diam-
eters of a Pt-coated microchannel reactor is shown in Figure 4.
Ignition distance is shown vs. temperature for reactor diameters
of 2 mm, 1 mm, 500 �m, 300 �m, 250 �m, 100 �m, and 50
�m, corresponding to surface-to-volume ratios between 2000
and 80,000 m�1.

The ignition curves fall essentially into two groups: the four
ignition curves for diameters of 2 mm to 300 �m, and the three
curves for diameters of 250, 100, and 50 �m. The curves at
larger channel diameters (d 
 300 �m) show qualitatively the
same behavior as described in the preceding section, that is,
they show two distinct branches for higher and lower temper-
atures, respectively. The high-temperature ignition shows very
little dependency on channel diameters, with only a minor
increase of ignition distance with decreasing diameter. This
confirms the earlier interpretation of this ignition regime as
largely homogeneously dominated with the surface reaction
adding a delaying effect only on the (homogeneous) ignition.

In contrast to that, the low-temperature branch shows a
strong decrease in ignition distance with decreasing channel
diameters. This dependency of the ignition delay seems sur-
prising in light of our previous interpretation of this ignition
branch as purely catalytic (see previous section): if the ignition
is a pure surface reaction, the reactor diameter should not have

Figure 3. Contour plots of O2 concentration (left column) and H radical concentration (right column) for an inert
reactor channel (top row) and a Pt-coated reactor channel (bottom row) (diameter: 1 mm) as a function of
axial (z) and radial (r) distances at T � 1113K.
The reactor wall is at the top of the graphs, whereas the symmetry line of the tubular channel is at the bottom (r � 0 mm). Flow direction
is from left to right. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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any significant impact on ignition. This apparent contradiction
is caused by our definition of ignition as the point of 50%
hydrogen conversion at the centerline of the flow channel. As
a result of this definition, we are in this case not observing the
ignition process directly, but rather observe the catalytic wall
ignition delayed by the diffusive transport from the centerline
to the wall. Because the length of this diffusion path increases
with increasing channel diameter, the transport process takes
correspondingly longer, leading to an increasing (apparent)
spatial ignition delay. This delay is further increased by the
changing surface-to-volume ratio: because catalytic reaction
rates scale with the surface area (that is, with r) and gas-phase

concentrations scale with the reactor volume (that is, with r2),
with increasing reactor diameter the surface reaction will take
longer to deplete the gas phase sufficiently to observe a 50%
drop in H2 concentration.

Additionally, one observes in Figure 4 a continuous shift in
the transition point from the catalytically dominated to the
homogeneously dominated ignition branch (that is, the sudden
bend in the curve) toward higher temperatures with decreasing
reactor diameter. This shift is again an effect of the changing
surface-to-volume ratio of the microchannel: the relative rate of
surface reaction vs. homogeneous gas-phase reaction increases
with increasing surface-to-volume ratio. Thus, with decreasing
microchannel diameter, the catalytic reaction continues to
dominate the overall ignition behavior up to higher reaction
temperatures.

Although the transition from heterogeneously dominated to
homogeneously dominated ignition progressed gradually for d
values from 2 mm to 300 �m, a qualitative change in the
ignition behavior occurs between d values of 300 and 250 �m,
that is, in the transition to the second group of ignition curves:
For smaller microchannel diameters (d � 300 �m), only one
ignition branch is observed up to the maximum reactor tem-
perature of T � 2000 K. (Even higher temperatures were not
studied because the validity of the reaction kinetics as well as
the practical relevance of simulations at such extreme temper-
atures become questionable.)

To better understand the absence of the homogeneous igni-
tion branch for d � 300 �m, Figure 5 shows the contour plots
for oxygen and hydrogen radical concentrations in three mi-
crochannel reactors with diameters of 1 mm, 500 �m, and 300
�m at T � 1113 K. The catalytic wall is at the top of the graphs
and the symmetry line of the reactor channel is at the bottom.
(Note that for the sake of better visibility the y-axes are not
drawn to scale in these plots.) One can see that the sharp
transition from catalytic ignition at the reactor wall to homo-
geneous ignition in the bulk of the gas phase (as explained

Figure 4. Ignition distance vs. reaction temperature for a
reactor with catalytic Pt-wall varying channel
diameters (2 mm to 50 �m).
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 5. Contour plot of O2 concentration (top row) and H radical concentration (bottom row) as a function of axial
(z) and radial (r) direction for a Pt-coated microchannel with diameters of 1 mm (left), 500 �m (middle), and
300 �m (right) at T � 1113 K.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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above; see also Figure 3) becomes very much “smeared out”
for the 500-�m channel. Correspondingly, the maximum in the
H-radical concentration also broadens significantly and de-
creases by more than four orders of magnitude. Both effects
indicate a severe weakening of homogeneous reactions for this
reactor diameter and temperature. Figure 4 shows that for the
500-�m microchannel, this reactor temperature lies in the
transition region from heterogeneously dominated to homoge-
neously dominated ignition behavior, which is thus consistent
with the current observation.

For the microchannel with d � 300 �m, oxygen consump-
tion is strongly accelerated and H-radical concentrations drop
below the numerical accuracy of our simulations (�10�10 mol
%). This indicates that for this diameter oxygen consumption is
fast because of the very short transport pathways and, most
important, homogeneous reactions are completely quenched.
These results thus confirm our previous experimental and
mechanistic observations that a Pt-coated microchannel reactor
can indeed lead to complete quenching of homogeneous reac-
tions. The critical transition occurs (for stoichiometric hydro-
gen/air mixtures and Pt-coated walls) at d values between 300
and 250 �m, which is in good qualitative agreement with our
previous experimental investigations, where we observed ho-
mogeneous ignition for d � 2 mm, but did not see homoge-
neous (that is, explosive) behavior in a 120-�m annular reac-
tor.21

Influence of Reaction Pressure. It is well known that in-
creasing pressure accelerates homogeneous reactions because
reactant density—and thus the mean free path or the frequency
of intermolecular collision—increases with pressure. There-
fore, the influence of reactor pressure on the interplay between
homogeneous and heterogeneous reactions and on the overall
ignition behavior of catalytic hydrogen oxidation in the Pt-
coated microchannel reactor was studied next. Homogeneous
reactions typically scale with the square of the reactor pressure
(as a result of the dominance of bimolecular reaction steps),
whereas surface reactions tend to scale approximately linearly
with pressure because the only pressure-dependent steps are
adsorption steps, which are usually first order in the partial
pressure of the reactant. It can thus be expected that the
interplay between homogeneous and heterogeneous reactions is
strongly affected by reactor pressure and the observed kinetic
quenching—and thus microreactor safety—needs to be reeval-
uated for different pressure conditions.

Figure 6 shows the ignition distance for a stoichiometric
H2–air mixture in a 300-�m microchannel reactor as a function
of temperature for a reactor pressure of 1 bar (circles), 5 bar
(squares), and 10 bar (triangles). Results for a Pt-coated mi-
crochannel, that is, the coupled homogeneous–heterogeneous
case (filled symbols and solid lines), are shown in comparison
with a microchannel with inert walls, that is, the purely homo-
geneous case (open symbols and dashed lines), which corre-
sponds to the purely homogeneous reference case.

One can see that the ignition curves for both cases show
qualitatively identical behavior at all three pressures. For the
purely homogeneous case, it is characterized by the above-
described continuous increase in ignition distance with de-
creasing temperature, asymptotically approaching a critical
limit temperature below which ignition no longer occurs. For
the coupled homogeneous–heterogeneous case, the curves
show the two distinct ignition branches, of which the steeper,
high-temperature branch is dominated by the ignition of the
homogeneous gas-phase reaction, and the flat, low-temperature
branch is dominated by the ignition of the catalytic surface
reaction, as described in detail earlier for the ambient pressure
case in the Catalytic wall section.

With increasing pressure, the ignition distance for both the
purely homogeneous case and the homogeneously dominated
high-temperature branch of the fully coupled case shift toward
lower temperatures and shorter ignition distances. This is ex-
plained by the increasing density of the gas phase, which
increases the frequency of intermolecular collisions and thus
the frequency of reactive events. However, this decrease in
ignition distance is more pronounced for the coupled case than
for the purely homogeneous case, which results in a closing of
the gap between the ignition curves for the two cases. The gap
is very pronounced at 1 bar and has almost completely disap-
peared at 10 bar. Given that the delayed ignition in the coupled
case arises from the influence of the catalytic surface reaction
on the homogeneously dominated ignition, this indicates that
with increasing pressure the overall reaction is increasingly
determined by homogeneous gas-phase reactions, as expected,
because of the different pressure dependencies of the homoge-
neous vs. heterogeneous reaction pathways (explained in the
introduction to this section).

Additionally, one can see in Figure 6 that the ignition dis-
tance for the heterogeneously dominated branch of the coupled
case increases with increasing pressure. For an easier direct

Figure 6. Ignition distance vs. reaction temperature for a microchannel (diameter: 300 �m) at 1 bar (left), 5 bar
(middle), and 10 bar (right).
Filled symbols represent the full heterogeneous–homogeneous coupled case (Pt-coated walls), whereas open symbols represent the purely
homogeneous case (inert walls).
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comparison, the ignition curves for only the coupled case are
shown again in Figure 7 for a temperature range of 1000–2000
K. Two more ignition curves for reactor pressures of 0.5 and 20
bar, respectively, are added for completeness. One can clearly
see that with increasing pressure the high-temperature ignition
branches shift toward shorter ignition distances, whereas the
low-temperature branches shift in the opposite direction. As a
consequence, the transition between the two branches becomes
increasingly gradual with decreasing pressure and the transition
point shifts toward higher temperatures, until, at P � 0.5 bar,
the transition has almost disappeared.

The opposing effect of pressure on the two different ignition
branches for the coupled heterogeneous–homogeneous case
can again be understood based on the concentration profiles
inside the microchannel. Figure 8 shows contour plots of
oxygen concentrations in the upper half of the Pt-coated mi-
crochannel at an intermediate temperature of 1253 K and
reactor pressures of 1 bar (left), 5 bar (middle), and 10 bar
(right), respectively. The ignition at this temperature is purely
catalytic at 1 bar, strongly homogeneously dominated at 10 bar,
and right in the transition region between these two cases for 5
bar (see Figure 7). In agreement with this, oxygen is consumed
gradually across the microreactor cross section at 1 bar,
whereas at 5 bar oxygen consumption near the catalytic wall

still appears gradual but the remaining oxygen near the center-
line of the reaction channel is consumed almost instantaneously
at z � 0.05 cm, and a similar behavior is observed at 10 bar,
compressed onto an axial scale of z � 0–0.02 cm.

The smooth concentration profile at 1 bar reflects the previ-
ously discussed effect of oxygen consumption arising from a
purely catalytic wall reaction and subsequent consumption of
oxygen in the bulk fluid phase by diffusive transport. With
increasing pressure, diffusion is slowed down (given that D �
P�1), whereas at the same time heterogeneous and homoge-
neous reactions are accelerated. Because the surface reaction is
mass transfer limited, increasing pressure has no significant
effect on this reaction pathway. Homogeneous ignition, on the
other hand, is strongly accelerated and thus consumes the
remaining oxygen after a short ignition delay, thus giving rise
to the steep oxygen gradients at 5 and 10 bar. The decreasing
ignition delay with increasing pressure thus indicates that ho-
mogeneous ignition—although still trailing the virtually instan-
taneous surface ignition—becomes increasingly dominant with
increasing pressure.

At lower temperatures, this picture changes significantly.
Figure 9 shows oxygen concentration profiles at 1, 5, and 10
bar for a temperature of T � 1113 K, which corresponds to the
low-temperature branch for all three pressures. A smooth,
gradual consumption of oxygen across the microreactor cross
section is observed at all three pressures. However, although
the initial consumption of oxygen near the catalytic wall is
accelerated with increasing pressure, the consumption in the
bulk phase now appears delayed, giving rise to an increasingly
spread-out concentration profile. This again reflects the purely
catalytic nature of the reaction at this comparatively low tem-
perature. Increasing pressure enhances the rate of reactant
adsorption and thus accelerates the initial rate of catalytic
reaction, explaining the faster oxygen consumption near the
catalytic wall. However, after initial consumption of the reac-
tants in the boundary layer above the wall, diffusive mass
transfer becomes limiting for the surface reaction. The inverse
dependency of gas-phase diffusion on pressure (D � P�1)
therefore leads to slower oxygen consumption at the centerline
of the reactor with increasing pressure.

Overall, the two opposing effects of increasing homoge-
neous reaction rate and decreasing rate of diffusion with in-
creasing pressure thus explain the diverging behavior of the
ignition curve for the coupled heterogeneous–homogenous
case at high- and low-temperature conditions, respectively.

Figure 7. Ignition distance vs. reaction temperature for a
Pt-coated microchannel (diameter: 300 �m) at
0.5 bar (downward triangles), 1 bar (circles), 5
bar (squares), 10 bar (upward triangles), and 20
bar (diamonds).

Figure 8. Contour plot of O2 concentration in a Pt-coated microchannel reactor (diameter: 300 �m) at T � 1253 K and
P � 1 bar (left), 5 bar (middle), and 10 bar (right), respectively.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Critical conditions for safe reactor operation

Determination of Critical Parameters. Given the strong
dependency of the quenching of homogeneous reactions on
pressure, it seems useful to develop a mathematical expression
that allows an exact determination of the critical parameters
(pressure, temperature, microchannel diameter) without having
to repeat detailed numerical simulations for each case. To this
purpose, we used a mathematical fit for the ignition distance
(Xign) data vs. temperature (T) for the coupled homogeneous–
heterogeneous case. The two ignition branches (low-T hetero-
geneous and high-T homogeneous ignition) were fitted sepa-
rately for different reactor diameters (D) and reaction pressures
(P) as shown schematically in Figure 10. An Arrhenius-type
expression was used: Xign � {a exp[b/(T � c)] 	 d}, where all
parameters have well-defined physical meanings: (a 	 d) is a
critical ignition distance Xc, that is, the minimal, asymptotic
ignition distance for T 3 
; c is the critical ignition temper-
ature, that is, the temperature below which no homogeneous
ignition can occur; and b is the apparent activation energy of

the ignition process divided by the universal gas constant (b �
Eapp/R).

Figure 11 shows the critical ignition distance Xc vs. pressure
and microchannel diameter for the homogeneous ignition
branch (uniform black surface) and the heterogeneous ignition
branch (grayscale surface). One can see that for high pressure
and large channel diameters the critical ignition distance for the
homogeneous branch becomes much shorter than that for the
heterogeneous ignition branch, whereas for lower pressures
and small microchannel diameters the critical heterogeneous
ignition distance drops below that of the homogeneous one.
The resulting intersecting line between these two surfaces
therefore delimits the parameter range for “intrinsically” safe
reactor operation: once the critical ignition distance for heter-
ogeneous ignition process drops below the critical ignition
distance for homogeneous ignition, the homogeneous reaction
is completely quenched, that is, ignition of the homogeneous
reaction can no longer occur, independent of reaction temper-
ature.

A close mathematical fit for the dependency of the critical
microchannel diameter on pressure along the intersecting line
between the two ignition surfaces was obtained with the fol-
lowing expression (see Figure 12): dc/[�m] � 4.61 

10�9exp[�(P/[bar] � 99.97)/3.632] � 295. From this, the

Figure 9. Contour plot of O2 concentration in a Pt-coated microchannel reactor (diameter: 300 �m) at T � 1113 K and
P � 1 bar (left), 5 bar (middle), and 10 bar (right), respectively.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 10. Schematic illustrating the mathematical fit-
ting of a general expression of the form Xign �
{a exp[b/(T � c)] � d} to the two ignition
branches of the coupled heterogeneous–ho-
mogeneous case.
All fit parameters have clearly defined physical meanings: (a
	 d) is the critical ignition distance, b is the apparent
activation energy, and c is the critical ignition temperature.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 11. 3D plot of critical ignition distance (Xc) vs.
reactor pressure (P) and reactor diameter (D)
for H2 oxidation in a Pt-coated microchannel
reactor.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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values of two critical parameters of practical importance can be
determined. On the one hand, the critical diameter below which
homogeneous reactions can no longer occur can be calculated.
At atmospheric pressure, this diameter is 285 �m. On the other
hand, this expression also allows calculation of the critical
pressure above which no microchannel diameter exists any
longer for which complete quenching of homogeneous ignition
can be attained. This critical pressure is P � 9.4 bar; that is, for
pressures in excess of 9.4 bar the “intrinsic” reactor safety
breaks down for the current reaction system.

These calculations thus demonstrate the bounds of safe mi-
croreactor operation for a stoichiometric H2–air system. They
also generally indicate that for catalytic microreactors, the
influence of high-pressure conditions needs to be reevaluated in
detail for each specific reaction system.

Mechanistic Study of Ignition Mechanism. As described
above, the mathematical fit of the ignition curves also yields an
apparent activation energy for the ignition process, and there-
fore can yield insights into the ignition mechanism for the two
different reaction pathways. The calculated apparent activation
energy (Eapp� bR, where R is the ideal gas constant) of the
homogeneous branch is 201 kJ/mol. This value agrees well
with the activation energy for OH formation from H2 and O2 in
the gas-phase mechanism (reaction 5 in Table 2), indicating
that this reaction step is the rate-determining step in homoge-
neous ignition. This is also confirmed by a reaction path
analysis for the homogeneous reaction steps.

Interestingly, this differs from the typically reported limiting
reaction for chain branching in hydrogen oxidation: most pre-
vious studies,10 including very detailed recent results,36 found
OH formation from O2 and H to be the rate-limiting step
(reaction 1 in Table 2). We saw above that the presence of the
Pt wall leads to an additional ignition delay for the high-
temperature, homogeneously dominated ignition branch, which
was explained by the radical capturing of the catalytic surface.
Apparently, this radical capturing reduces the radical concen-
trations in the gas phase sufficiently to reduce the importance
of the radical-mediated ignition steps and make the formation

of radicals from the molecular reactants H2 and O2 the domi-
nating reaction step upon ignition. The coupling between the
heterogeneous and homogeneous reaction pathways thus not
only leads to quenching of homogeneous reactions for suffi-
ciently small channel diameters, but also changes the ignition
mechanism for diameters at which homogeneous ignition is
still possible and dominant.

An equivalent mathematical fit for the heterogeneously dom-
inated (low-temperature) ignition branch yields an apparent
activation energy of 53.4 kJ/ mol. In this case, the Pt mecha-
nism does not allow identification of a single reaction step with
this activation energy, but rather shows three reaction steps
(reactions 14, 16, and 17 in Table 3) with activation energies in
sufficiently close agreement with this value. These steps de-
scribe the catalytic formation of OH from H and O (step 14),
the formation of H2O from H and OH (step 16), and the
formation of OH from H2O and O (step 17). Although the third
step seems unlikely to be rate determining for the ignition
process (because it involves the decomposition of the reaction
product), both of the first two reaction steps are reasonable
candidates for a rate-limiting ignition step.

To further distinguish the importance of these reaction steps,
net reaction rates for all nine surface reactions along the whole
reactor length are calculated. Figure 13 shows the local net rate
of the individual surface reaction steps at T � 1113 K (that is,
for the heterogeneously dominated branch) vs. reactor length
along with the integral hydrogen conversion vs. reactor length
(secondary y-axis). The result shows that reaction 14 [that is,
the formation of OH(s) from O(S) and H(S)] not only is one of
the two slowest reaction steps in the reaction system, but also
is the only reaction step that shows a strong sensitivity to the
ignition step, as indicated by the sharp maximum in reaction
rate localized in the area where the conversion shows the sharp
initial increase. In contrast to that, reactions 16 and 17 not only
show net reaction rates that are orders of magnitude larger, but
also display no particular sensitivity to ignition. Thus, we can
identify the formation of OH from O and H on the Pt surface
as the ignition-determining step for the heterogeneously dom-
inated, low-temperature branch.

It should be mentioned that this result is in disagreement
with previous studies, which identified adsorption and desorp-
tion of hydrogen on the Pt surface,37 or reaction 16, that is,
water formation from OH(S) and H(S) on the catalyst surface,38

respectively, as rate-determining steps. We cannot completely
resolve this discrepancy between our findings and the findings
of these studies (nor the discrepancy between their findings),
but a significant difference between these previous studies and
our present study is the fact that we restricted our investigation
to isothermal surface conditions. Therefore, the temperature
increase upon ignition in the previous studies might lead to a
strong increase in the backward reaction OH(S) 	 PT(S) f
O(S) 	 H(S) (reaction 13 in Table 3) because this reaction has
a particularly large activation energy. This could open a com-
petition for OH(S) between this backward reaction and water
formation by reaction 16, thus introducing sensitivity toward
the latter reaction and reconciling our findings with the results
from Ikeda et al.38 Another difference from Rinnemo et al.37 is
the high nitrogen dilution and low-temperature range (�300–
500 K) of their investigation. Nevertheless, their observation
that the Pt surface is essentially H-poisoned up to the ignition
point agrees qualitatively well with the surface coverages ob-

Figure 12. Critical diameter (dc) vs. reactor pressure
along the intersecting line of the two ignition
surfaces in Figure 11.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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served in our simulations. However, this H-coverage is more
likely to become a rate-limiting catalyst poison in their low-
temperature regime than at the significantly higher tempera-
tures that we focus on in our study.

Influence of Equivalence Ratio. It is well known that the
fuel-to-oxygen ratio in the reactor feed has a strong influence
on the ignition behavior.10 We therefore conducted a brief
investigation of the influence of the fuel-to-air ratio on the
above-discussed observations in the heterogeneous–homoge-
neous ignition of H2/air mixtures.

Figure 14 shows the results from simulations of H2/air
mixtures in a Pt-coated microchannel with 300 �m diameter
for different H2/air mixtures. The hydrogen-to-air ratio is de-

noted by the equivalence ratio �, which is defined as usual as
� � (nfuel/noxygen)/(nfuel/noxygen)stoich, that is, it denotes the
molar fuel-to-oxygen ratio divided by the fuel-to-oxygen ratio
at the stoichiometric point for total oxidation. Thus, � � 1
denotes the stoichiometric mixture, whereas � � 0.5 denotes
the H2/air mixture with twice the stoichiometric amount of air,
and � � 2 is a mixture with half the stoichiometric amount of
air necessary for complete combustion of the hydrogen content.
The left-hand graph shows the ignition distance vs. temperature
for all three mixtures at ambient pressure, whereas the right-
hand graph shows exemplarily the ignition distance for the
hydrogen-rich mixture (� � 2) at three different pressures of
P � 1, 5, and 10 bar, respectively.

Figure 13. Net surface reaction rate (rs) of the nine reversible reactions on the Pt surface as well as integral
conversion (X, right-hand y-axis) vs. reactor length (z) in a Pt-coated microchannel reactor (diameter: 300
�m) at T � 1113 K.
The lines are labeled with the respective reaction equation. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 14. Left graph: Ignition distance vs. reaction temperature for a Pt-coated microchannel reactor (diameter: 300
�m) at 1 bar while varying the equivalence ratio � from � � 2.0 (open squares), � � 1.0 (filled circles), to
� � 0.5 (open triangles). Right graph: ignition distance vs. temperature for fixed � � 2.0, varying reactor
pressure from 1 bar (circles), 5 bar (squares), to 10 bar (triangles).
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All three ignition curves in the left graph show the same
qualitative behavior, with the above-discussed transition from
homogeneously dominated ignition at high temperatures to
heterogeneously dominated ignition at lower temperatures.
However, whereas the ignition distance at high temperatures is
almost invariant against changes in equivalence ratio, the ig-
nition distance for the low-temperature branch is strongly in-
creased with increasing equivalence ratio.

This strong increase in ignition distance for the heteroge-
neous branch can be explained by the strongly increasing
hydrogen partial pressure with increasing � (PH2

increases
from 0.17 bar at � � 0.5 to 0.44 bar at � � 2.0). As mentioned
earlier, Pt is essentially hydrogen poisoned before ignition of
the reaction and the ignition process is thus dominated by the
adsorption and desorption of hydrogen on the Pt surface.37

Increasing hydrogen partial pressure shifts the adsorption/de-
sorption equilibrium toward adsorption, exacerbating the
blocking of the catalyst surface by H atoms, which thus results
in an enhanced ignition delay.

Finally, to ascertain that the ignition behavior with regard to
pressure changes as discussed above for stoichiometric mix-
tures is not affected in a qualitative way by changes in the
fuel-to-air ratio, we conducted simulations of hydrogen oxida-
tion in a Pt-coated 300-�m microchannel for several different
pressures and equivalence ratios. Exemplary results for a hy-
drogen-rich mixture (� � 2.0) are shown in the right graph in
Figure 14. One can see that the previously discussed results are
not affected by changes in the fuel-to-air ratio: Similar to the
behavior of a stoichiometric mixture (see Figure 7), the homo-
geneously dominated high-temperature ignition branch shifts
toward shorter ignition distances with increasing pressure,
whereas the heterogeneously dominated low-temperature igni-
tion shifts toward longer ignition distances. This behavior was
explained in detail above.

Overall, the behavior observed for a stoichiometric mixture
of hydrogen and oxygen is thus not affected qualitatively by
changes in the hydrogen-to-air ratio, and the main conclusions
of this investigation therefore hold independent of the compo-
sition of a specific hydrogen/air mixture.

Summary and Conclusions

The ignition behavior of H2 oxidation with air was studied in
a microchannel reactor by numerical simulations with a 2D
boundary-layer model coupled with detailed reaction kinetics
both for catalytic surface reactions and for homogeneous gas-
phase reactions. Platinum was selected as a well-studied,
widely used oxidation catalyst, and results were compared with
the purely homogeneous reaction behavior to identify the effect
of the strongly enhanced homogeneous–heterogeneous inter-
actions in the microscale dimensions of a micromachined re-
actor.

A strong influence of the catalytic wall on the ignition
behavior of hydrogen–air mixtures was found. As expected, the
catalytic wall leads to a strong acceleration of ignition for
relatively low reaction temperatures (T � 1000 K) and ex-
tended the range of ignition toward much lower temperatures.
At higher reaction temperatures (T � 1000 K), the ignition
process becomes homogeneously dominated, although the cat-
alytic wall leads to a significant additional ignition delay, that
is, the catalyst acts as an ignition inhibitor as a result of strong

radical scavenging. Because this radical quenching becomes
increasingly dominant with decreasing microchannel diameter,
sufficiently small microchannel diameters ultimately result in a
complete quenching of homogeneous reactions, in good qual-
itative agreement with our previous experimental investiga-
tions.19,21

This quenching, however, is a strong function of reactor
pressure. The parameter range in which an intrinsic (that is,
temperature-independent) quenching exists for sufficiently
small microchannel diameters can be calculated from a math-
ematical fitting procedure. For the present system we find this
range to be bound to pressures � 9.4 bar, with a quenching
diameter at ambient pressure of about 285 �m. Finally, the
fuel-to-air ratio has no significant impact on the qualitative
features, that is, on the nature of the interactions between
heterogeneous and homogeneous reactions and the transition
from a heterogeneously dominated to a homogeneously dom-
inated ignition behavior.

The present study thus shed further light on one of the most
interesting aspects of catalytic microreactors: because of the
very large surface-to-volume ratio that can be realized in these
systems, they can be manufactured to be intrinsically safe for
highly explosive reactions. Many of the often-stated advan-
tages of micromachined chemical reactors—such as the high
heat and mass transfer rates and the intrinsic reactor safety
arising from the small reactant volume present in the system at
any moment—scale continuously with reactor size (or diame-
ter). These characteristics thus do not necessarily require a true
microreaction system but can typically be attained in simple
“minireactors,” that is, compact, but conventional, reactor sys-
tems in which characteristic dimensions have simply been
scaled down to sufficiently small dimensions, often in the
centimeter to millimeter range. In contrast to that, the “intrinsic
reactor safety” discussed in this contribution, that is, the tem-
perature-independent quenching of homogeneous reactions, is
an effect that requires characteristic dimensions below a critical
diameter that is—for the present system—in the submillimeter
range.

This effect has significant implications both for practical
application and for scientific research. Safety issues associated
with a potentially vastly expanded use of hydrogen in a future
“hydrogen economy” are hotly debated these days, and the
combustion of hydrogen is also pursued as a potential alterna-
tive to fuel cells for the use of hydrogen as a clean energy
carrier. For both of these applications, the quenching of (un-
controlled) homogeneous reactions is crucial, and the presented
results might yield a guideline for the design of containers and
reactors with increased or even “intrinsic” safety.

On the scientific end, high-temperature catalysis is currently
receiving much attention as a very efficient way to convert
fossil and renewable hydrocarbon fuels. Here, a study of cat-
alytic reaction mechanisms and kinetics without masking ef-
fects by homogeneous reactions is crucial and very difficult (if
not impossible) to achieve in conventional “macroscopic” re-
actors. As demonstrated by the results of the present study,
appropriately designed catalytic microreactors unambiguously
allow us to discern catalytic from homogeneous reaction con-
tributions, offering novel possibilities to achieve this goal.

Although the results of the presented simulation study ob-
viously hold quantitatively only for the specific system (that is,
hydrogen oxidation over platinum), it can be expected that
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qualitatively similar quenching effects should be observable for
many other wall materials as well as for wide range of chem-
ically similar reaction systems, such as hydrocarbon oxidation
reactions. We are currently extending our studies to investigate
these aspects in detail.

Notation

cPk � specific heat at constant P of kth species, J kg�1 K�1

P � pressure, N/m2

r � radial (cross-stream) coordinate, m
s � sticking coefficient
T � temperature, K
u � axial velocity of fluid mixture (z direction), m/s
v � radial velocity of fluid mixture (r direction), m/s

Vk,r � diffusion velocity of kth species in r direction, m/s
W� � mean molecular weight of a mixture, kg/mol

Wk � molecular weight of the kth species, kg/mol
Yk � mass fraction of the kth species

z � spatial coordinate along principal flow axis, m

Greek letters

	 � thermal conductivity of the gas mixture, J m�1 s�1 K�1

� � mixture viscosity, kg m[minus]1 s�1

� � mass density of a gas mixture, kg/m3

�̇k � chemical production rate of kth species arising from gas-phase
reactions, mol m�3 s�1

� � equivalence ratio
�k � surface coverage of kth species
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