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The catalytic combustion of fuel-lean H,/CO/air and H,/CH,/air Received 22 December 2016
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mentally and numerically in a 30 x 30 x 4 mm> microreactor made ~Accepted 9 October 2017
of SiC and equipped with six 1.5-mm in.ternal diameter platinum KEYWORDS
tubes. The goal was to demonstrate high surface temperatures 3D conjugate heat transfer

(>1200 K) with good spatial uniformity, for power generation appli- simulations; H,/CO/CH,
cations in conjunction with thermophotovoltaic devices. Surface fueled platinum catalytic
temperatures were measured with an infrared camera while exhaust microreactors; Infrared
gas compositions were assessed with a micro gas chromatograph. thermometry and gas

Three-dimensional simulations with detailed hetero-/homogeneous analysis; Interplay of
chemistry, conjugate heat transfer in the solid, and external heat :Laeﬁﬁg(;t/::;”me?c?gurface
losses complemented the measurements. The diverse transport temperatyure umf'ormity
(Lewis number), kinetic (catalytic reactivity), and thermodynamic

(volumetric heat release rate) properties of the H,, CO, and CH,4

fuels gave rise to rich combustion phenomena. Optimization of the

channel flow directions mitigated the high spatial non-uniformities

of temperature, which were induced by the low Lewis number of H,.

Measured surface temperature distributions had mean values as

high as 1261 K, with standard deviations as low as 10.6 K. Syngas

or biogas (H,/CO mixtures) yielded lower wall temperatures com-

pared to undiluted H,, even for small volumetric CO:H, ratios (1:9

and 2:8). Although CO had a high catalytic reactivity when combust-

ing in Hy/CO mixtures, its larger than unity Lewis number did not

allow for the attainment of high surface temperatures. Mixtures of

H,/CH,4 (such as fuels produced by natural gas decarbonization)

were the least attractive due to the substantially lower catalytic

reactivity of CHj.

1. Introduction

Microreactors are of main interest for portable power generation due to their superior
energy density compared to state-of-the-art Li-ion batteries (Ju and Maruta, 2011; Kaisare
and Vlachos, 2012; Mantzaras, 2015). Following the latest trends in large-scale power
generation for the utilization of hydrogen-containing fuels with reduced greenhouse CO,
emissions, microreactors fueled either with hydrogen (Ghermay et al., 2010; Norton et al.,
2004; Seyed-Reihani and Jackson, 2004; Sui et al., 2016) or with hydrogen-enriched
hydrocarbons and syngas fuels (Federici and Vlachos, 2011; Karagiannidis and
Mantzaras, 2012) have also attracted increased attention. Hydrogen can be produced
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on-board from hydrocarbons using suitable microreformers (Diehm and Deutschmann,
2014; Eriksson et al., 2006; Kaisare et al., 2005; Stefanidis and Vlachos, 2009; Sui et al.,
2017). The bulk of microreactors employ heterogeneous (catalytic) combustion or hybrid
heterogeneous and homogeneous (gaseous) combustion concepts rather than pure gaseous
combustion. This is due to the large surface-to-volume ratios of microreactors that favor
catalytic surface reactions, the presence of many undesirable instabilities driven by flame-
wall interactions (Evans and Kyritsis, 2009; Kurdyumov et al., 2009; Pizza et al., 2010b),
and the effective suppression of these instabilities by coating the reactor surfaces with a
catalyst (Pizza et al., 2009, 2010a).

High-hydrogen-content fuels at lean stoichiometries are especially challenging to com-
bust catalytically (Mantzaras, 2014). The diffusional imbalance of hydrogen (Lewis num-
ber Ley, ~ 0.3 at fuel-lean stoichiometries in air) leads to superadiabatic surface
temperatures (Appel et al., 2002; Bui et al.,, 1996) that compromise the catalyst thermal
stability and reactor integrity. On the other hand, for applications with desired large
external heat losses (e.g., catalytic microreactors used as heat exchangers), the hydrogen
superadiabaticity can be beneficial as it allows for stable combustion and at the same time
for acceptably high-surface temperatures (Sui and Mantzaras, 2016).

Modern power sources should maintain a high annual capacity factor (ACF, ratio of the
realized yearly output to the potential yearly output when operated at full capacity). To
this direction, the European Union project Hybrid Renewable Energy Converter for
Continuous and Flexible Power Production (Sui et al., 2016) investigated a combined
solar/combustor microreactor with a targeted 95% ACEF, operating either in sole combus-
tion mode, sole solar mode, or combined combustion/solar mode. Catalytic microreactors
operating solely with combustion have been studied in conjunction with thermoelectric,
piezoelectric, and thermophotovoltaic devices for electricity production in Kyritsis et al.
(2004), Kamijo et al. (2009), and Li et al. (2013). Nonetheless, optimization of the
microreactor’s surface temperature uniformity has not been elaborated in the past.
Reported temperature differences across the investigated catalytic burners were 150 K in
Kyritsis et al. (2004) and 200 K in Kamijo et al. (2009) for average reactor temperatures of
ca. 1100 K.

Hydrogen-enriched fuels and biofuels are of interest in microreactors, as they can be
produced from a variety of renewable sources and thus enhance the fuel supply security
and flexibility. We herein extend our earlier H,-fueled catalytic microreactor investigation
(Sui et al.,, 2016) to the combustion of H,/CO/air and H,/CH,/air mixtures at fuel-lean
equivalence ratios ¢ = 0.3 to 0.5. The addition of CH, or CO to H, leads to rich catalytic
combustion phenomena due to appreciably different thermodynamic, transport, and
kinetic properties of the three fuels. CH, has the highest volumetric heat release rate
but the lowest catalytic reactivity on Pt; H, has the highest reactivity on Pt, the highest
molecular transport, and the lowest volumetric heat release rate; finally, CO has the lowest
molecular transport and intermediate catalytic reactivity and volumetric heat release rate.
Furthermore, at sufficiently low temperatures (500-600 K) there are strong kinetic inter-
actions between H, and CO over Pt (Zheng et al., 2014).

Experiments are carried out at atmospheric pressure in a six-channel catalytic microreactor
and involve surface temperature measurements with an infrared (IR) camera and exhaust gas
analysis with a micro gas chromatograph (GC). Simulations are performed using a 3D code
with conjugate heat transfer in the solid and detailed hetero-/homogeneous chemical reaction
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mechanisms. Goals are to assess the fundamental catalytic combustion properties of the three
individual fuel components, H,, CO, and CH,, at lean stoichiometries in air and to compare
the microreactor performance when using CO/H,/air and CH,/H,/air reactive mixtures in
terms of attained surface temperatures and temperature spatial uniformities.

This article is organized as follows. The microreactor configuration, test-rig, and
measuring techniques are presented in section 2, while the numerical methodology is
described in section 3. In sections 4.1 and 4.2, fundamental properties of H,, CO, and CH,4
catalytic combustion, which are relevant to the microreactor design, are reviewed.
Comparisons between measurements and predictions are discussed in section 4.3 for the
CO/H,/air and CH,/H,/air mixtures; their combustion characteristics are further elabo-
rated in sections 4.4 and 4.5. Conclusions are finally presented in section 5.

2. Experimental
2.1. Catalytic microreactor

The microreactor (Sui et al., 2016) comprises a rectangular block 30 x 30 x 4 mm® made
of SiC (see Figure la) with six 2.6-mm-diameter straight cylindrical channels. Six plati-
num tubes (99.95% purity, Wieland Edelmetalle, Germany) with 1.5-mm inner diameter
(ID) and 2.5-mm outer diameter (OD) are inserted into the channels of the SiC block
(Figure 1c) and the resulting 50-um radial gaps are filled with tungsten powder (particle
size ~3 um). The tungsten powder accommodates the 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. Many such microreactors can be eventually clustered to produce a larger
unit (~2 kW emitting power). The present study focuses on sole combustion mode
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Figure 1. (a) Microreactor geometry with six channels, (b) photograph of the microreactor assembly, (c)
cross-sectional view of the microreactor showing one catalytic channel, and (d) details of the catalytic
channel inlet/outlet arrangement. All dimensions are in mm.
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operation. In Sui et al. (2016), lean H,/air mixtures (equivalence ratios 0.30 < ¢ < 0.50)
were used to demonstrate peak surface temperatures in excess of 1300 K with spatial non-
uniformities (standard deviations of surface temperature distributions) as low as 19 K for
specifically optimized channel flow configurations.

The use of solid Pt tubes instead of coating the SiC channels with a technical catalyst
allows for constant surface properties (without catalyst deactivation) during long-term
operation. The Pt tubes are 34 mm long, protruding 2 mm from each side of the channels
(see Figure 1d), wherein the Pt tube ID is enlarged from 1.5 mm to 2.0 mm, so as to
connect the Pt tubes to six high-temperature stainless steel extension tubes with an ID of
1.5 mm, OD of 2.0 mm, and length of 20 mm. These tubes are, in turn, nickel-brazed to
six larger steel tubes, 4.0 mm OD and 2.0 mm ID, with a length of 100 mm (see Figure 1d)
that either supply reactants to the reactor or drive the combustion products to the exhaust.
The inlet and outlet faces of the reactor are insulated by two 10-mm-long zirconia blocks,
while all connections are sealed with a temperature-resistant (up to 1100°C) Fermit glue to
mitigate gas leakage (see Figure 1d). A photograph of the reactor assembly, zirconia
insulators, and extension steel tubes is shown in Figure 1b. The effect of potential
impurities (e.g., sulfuric compounds) in the fuel stream is outside the scope of this
work. In any case, the trend for biogas/syngas or decarbonized natural gas is to apply a
cleanup step (similar to fuel cells) that reduces such compounds to levels tolerable by the
catalyst.

2.2, Test rig

A schematic of the test rig is depicted in Figure 2. High purity H, (99.999%), CO
(99.99%), and CH, (99.999%) gases are supplied by pressurized bottles, while air is
provided by an oil-free compressor. The total flow rates of each fuel component and air
are regulated by four Brooks mass flow controllers. The fuel-to-air equivalence ratios are
in the range 0.3-0.5 (accuracy +0.7%). To ensure equal flow rates in each channel, the
flows of H,, CO, and air (or H,, CH,, and air) are split into six equal amounts by 3 x 6
dedicated ball-valve flowmeters (see Figure 2). The split flows of H,, CO, and air (or H,,
CH,, and air) are subsequently premixed in six 2-m-long Teflon tubes that are, in turn,
connected to the six supply steel tubes of the microreactor. To facilitate catalytic ignition,
external preheating of the incoming reactants is applied using two electric heating air
guns; following ignition, the heating guns are removed and vigorous combustion is self-
sustained.

The distribution of the reactor upper surface temperature is monitored by an infrared
(IR) camera (FLIR, Type A655sc, 640 x 480 pixel chip), with a measuring range -40°C to
1200°C (Figure 2). The camera images the entire 30 x 30 mm? upper surface onto 125 x
125 pixels. The surface emissivity (required by the IR camera as an input parameter) is
assessed by comparing the IR camera measurements with those of a two-color pyrometer
(Maurer AG, type QKTRD1475, temperature range 400-1300°C). The two-color pyrom-
eter is equipped with an f-300-mm objective lens and a laser-light focusing indicator,
collecting radiation emitted from a circular spot ~0.2 mm” in size at the center of the
reactor’s upper surface. Pyrometer measurements consider a gray-body behavior for the
emitting surface, thus canceling the effect of surface emissivity by dividing the emitted
powers at two different wavelength bands (1.40-1.75 pm and 1.60-1.75 um). The gray-
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Figure 2. Schematic of the test rig with the microreactor, infrared (IR) camera, pyrometer, mass flow
controllers (MFC), 3 x 6 ball flowmeters, thermocouples (TC), gas chromatograph (GC), and data
acquisition system.

body emitting behavior of the SiC block (see further the natural black color of the SiC
block in Figure 1b) is in turn verified independently by comparing the two-color pyrom-
eter measurements to thermocouple measurements when the SiC block is placed in a high-
temperature (400-1000°C) oven. The accuracy of the measured surface temperatures is
+25 K.

The inlet and outlet temperatures in the microreactor are monitored with several
K-type sheathed thermocouples. These temperatures are used as boundary conditions in
the numerical simulations. Flow rates, fuel/air equivalence ratios, surface emissivity, and
temperatures are recorded by Siemens hardware and LabVIEW software. The experimen-
tal conditions are shown in Table 1. The inlet gas temperatures are 297 K with inlet
velocities of 30 m/s and 50 m/s, resulting in inlet Reynolds numbers 2760-4600. The flows
are still laminar due to the strong laminarization induced by the hot catalytic surfaces: it
has been shown (Appel et al., 2005) that, for catalyst surface temperatures as low as 1000
K, laminar flow conditions are guaranteed even for inlet Reynolds numbers as high as
10,000.

2.3. Exhaust gas analysis

While in our foregoing H,/air studies (Sui et al., 2016) exhaust gas composition was
not measured, the two fuels in the present work necessitate the use of a GC for model
validation. A GC system (CP-4900 Varian) is used for the analysis of the combustion
products (Figure 2). An exhaust sample is withdrawn and injected into the GC
column, using argon as a carrier gas and an automated gas valve. The sample is
pumped with isopropyl alcohol (i-PrOH) into a quench system at —10°C to condense
the water before entering the GC. Even though the stainless steel tubes driving the
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Table 1. Experimental conditions: inlet velocity Uy, equivalence ratio ¢, CO:H, or CH4:H, volumetric
ratio, and inlet species volumetric contents with balance N,.

Un CO:H,/ H, Co CH,4 0,
Case (m/s) [0} CH4:H, (% vol.) (% vol.) (% vol.) (% vol.)
A1l 30 0.30 1:9 10.04 1.12 — 18.66
A2 30 0.40 1:9 12.90 1.40 — 18.00
A3 30 0.50 1:9 15.60 1.70 — 17.37
A4 50 0.30 1:9 10.04 1.12 — 18.66
A5 50 0.40 1:9 12.90 1.40 — 18.00
A6 50 0.50 1:9 15.60 1.70 — 17.37
A7 30 0.30 2:8 8.92 2.25 — 18.65
A8 30 0.40 2:8 11.47 2.89 — 17.98
A9 30 0.50 2:8 13.84 3.49 — 17.36
B1 30 0.30 1:9 7.92 — 0.89 19.15
B2 30 0.40 1:9 10.26 — 1.15 18.60
B3 30 0.50 1:9 1247 — 1.39 18.09
B4 50 0.30 1:9 7.92 — 0.89 19.15
B5 50 0.40 1:9 10.26 — 1.15 18.60
B6 50 0.50 1:9 1247 — 1.39 18.09
B7 30 0.30 2:8 5.82 — 1.46 19.47
B8 30 0.40 2:8 7.57 — 1.90 19.01
B9 30 0.50 2:8 9.25 — 2.32 18.57
(@] 30 0.31 0.36:9.64 10.04 — 0.38 18.81
Q2 30 0.41 0.35:9.65 12.90 — 0.47 18.19
(&} 30 0.51 0.35:9.65 15.60 — 0.56 17.61
c4 50 0.31 0.36:9.64 10.04 — 0.38 18.81
(@) 50 0.41 0.35:9.65 12.90 — 0.47 18.19
c6 50 0.51 0.35:9.65 15.60 — 0.56 17.61
7 30 0.32 0.79:9.21 8.92 — 0.76 18.97
8 30 0.42 0.78:9.22 11.47 — 0.97 18.39
(@) 30 0.52 0.77:9.23 13.84 — 1.16 17.85

exhaust products were not cooled, there was a minimal contribution of gas-phase
reactions for the present modest temperatures. This was shown with 2D simulations
for a tube with a diameter of 2 mm and a length of 110 mm (the 10-mm length of the
initial 1.5-mm-diameter steel tube was combined to the longer 100-mm length of the
brazed 2-mm-diameter steel tubes). The gas-phase mechanisms described in the forth-
coming section 3.1 were used without inclusion of catalytic chemistry. The start wall
temperature (x = 0 mm) was taken from the reactor simulations at the end of the
platinum tubes, while the end wall temperature (x = 110 mm) was taken from
thermocouple measurements and was in the range 418-621 K. A linear wall tempera-
ture drop was imposed from the start to the end of the tube. The inlet gas composi-
tions, inlet velocities, and inlet temperatures (x = 0) were again taken from the reactor
simulation results at the exit of the Pt-tubes. Computed fuel conversions were mini-
mal, as they ranged for H, and CO from 0.8% to 1.3% and for CH, from 0.7% to 0.8%.

The GC column is micropacked with a length of 0.5 m, which is sufficient for product
separation. The GC system is equipped with a sensitive thermal conductivity detector for
dual-channel measurements. To avoid any tailing in the peaks of the resulting chromato-
graphs, the argon flow rate was settled at a low value of ~10 ml/min. Calibration of the GC
system is accomplished using various gaseous mixtures with known compositions. The
relative error in the GC measurements of the products is less than 3% for H,, CH,, CO,,
CO, and N,, and up to 30% for O,.
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3. Numerical

The 3D modeling entails the coupling of two codes, one for the combustion in the
channels and a second one for the solid heat conduction and external heat losses. The
developed code has been detailed in Sui et al. (2016), where it was applied to model H,/air
combustion in the microreactor. In the following, the main code features are briefly
summarized.

3.1. Combustion modeling

A 2D steady parabolic code simulates the channel-flow combustion (Sui et al., 2016). The
parabolic model is justified given the high inlet Reynolds numbers (up to 4600 as stated in
section 2.2). Uniform temperature, gas compositions, and velocity are applied at the inlets
(x = 0). No-slip is used for both velocity components at the gas-wall interface (r = R),
while the axial wall temperatures along the channel are supplied by the solid heat
conduction code.

Detailed catalytic reaction mechanisms for simple fuels (such as H,, CO, and CH,) on
platinum surfaces have advanced in recent years (Bui et al., 1996; Deutschmann et al,,
2000; Kraus and Lindstedt, 2017). Here, the detailed catalytic reaction mechanism for H,/
CO/CH, oxidation on Pt (Deutschmann et al., 2000) is employed (14 reactions, five
surface and nine gaseous species). For gas-phase combustion, the H,/CO mechanism
from Li et al. (2007; 36 reactions and 13 species) and for H,/CH, the Cl-mechanism
from Warnatz et al. (1996; 108 reactions and 25 species) are used. The employed gas-phase
mechanisms have been validated in their capacity to reproduce the onset of homogeneous
ignition (assessed with laser-induced fluorescence of the OH radical) in a Pt-coated
channel for fuel-lean CO/H,/air mixtures (Ghermay et al., 2011a) and for fuel-lean
CH,/air mixtures (Reinke et al., 2002).

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

3.2. Solid heat conduction and external heat loss modeling

The steady 3D heat conduction (including the SiC block and the Pt tubes) and the
surface external heat losses are computed with the open source software OpenFOAM
(OpenFOAM, 2014). It was shown in Sui et al. (2016) that, without any loss in
accuracy and for the purpose of having a computationally affordable grid resolution,
the 50-um-thick tungsten powder layers could be modeled either as Pt or SiC. In the
following, the tungsten powder layers were treated as SiC. The thermal conductivity
of the SiC block is modeled with a fifth-order polynomial function of temperature
(Sui et al., 2016); over the range 750-1300 K, which is of interest in the present study;
the SiC thermal conductivity drops from 105.1 Wm™ K to 57.2 Wm™' K'. The
thermal conductivity of the Pt tubes is approximated by a linear function of tem-
perature (Sui et al., 2016); over the range 750-1300 K it increases from 74.6 Wm™
K to 83.9 Wm™' K.
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The solid geometry is discretized with 5.8 million tetrahedral cells having 28,000 cell
surfaces on every channel, which ensure grid-independent and smooth temperature
distributions. Heat losses are estimated at the entry and outlet sides of the reactor,
assuming a linear temperature drop from the end faces of the SiC block through the
zirconia insulators and the steel connecting tubes down to the exposed vertical faces of the
zirconia insulators (10 mm length along the x-direction, see Figure 1d), with thermal
conductivities for the zirconia and steel of 2 Wm™ K! and 26 Wm™! K}, respectively. To
this direction, temperatures are measured at the exposed vertical faces of the zirconia
blocks and the steel connecting tube external surfaces (at the same axial distance) with
K-type thermocouples.

At the fully exposed four surfaces, i.e., upper, lower, left, and right, natural convective
and radiative heat losses are considered. The natural convective heat loss coeflicients h at
the outer surfaces are estimated using empirical formulas from ASHRAE (2009) for a
quiescent environment: & = 21.6 Wm™ K™' for the upper surface, h = 10 Wm™> K™' for
the lower surface, and & = 30.7 Wm™ K for the vertical sides. For the radiative heat
loss, the surface emissivity is accessed by the two-color pyrometer and IR camera and
varies from 0.56 to 0.68. The emissivity exhibits a nearly linear dependence on tem-
perature, as shown in Figure 3. Literature values of the SiC total emissivity are typically
in the range of 0.80-0.95. However, the surface emissivity is a strong function of the
surface finishing process, and in our case a very fine polishing has been applied (see Sui
et al., 2016).

The channel combustion code and the OpenFOAM 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
surfaces, while the OpenFOAM uses the wall heat fluxes as input parameters and
computes the temperature distributions in the solid and the heat losses at the external
surfaces.
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Figure 3. Measured emissivity of the microreactor top surface and linear regression as a function of
pyrometer-measured surface temperature (Ty,).



COMBUSTION SCIENCE AND TECHNOLOGY e 9

4. Results and discussion

Fundamental hetero-/homogeneous combustion characteristics of the three investigated
fuels (H,, CO, and CH,) in a Pt-coated single catalytic channel are first discussed to
expose the roles of transport, reactivity, and exothermicity. Experimental and numerical
results for the microreactor in Figure 1 are then compared in terms of surface tempera-
tures and exhaust gas compositions.

4.1. Fundamentals of H, CO, and CH, hetero-/homogeneous combustion

For deficient reactants with Lewis numbers less (greater) than unity, the catalyst surface
temperatures are higher (lower) than the adiabatic equilibrium temperatures under the
conditions of adiabaticity, infinitely-fast catalytic chemistry, and absence of gaseous chemistry.
Specifically, the wall temperature in a channel-flow geometry attains a maximum or minimum
value at the channel entry (x — 0), depending on whether the Lewis number, Le, of the
deficient reactant is smaller or larger than unity (see Zheng and Mantzaras, 2014):

Tw, max / min — Tin + Leiz/s(AT)c (1)

where Try is the inlet temperature and (AT), the adiabatic combustion temperature rise
(= Taq - Tin» with Toq the adiabatic equilibrium temperature of the incoming reacting
mixture). The Lewis numbers of H,, CH,, and CO for a fuel-lean equivalence ratio of 0.3
in air are 0.35, 0.97, and 1.06, respectively (calculated using the transport package of
Chemkin; Kee et al., 1996a). Equation (1) yields a maximum superadiabatic surface
temperature Ty max > Taq for Le < 1 (H, and CH,) and a minimum underadiabatic
temperature Ty nin < Tag for Le > 1 (CO).

To clarify this behavior, streamwise profiles of the computed wall temperatures T.,, mean
gas temperatures Ty, m, and fuel conversions are presented in Figure 4 for a Pt-coated single
tubular channel with similar geometrical characteristics as the Pt tubes in Figure 1 (1.5-mm
ID, length 30 mm, but with a smaller OD of 1.6 mm). Inlet conditions refer to H,/air (¢ = 0.3,
Figures 4a, al), CO/air (¢ = 0.3, Figures 4b, b1), and CH,/air (¢ = 0.3 and 0.4, Figures 4c, c1),
with Ty = 300 K, Upy = 15 m/s, and p = 1 bar. The outer channel walls are adiabatic and the
solid has a thermal conductivity equal to that of Pt (see section 3.2). A 2D Navier-Stokes
reactive CFD code (Ghermay et al., 2010; Karagiannidis et al., 2011) simulates the flow and
solid heat conduction with a mesh of 150 x 48 cells for the gas (30 x 0.75 mm?) and 150 x 20
points for the solid (30 x 0.05 mm?), which is sufficient to produce a grid-independent
solution.

For each fuel, three cases are simulated. In Cases 1 (marked T,,; and Tgas.m,1) heat
conduction in the solid wall is suppressed (solid thermal conductivity A; = 0, in order
to avoid redistribution of energy along the channel) while only catalytic chemistry (C)
is included (no gaseous chemistry), which is further considered to be infinitely fast
(transport-limited conversion of the deficient fuel reactant). The transport-limited
modeling has been elaborated in Zheng and Mantzaras (2014). Cases 2 (marked T, ,
and Tgum2) use the detailed catalytic (C) reaction mechanism from Deutschmann
et al. (2000; again without inclusion of gaseous chemistry), while Cases 3 (marked T, 3
and Tgaem,3) refer to the detailed catalytic and gas-phase (C + G) mechanisms of
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Figure 4. Computed wall temperatures (T, solid lines), mean gas temperatures (Tg,5.m, dashed lines)
and fuel conversions in a Pt-coated cylindrical channel with 30-mm length, 1.5-mm internal diameter,
1.6-mm external diameter, and adiabatic outer walls. The following simulations are shown: (1) infinitely
fast catalytic (C) chemistry (no gaseous chemistry) and no heat conduction in the solid; (2) detailed
catalytic (C) chemistry (no gaseous chemistry) with heat conduction in the solid; and (3) detailed
catalytic and gas-phase (C + G) reaction mechanisms with heat conduction in the solid. (a) H,/air, (b)
CO/air, and (c) CH,/air combustion with Ty = 300 K, Uy = 15 m/s, p = 1 bar. In (a) and (b), ¢ = 0.3 and
in (c) @ = 0.3 and 0.4 are shown. The horizontal lines marked T,q denote the adiabatic equilibrium
temperatures of the incoming mixtures. Percent fuel conversions are shown in (a1), (b1), and (c1).

section 3.1. In addition, the models for Cases 2 and 3 include heat conduction inside
the solid wall. The solid curves in Figures 4a, 4b, and 4c signify the inner wall
temperatures T,, (at the gas-wall interface r = R): radial temperature variations inside
the solid for Cases 2 and 3 are typically less than 15 K. The dashed lines are the mean
gas temperatures and the horizontal dashed-dotted lines are the adiabatic equilibrium
temperatures T,y based on the inlet mixture properties. Finally, the maximum or
minimum wall temperatures Ty max and Ty min at x — 0 for Cases 1 (infinitely fast
catalytic chemistry) are marked by thick arrows.

4.1.1. Hy/air catalytic combustion

Due to the significantly lower than unity Lewis number of H,, Ley, = 0.35 evaluated using
the Chemkin transport package (Kee et al., 1996a), the computed T, ; for Case 1 in
Figure 4a at the channel entry (x = 0) reaches a maximum value Ty max1 = 2090.8 K,
which is 901 K higher than the adiabatic equilibrium temperature T,4. This is in good
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agreement with the theoretical maximum of 2099.7 K evaluated from Eq. (1). The wall
temperature T, ; drops farther downstream and would have eventually reached T,4 upon
complete consumption of hydrogen, which however does not occur within the 30-mm
channel length.

The wall temperature T,,, in Figure 4a is lower than T, ; over most of the channel
length due to the combined effects of finite-rate catalytic chemistry and redistribution of
heat in the solid via conduction. Although appreciably lower than T, n.x1, the peak value
of Ty, = 17049 K is 5155 K higher than the adiabatic equilibrium temperature.
Moreover, finite rate chemistry yields up to 16 K lower mean gas temperature Tgag.m 2
compared to Tga.m,1 and slightly lower H, conversion (90.4% compared to 91.5% for Case
1, see Figure 4al).

Case 3 with both surface and gaseous chemistries yields the lowest maximum wall
temperature T, 3, which is however still above T,4. Ty 5 is noticeably lower than T, , over
x > 5 mm. This is due to the suppression of surface combustion by gaseous combustion; it
was shown in Ghermay et al. (2011b) that gaseous chemistry moderates the catalytically-
induced surface superadiabaticity by shielding the catalyst from the H,-rich channel core.
On the other hand, Ty 3 is the highest among the three cases, which is undesirable due
to the higher thermal energy of the exhaust gases. Gas-phase combustion also leads to
higher H, conversions (97.5% for Case 3, see Figure 4al). Overall, gaseous chemistry
reduces the wall temperatures (T,,3) and also deteriorates the temperature spatial uni-
formity. For this reason (and also because of the higher Ty, 1 3) gas-phase combustion is
avoided by proper reactor design.

4.1.2. CO/air catalytic combustion

Contrary to hydrogen, carbon monoxide has a slightly larger than unity Lewis number,
leading to catalytic wall temperatures lower than the corresponding adiabatic equili-
brium temperatures (Figure 4b). Case 1 in Figure 4b with infinitely fast catalytic
chemistry and no solid heat conduction yields a minimum wall temperature at the
channel entry (Tymin,1 = 1257.2 K, slightly above the theoretical minimum value of
1256.7 K from Eq. (1) calculated using Leco = 1.06). Farther downstream, T
increases and would have eventually reached the adiabatic equilibrium temperature
T.a = 1292.9 K upon complete conversion of CO, which however does not occur for
the 30-mm channel length.

For Case 2, with a detailed catalytic reaction mechanism and heat conduction in the
solid (Figures 4b and 4b1), the finite-rate chemistry further decreases the wall temperature
to 1236.4 K at the channel entry, which is 20.8 K lower than that of Case 1 and 56.5 K
lower than T,4. Cases 1 and 2 result in slightly different conversions of CO at the channel
exit (52.0% for Case 1 and 51.3% for Case 2, see Figure 4b1). Gas-phase combustion is not
ignited, since the gas-phase oxidation of CO requires H-containing species to be initiated
at realistic temperatures (Glassman et al., 2014). Therefore, the simulations of Case 3 with
both surface and gaseous chemistry coincide with those of Case 2 and are not shown in
Figures 4b and 4b1.

4.1.3. CH//air catalytic combustion
Methane is shown in Figures 4c and 4cl for two equivalence ratios. Simulations are first
given for a CH,/air mixture at ¢ = 0.3 (same ¢ as for the H, and CO fuels discussed
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before). For Case 1, with infinitely fast chemistry and no solid heat conduction, the slightly
lower than unity methane Lewis number (Lecys = 0.97) leads to a maximum wall
temperature Ty max1 = 1082.0 K at the channel entry, which is 15.1 K higher than T,4
and is in good agreement with the value calculated using Eq. (1): 1082.2 K. The wall
temperature T, ; drops mildly with increasing streamwise distance, while the CH, con-
version at the channel exit reaches 52.6%.

Considering the much lower volumetric composition of CH, (3.05%) than H, and CO
(11.2%) at the same equivalence ratio ¢ = 0.3, the resulting heat release for CH, is considerably
lower (T,q = 1066.9 K compared to 1189.4 K and 1292.9 K for H, and CO, respectively). Thus,
simulation of CH,4 with a higher ¢ = 0.4 (vol. 4.04%) is also included. Although the volumetric
content of CH, is still lower than that of the other two fuels, its corresponding adiabatic
equilibrium temperature T,4 = 1282.2 K is already higher than that of H, and very close to CO.
This is a result of the much higher volumetric exothermicity of methane: 800 kj/mol for CH,
versus 240 kJ/mol for H, and 282 kJ/mol for CO. Increasing ¢ from 0.3 to 0.4 also leads to
higher mean gas temperatures (712.5 K and 853.4 K, respectively, at the channel exit) and
higher methane conversions (52.6% and 55.0%, respectively).

For the present inlet conditions (Try = 300 K, p = 1 bar), catalytic or gas-phase combustion
of methane cannot be ignited under finite-rate chemistry. Our previous studies (Carroni et al.,
2003; Reinke et al., 2002) have shown that fuel-lean CH,/air mixtures at atmospheric pressure
need preheating to at least 600 K in order to sustain catalytic combustion. Therefore, the
corresponding Cases 2 (detailed surface chemistry) and 3 (detailed surface and gaseous
chemistry) are not shown in Figures 4c and 4c1 as they do not lead to ignited solutions.

In summary, the infinitely fast catalytic chemistry simulations T, ; in Figure 4 indicate
that the high diffusivity (or low Le) of H, is beneficial when high external heat transfer is
required. Despite the lowest volumetric heat release rate of H, compared to CO and CH,,
its high molecular transport leads to the highest (superadiabatic) surface temperatures,
albeit with a large spatial non-uniformity. The almost diffusionally neutral (Le ~ 1) CH,
fuel yields much more spatially uniform wall temperatures T, ; and, given its highest
volumetric heat release rate, it can attain high surface temperatures at lower volumetric
contents. For CO, however, its lowest diffusivity and its intermediate volumetric heat
release rate yield the least attractive performance, with moderately under-adiabatic surface
temperatures T, ; over the entire channel length and lowest conversions. When realistic
catalytic chemistry is introduced (T, simulations) the advantages of methane are largely
removed, since its lowest reactivity necessitates high inlet temperatures to achieve ignition
and this may not be feasible in many practical systems. Finite-rate chemistry improves the
combustion characteristics of H, by moderating the peak wall temperature at the channel
entry (compare Ty, ; and T, in Figure 4a), while it deteriorates the performance of CO by
reducing the wall temperatures to even lower under-adiabatic values. Thus, the interplay
of thermodynamics (heat release rate), transport (Lewis number), and chemistry (reactiv-
ity) is very rich and has to be considered when designing catalytic microreactors.

4.2, Impact of gas-phase reactions and selection of channel diameter

As discussed in Figure 4a, the presence of gaseous combustion leads to decreased wall
temperatures and to increased temperature spatial non-uniformity. Moreover, gaseous
combustion is detrimental as it increases the energy losses due to the higher temperature
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of the exhaust gases (compare Tgasm3 and Tyump in Figure 4a). For a given inlet
temperature and equivalence ratio, gas-phase combustion is primarily controlled by the
wall temperature and the surface-to-volume ratio. Additional 2D channel simulations are
shown below, delineating the operating and geometrical parameters where gaseous com-
bustion is suppressed.

The computed contribution of gaseous chemistry to the total fuel conversion (catalytic and
gaseous) in a Pt-coated cylindrical channel with a length of 30 mm, is plotted in Figure 5 as a
function of the channel diameter for H,/CO/air and H,/CH,/air mixtures with a global ¢ =
0.3 (based on both fuel components), Tiy = 300 K, Upy = 30 m/s, and p = 1 bar. Detailed
surface and gaseous chemical reaction mechanisms (described in section 3.1) are used. The
H,/CO/air mixture in Figure 5a corresponds to Case Al in Table 1, while the H,/CH,/air
mixture in Figure 5b corresponds to Case B1. The channel wall temperatures are kept constant
at 1600 K, 1450 K, and 1296 K (Figure 5a) or 1258 K (Figure 5b). The lowest temperatures
refer to the highest measured surface temperatures in groups A and B of Table 1, respectively.

Figure 5a illustrates that, for the H,/CO/air mixture and for the 1.5-mm diameter of
the microreactor channels (Figure 1), the contribution of gaseous H, conversion at
1296 K is 0.08% and that of CO is 0.13%. For the H,/CH,/air mixture in Figure 5b, the
gaseous conversion contributions of H, and CH, at 1258 K are 0.05% and 0.67%,
respectively. Considering that 1296 K in Figure 5a and 1258 K in Figure 5b refer to the
maximum attained surface temperatures in the ensuing experiments, the actual gas-
eous conversions should be even lower. Consequently, the selected 1.5 mm channel
diameter safely ensures suppression of the detrimental gaseous combustion during
microreactor operation.
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Figure 5. Computed contribution of gaseous chemistry to the total fuel conversion (catalytic and
gaseous) in a Pt-coated cylindrical channel with a length of 30 mm, as a function of channel diameter.
Fuel/air catalytic combustion with ¢ = 0.3, Ty = 300 K, Uy = 30 m/s, p = 1 bar. (a) H, (solid lines) and
CO (dashed lines) for a mixture with H,:CO ratio 9 (Case A1 in Table 1); (b) H, (solid lines) and CH,
(dashed lines) for a mixture with H,:CH, ratio 9 (Case B1 in Table 1). The channel surface temperatures
are prescribed at 1600 K (triangles), 1450 K (squares), and maximum values (circles) attained in the
experiments of each case (1296 K for H,/CO and 1258 K for H,/CH,).
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4.3. Comparison of temperature measurements and predictions

The experimental cases in Table 1 are divided into three groups: Cases A1-A9 refer to
H,/CO/air mixtures, while Cases B1-B9 and C1-C9 to H,/CH,/air mixtures. Cases in
Group B have CH:H, vol. ratios, which are the same as the CO:H, vol. ratios, and also
the same global ¢ as the corresponding cases in Group A. Cases in Group C have the
same volumetric composition of H, and the same adiabatic equilibrium temperature T,q
(i.e., practically the same inlet chemical power) as the corresponding cases in Group A;
this implies an adjusted amount of CH, and slightly different global ¢, compared to the
Group B cases.

Similar to our earlier study on H,/air combustion (Sui et al., 2016), two different
configurations are studied: coflow and counterflow. The counterflow arrangement is
achieved by exchanging the connections of the supply and exhaust Teflon tubes that are
attached to the 2-mm ID and 100-mm-long 12 steel connecting tubes shown in
Figure 1b. Flow directions in the channels are depicted with arrows in Figures 6a2
and 6b2. It was shown in our earlier work that the counterflow arrangement yields the
best temperature uniformity of the upper microreactor surface, which is optimal for
power generation coupled with thermophotovoltaic (TPV) devices. Hence, the main
focus is on the counterflow arrangement, while coflow is only shown briefly for com-
parison purposes.

Photographs of the reactor upper surface taken with a conventional camera and
simulated 2D temperature distributions for the coflow and counterflow in Case A5 are
shown in Figure 6. The yellow-red colors in the photographs indicate high temperatures
and the simulations show qualitative agreement with the photograph patterns. As shown
in Figure 6, for the coflow configuration, the temperature is highest in the upstream

Co-flow Counterflow
(a1)

(1) e

(a2) T (K) (b2)
< 1220 1> —->1
< 1175 2 < <2
< 3—> —>3
< 1125 4 < <4
< 5> —>5

Figure 6. Photographs (a1), (b1) and simulations (a2), (b2) of upper surface temperature distributions for the
coflow and counterflow configurations for Case A5 (vol. ratio CO:H, = 1:9, ¢ = 0.4, and Uy = 50 m/s).
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section and decreases gradually downstream. This is in agreement with the temperature
profiles of the single channel H, simulations in Figure 4a. On the other hand, for the
counterflow configuration in Figures 6bl and 6b2, better surface temperature uniformity
is achieved. The qualitative agreement of the 2D spatial patterns in Figure 6 allows for the
subsequent quantification of the agreement between measurements and predictions by
comparing temperature Probability density function (PDF) shapes and first and second
moments.

Comparisons between measured (using the IR camera) and predicted temperature
PDFs of the upper microreactor surface are shown in Figure 7 for Cases A1-A3. Coflow
leads to broader and nearly bimodal PDFs, while counterflow yields narrower and more
symmetric PDFs. As ¢ is increased, all PDFs become broader. Measured and predicted
mean values, standard deviations, and distribution shapes in Figure 7 are in good agree-
ment with each other, as shown in Table 2. Comparisons of PDFs for fixed ¢ and varying
Uy vield qualitatively the same agreement and are not shown here. In the following, only
the counterflow configuration is discussed.
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Figure 7. Measured (gray areas) and predicted (solid lines) temperature PDFs of the upper reactor
surface for Cases A1-A3 (CO:H, = 1:9; Uy = 30 m/s; ¢ = 0.3, 0.4, and 0.5) in Table 1: (a) coflow and (b)
counterflow configuration. Measured and predicted mean temperatures T,ean and temperature stan-
dard deviations o7 are further given in Table 2.

Table 2. Comparison between measured and predicted mean values and standard
deviations of temperature for the cases in Figure 7.

Mean temperature Trean (K) Standard deviation o7 (K)
Case Measured Predicted Measured Predicted
Al-coflow 967 971 18.9 20.3
Al-counterflow 979 981 10.6 1.3
A2-coflow 1086 1085 294 311
A2-counterflow 1093 1091 13.3 134
A3-coflow 1172 1165 322 329

A3-counterflow 1176 1182 15.6 17.4
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4.4. Measurements and simulations of H,/CO and H,/CH, fuel combustion

Measured and predicted maximum, minimum, and mean upper surface temperatures for the
H,/CO/air Cases A1-A9 are plotted versus equivalence ratio in Figure 8. These cases are
divided into three subgroups: Cases A1-A3 (Upy = 30 m/s, CO:H, = 1.9), Cases A4-A6 (U =
50 m/s, CO:H, = 1:9), and Cases A7-A9 (Upy = 30 m/s, CO:H, = 2:8). Measured and predicted
exhaust gas compositions for the same cases are shown in Figure 9, where all measurements
have been converted from dry to wet basis. This is achieved by carrying out balances for the C,
H, and O elements. Two linearly independent element conservation equations are con-
structed, leading to two independent wet compositions (see also Schneider et al., 2006). The
small relative deviation (less than 5%) of the two independently assessed wet compositions
attests the accuracy of the measurements. The differences between measured and predicted
surface temperatures in Figure 8 range from 0.8 K to 24.4 K, while the maximum relative
differences between measured and predicted exhaust gas compositions are 6.6% for H,, 4.9%
for CO, 4.1% for O,, 0.7% for N,, and 11.8% for COs,.

The fuel conversions (averaged over the six outlets) for Cases A1-A9 are plotted in
Figures 10al and 10a2). The H, and CO conversions do not exceed 70% and 37%,
respectively. However, complete fuel conversion at the reactor outlet is not necessary in
the present application, as many microreactors of the type in Figure 1a will be eventually
clustered in a recuperative way. The highest measured mean surface temperature in
Figure 8 is attained in Case A6 with Ty eanmax = 1261 K, while the highest difference
between maximum and minimum temperatures is AT = 132 K. In comparison, the
corresponding measurements with only H, fuel and the same ¢ and Upy (Sui et al,
2016) yielded Tpeanmax = 1277 K and AT = 119 K. Finally, the difference between the
maximum wall temperatures and the corresponding adiabatic equilibrium temperatures
increases with increasing equivalence ratio (see Figure 8a) due to the enhanced radiation
heat losses at higher wall temperatures.
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Figure 8. Measured (solid lines and filled symbols) and simulated (dashed lines and open symbols) maximum
(a), minimum (b), and mean (c) values of the upper surface temperatures for H,/CO/air mixtures as a function of
the equivalence ratio. The lines marked T,4 in (a) denote the adiabatic equilibrium temperatures of the inlet
mixtures. CO:H, = 1:9, Uy = 30 m/s (circles, Cases A1-A3); CO:H, = 1:9, U\ = 50 m/s (squares, Cases A4—-A6); and
CO:H, = 2:8, Uy = 30 m/s (diamonds, Cases A7-A9).
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Figure 9. Measured (solid lines and filled symbols) and simulated (dashed lines and open symbols)
exhaust species compositions of H,/CO/air mixtures as a function of the equivalence ratio. CO:H, = 1:9,
Uiy = 30 m/s (circles, Cases A1-A3); CO:H, = 1:9, Uy = 50 m/s (squares, Cases A4-A6); and CO:H, = 2:8,
U = 30 m/s (diamonds, Cases A7-A9).

Temperatures increase by nearly 100 K as the inlet velocity is raised from 30 m/s to 50
m/s (Figure 8a), due to the enhanced mass throughput and the resulting increased heat
release rate. An additional factor for the increasing temperatures with rising velocities is
the high catalytic reactivity of H, on Pt, which is maintained even at the very high inflow
velocity of 50 m/s. The catalytic reactivity, or equivalently the departure from the
infinitely-fast chemistry (transport-limited) fuel conversion, can be examined with the
aid of the computed mass fraction radial profiles and the corresponding wall-to-centerline
mass fraction ratios in Figures 11Ala-11Alc, 11A6a-11A6c¢ for Cases Al and A6 with H,/
CO fuels. The simulations refer to channel No. 2 in Figure 6b2; however, similar results
are obtained for all six channels. The wall-to-centerline mass fraction ratio of the deficient
fuel reactants is a direct measure of the catalytic reactivity: it is identically zero for
infinitely-fast chemistry while it is unity for vanishing catalytic reactivity.

Figure 11Alc indicates that the wall-to-centerline mass fraction ratios of H, drop to
less than 10% for x > 5 mm, implying a mixed kinetic/transport controlled H, conversion
but still heavily weighted towards transport-controlled conversion. Similarly, a high
reactivity of CO is evidenced by the low wall-to-centerline ratios in Figure 11Alc that
drop to less than ~2% at x > 2 mm, values well below the corresponding ones for H,. The
lower ratios for CO may appear surprising as they suggest higher catalytic reactivity for
CO compared to H,. However, this need not be the case since the diffusivity of H, is about
three times higher than that of CO, such that the surface reactions have to cope with an
increased radial transport in the case of H,. Moreover, the high surface temperatures
obtained in the H,/CO mixture of Case Al are largely due to H, reactions and CO
reactions benefit from the exothermicity of hydrogen (characteristically, if H, is replaced
by CO in Case Al, the predicted maximum surface temperature drops by 393 K). The
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Figure 10. Measured (solid lines and filled symbols) and simulated (dashed lines and open symbols)
fuel conversions of H,/CO/air (a1), (a2) and H,/CHj/air (b1), (b2) mixtures as a function of the
equivalence ratio. Symbol notation as in Figures 8 and 9.

much higher transport of H, is also seen by comparing Figures 11Ala and 11A1b; the
radial depletion of H, is strong at the channel centerline (r = 0), whereas the CO mass
fraction at the centerline remains unaltered even at x = 30 mm. For the higher velocity and
equivalence ratio Case A6, Figures 11A6a-11A6c indicate increased finite rate chemistry
effects for both H, and CO. Moreover, a slower chemistry of CO compared to H, is seen
in Figure 11A6¢ for x < 12 mm, as manifested by the higher wall-to-centerline CO mass
fraction ratios.

Comparison of Cases A1-A3 with Cases A7-A9 in Figure 8 shows that an increase of
the volumetric CO:H, ratio from 1:9 to 2:8 leads to about 20 K lower temperatures. This
happens despite the larger heat of combustion of CO per volume (282 kJ/mol) compared
to H, (240 kJ/mol) and comes as a result of the higher transport and higher reactivity of
H, and the resulting Lewis number induced high surface temperatures. The lower wall
temperatures and lower reactivity with increasing amount of CO in the inlet mixture,
leads to higher CO and product CO, in the exhaust (see Figure 9) in spite of the reduced
conversion of CO (see Figure 10a2). Similarly, H, has a lower conversion when it is partly
replaced with CO (Figure 10al).

Measured and predicted maximum, minimum, and mean upper surface temperatures of
the H,/CH,/air Cases B1-B9 (with same global ¢ and CH4:H, vol. ratios as Cases A1-A9)
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are plotted in Figure 12. Similar to the H,/CO/air mixtures, cases are divided into three
subgroups: Cases B1-B3 (U = 30 m/s, CHy:H, = 1:9), Cases B4-B6 (U = 50 m/s, CH4:H,
= 1:9), and Cases B7-B9 (Upy = 30 m/s, CHy:H, = 2:8). The exhaust compositions are
shown in Figure 13 and the fuel conversions in Figures 10b1 and 10b2. Radial profiles of H,
and CH, mass fractions and wall-to-centerline mass fraction ratios are plotted for Cases Bl
and B6 in Figures 11Bla-11B1c and 11B6a-11B6c¢. The highest measured mean temperature
is attained in Case B6 (1229 K, Figure 12a). An increase of inlet velocity from 30 m/s to 50
m/s with fixed compositions yields ~80 K higher surface temperature, and a larger H, slip in
the exhaust (Figure 13a).

A1: Hp/CO, Uy = 30 m/s, B1: Hp/CHy, Uy = 30 m/s, C1: Hp/CHy, Uy = 30 m/s,
¢ =0.3, Hy:CO=9:1 @ =0.3, Hy:CH4=9:1 ©=0.31, same heat release as A1

0.75 0.75 0.75
= =05m
€ 0501 -Sm,',,"\ 0.50 - 0.50 -
£ Om
= 0.25 3 m 0.25 4 0.25 4
® (A1a) H, N (B1a) Hy
2 0.00 ; ; —1{0.00 0,00
©
% 0750002 04 06 0§..00 01 02 03 04 05 06,,.00 0.8
© — \|
T 050 - 0.50 A <A \[| 050 1
° \
T 0.25 \ 0.25 |10.25
o (A1b) CO (B1b) CHy (C1b) CH4
0.00 . —0.00 . : : : —0.00
0.0 04 0.8 1.2 00 01 02 03 04 05 0.00 0.05 0.10 0.15 0.20 0.25
mass fraction (%) mass fraction (%) mass fraction (%)
& 100 (A1) 100 1— — — 100
< {(A1c | CH Jr R —— S_—
—, 75 75 (B1c) 4 75 (Clc) CH,
>9 504 CO H 50 50
Z 4/ 2 ] H B H
T %59 A}L,,Z B i B N |
> 0 e e o 0 o
0 5 10 15 20 25 3 0 5 10 15 20 25 30 0 5 10 15 20 25 30
x (mm) x (mm) x (mm)
A6: Hy/CO, Ujy = 50 m/s, B6: Hy/CHy, Upy = 50 mis, C6: Hy/CHy, Upy = 50 mis,
0 5 H CO—9 1 = 0.5, Hy:CH4=9:1 =0.51, same heat release as A6
0.75 1 2z 0.75 o> 72T 075020 Sam
E 0.50 - 0.50 | 0.50 ~
= 025 0.25 - 0.25
[
2 000 0.00 0.00
©
] 0.75% 0.75% 75
T
5 050 1 0.50 1 0.50 4
E 0.25 - 0.25 X 0.25 |
A6b) CO B6b) CH C6b) CH
0.00 ( ‘) ‘ : : ' 0.00 ( ) 4 : —10.00 ( )‘ 4 :
00 04 08 12 16 20 00 02 04 06 08 00 0.1 02 03 04
mass fraction (%) mass fraction (%) mass fraction (%)
& 100 1 A 100 B 100 c
= 75{\.cCO (A6e) | 75 | (B6e)| 75 (C6e)
O 50 50 o CHq | 50 . ;H4
~ N 4 7‘\ \\x 77/777 — |
s 25 f\H\g:\\ %4 h, 254\
> 0 — T T T 0 — T 0 T T T
0 5 10 15 20 25 3 0 5 10 15 20 25 30 O 5 10 15 20 25 30
x (mm) x (mm) x (mm)

Figure 11. Predicted radial profiles (r = 0 is the channel centerline and r = 0.75 mm the gas-wall
interface) of fuel mass fractions and wall-to-centerline ratios of fuel mass fractions in one catalytic
channel of the reactor, at five selected axial positions (x = 0.5 mm, 1.5 mm, 5 mm, 15 mm, and 30 mm)
for Cases A1, B1, C1, A6, B6, and C6. Mass fraction plots are denoted by the suffixes “a” or “b” appended
to the case name, while the suffix “c” denotes wall-to-centerline mass fraction ratios.
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Figure 12. Measured (solid lines and filled symbols) and simulated (dashed lines and open symbols)
maximum, minimum, and mean values of the top surface temperatures of H,/CH,/air mixtures as a function
of the equivalence ratio for CHzH, = 1:9, U = 30 m/s (circles, Cases B1-B3); CHgH, = 1:9, Uy = 50 m/s
(squares, Cases B4-B6); and CH4:H, = 2:8, Uy = 30 m/s (diamonds, Cases B7-B9).
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Figure 13. Measured (solid lines and filled symbols) and simulated (dashed lines and open symbols)
exhaust species compositions of H,/CH,/air mixtures as a function of the equivalence ratio for CH4:H,
1:9, U = 30 m/s (circles, Cases B1-B3); CH4:H, = 1:9, Uiy = 50 m/s (squares, Cases B4-B6); and CH4:H,
2:8, Uy = 30 m/s (diamonds, Cases B7-B9).

Partial substitute of H, by CH, (increase of CH4:H, ratio from 1:9 to 2:8) leads to a
drop in surface temperatures by more than 150 K in all investigated cases (Figure 12). The
much higher exothermicity (800 kJ/mol) of CH, does not compensate for its low surface
reactivity. The very low CH, reactivity is clearly evident in the transverse CH, profiles and
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the high wall-to-centerline CH, mass fraction ratios in Figure 11 for Cases Bl, B6, Cl1,
and Cé6.

4.5. Comparisons of CO and CH, combustion with H,

Direct comparison of CO and CH, fuels is discussed in Figure 14. Maximum and mean
temperatures as well as H,/CO/CH, conversions are plotted as functions of equivalence
ratio. Three groups are compared: Cases A4-A6 with CO:H, ratio 1:9, Cases B4-B6 with
CH4:H, ratio 1:9 and same global ¢ as Cases A4-A6, and finally Cases C4-C6 with CH,/
H, mixtures having the same volumetric fraction of H, and same T,4 (i.e., roughly the
same chemical input power) as the corresponding Cases A4-A6.

Inspection of the surface temperatures in Figure 14 reveals that CO is superior to
CH,. Despite the lower exothermicity and larger Lewis number of CO than CH,,
Group A has consistently higher surface temperatures. This is due to the faster
catalytic chemistry of CO compared to CH,, as shown previously by the wall-to-
centerline CO and CH, mass fraction ratios in Figure 11 (A6, B6, and C6).
Comparisons of predicted upper surface temperature distributions for Cases A4, B4,
C4 and of the corresponding case with only H, fuel from Sui et al. (2016) are shown in
Figure 15. It is seen that the addition of CO or CH, in H, (either by keeping the same
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Figure 14. Measured (solid lines and filled symbols) and predicted (dashed lines and open symbols)
maximum, mean, and difference AT between maximum and minimum surface temperatures, and fuel
conversions for Uy = 50 m/s as a function of equivalence ratio ¢ for: H,/CO mixtures (CO:H, = 1:9,
circles, Cases A4-A6); H,/CH4 mixtures with same H,/CH, ratio and same global ¢ as Cases A (squares,
Cases B4-B6); and H,/CH, mixtures with same inlet vol. fractions of H, and same exothermicity as Cases
A (diamonds, Cases C4-C6).



22 (&) RSUIETAL

0.08 | Hy/CH, H/CHy Hy/CO i\ pure Hy
Case B4 Case C4 Case Ad |\ (Suietal., 2016)
0.05 4 O 143K o;=14.8K 0,=13.5K c,=16.6K
' Tm=940K Tm=1032K Tm=1064K T =1190K

oTm=1.52% || oTm=143% 6/ Tm=1.27% 6/ Tm=1.39%

0.03 '

Temperature PDF

0.00 T T T T
900 1000 1100 1200 1300

Temperature (K)

Figure 15. Predicted temperature probability density functions for Uy = 50 m/s. Cases A4 (¢ = 0.3, CO:
H, = 1:9), B4 (¢ = 0.3, CH4H, = 1:9), and C4 (¢ = 0.31, CH4:H, = 0.36:9.64, same exothermicity as Case
A4). Undiluted H, (¢ = 0.3) from Sui et al., (2016) is also shown.

equivalence ratio for CO and CH,4 or by keeping the same exothermicity for CHy)
reduces the mean temperature. On the other hand, the temperature standard devia-
tions or and especially the normalized ratios o7/T are roughly the same for all cases in
Figure 15. The total radiated power P = JAS(T)UT“dA(where &(T) is calculated from
Figure 3, o is the Stefan-Boltzmann constant, and the integral is carried out over the
upper surface area A = 30 x 30 mm?) is greatly reduced in the sequence H,, H,/CO,
and H,/CH, fuel mixtures and, moreover, the normalized standard deviations of the
radiated power increase. The total radiated powers for the pure H, and for Cases A4,
C4, and B4 in Figure 15 are P = 70.5 W, 43.7 W, 38.1 W, and 25.5 W, respectively,
while the corresponding relative standard deviations 0,/P are 5.3%, 5.4%, 6.0%,
and 6.5%.

In summary, H, is the most suitable fuel for microreactors operating at very lean
stoichiometries in air (¢ < 0.5) and requiring high surface temperatures. The intrinsic
large surface temperature non-uniformity (see Figure 4a) of H, can be overcome with
appropriate reactor design optimizations, e.g., the multi-channel counterflow configura-
tion in Figure 1. Syngases and biogases (mainly CO/H, mixtures) provide lower wall
temperatures even for small overall volumetric ratios CO:H, (1:9 and 2:8); although the
reactivity of CO is typically high, its larger than unity Lewis numbers hinder the
attainment of high wall temperatures. Mixtures of H,/CH, (e.g., fuels produced by
decarbonization of natural gas) yield the lowest wall temperatures and, hence, are the
least attractive due to the substantially lower catalytic reactivity of CH,. It is nevertheless
envisaged that for higher equivalence ratios (¢ > 0.5), which are outside the scope of the
present work, CH,/H, mixtures can still provide acceptably high temperatures.

5. Conclusions

The catalytic combustion of fuel-lean H,/CO/air and H,/CH,/air mixtures was investi-
gated in a 30 x 30 x 4 mm’ ceramic (SiC) microreactor equipped with six 1.5-mm-ID
platinum tubes. The goal was to demonstrate high surface temperatures (>1200 K) with



COMBUSTION SCIENCE AND TECHNOLOGY e 23

good spatial uniformity for power generation applications in conjunction with TPV units.
Various fuel compositions, fuel-lean stoichiometries, and mass throughputs were studied.
The upper surface temperatures of the microreactor were assessed with an IR camera and
the exhaust gas composition was monitored with a micro-GC. 3D simulations with
detailed catalytic and gas-phase chemistry, conjugate heat transfer, and external heat
losses were employed. The following are the key conclusions of this study:

(1)

(2)

3)

(4)

(5)

The combustion characteristics of H,, CO, and CH, over Pt were very diverse due
to the disparately different thermodynamic (heat release), transport (Lewis num-
ber), and kinetic reactivity) properties of the three fuels. Catalytic combustion of
CH, and especially of H, at lean stoichiometries in air could lead to superadiabatic
surface temperatures due to the less than unity Lewis number of the deficient fuel
(Lewis numbers Ley, ~ 0.35 and Lecyy ~ 0.97); this behavior was highly desirable
for microreactors operating with high external heat losses. On the other hand, the
slightly larger than unity Lewis number of CO (Leco ~ 1.06 at lean stoichiometries
in air) resulted in moderately underadiabatic surface temperatures.

The presence of gaseous combustion lowered the catalyst temperatures and increased the
exhaust gas temperatures, and was thus detrimental for applications with a desired high
external surface heat transfer. Gaseous combustion could be eftectively suppressed by
proper selection of the catalytic channel geometrical confinement (diameter).
Hydrogen exhibited the largest temperature spatial non-uniformity in catalytic
channel-flow combustion among the three investigated fuels, which was a result
of its low Lewis number. However, microreactor design optimizations (multiple
channels with opposed flow directions) could ensure good spatial temperature
uniformities for Hy/air catalytic combustion with standard deviations less than 20
K. Methane had the lowest reactivity on Pt and did not ignite catalytically at
atmospheric pressure without a substantial preheat.

Measured maximum surface temperatures of H,/CO and H,/CH, fuel blends
increased with rising mass throughput (inlet velocity), equivalence ratio, and
hydrogen volumetric content. For a H,/CO/air mixture with Upy = 50 m/s, ¢ =
0.50, and CO:H, ratio 1:9, the maximum attained mean surface temperature was
1261 K, with a standard deviation of 18.3 K. For a H,/CH,/air mixture with Uy =
50 m/s, ¢ = 0.50, and CH4:H, ratio 1:9, the maximum mean surface temperature
was 1229 K, with a standard deviation of 14.6 K. In comparison, the corresponding
measurements with only H, fuel were 1277 K and 18.9 K.

Comparisons between measurements and predictions were very favorable in terms
of mean values, standard deviations, and PDF shapes of temperature.
Characteristically, mean temperatures differed by 0.6-14.4 K and standard devia-
tions by 0.1-3.2 K. Moreover, measured and predicted exhaust compositions had
relative differences 0.5-6.5% for H,, CH,, and CO, and 1.8-11.8% for CO,. Mean
surface temperatures dropped when replacing H, volumetrically with CO. This
drop was even greater in H,/CH, mixtures when either the equivalence ratio or the
exothermicity was kept the same as the corresponding H,/CO mixtures.
Normalized temperature standard deviations o;/T remained largely unaffected for
H,, H,/CO, or H,/CH, fuel mixtures (1.27-1.52%). However, the normalized
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(6)

standard deviation of the radiated power increased for the H,/CO and H,/CH,
mixtures by as much as 22% compared to the only H, fuel.

The fuel of choice for microreactors requiring high surface temperatures and
operating at very lean stoichiometries in air (¢ < 0.5) was H,. Syngas or biogas
(H,/CO mixtures) yielded lower wall temperatures compared to undiluted H,, even
for small volumetric CO:H, ratios (1:9 and 2:8). Although the reactivity of CO was
typically high when combusting in H,/CO mixtures, its larger than unity Lewis
number did not allow for the attainment of high wall temperatures. Mixtures of H,/
CH, (such as fuels formed by decarbonization of natural gas) were the least
attractive at lean stoichiometries in air due to the significantly lower catalytic
reactivity of CH, that led to the lowest wall temperatures.
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or standard deviation of surface temperature
¢ fuel-to-air equivalence ratio
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