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! Optimization of a six-channel H2-
fueled catalytic microreactor with 3D
simulations.

! Counterflow configuration superior
to coflow in spatial uniformity of
temperatures.

! Simulations reproduce measured
higher moments of surface tem-
perature distributions.

! Maximum surface temperatures up
to 1311 K and standard deviations up
to 18.6 K.

! Radiation efficiencies up to 76%, sui-
table for microreactor coupling
with TPVs.
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a b s t r a c t

The combustion and heat transfer characteristics of a hydrogen-fueled microreactor are investi-
gated experimentally and numerically. The microreactor comprises a 30"30"4 mm3 SiC-block
equipped with six 1.5 mm diameter platinum channels. Combustion of fuel-lean H2/air mixtures at
equivalence ratios φ¼0.25$0.50 and inlet velocities 15–50 m/s is studied at coflow and counter-
flow configurations. Surface temperatures are measured with an infrared camera, while simula-
tions are carried out with a 3D code that includes conjugate heat transfer, appropriate external
heat losses, and detailed hetero-/homogeneous chemistry. Higher mass throughputs reduce the
surface temperature spatial non-uniformities, while the onset of gaseous combustion lowers the
catalyst surface temperatures and is thus detrimental for power generation applications. Four
different channel configurations are tested for optimum temperature uniformity. Counterflow
configurations are shown superior to the coflow configuration in attaining better surface tem-
perature uniformities with standard deviations less than 19 K and maximum surface temperatures
up to 1311 K. Comparisons of measurements and predictions are very favorable in terms of tem-
perature probability density function (PDF) shapes and higher distribution moments. Counterflow
configurations yield narrower PDFs slightly skewed to the low temperatures, while the coflow
configuration yields mostly bimodal shapes. Radiation efficiencies increase with increasing inlet
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velocity and equivalence ratio. Application of the microreactor to power generation systems, in
conjunction with thermoelectric devices, appears quite promising given the attained good spatial
uniformity and the high values of surface temperatures.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrogen and hydrogen-containing fuels are under intense
investigation for small- and large-scale power generation. Micro-
reactors for small (&100 We) portable power generation devices
fueled with hydrogen (Ghermay et al., 2010; Michelon et al., 2015;
Norton et al., 2004; Seyed-Reihani and Jackson, 2004) or
hydrogen-enriched hydrocarbons and syngas mixtures (Federici
and Vlachos, 2011; Karagiannidis and Mantzaras, 2012; Seshadri
and Kaisare, 2010) have been studied experimentally and
numerically in the last years. In such systems hydrogen can be
produced on-board from methane (Diehm and Deutschmann,
2014; Jiang et al., 2015; Kaisare et al., 2005; Stefanidis and Vlachos,
2009; Stefanidis et al., 2009) or high hydrocarbons (Casanovas
et al., 2008; Donazzi et al., 2014; Eriksson et al., 2006; Hartmann
et al., 2010; Holladay et al., 2004) using suitable microreformers.
Most microreactors operate with heterogeneous (catalytic) com-
bustion or with a variety of hybrid concepts, i.e. combined het-
erogeneous and homogeneous (gaseous) combustion (Schultze
and Mantzaras, 2013), rather than with pure gaseous combustion.
This is mainly dictated by the large surface-to-volume ratios of
microreactors that result in much wider catalytic combustion
stability envelopes compared to those of pure gaseous combustion
(Ahn et al., 2005), the existence of a multitude of undesirable
flame instabilities in tight geometrical confinements (Evans and
Kyritsis, 2009; Fan et al., 2013; Kurdyumov et al., 2009; Pizza et al.,
2010a) and the efficient suppression of such instabilities by coat-
ing the microreactor walls with a catalyst (Pizza et al., 2010b; Pizza
et al., 2009).

Although hybrid reactor designs have distinct heterogeneous
and homogeneous combustion zones with the former preceding
the latter, gas-phase combustion cannot always be neglected
inside the designated catalytic combustion zone. Even at the large
geometrical confinements of practical catalytic microreactors (e.g.
catalytic channels with sub-millimeter hydraulic diameters) gas-
phase combustion can be appreciable for hydrocarbon fuels,
depending on the pressure, temperature and residence time
(Karagiannidis et al., 2011; Reinke et al., 2002). A detailed para-
metric study of fuel-lean H2/air combustion in platinum-coated
channels (tubular or planar) has delineated (Ghermay et al., 2011)
the regimes of wall temperatures, inlet temperatures, pressures,
and channel hydraulic diameters for which gaseous combustion
amounts to at least 5% of the combined catalytic and gas-phase
hydrogen conversion. Catalytic combustion of fuel-lean H2/air
mixtures is particularly challenging due to the diffusional imbal-
ance of the deficient hydrogen reactant (Lewis number of hydro-
gen LeH2&0.3), which leads to superadiabatic surface tempera-
tures (Bui et al., 1996; Mantzaras, 2014) that endanger the catalyst
and reactor integrity. To mitigate such superadiabatic effects, an
inverse hybrid concept for hydrogen has been recently proposed
(Ghermay et al., 2010), whereby the gaseous combustion zone
precedes the catalytic combustion zone.

Apart from microreactor applications, hybrid hetero-/homo-
geneous combustion of hydrogen is also of prime interest for
large-scale power generation. One such approach is the catalyti-
cally stabilized thermal combustion (CST) (Carroni and Griffin,
2010), where part of the fuel is converted in a catalytic reactor and

the remaining is combusted in a subsequent gas-phase burner. The
CST hybrid methodology mitigates flashback by hindering
upstream flame propagation inside the catalytic module due to the
inhibiting effect of heterogeneous reactions on homogeneous
combustion (Mantzaras and Appel, 2002; Mantzaras and Benz,
1999). On the other side, post-combustion CO2 capture techniques
currently apply large flue gas recycle (FGR) in order to increase the
CO2 content in the exhaust and thus facilitate its subsequent
capture (Schneider et al., 2007; Tan et al., 2006). For the post-
combustion CO2 capture methods, inclusion of an upstream cata-
lytic reactor enhances the combustion stability of the less-reactive
FGR-diluted fuel mixtures.

There is nowadays increased interest in developing renewable
energy sources for satisfying rising electricity demands. An ideal
power source should provide reliable and continuous base-load
power as well as peak-load power when needed to match supply
demand. This requires a high Annual Capacity Factor (ACF), which
is the ratio of the source’s realized output in one year to its
potential output when operated at full capacity over the same
period. Within the European Union project Hybrid Renewable
energy Converter for continuous and flexible power production
(HRC-Power, 2015) a combined solar/combustor microreactor is
pursued, capable of operating either in sole combustion mode, sole
solar mode, or mixed combustion/solar mode, with a targeted 95%
ACF. Fig. 1 illustrates the concept, which comprises a central
microreactor block (2) made from a high thermal conductivity
material. Under solar operation alone, the top microreactor surface
(1) is coated with a special absorbing layer to efficiently collect
concentrated solar radiation, while the bottom surface is coated
with a selectively emitting infrared radiation layer (e.g. to be
coupled with a thermophotovoltaic (TPV) module). In the absence
of solar radiation or in the case of intermittent solar radiation,
combustion inside the microreactor supplies all or part of the
thermal energy necessary to heat the selectively IR-emitting bot-
tom surface. A number of such microreactors can eventually be
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Fig. 1. Schematic of the solar/combustion reactor: (1) solar-energy-absorbing top
surface, (2) microreactor block, and (3) IR-emitting bottom surface.
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clustered to create a larger power unit (&10 kW radiation emitting
power). Requirements for this concept are surface temperatures in
excess of 1000 °C with corresponding spatial uniformities around
750 °C.

Catalytic rather than gaseous combustion is the opted method,
with appropriate catalytic channels manufactured inside the
microreactor block. Catalytic combustion facilitates efficient heat
transfer from the reacting channel surfaces to the outside faces of
the microreactor block. Catalytic and non-catalytic microreactors
have been studied in the past in combination with thermoelectric,
piezoelectric and thermophotovoltaic generators for electricity
production (Ahn et al., 2005; Kamijo et al., 2009; Kyritsis et al.,
2004; Li et al., 2013; Um et al., 2014; Yang et al., 2012; Yoshida
et al., 2006). Optimization of temperature uniformity has not been
the main focus of previous catalytic microreactors: reported
temperature differences across the catalytic burner were 150 K in
Kyritsis et al. (2004) and 200 K in Kamijo et al. (2009) for opera-
tion at moderate reactor temperatures of 1100 K.

The present work undertakes an experimental and numerical
investigation of the combustion processes in a microreactor
equipped with six platinum tubes and operated with fuel-lean H2/

air mixtures (equivalence ratios φ¼0.25–0.50). Sole combustion
operation is herein studied, without coupling to solar radiation
and to special absorbing/emitting surface layers. Using funda-
mental knowledge from the catalytic combustion characteristics of
hydrogen (superadiabatic surface temperatures, dependence of
superadiabaticity on channel length) optimization of the channel
flow configuration is carried out using 3D simulations with
detailed chemistry and conjugate heat transfer in the solid. Goals
are to demonstrate a reactor design with maximum surface tem-
peratures in excess of 1000 °C and temperature variations around
750 °C. Specific objectives are to investigate the impact of inlet
mass flow rate and equivalence ratio on the attained surface
temperatures, to expose the underlying catalytic combustion
process and to assess the radiation efficiency of the microreactor.

This article is organized as follows. In Section 2 the experi-
mental configuration is described while in Section 3 the 3D
numerical model is elaborated. In Sections 4.1 and 4.2 funda-
mental properties of hydrogen catalytic combustion, which are
relevant for the microreactor design, are reviewed. Optimization of
the microreactor catalytic channel configuration is discussed in
Section 4.3, comparisons between measurements and predictions
follow in Section 4.4 and the ensuing radiation efficiency is pre-
sented in Section 4.5. Conclusions are finally summarized in
Section 5.

2. Experimental

2.1. Catalytic reactor assembly

The reactor comprises a 30"30"4 mm3 SiC block with six
straight cylindrical channels (2.6 mm in diameter and 30 mm in
length) and six platinum tubes (99.95% Pt purity, supplied by
Wieland Edelmetalle, Germany) each with an outer diameter (OD)
of 2.5 mm and an inner diameter (ID) of 1.5 mm. The Pt tubes are
inserted inside the SiC channels and the resulting 50 μm radial
gaps are filled with tungsten powder (average particle size 3 μm),
as illustrated in Fig. 2a.

The tungsten powder accommodates the different thermal
expansion of the SiC and Pt materials and at the same time allows
for efficient heat transfer between the Pt tube and the SiC block.
The geometry of the solid and void parts of the integrated reactor
is depicted in Fig. 3a. It is further noted that the use of solid pla-
tinum tubes and not of a technical catalyst (i.e. supported Pt-
catalyst deposited on the SiC channels) is dictated by the need to
maintain, for this demonstration study, constant catalytic proper-
ties: in technical catalysts there is always an inherent drop of
reactivity during long-term operation due to loss of active catalyst.

The Pt tubes are 34 mm long, protruding 2 mm from each side
of the SiC block (see Fig. 1b). Over the 2 mm extended lengths, the
Pt tubes have an enlarged ID of 2 mm in order to facilitate con-
nection to six external steel tubes (high temperature stainless steel
1.4401) with 1.5 mm ID, 2 mm OD and 20 mm length. The steel
tubes either supply reactants to the reactor or direct the com-
bustion products to the exhaust. The gas entry and exit faces of the
reactor are insulated by two 10-mm-long zirconia blocks, while all
connections are sealed with temperature-resistant (up to 1100 °C)
Fermit glue (see Fig. 1b). The resulting arrangement is tight as
firstly determined by leak-proof tests at room temperature and
then by positioning a high-sensitivity hydrogen detector in the
proximity of the inlet and exhaust during actual reactor operation.
A photograph of various components before sealing the reactor
assembly is shown in Fig. 4.

The SiC block (see Fig. 4) is manufactured by pressing and
sintering of a bulk ceramic. Grinding and polishing operations are
then necessary to reach the required dimensions that cannot be
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directly achieved by sintering. Due to the hardness of sintered SiC,
firstly only an approximate shape with six holes is constructed. A
32"32"6 mm3 SiC block is pressed, drilled to create the 2.5 mm
diameter holes, and then sintered at high temperature. Subse-
quently, two major grinding operations are performed to finalize
the geometry. The six holes are bored to increase their final dia-
meters to 2.6 mm and to insure the straightness of each hole. This
requires several diamond core-drilling tools with diameters from
2.5 to 2.6 mm. The thickness of the block is then ground down
from 6 to 4 mm. At the end of the process, only 1–2 mm are
removed at each grinding pass in order to get an initially smooth
surface finish. The roughness Ra reaches at this stage about
0.4–0.6 mm and the surface has no defects (spots, cracks).

A double-face polishing is finally made on a flat polishing
machine. The pressed SiC is particularly convenient for polishing
as it is very hard (with HV(1 kg) of 25 GPa) and made of small
particles 1-10 mm in size. During polishing, the parts turn onto a
grinding disc and are immerged into a fluid with diamond parti-
cles of 1 to 2 mm size in suspension. The pressure applied on the
parts from above is slowly ramped along the process. This enables
a uniform surface finish without any stress or scratch, which is
further crucial for achieving uniform radiation emission char-
acteristics. The attained roughness Ra is better than 0.05 mm on the
30"30 mm2 surfaces.

2.2. Test rig

The test rig is shown in Fig. 5. The total flow rates of hydrogen
and air are controlled by two dedicated Brooks mass flow con-
trollers (MFC), using SIEMENS hardware/software. High purity
hydrogen (99.995%) and air are supplied by pressurized bottles
and an oil-free compressor, respectively. The hydrogen and air
flows are split and controlled by 2"6 ball-valve flowmeters. Each
of the twelve flowmeters can be independently adjusted to ensure
equal flowrates in every channel. Mixing of hydrogen and air is
achieved first by meshes and then by six 1.5-meter-long plastic
supply tubes with 3.5 mm ID. The plastic tubes are connected to
six 4 mm OD and 2 mm ID steel tubes of 100 mm length, which
are in turn nickel-brazed to the 2 mm OD inner stainless steel
tubes (see Fig. 1b). The reactor assembly is fixed by two metal
clamps, which hold snug-tight the inlet and outlet metal tubes
with an intervening insulating ceramic fiber.

To facilitate catalytic ignition, external preheating of the reactant
supply steel tubes and the SiC reactor is provided by one (or two,
depending on the specific flow direction in the six channels) electric
heating air guns. Following ignition, the air heating guns are
removed and vigorous combustion is self-sustained. The top
30"30 mm2 surface temperature distribution of the SiC block is
measured by a FLIR infrared camera (Type A655sc, 640"480 pixel
chip, range of temperature $40 to 1200 °C) as shown in Fig. 5. The
camera chip records the 30"30 mm2 top SiC surface onto
125"125 pixels. An input parameter required by the FLIR camera is

the surface emissivity, which is independently assessed by a two-
color pyrometer (Maurer AG, type QKTRD1475, temperature range
400 to 1300 °C). The two-color pyrometer collects the radiation
emitted from a 0.2 mm2 circular spot at the center of the
30"30 mm2 top SiC surface, by means of an f-300 mm objective
lens and a laser-light focusing indicator. Pyrometer measurements
consider a gray-body behavior for the emitting surface and take the
ratio of the emitted intensities at two different wavelength bands
(1.40–1.75 μm and 1.60–1.75 μm), thus canceling the impact of the
specific surface emissivity. The gray-body emitting behavior of the
SiC block is verified independently, by comparing the two-color
pyrometer measurements to thermocouple measurements when
the block is inserted in a high-temperature (400–1000 °C) oven.

The inlet and outlet gas temperatures are measured by K-type
thermocouples. These temperatures are used as boundary conditions
in the numerical simulations and also allow for safety control by
monitoring the exhaust gas temperature. National Instruments hard-
ware in conjunction with LabVIEW software records the flow rates,
fuel/air equivalence ratio, surface emissivity and temperatures.

3. Numerical

Steady numerical simulations are carried out using the Open-
FOAM code (OpenFOAM, 2014) for modeling the 3D solid heat
conduction and the heat losses from the outer SiC surfaces, in
conjunction with a parabolic (boundary layer) 2D reactive CFD
code for simulating the catalytic channels. A similar approach has
been recently reported for modeling the catalytic partial oxidation
of methane in a honeycomb structure (Hettel et al., 2015).

3.1. Catalytic channel model

A 2D steady parabolic code is used to model combustion in the
1.5 mm diameter catalytic channels. The latest version of the
employed parabolic channel solver is detailed in Zheng and
Mantzaras (2014). For the present high flow rates (inlet Reynolds
numbers 830–2750 based on the channel diameter 2R¼1.5 mm)
the boundary layer approximation is justified. Specifically, it has
been demonstrated that the boundary layer approximation is valid
for channel-flow catalytic combustion at Reynolds numbers as low
as 50 (Raja et al., 2000). For combined catalytic and gas-phase
combustion, we have shown (Mantzaras et al., 2000) that the

Fig. 4. Photograph of microreactor parts.
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requirements for validity of the boundary layer approximation are
more stringent. However, in the present study the contribution of
gas-phase chemistry is negligible, as will be discussed in the
forthcoming Section 4.2. Finally, given the present high channel
surface temperatures, a laminar flow model suffices: it has been
shown (Appel et al., 2005; Appel et al., 2002b) that the strong flow
laminarization induced by the hot catalytic walls guarantees
laminar flow conditions even for inlet Reynolds numbers in excess
of 4000 as long as the wall temperatures are above 1000 K.

The steady-state continuity, momentum, species, and energy
conservation equations in cylindrical coordinates become, under
the boundary layer approximation, as follows:

∂ρu
∂x

þ
1
r
∂rρv
∂r

¼ 0; ð1Þ

ρu
∂u
∂x

þρv
∂u
∂r

¼ $
∂p
∂x

þ
1
r
∂
∂r

μr
∂u
∂r

! "
; ð2Þ

∂p
∂r

¼ 0; ð3Þ

ρu
∂Yk

∂x
þρυ

∂Yk

∂r
¼
1
r
∂rρVk;rYk

∂r
þ _ωkWk; k¼ 1; :2; ::Kg ; ð4Þ

ρcp u
∂T
∂x

þv
∂T
∂r

! "
$
1
r
∂
∂r

λgr
∂T
∂r

! "
þ

XKg

k ¼ 1

cp;kρVk;rYk
∂T
∂r

¼ $
XKg

k ¼ 1

hk _ωkWk:

ð5Þ

The set of Eqs. (1)–(5) is supplemented by the ideal gas law:

p¼ ρ
R0

W
T : ð6Þ

At each channel inlet (x¼0) the temperature, species mass
fractions and velocity are given. Symmetry boundary conditions
are applied at the channel centerline (r¼0). At the gas-wall
interface (r¼R) no-slip is applied (u¼υ¼0), while the energy
boundary condition is:

T ¼ TwðxÞ; ð7Þ

whereby the axial wall temperature profile Tw(x) of every channel
is supplied by the OpenFOAM computation, as will be discussed in
Section 3. The gas-phase species interfacial boundary conditions
are:

ρYkVk;r
# $

r ¼ R ¼ _skWk: ð8Þ

The surface species coverages are calculated from the following
algebraic equations:

σm
_sm
Γ

¼ 0; m¼ 1;2; :::Ks; ð9Þ

where the surface reaction rates _sm are given by:

_sm ¼
XNs

ℓ ¼ 1

νmℓkf ℓ ∏
Kg þKs

j ¼ 1
C
v0jℓ
j ; ð10Þ

with Ns the number of surface reactions and νmℓ the stoichiometric
coefficient of species m in surface reaction ℓ. For gaseous species
( j¼1, 2,.. Kg) the concentrations in Eq. (10) are Cj ¼ ρYj=Wj (mol/
cm3), whereas for surface species ( j¼1, 2,.. Ks) the corresponding
concentrations are Cj ¼ Γθj=σj (mol/cm2). The reaction rate
coefficients kfℓin Eq. (10) are:

kfℓ ¼ AℓTβℓexp
$Eℓ
RT

! "
∏
Ks

i ¼ 1
θμiℓi exp

εiℓθi
RT

! "
; ð11Þ

where Aℓ, βℓ and Eℓ denote the pre-exponential, temperature
exponent, and activation energy of surface reaction ℓ, respectively.
The parameters εiℓ and μiℓ introduce coverage dependencies on
the reaction rate coefficient, which account for variations in the

adsorption binding states due to changing surface coverage (Col-
trin et al., 1996).

The employed numerical diffusion velocity vectors V
!

k in Eqs.
(4) and (5) are:

V
!

k ¼ V
!)

kþ V
!

c: ð12Þ

A mixture-average diffusion model, including thermal diffusion
for the light species H and H2, is adopted (Kee et al., 1996a) for the
diffusion velocity vectors V

!)

k:

V
!)

k ¼ $Dkm ∇! ln YkW=Wk
# $% &

$ DT
k=ðρYkÞ

h i
∇!ðln TÞ: ð13Þ

In Eq. (12), V
!

c is a correction velocity (Coltrin et al., 1996)
introduced to numerically guarantee mass conservation:

V
!

c ¼ $
XKg

k ¼ 1

Yk V
!)

k: ð14Þ

The set of Eqs. (1)–(6) and (9) subject to the boundary condi-
tions of Eqs. (7) and (8) constitutes a parabolic system of
differential-algebraic equations (DAE), which is solved numerically
using the DASSL package (Brenan et al., 1989). Finite difference
approximations on a non-uniform radial grid are applied to dis-
cretize the governing equations. DASSL performs integration in the
streamwise x-direction using an implicit stepping method with
adaptive spacing. Marching in x-direction yields the solution down
to the desired streamwise distance.

The detailed catalytic reaction mechanism of hydrogen oxida-
tion over platinum from Deutschmann et al. (2000) is employed
(11 irreversible and 3 reversible reactions, 5 surface and 9 gaseous
specious). For homogenous chemistry, the H2/O2 mechanism from
Burke et al. (2012) (21 reversible reactions and 9 species) is used
with its accompanying gas phase thermodynamic data. The
aforementioned catalytic and gas-phase reaction mechanisms
have reproduced measured catalytic conversions and homo-
geneous ignition distances in fuel-lean and fuel-rich H2/air com-
bustion over Pt (Ghermay et al., 2010; Ghermay et al., 2011;
Mantzaras et al., 2009; Schultze et al., 2013).

Surface and gas-phase reaction rates are evaluated using
Surface-CHEMKIN (Coltrin et al., 1996) and CHEMKIN respectively
(Kee et al., 1996b), while transport properties are calculated from
the CHEMKIN database (Kee et al., 1996a).

3.2. Solid heat transfer model

The 3D heat conduction inside the SiC solid and the external
heat losses are computed with open source software OpenFOAM
(OpenFOAM, 2014). Steady state heat conduction in the solid fol-
lows the equation:

∂
∂x

λs
∂T
∂x

! "
þ

∂
∂y

λs
∂T
∂y

! "
þ

∂
∂z

λs
∂T
∂z

! "
¼ 0: ð15Þ

The solid thermal conductivity λs accounts for the composite
solid domain (SiC, tungsten, and platinum, see Fig. 2a). Simple 1D
heat transfer simulations have shown that the 50 μm thick tung-
sten powder layer can be modeled, without loss of accuracy, either
as Pt or SiC material (Table 1 provides the thermal conductivities
of the three materials as well as an estimated value (Woodside and
Messmer, 1961) for the thermal conductivity of the 50-μm-thick
porous medium considering it as consisting of spherical tungsten
particles). Characteristically, for 1D heat transfer in a 1.25 mm
thick slab comprising 0.5 mm Pt, 0.05 mm tungsten and 0.7 mm
SiC (i.e. mimicking the geometry in Fig. 2a) where the bottom slab
side (Pt) is fixed at 1250 K and the top side (SiC) has a heat loss h
(T$T1) with h¼500 W m-2 K-1 and T1¼300 K, the computed top
side temperature of the slab varies by less than 0.4 K when using
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for the 50 μm layer any of four thermal conductivities given in
Table 1. The high h¼500 W m-2 K-1 is selected to exemplify the
temperature difference across the slab. In the ensuing simulations
the tungsten powder is modeled as SiC, thus eliminating the
excessive grid required to resolve the 50 μm thick tungsten layer.

The solid geometry is discretized to 5.8 million tetrahedral
cells, which are further refined at near-channel regions. This
results to 28,000 cell surfaces on every channel (see Fig. 6),
ensuring grid-independent and smooth temperature distributions.
At the channel surfaces, which are interfaces between the fluid
and solid, the heat fluxes are calculated by the CFD catalytic
combustion code and then passed to OpenFOAM as explained
below. The interfacial solid/gas energy balance in the channel is:

XKg

k ¼ 1

ðhk_skWkÞr ¼ R$λg
∂T
∂r

''''
r ¼ R$

þλs
∂T
∂r

''''
r ¼ Rþ

¼ 0: ð16Þ

The CFD code provides the first two terms in the left side of Eq.
(16) (heat generation via surface reactions and convection). This
allows evaluation of the third term in the left side of Eq. (16) (heat
conduction in the solid), which is then passed to the OpenFOAM as
Neumann boundary condition.

At the entry and outlet sides of the reactor (x¼0 and x¼L in
Fig. 3a) the boundary conditions include conductive heat losses
through the zirconia insulators and the 2 mm OD stainless steel
connecting tubes (see Fig. 2b), with thermal conductivities
2 Wm$1K$1 and 26 Wm-1K-1, respectively. To this direction, tem-
peratures at the exposed vertical faces of the zirconia blocks and at
the steel tube external surfaces (located axially 10 mm after the end
of the SiC block, see Fig. 2b) are measured during experiments with
K-type thermocouples. These temperatures are then used to esti-
mate the conductive heat losses by assuming a linear temperature
drop over the 10 mm length from the SiC/zirconia interfaces down
to the end of the zirconia blocks. At the other fully exposed four
surfaces i.e. top, bottom, left and right surfaces, both convective and
radiative heat losses are accounted for:

λs
∂T
∂n

''''
∂Ω$

þh T$T1ð Þþεσ T4$T4
1

( )
¼ 0; ð17Þ

with n the local normal to the infinitesimal surface element ∂Ω, T
the local surface temperature and T1¼300 K. The heat loss coeffi-
cients h at the outer surfaces are taken from ASHRAE (2009) and
refer to a quiescent environment: h¼21.6 Wm-2K-1 for the top
30"30 mm2 surface, h¼10 Wm-2K-1 for the bottom 30"30 mm2

surface and h¼30.7 Wm-2K-1 for the 4"30 mm2 vertical sides. For
the radiative heat loss, the surface emissivity is supplied from the
experiments and it typically varies from 0.60 to 0.65. Due to its
fourth order dependence on surface temperature, the radiative heat
loss aggravates numerical convergence. This is remedied by using

under-relaxation and forcing many sub-iterations for every main
iteration step of the reactive flow-solid coupling procedure.

3.3. Coupling of solid and flow solvers

The reactive flow code and the solid heat transfer/external heat
loss code are coupled iteratively until a converged steady state
solution is achieved. The combustion code uses the channel wall
temperatures as input and calculates the heat fluxes at the channel
surface, while the OpenFOAM calculation uses wall heat fluxes as
input and calculates the temperature distributions in the solid and
the external surfaces. Interfaces between the combustion code and
OpenFOAM have been implemented as two Python codes. To avoid
overshooting of numerical iterations, under-relaxation is neces-
sary. After every combustion computation, the heat fluxes are
under-relaxed with a user-defined factor before they are passed to
OpenFOAM computation.

In the 3D simulation due to the non-axisymmetric channel
surface temperature distribution, a simple 2D channel combustion
calculation is not truly exact. The maximum peripheral channel
surface temperature variation is, at any axial location, typically less
than 15 K and this allows for the construction of the following
quasi-3D model. To extend the 2D computations to 3D, four
combustion calculations are performed for every channel (corre-
sponding to the axial lines A, B, C and D in Fig. 3b). In the four 2D
combustion calculations, the wall temperature boundary condition
is imported from OpenFOAM at the top (A), left (B), bottom (C) and
right (D) locations of the channel surface, respectively. Afterwards,
the generated four wall heat flux distributions are interpolated to
create one 3D cylindrical distribution which is subsequently pas-
sed to the OpenFOAM 3D as Neumann boundary input. The same
approach has been recently adopted in Hettel et al. (2015), how-
ever, for catalytic channels having square cross sections.

To achieve faster computation, parallel computing is applied.
Six channels are calculated in parallel at each iteration step.
Similarly, the solid reactor is also decomposed into six parts for
parallel computing with OpenFOAM. Convergence is typically
achieved in 30-40 iterations.

4. Results and discussion

Fundamental properties of the hetero-/homogeneous combus-
tion of fuel-lean H2/air mixtures over platinum are firstly dis-
cussed, in order to facilitate the ensuing discussion on the selected
operating conditions of the microreactor and the optimization
strategy for the channel configuration. Comparisons between
measured and predicted surface temperature distributions for the
selected configurations are subsequently presented and finally
radiation efficiencies are computed.

Table 1
Thermal conductivity of solid materials.

Material Thermal conductivity (W m-1 K-1)

Silicon carbidea Σk ¼ 5
k ¼ 0αkT

k

Platinumb β0þβ1T
Tungsten solid 110
Tungsten porous layer 40

a The SiC thermal conductivity varies from 266 Wm$1 K$1 at 300 K to
56 Wm$1 K$1 at 1350 K. Over the range 800–1350 K, which is of interest in the
present study, the variation is from 97.9 to 56.8 Wm$1K$1 and is modeled by a
fifth-order polynomial function of temperature: a0¼ 806.10 Wm$1K$1, a1¼
-3.155 Wm$1 K$2,a2¼ 6.109"10$3 W m$1 K$3, a3¼ -6.204"10$6 W m$1 K$4,
a4¼ 3.140"10$9 W m$1 K$5, a5¼ $6.220"10$13 W m$1 K$6.

b In the range 800–1350 K the thermal conductivity of platinum varies from
74.7 to 84.8 Wm$1 K$1 and is modeled by a linear function of temperature: β0¼
60.19 Wm$1 K$1, β1¼ 0.0182 Wm$1 K$2.

1.
5m

m

z

Fig. 6. 3D discretization of the microreactor solid domain.
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4.1. Surface temperatures in hydrogen hetero-/homogeneous
combustion

The diffusional imbalance of hydrogen (the Lewis number of
the deficient hydrogen reactant is less than unity in fuel-lean H2/
air mixtures) leads to catalyst surface temperatures significantly
higher than the adiabatic equilibrium temperature of the reactive
mixture. Considering first a catalytic flat plate rather than a
channel, it can be formally shown (Zheng and Mantzaras, 2014)
that under the conditions of adiabaticity, infinitely-fast catalytic
chemistry and in the absence of gaseous chemistry, the wall
temperature Tw is constant along the catalytic flat plate and equal
to:

Tw ¼ T1þLe$2=3
H2 ΔTð Þc; ð18Þ

where LeH2 is the Lewis number of the deficient hydrogen, T1 is
the free-stream temperature, and (ΔT)c is the adiabatic combustion
temperature rise:

ΔTð Þc ¼ Tad$T1 * YH2 ;1QH2
=cp; ð19Þ

with Tad the adiabatic equilibrium temperature of the free-stream
H2/air mixture, YH2,1 the free-stream mass fraction of hydrogen
and QH2 the heat of combustion per unit mass of hydrogen. Eqs.
(18) and (19) indicate that Tw¼Tad is satisfied only when Le¼1. For
fuel-lean H2/air mixtures whereby LeH2E0.3 the wall temperature
always attains superadiabatic values, Tw4Tad.

Contrary to the catalytic flat plate, the wall temperature in the
confined channel-flow geometry (again under the conditions of
adiabaticity, infinitely-fast catalytic chemistry and absence of
gaseous chemistry) is not constant along the streamwise direction:
the superadiabatic flat-plate solution in Eq. (18) is recovered only
at the channel entry (x-0), whereas farther downstream the wall
temperature drops with increasing x-distance and reaches the
adiabatic equilibrium temperature Tad only upon complete
hydrogen consumption. To clarify this behavior, streamwise pro-
files of computed wall temperatures and mean gas temperatures
are presented next for a tubular channel with similar geometrical
characteristics as the Pt tubes in Fig. 2a (1.5 mm ID, length 30 mm,
but with a smaller OD of 1.6 mm leading to a wall thickness
δ¼0.05 mm, see the inset figure in Fig. 7). Inlet conditions refer to
an H2/air mixture with φ¼0.40, TIN¼300 K, UIN¼15 m/s and
p¼1 bar. The outer channel walls are considered adiabatic.

A 2D Navier-Stokes reactive CFD code is used to simulate the
flow and the solid heat conduction; model details have been
provided elsewhere (Ghermay et al., 2010; Karagiannidis et al.,
2011). A mesh of 150"48 points for the gas (30"0.75 mm2) and
150"20 points for the solid (30"0.05 mm2) is sufficient to pro-
vide a grid-independent solution.

Computations are shown in Fig. 7, for three different cases
marked 1–3. Case 1 is adiabatic (no heat loss from the 1.6 mm OD
tube outer surfaces or from the entry/outlet vertical solid faces),
while heat conduction in the solid wall is not accounted for in
order to avoid redistribution of energy along the channel. The
interfacial energy boundary condition of Eq. (16) reduces to a
convection/reaction balance:

XKg

k ¼ 1

ðhk_skWkÞr ¼ R$λg
∂T
∂r

''''
r ¼ R$

¼ 0: ð20Þ

Physically, Case 1 simulates a tubular channel with a solid wall
having λs¼0. Case 1 is computed with catalytic chemistry (C) only
(no gas-phase chemistry), which is additionally considered
infinitely-fast. Numerically this is achieved by using a single-step
catalytic reaction H2þ½O2-H2O with the following interfacial
species boundary conditions (see Zheng and Mantzaras (2014)):

YH2 r¼ Rð Þ ¼ 0; and ð21Þ

ðρYkVk;rÞr ¼ R ¼
ðνk' $ν}kÞWk

WH2

ðρYH2VH2 ;rÞr ¼ R; k¼ O2; H2O; N2; ð22Þ

with νk' ; νk'' the stoichiometric coefficients of the k-th species in
the reactants and products, respectively. The boundary conditions
in Eqs. (21) and (22) are equivalent to those in Eq. (8) in the limit
_sk-1, and ensure infinitely-fast catalytic conversion of the defi-
cient hydrogen reactant. The computed maximum wall tempera-
ture in Case 1 is Tw,max,1¼2502 K and occurs at the channel entry
(x¼0). This temperature is 1073.5 K above the adiabatic equili-
brium temperature Tad¼1428.5 K (referring to a φ¼0.40 H2/air
mixture at TIN¼300 K). Moreover, the computed TW,max,1¼2502 K
is in good agreement with the theoretical flat plate solution
Tw¼2513 K calculated from Eq. (18), using LeH2¼0.364 (evaluated
using the Chemkin transport package (Kee et al., 1996a)). The wall
temperature Tw,1 drops monotonically with increasing streamwise
distance, while the mean gas temperature Tgas-m,1 increases with
increasing streamwise distance; both Tw,1 and Tgas-m,1 approach the
adiabatic equilibrium temperature Tad upon complete conversion
of hydrogen. For Case 1, the hydrogen conversion at the channel
outlet is 94.2% and for this reason Tw,1 and Tgas-m,1 are different
than Tad. It is evident from the simulation of Case 1 that adiabatic
operation with infinitely-fast catalytic chemistry leads to a sub-
stantial wall temperature superadiabaticity, particularly close to
the channel entry (x¼0), which is detrimental to the catalyst and
reactor integrity.Case 2 is computed with the detailed catalytic (C)
reaction mechanism (Deutschmann et al., 2000) without inclusion
of gaseous chemistry, while Case 3 is computed with the detailed
catalytic and gas-phase (CþG) reaction mechanisms of Section 3.1
(Burke et al., 2012; Deutschmann et al., 2000). In addition, the
model for Cases 2 and 3 includes heat conduction inside the solid
platinum wall. The outer tubular channel surfaces are again adia-
batic, as shown in the inset of Fig. 7. The plotted wall temperatures
Tw,2 and Tw,3 in Fig. 7 refer to the inside wall surfaces (at the gas-
wall interface, r¼R); the radial temperature variation inside the
solid is typically less than 10 K.

Fig. 7. Computed wall temperatures (Tw) and mean gas temperatures (Tgas-m) in a
Pt-coated cylindrical channel with 30 mm length, 1.5 mm internal diameter, 1.6 mm
outside diameter and adiabatic outer walls (geometry shown in the inset figure).
Three simulations are shown: (1) infinitely fast catalytic (C) chemistry (no gaseous
chemistry) and no heat conduction in the solid, (2) detailed catalytic (C) reaction
mechanism (no gaseous chemistry) with heat conduction in the solid, (3) detailed
catalytic and gas-phase (CþG) reaction mechanisms with heat conduction in the
solid. H2/air combustion with φ¼0.40, TIN¼300 K, UIN¼15 m/s, p¼1 bar. The hor-
izontal line marked Tad defines the adiabatic equilibrium temperature of the
incoming mixture.
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The wall temperature Tw,2 is lower than Tw,1 over most of the
channel length due to the combined effects of finite-rate catalytic
chemistry and redistribution of energy inside the channel via solid
heat conduction (λs¼96 W m$1 K$1, thermal conductivity of
platinum at 1900 K). The maximum wall temperature is Tw,

max,2¼1941.7 K which, although appreciably lower than Tw,

max,1¼2502 K, is still 513.2 K above the adiabatic equilibrium
temperature. Due to the solid heat conduction that redistributes
energy in the channel, Tw,2 exceeds Tw,1 for x427.5 mm. Moreover,
finite rate chemistry also leads to a lower mean gas temperature
Tgas-m,2. The conversion of hydrogen at the reactor outlet is 91.8%
for Case 2.

Case 3 with both surface and gas phase chemistry yields the
lowest wall temperatures Tw,3 with a peak value Tw,max,3¼1913.6 K,
which is 28.1 K lower than Tw,max,2. Moreover, Tw,3 is noticeably
lower than Tw,2 over the length x410 mm (by up to 170 K) but still
above the adiabatic equilibrium temperature Tad. The significant
suppression of the superadiabatic wall temperatures due to the
presence of gaseous combustion was initially observed experi-
mentally (Appel et al., 2005; Appel et al., 2002a) and then verified
numerically (Ghermay et al., 2010; Mantzaras, 2008). Reason for
this suppression is that gaseous combustion is confined close to
the channel wall and thus “shields” the catalyst surface from the
hydrogen-rich channel core. This in turn deprives hydrogen from
the heterogeneous reaction pathway and thus moderates the
catalytically-induced superadiabatic surface temperatures. On the
other hand, gas-phase reactions lead to mean gas temperatures
Tgas-m,3 higher that the corresponding values of Cases 1 and 2, and
further result in increased hydrogen conversion (99.9% at the
channel outlet for Case 3). The simulation of Case 2 illustrates that
finite-rate surface chemistry reduces the degree of surface super-
adiabaticity and, in conjunction with the heat conduction in the
solid, results in more uniform surface temperatures. On the other
hand, the simulation of Case 3 indicates that the presence of
gaseous chemistry, while reducing the maximum superadiabatic
surface temperature, leads to larger spatial non-uniformities of the
surface temperature compared to Case 2.

Additional 2D simulations with higher inlet velocities UIN¼25
and 35 m/s are carried out using detailed catalytic chemistry alone
(no gas-phase chemistry), heat conduction in the solid wall and
adiabatic outer walls. Similar to Fig. 7, the wall temperatures in
Fig. 8 refer to the gas-wall interface at r¼R. As seen in Fig. 8,
increasing UIN leads to roughly the same peak wall temperatures
Tw,max but the location of the peak wall temperatures, xTw,max, shifts
downstream due to the elongated light-off lengths with increasing
linear velocity. Moreover, an increase in UIN renders the wall
temperatures more uniform over the lengths x4xTw,max whereas it
increases the temperature non-uniformity over xoxTw,max; the
former is due to the increased hydrogen slip with rising UIN that
“stretches” axially the wall temperature profiles, while the latter is
a result of the elongated light-off distance with rising UIN.

Given the cardinal requirement of increased surface tempera-
ture uniformity in the present hybrid microreactor application, the
advantages of higher inflow velocities are evident. The channel
attains higher surface temperature uniformity with increasing UIN,
except for the initial few millimeters (Fig. 8). An increase in UIN,
however, leads to higher hydrogen slips (the hydrogen conversions
are 91.8%, 75.7% and 63.5% for UIN¼15, 25 and 35 m/s, respec-
tively). Nonetheless, this is not an overriding issue since many
microreactors of the type shown in Fig. 2 can eventually be clus-
tered in the concept of Fig. 1 such that the outflow of one micro-
reactor can feed the next one in a recuperative operation. An
additional advantage of the increased velocity (not evident in the
adiabatic simulations of Fig. 8) is that higher mass throughputs

and hence higher chemical powers would lead to higher surface
temperatures under strongly non-adiabatic operation as will be
shown in the forthcoming Section 4.4. Finally, apart from
increasing the inlet velocity, another strategy for obtaining more
uniform surface temperatures can be inferred from Figs. 7 and 8.
Since the diffusional imbalance of hydrogen always leads to
channel wall temperatures dropping with increasing axial distance
(at least over most of the channel length), a counterflow
arrangement in adjacent channels can be pursued to increase the
surface temperature uniformity.

4.2. Impact of gas phase reactions and selection of channel diameter

As discussed in the context of Fig. 7 (Cases 2 and 3), the
presence of gaseous chemistry lowers the surface temperatures
and increases the mean gas temperatures, and this is detrimental
for the present application where high surface temperatures are
desired. The impact of gaseous combustion is primarily con-
trolled by two factors: wall temperature and surface to volume
ratio (i.e. channel diameter), with the residence time playing a
secondary role. Ghermay et al. (2011) have shown that, for
atmospheric pressure and inlet temperature TIN¼293 K, gas-
phase combustion in fuel-lean H2/air hetero-/homogeneous
combustion is significant (contributes at least 5% to the total
hydrogen conversion) only for wall temperatures in excess of
1550 K for 1-mm-diameter channels and in excess of 1350 K for
2-mm-diameter channels. For the present 1.5-mm-diameter
channel, new simulations are reported below.

Two-dimensional channel computations are herein carried out
to address the influence of wall temperature and channel diameter
on gaseous combustion. The detailed heterogeneous and homo-
geneous reaction mechanisms of Section 3.1 are used, while the
wall temperature is taken constant and is varied from 1300 to
1600 K. The employed parameters are UIN¼15 m/s, TIN¼300 K,
p¼1 bar and φ¼0.40. The gaseous hydrogen conversion (as per-
centage of the total catalytic and gas-phase conversion) is
plotted in Fig. 9 as a function of channel diameter (in the range
1.0–5.0 mm) at different wall temperatures.

Forthcoming simulations in Section 4.4 show that the max-
imum attained surface temperature is Tw¼1326 K. Predictions for
Tw¼1326 K in Fig. 9 indicate that a 1.5-mm-diameter channel
ensures a gaseous hydrogen conversion of only 0.3% (in actuality it
is even less than 0.3% since the 1326 K value refers to the peak

Fig. 8. Computed wall temperature profiles in a Pt-coated cylindrical channel with
30 mm length, 1.5 mm internal diameter and 1.6 mm outside diameter (geometry
shown in the inset), at three different inlet flow velocities. Symbols indicate the
maximum wall temperatures and arrows marked xTw,max their corresponding axial
locations. H2/air catalytic combustion, φ¼0.40, TIN¼300 K, p¼1 bar, only catalytic
reactions included.
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predicted surface temperature). Consequently, the 1.5 mm channel
diameter was selected in the present reactor design to mitigate
gaseous combustion.

4.3. Optimization of channel flow configuration

Four different channel-flow configurations are simulated, the
coflow and three counterflow ones (termed A, B and C, the flow
directions are shown in Fig. 10). Predicted top and front reactor
surface temperature distributions for the four flow configurations
are illustrated in Fig. 10 for a case with φ¼0.50 and UIN¼50 m/s.
The maximum and minimum temperatures Tmax and Tmin,
respectively, their difference ΔT, the mean temperature Tmean and
the standard deviation σΤ of the top surface are also given in
Fig. 10. The counterflow configurations provide modestly higher
mean temperatures (by 3-7 K) compared to the coflow
Tmean¼1274 K but, most importantly, higher spatial temperature
uniformities as manifested by their lower ΔT and σΤ. In particular,
the counterflow configurations B and C yield temperature differ-
ences ΔT of 103 K and 102 K, respectively. The coflow configura-
tion in Fig. 10 yields the highest peak surface temperature,
Tmax¼1326 K, occurring at the front part of the reactor (in agree-
ment with the foregoing single-channel simulations of Fig. 7).
However, this is accompanied by a significant temperature drop at
the reactor rear, with a resulting larger ΔT¼138 K, again in
agreement with the findings in Section 4.1 and Fig. 7. Note that the
ΔT¼138 K of the coflow case is still modest because of the very
high velocity UIN¼50 m/s in Fig. 10, which moderates the tem-
perature differences along the streamwise direction as discussed
previously in the context of Fig. 8. Due to the strong external heat
losses, the peak temperatures in all configurations of Fig. 10 are
underadiabatic (Tad¼1646.7 K). The advantage of the counterflow
configurations in attaining better temperature uniformity is clearly
evident. Experiments at various configurations are subsequently
performed.

Visual inspection of patterns formed on the reactor’s top surface
during operation readily identifies the particular flow configura-
tions. This is shown in Fig. 11, whereby photographs of the top
surface taken with a conventional camera are compared with
simulated 2D temperature distributions for the coflow, counterflow
B and counterflow C configurations (φ¼0.40 and UIN¼35 m/s). Best

Fig. 9. Computed contribution of gaseous chemistry to the total hydrogen con-
version (catalytic and gaseous) in a Pt-coated cylindrical channel a length of
30 mm, as a function of the channel diameter. The channel surface temperature is
prescribed and varies from 1300 K to 1600 K. H2/air catalytic combustion with
φ¼0.40, TIN¼300 K, UIN¼15 m/s, p¼1 bar.
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Fig. 10. Computed temperature distributions for four different channel-flow
arrangements, one coflow and three counterflow (flow directions in each channel
are denoted by arrows). H2/air catalytic combustion with φ¼0.50, TIN¼300 K,
UIN¼50 m/s, p¼1 bar. The maximum and minimum temperatures Tmax and Tmin,
respectively, their difference ΔT, the mean temperature and the standard deviation
σ on the top surface are also given.
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Fig. 11. Photographs (a1, b1, c1) and simulations (a2, b2, c2) of top surface temperature distributions for the coflow and the counterflow B and C configurations. H2/air
catalytic combustion with φ¼0.40, TIN¼300 K, UIN¼35 m/s.
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temperature uniformity is obtained with the counterflow B and C
cases (see Fig. 10, nearly equal performance). In the following,
experiments will be carried out in counterflow B, which is selected

over counterflow C due to its slightly higher mean temperature. For
comparison purposes, the coflow configuration will also be
examined.

Fig. 12. Measured (a, b) and predicted (a1, b1) temperature distributions for the coflow configuration, φ¼0.50 and UIN¼50 m/s. Temperature contour maps (a, a1) and
histograms (b, b1); σT, s and κ denote the standard deviation, skewness and kurtosis, respectively, of the distributions.

Fig. 13. Measured (a, b) and predicted (a1, b1) temperature distributions for the counterflow B configuration, φ¼0.50 and UIN¼50 m/s. Temperature contour maps (a, a1)
and histograms (b, b1); σT, s and κ denote the standard deviation, skewness and kurtosis, respectively, of the distributions.
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4.4. Comparison of measurements and predictions

Experiments are performed by varying the inlet velocities UIN in
the range 15–50 m/s (at increments of 5 m/s), and the H2/air
equivalence ratios φ in the range 0.25–0.50 (at increments of 0.05).
Measured and predicted 2D temperature contour maps and histo-
grams of the top reactor surface are illustrated in Fig. 12 for the
coflow configuration and in Fig. 13 for the counterflow B config-
uration, both at φ¼0.50 and UIN¼0.50 m/s. The agreement between
measurements and predictions is quite good, not only in the mean
temperatures (Tmean) and standard deviations (σT) but also in higher
distribution moments, as shown by the provided values of skew-
ness s and kurtosis κ in Fig. 12(b, b1) and Fig. 13(b, b1)).

Measured and predicted maximum top surface temperatures are
shown in Fig. 14 for the two investigated flow configurations, at
selected φ and UIN. For a given φ, a rise in UIN leads to higher max-
imum surface temperatures since the enhanced mass throughput
leads to an increase in heat generation on the catalytic surface.
Moreover, with decreasing equivalence ratio the differences between
maximum surface temperatures and the corresponding adiabatic
equilibrium temperatures Tad diminish (Tad of the four equivalence
ratios are provided in Fig. 14a). Characteristically, for the coflow
arrangement in Fig. 14a and for UIN¼50m/s, the measured maximum
surface temperatures Tmax are lower than Tad by 321 K (φ¼0.50) and
by 56 K (φ¼0.25); for UIN¼20m/s the corresponding differences are
505 K and 242 K. The same trends are also observed for the counter-
flow arrangement in Fig. 14b.

Comparisons between measured and predicted maxima,
minima and standard deviations of the top surface temperatures
are summarized in Table 2 for the two flow configurations. The
agreement between measurements and predictions is fairly good
(0–19 K for Tmax, 1–27 K for Tmin, and 0-4.3 K for σT). Predicted and

Fig. 14. Measured (solid lines) and predicted (dashed lines) maximum top-surface
temperatures as a function of inlet velocity UIN at various equivalence ratios φ:
(a) Coflow, and (b) Counterflow B configuration. Tad denote the adiabatic equili-
brium temperatures of the incoming reactants.

Table 2
Comparisons of measured and predicted top surface temperaturesa.

UIN (m/s) 20 30 40 50
φ

0.25 Coflow Coflow Coflow Coflow
Tmax: 819 K (810) Tmax: 905 K (900) Tmax: 971 K (967) Tmax: 1005 K (997)
Tmin: 763 K (778) Tmin: 841 K (853) Tmin: 897 K (915) Tmin: 926 K (940)
σT: 11.2 K (9.8) σT: 13.2 K (14.1) σT: 15.8 K (15.3) σT: 16.8 K (17.0)
Counterflow B Counterflow B Counterflow B Counterflow B
Tmax: 854 K (846) Tmax: 927 K (920) Tmax: 976 K (963) Tmax: 1018 K (1003)
Tmin: 811 K (819) Tmin: 875 K (882) Tmin: 913 K (921) Tmin: 942 K (953)
σT: 6.4 K (5.9) σT: 7.8 K (7.8) σT: 9.2 K (8.7) σT: 10.4 K (9.9)

0.30 Coflow Coflow Coflow Coflow
Tmax: 882 K (878) Tmax: 994 K (991) Tmax: 1051 K (1054) Tmax: 1099 K (1099)
Tmin: 812 K (832) Tmin: 912 K (924) Tmin: 961 K (988) Tmin: 995 K (1018)
σT: 14.5 K (14.5) σT: 18.5 K (20.1) σT: 21.0 K (19.9) σT: 22.7 K (24.3)
Counterflow B Counterflow B Counterflow B Counterflow B
Tmax: 919 K (908) Tmax: 1005 K (996) Tmax: 1056 K (1044) Tmax: 1099 K (1082)
Tmin: 869 K (872) Tmin: 945 K (950) Tmin: 978 K (988) Tmin: 1019 K (1017)
σT: 7.6 K (7.3) σT: 9.2 K (9.0) σT: 11.5 K (10.4) σT: 12.5 K (11.7)

0.40 Coflow Coflow Coflow Coflow
Tmax: 1044 K (1039) Tmax: 1132 K (1129) Tmax: 1193 K (1190) Tmax: 1241 K (1245)
Tmin: 935 K (951) Tmin: 1007 K (1030) Tmin: 1048 K (1072) Tmin: 1097 K (1124)
σT: 26.6 K (27.1) σT: 28.8 K (30.1) σT: 32.0 K (35.2) σT: 33.3 K (36.4)
Counterflow B Counterflow B Counterflow B Counterflow B
Tmax: 1023 K (1017) Tmax: 1124 K (1105) Tmax: 1177 K (1167) Tmax: 1227 K (1210)
Tmin: 959 K (958) Tmin: 1040 K (1035) Tmin: 1078 K (1083) Tmin: 1121 K (1111)
σT: 10.2 K (10.1) σT: 13.3 K (12.4) σT: 15.2 K (14.6) σT: 16.9 K (16.6)

0.50 Coflow Coflow Coflow Coflow
Tmax: 1142 K (1141) Tmax: 1236 K (1241) Tmax: 1288 K (1287) Tmax: 1326 K (1326)
Tmin: 1002 K (1017) Tmin: 1088 K (1113) Tmin: 1136 K (1155) Tmin: 1185 K (1188)
σT: 34.7 K (37.6) σT: 34.3 K (38.6) σT: 34.2 K (38.1) σT: 34.3 K (38.2)
Counterflow B Counterflow B Counterflow B Counterflow B
Tmax: 1134 K (1124) Tmax: 1224 K (1215) Tmax: 1280 K (1271) Tmax: 1311 K (1305)
Tmin: 1044 K (1054) Tmin: 1118 K (1133) Tmin: 1158 K (1171) Tmin: 1192 K (1202)
σT: 13.1 K (11.9) σT: 15.8 K (15.3) σT: 18.1 K (18.3) σT: 18.9 K (18.6)

a Maximum (Tmax), minimum (Tmin) and standard deviations (σT) of top surface temperatures. First values are measurements, values in parentheses are predictions.
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measured probability density functions (PDFs) of top-surface
temperatures for the two flow configurations are plotted in
Fig. 15 for a fixed equivalence ratio φ¼0.30 and various flow
velocities. Similar PDFs are illustrated in Fig. 16 for a fixed velocity
UIN¼30 m/s and various equivalence ratios. Measured and pre-
dicted PDF shapes are again in good agreement with each other.
The PDFs become broader with increasing either UIN (Fig. 15) or φ
(Fig. 16), as manifested by the rise of the corresponding standard
deviations. Moreover, the PDFs of the counterflow B configuration
are closer to symmetric (with a skew towards the lower tem-
peratures), while the PDFs of the coflow configuration have a
consistent bimodal shape with two distinct peaks at the high and
low temperature regions. Such detailed comparisons of tempera-
ture distributions have not been elaborated in past studies.

The in-channel combustion processes are finally discussed
using the simulation results. Predicted hydrogen conversions for
the two flow configurations are shown in Fig. 17. As discussed in
Section 4.1, a continuous increase of the inlet velocity results in
increased hydrogen slip. For the coflow configuration, hydrogen
conversions range from 52.5% to 78.5% for φ¼0.50 and from 47.6
to 70.8% for φ¼0.25. The counterflow B configuration leads to
slightly higher conversions: 52.6–79.1% for φ¼0.50 and from 48.0
to 71.2% for φ¼0.25.

The dependence of hydrogen conversion on equivalence ratio is
noticeable and it is mainly attributed to the higher wall

temperatures at larger φ, which in turn accelerate the catalytic
reactions. This is because the conversion of hydrogen is not
transport-limited but mixed kinetic/transport controlled at the
present operating conditions. Despite the high reactivity of
hydrogen on platinum, the employed large velocities result in
visible finite-rate chemistry effects. This is shown in Fig. 18,
wherein radial profiles of hydrogen mass fraction are plotted for
the counterflow B configuration at five selected axial positions.
The plots in Fig. 18 refer to the second channel of the microreactor
(located at z¼7.5 mm in Fig. 3); however, qualitatively similar
results are obtained for other channels and/or for different
(coflow) configuration.

A measure of finite-rate chemistry (or equivalently departure
from transport-limited operation) is the ratio of the hydrogen mass
fraction at the wall to the corresponding centerline value, YH2(x,
r¼7R)/YH2(x, r¼0). This ratio is identically zero for infinitely-fast
chemistry (i.e. transport-limited hydrogen conversion), while the
effects of finite-rate chemistry become appreciable when it exceeds
a typical value of &5%. In Fig. 18a (UIN¼20 m/s, φ¼0.25) the
aforementioned ratio varies from 14.9% to 8.8%, while in Fig. 18b
(UIN¼20 m/s, φ¼0.50) from 20.1% to 2.0%, with the highest values
referring to x¼1 mm. It is worth noting that finite-rate chemistry
effects at x¼1 mm are more pronounced at the richer stoichio-
metry φ¼0.50 than at the leaner φ¼0.25: in the former case the
ratio YH2(x¼1 mm, r¼0.75 mm)/YH2(x¼1 mm, r¼0) is 20.1% while

Fig. 15. Measured (gray areas) and predicted (solid lines) temperature PDFs of the top reactor surface at various inlet velocities UIN and φ¼0.30: (a) coflow and
(b) counterflow B configuration. Measured and predicted (the latter in parentheses) mean temperatures Tmean and standard deviations σT are also given.
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in the latter it is 14.9%. This is a result of the well-known self-
inhibition of hydrogen catalytic ignition (Behrendt et al., 1996;
Michelon et al., 2015), whereby leaner mixtures ignite easier than
richer ones. Finally, in Fig. 18c (UIN¼50 m/s, φ¼0.50) the wall-to-
centerline hydrogen mass fraction ratio ranges from 28.0% to 3.1%.
The more pronounced finite-rate chemistry effects in Fig. 18c at
x¼1 mm compared to Fig. 18b are due to the higher inlet velocity.
All in all, finite-rate chemistry effects are appreciable in the
microreactor under investigation and exemplify the importance of a
detailed surface kinetic scheme in the numerical model.

4.5. Radiation efficiency

Of prime interest in this work is the radiation efficiency, i.e. the
efficient conversion of the chemical and thermal energy in the
catalytic channels into radiation energy. In the following, the
radiation efficiency is defined as:

ηrad ¼
Qrad

P6

i ¼ 1
_mi ðhi;IN$hi;OUT Þ

ð23Þ

with hi;INand hi;OUT the inlet and outlet enthalpies of the gas mix-
ture and _mi the mass flow rate in the i-th channel ( _mi is the same
for all six channels). In Eq. (23) the enthalpy difference and not the

inlet enthalpy is used, since many microreactors will be eventually
clustered together in a recuperative way. The total radiation power
Qrad in Eq. (23) is:

Qrad ¼
Z

A
εσ T4

w$T4
1

( )
dA; ð24Þ

where the area A in the integral refers to the four radiating sur-
faces of the microreactor. Typically the top 30"30 mm2 surface
accounts for 32-44% of the total radiating power, depending on the
operating conditions. The radiation powers Qrad are shown in
Fig. 19 for the two flow configurations and for various equivalence
ratios as a function of inlet velocity. The radiation power increases
with increasing either the flow velocity or the equivalence ratio,
due the accompanying increase in surface temperatures. For the
coflow configuration, Qradis in the range 103-196 W for φ¼0.50
and 28-64 W for φ¼0.25. The counterflow B configuration leads to
higher Qrad (109–200 W for φ¼0.50 and 34-69 W for φ¼0.25)
since its temperature distributions have higher mean values and
reduced populations at lower temperatures (see Figs. 15 and 16).

The radiation efficiencies ηrad for the two configurations are shown
in Fig. 20. For the coflow configuration, ηrad is in the range 56.4–73.6%
for φ¼0.50 and 33.7–57.2% for φ¼0.25. The counterflow B config-
uration leads to higher ηrad (63.3–76.2% for φ¼0.50 and 43.4–63.5% for
φ¼0.25). The attained ηrad470% at large equivalence ratios and high
velocities are of particular interest for the microreactor application in

Fig. 16. Measured (gray areas) and predicted (solid lines) temperature PDFs of the top reactor surface at various equivalence ratios φ and UIN¼30 m/s: (a) coflow and
(b) counterflow B configuration. Measured and predicted (the latter in parentheses) mean temperatures Tmean and standard deviations σT are also given.
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conjunction with TPVs. The remaining heat losses (100%-ηrad) are
distributed among free convection heat losses and parasitic heat losses
via conduction to the steel tubes and zirconia support (see Section
3.2). For ηrad460% the convection heat losses comprise 18-25% and
the conduction heat losses 6–15% of the inlet/outlet gas enthalpy
difference. On the other hand, for ηrado45% convection and conduc-
tion heat losses are roughly equal (the former account for 27-35% and
the latter for 25-37% of the inlet/outlet gas enthalpy difference). When
many microreactors of the type shown in Fig. 4 are clustered in a
recuperative way, the parasitic conduction losses are expected to be

Fig. 17. Predicted hydrogen conversions as a function of inlet velocity UIN at various
equivalence ratios φ: (a) Coflow, and (b) Counterflow B configuration.

Fig. 18. Predicted radial profiles of hydrogen mass fraction in one catalytic channel
of the reactor for the counterflow B configuration at five selected axial positions
(x¼1, 5, 10, 20 and 28 mm); (a) UIN¼20 m/s, φ¼0.25, (b) UIN¼20 m/s, φ¼0.50 and
(c) UIN¼50 m/s, φ¼0.50.

Fig. 19. Predicted total radiation power Qrad as a function of inlet velocity UIN for
various equivalence ratios φ. Coflow configuration (dashed-lines, open symbols)
and counterflow B configuration (solid lines, filled symbols).

Fig. 20. Radiation efficiency as a function of inlet velocity UIN for various equiva-
lence ratios φ. Coflow configuration (dashed-lines, open symbols) and counterflow
B configuration (solid lines, filled symbols).
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significantly reduced.

5. Conclusions

The catalytic combustion of fuel-lean H2/air mixtures has been
investigated experimentally and numerically in a 30"30"4mm3

ceramic (SiC) microreactor, which is equipped with six 1.5-mm ID
platinum tubes. Application of the microreactor in power generation
systems, in conjunction with a thermoelectric device, requires high
and spatially uniform surface temperatures. Three-dimensional
simulations with conjugate heat transfer, appropriate external heat
losses and detailed catalytic and gas-phase chemistry are used to
optimize the channel flow configurations. Experiments are performed
for various fuel-to-air stoichiometries (0.25–0.50) and mass through-
puts (inlet channel velocities 15–50m/s) at coflow and counterflow
channel configurations, and involve measurements of the micro-
reactor top-surface temperatures with an IR camera. The following are
the key conclusions of this study.

1) The diffusional imbalance of hydrogen leads to large tempera-
ture non-uniformities along the catalytic channel walls during cata-
lytic combustion of fuel-lean H2/air mixtures. Moreover, under adia-
batic operation, the front section of the catalytic channel experiences
superadiabatic surface temperatures. Operation at higher mass
throughputs (leading to hydrogen slip) reduces the temperature spa-
tial non-uniformities. The onset of gaseous combustion lowers the
catalyst surface temperatures and is thus detrimental for power gen-
eration applications. It is shown that the selected platinum tube dia-
meter of 1.5 mm mitigates the contribution of gaseous combustion,

allowing for higher wall temperatures and hence to more efficient
heat transfer towards the external microreactor surfaces.

2) Four different channel configurations are tested for optimum
temperature uniformity. Counterflow configurations are shown
superior to the coflow configuration in attaining good surface
temperature uniformities with differences between maximum and
minimum surface temperatures of about 100 K and standard
deviations of surface temperatures less than 19 K for a specific
counterflow arrangement.

3) Maximum measured surface temperatures increase with rising
mass throughput (inlet velocity) and equivalence ratio. For UIN¼50m/s
and φ¼0.50, the maximum attained surface temperature is 1326 K for
the coflow and 1311 K for the counterflow configuration, with corre-
sponding standard deviations of 38.2 and 18.6 K. Such temperatures
are key to efficient operation of the microreactor in conjunction with
TPV modules.

4) The in-channel combustion processes are analyzed using the
simulations. It is shown that the catalytic conversion of hydrogen is not
transport-limited, with ratios of wall-to-centerline hydrogen mass
fractions exceeding at certain axial positions 15%. This exemplifies the
importance of accurate surface reaction mechanisms in the numerical
simulations. For the investigated counterflow configuration, the
hydrogen conversions are in the range 52.6–79.1% for φ¼0.50 and
48.0–71.2% for φ¼0.25.

5) Comparisons between measurements and predictions are
very favorable not only in terms of mean temperatures but also in
terms of temperature PDF shapes and higher distribution moments.
The investigated counterflow configuration yields narrower PDFs

Nomenclature

A radiating area of microreactor, Eq. (24)
Ck concentration of k-th species, Eq. (10)
cp,k, cp specific heat of k-th gaseous species, mixture specific

heat, Eq. (5)
Dkm mixture-average diffusion coefficient of k-th gaseous

species, Eq. (13)
DT
k species thermal diffusion coefficient, Eq. (13)

h external convective heat transfer coefficient, Eq. (17)
hi,IN, hi,OUT enthalpies of gas mixture in i-th channel at inlet and

outlet, Eq. (23)
H reactor height, Fig. 3a
Kg, Ks number of gaseous and surface species, Eqs. (5) and

(9)
k, m indices for gas-phase and surface species, respectively
L channel and reactor length, Fig. 3a
LeH2 Lewis number of hydrogen (thermal over mass diffu-

sivity), Eq. (18)
Ns number of surface reactions, Eq. (10)
p pressure
Qrad radiation power, Eq. (24)
r radial coordinate of channel
R channel radius, Fig. 3a
R0 universal gas constant, Eq. (6)
_sm; _sk heterogeneous molar production rate of m-th surface

species and k-th gaseous species, Eqs. (10) and (8)
s skewness of temperature distribution, Figs. 12 and 13
T, T1 temperature, ambient temperature
Tad adiabatic equilibrium temperature, Eq. (19)
u, UIN streamwise velocity component, inlet streamwise

velocity
v transverse velocity component

Wk, W molecular weight of k-th gaseous species, mixture
molecular weight

W reactor width, Fig. 3a
Yk mass fraction of k-th gaseous species
x, y, z streamwise, transverse and lateral reactor coordinates,

Fig. 3a

Greek Symbols

Γ surface site density, Eq. (9)
ε surface emissivity, Eq. (17)
εiℓ parameters in surface reaction rate coefficient, Eq. (11)
ηrad radiation efficiency, Eq. (23)
θm coverage of m-th surface species, Eq. (11)
κ kurtosis of temperature distribution, Figs. 12 and 13
λg thermal conductivity of gas, Eqs. (5) and (16)
λs thermal conductivity of solid, Eqs. (15) and (16)
μ dynamic viscosity of gas, Eq. (2)
μiℓ parameters in surface reaction rate coefficient, Eq. (11)
ρ density of gas, Eqs. (1)-(5)
σ Stefan-Boltzmann constant, Eq. (17)
σΤ standard deviation of temperature distribution,

Figs. 12, 13, 15, 16
σm site occupancy of m-th surface species, Eq. (9)
φ fuel-to-air equivalence ratio
_ωk homogeneous molar production rate of k-th gaseous

species, Eq. (5)

Subscripts

IN, OUT inlet, outlet
r radial
w wall
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slightly skewed to the low temperatures, while the coflow config-
uration yields distributions approaching bimodal shapes.

6) Computed radiation efficiencies, based on the enthalpy dif-
ference between reactants and products, increase with increasing
inlet velocity and equivalence ratio and fall in the range 63.3–76.2%
for φ¼0.50 and the counterflow configuration.
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