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The heat release rates of fuel-lean propane/air mixtures over a rhodium wire catalyst were measured with
microcalorimetry experiments and simulated with a 2D reactive code. Based on these studies, global re-
action parameters of the total oxidation of C3Hg over Rh were extracted and a full catalytic reaction
mechanism was developed. Wire microcalorimetry experiments were performed at atmospheric pressure
and temperatures up to 900 K, while surface kinetic data was determined within the kinetic-controlled
regime below 630 K. The dissociative adsorption of C3Hg on Rh and its subsequent decomposition re-
action were fitted based on the global reaction parameters, and a thermodynamically consistent reac-
tion mechanism for the total oxidation of C3Hg on Rh was constructed by incorporating these two fitted
steps into a CH4-Rh surface mechanism. The constructed catalytic reaction mechanism well reproduced
the measured heat release rates in the wire microcalorimeter and was further validated against 2D Ra-
man measurements of major gas-phase species concentrations in an Rh-coated planar channel. Moreover,
when working in conjunction with a recently reported pressure dependence of catalytic reactivity and a
detailed gas-phase chemistry, the developed catalytic reaction mechanism excellently captured the cat-
alytic reactivity and the homogeneous ignition during hetero-/homogeneous combustion in the planar
channel at pressures up to 6 bar. The hetero-/homogeneous coupling of the intermediate species (such as
CO) appreciably affected the onset of homogeneous ignition, while the corresponding coupling via rad-
ical (O, H and OH) reactions was very weak. Finally, the key reactions controlling catalytic ignition and
homogeneous ignition during hetero-/homogeneous combustion were identified.

© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

The catalytic total oxidation of propane (C3Hg) is of increasing
importance in many industrial applications due to economic and
environmental concerns. As a fuel, propane is the major compo-
nent of liquefied petroleum gas (LPG, also known as “autogas”),
which is readily accessible in compact containers for storage, trans-
portation, and consumption, owing to its modest liquefaction tem-
peratures and pressures. LPG-fueled vehicles have received exten-
sive attention due to both low fuel costs and substantially reduced
carbon and NOx emissions [1]; therein, unburnt propane in the ex-
haust is eliminated by catalytic converters [2]. Propane and LPG
fuels are also attractive to micro- [3,4] and meso-scale [5,6] cat-
alytic reactors for portable power generation. On the other hand,
as a pollutant, propane is one of the most common and represen-
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tative volatile organic compounds (VOC) 7,8]. Although propane it-
self is generally believed to be a green and nontoxic fuel, it reacts
with hydroxyl radicals and produces tropospheric ozone, which is a
toxic and strong greenhouse gas [9]. A rising trend in global atmo-
spheric propane has been recently reported in the northern hemi-
sphere, due to increased oil and natural gas production [10]. It is
hence of importance to investigate the abatement of propane and
other similar VOCs from industrial sources via catalytic combustion
[11,12].

Among the commonly used noble metal catalysts, platinum has
the highest reactivity toward the total oxidation of propane [13,14]
and is also very resilient against sulfur poisoning. Nonetheless,
rhodium has been widely used as a key promoter and additive in
platinum- and palladium-based catalysts. For example, addition of
Rh into Pt can promote the catalytic reactivity for the total oxida-
tion of methane [15] and propane [16], while addition of Rh into
Pd can improve the long term stability of the latter [17]. Further-
more, it has been recently reported that Rh also promotes propane
oxidation over non-noble-metal catalysts [18].

Past studies of propane catalytic combustion over rhodium have
primarily focused not on total but on partial oxidation, aiming at
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hydrogen and syngas production. This is mainly due to rhodium’s
superior hydrogen and syngas selectivity during partial oxidation
of hydrocarbons; the presence of hydrogen, in turn, facilitates the
production of steam via homogeneous (gas-phase) reactions, which
further accelerates the ensuing catalytic steam reforming [19]. In
terms of kinetic studies, global reaction parameters over Rh/Al,03
catalysts [20] as well as detailed reaction mechanisms [21,22] have
been developed for C3Hg partial oxidation. For the total oxidation
of C3Hg, an effective activation energy of 74.7 kJ/mol was reported
for Rh supported on YSZ (Yttria-Stabilized Zirconia) at atmospheric
pressure [6]. In our recent study [23], a p%!4 pressure dependence
of C3Hg total oxidation on Rh was reported for the pressure range
1-6 bar and a global catalytic step with an effective activation en-
ergy of 78 kJ/mol was constructed. Moreover, when coupled to a
homogeneous reaction mechanism, this global catalytic step cap-
tured the onset of gas-phase ignition in an Rh-coated channel [23].
Despite the above efforts, a detailed reaction mechanism for the
total oxidation of C3Hg over Rh is still missing, which hinders
deeper understanding of the surface kinetics (e.g., knowledge of
dominant surface coverage and of controlling reactions) and of the
interactions between the catalytic and gaseous reaction pathways
(e.g., coupling via adsorption/desorption reactions of radical and
intermediate species). Consequently, the development and valida-
tion of such a surface mechanism constitutes the main objective of
this work.

This paper is organized as follows. First, the adopted experi-
mental and numerical microcalorimetry methodologies are intro-
duced in Section 2. In Section 3 the global reaction parameters
of C3Hg total oxidation over Rh are reported, based on which
two “lumped” steps are fitted and a detailed thermodynamically-
consistent catalytic reaction mechanism is constructed. Subse-
quently, in Section 4 the developed reaction mechanism is val-
idated against in situ Raman measurements of major gas-phase
species concentrations and OH-PLIF measurements of homoge-
neous ignition in an Rh-coated rectangular channel. Finally, key
reactions controlling catalytic ignition and homogeneous ignition
during coupled hetero-/homogeneous combustion are identified in
Section 5 and the main results are summarized in Section 6.

2. Experimental and numerical methodologies

Wire microcalorimetry experiments and CFD simulations were
performed to assess the reaction parameters of C3Hg total oxida-
tion over Rh. The principle of wire microcalorimetry has been de-
tailed elsewhere [24-26] and is hence only briefly described here.
A polycrystalline Rh wire (purity 99.8%, supplied by Alfa Aesar,
Thermo Fisher Scientific), 127 um in diameter and 100 mm in
length, was positioned horizontally in the center of an enclosed
rectangular chamber (Fig. 1), which had a horizontal cross-flow
area of 200 x 200 mm? and a height of 200 mm. The atmospheric-
pressure gas environment was replenished with a creeping ver-
tical gas flow at a constant speed of 15 mmy/s. Such a low flow
rate guaranteed catalytic heat release rates independent of the in-
let gas velocity, as well as minimized flow separation, recircula-
tion and upstream-to-downstream convective transport, when the
wire temperature was maintained within a certain range. Conse-
quently, the catalyst wire could be essentially considered as being
immersed in a constant-concentration bath with uniform proper-
ties on the wire surface [24]. As shown in Fig. 2(a), the indepen-
dence of heat release rate on inlet velocity held strictly at temper-
atures up to 630 K and inlet velocities of 10-25 mm/s.

The Rh wire was first heated in an air stream to a certain tem-
perature T, by passing an electric current with power P{(T). The
wire temperature, which was determined by a relation between its
temperature and electric resistance [27], was real-time monitored
and stable during data acquisition. Subsequently, a small amount of

[m5G;November 17, 2021;19:31]

Combustion and Flame xxx (XxXx) XXX

Exhaust
p £
! €
H o
! o
H o™
! 200\mm
simulation B ]
e : e
domain f y £
; 8
catalyst wire®|" 1 Q
.y I —
i - &
- <&
mixing me§h 7 ‘g
3
Flowmeter resistor
@ v
premixed variable resistor
fuel/air resistor box

Fig. 1. Schematic of the wire microcalorimetry setup and the simulation domain.

fuel was introduced into the flow, thus creating a reactive mixture.
Upon reaching a certain temperature, catalytic combustion was ig-
nited and the surface heat release rate abruptly increased from
zero. Accordingly, the electric heating power had to be adjusted to
a lower value P,(T) in order to maintain the same wire tempera-
ture T. Since the diffusive-convective heat loss from the wire to the
gas environment was the same when the wire temperature was
maintained at T, the difference in heating powers, AP(T) = P; -
P,, yielded the catalytic heat release rate at this temperature. By
varying T, a function AP(T) was obtained, which subsequently pro-
vided the global reaction parameters. Experiments were performed
at wire temperatures below 900 K. Such moderate catalyst tem-
peratures, together with the minute surface-to-volume ratio of the
reactor in Fig. 1, negated falsification of the extracted surface ki-
netic data from potential gaseous reactions —whose minimal im-
pact was further confirmed by the simulations. Same as previous
studies under similar operating conditions [6,23], partial oxidation
products (H,, CO, CH4 and C, species) were absent for the inves-
tigated ultra-lean stoichiometries at all investigated temperatures,
as confirmed by gas chromatography measurements (Inficon 3000
micro-GC, sampled from exhaust gasses of the wire microcalorime-
ter).

In the numerical part, a 2D code (ANSYS Fluent 2021 R1) was
employed in conjunction with detailed catalytic and gas-phase re-
action mechanisms; the code has been validated against past wire
microcalorimetry experiments [24,26,28,29]. The simulation do-
main comprised a rectangle of 200 mm x 100 mm (in -y and -z,
respectively), normal to the wire (see Fig. 1). Symmetry boundary
conditions were used at the domain’s right side (z = 0), prescribed
values of all thermoscalars at the lower side (y = —100 mm), zero-
Neumann conditions at the top side (y = 100 mm), while at the
solid wall side (z = 100 mm) no slip conditions and non-reactive
walls at room temperature were considered. 164,224 body-fitted
curvilinear cells, which were refined at near-wire regions with
80 grids over the modeled half wire periphery, yielded grid-
independent solutions. Gravity in the y-direction was included in
the simulations. In the present study, a detailed catalytic reaction
mechanism for fuel-lean C3Hg oxidation over Rh (Table 1, 14 sur-
face species and 48 reactions) was developed based on the present
wire microcalorimetry experiments and the CH4-Rh mechanism by
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Fig. 2. (a) Measured (symbols) and computed (lines, using the reaction mechanism of Table 1) heat release rates of 1% vol. C3Hg in air at 600-650 K and 3-24 mm/s inlet
velocities. (b) Computed normalized radial profiles of C3Hg mass fraction Ycsps/Ycsus,v at temperatures 590-630 K (solid lines) and 640-680 K (dashed lines), inlet velocity

15 mm/s.

Table 1
Surface reaction mechanism of the total oxidation of C3Hg over Rh*.
No. Reaction A b E,
1 C3Hg + Rh(s) + O(s) — C3H(s) + OH(s) 1.3 x 10% 0 45.9
2 C3H7(s) + 2Rh(s) — CHs(s) + 2CHy(s) 2.9 x 10%° 0 82
3 0, + 2Rh(s) — 20(s) 1.0 x 1072 (y) 0 0
4 20(s) — 2Rh(s) + O, 5.33 x 102 -0.137 387
5 H, + 2Rh(s) — 2H(s) 3.0 x 1072 (y) 0 0
6 2H(s) — 2RNh(s) + H; 5.57 x 10" 0.239 59.69
7 CO + Rh(s) — CO(s) 497 x 107" () 0 0
8 CO(s) — Rh(s) + CO 1.3 x 1013 0.295 134.07-476 cos)
9 H,0 + Rh(s) — H,0(s) 1.0 x 107! (y) 0 0
10 H,0(s) — Rh(s) + H,0 6.86 x 104 -0.280  44.99
11 CO; + Rh(s) — COy(s) 4.8 x 1072 (y) 0 0
12 COy(s) — Rh(s) + CO, 3.92 x 10! 0.315 20.51
13 0(5) + H(s) — OH(s) + Rh(s) 8.83 x 102! —0.048  73.365
14 OH(s) + Rh(s) — O(s) + H(s) 1.0 x 10* 0.045 48.04
15 (s) + H(s) — H,0(s) + Rh(s) 1.74 x 1022 ~0.127 4173
16 50(s) + Rh(s) — OH(s) + H(s) 5.41 x 102 0.129 98.22
17 ( ) + OH(s) — O(s) + H,0(s) 5.74 x 10%° —0.081 121.59
18 o(s) + HZO( ) — OH(s) + OH(s) 1.57 x 10?2 0.081 203.41
19 ( ) + C(s) — CO(s) + Rh(s) 1.17 x 10%2 0 92.14-1200(s)
20 CO(s) + Rh(s) — O(s) + C(s) 6.39 x 10%! 0 174.76 476 cos)
21 0O(s) + CO(s) — COy(s) + Rh(s) 6.18 x 10%! 0.034 129.98—-476 ¢ s)
22 COy(s) + Rh(s) — O(s) + CO(s) 5.75 x 102 -0.175  106.49
23 CO(s) + OH(s) — COOH(s) + Rh(s) 2.92 x 102 0 55.33-476 cq(s)
24 COOH(s) + Rh(s) — CO(s) + OH(s) 2.74 x 10?1 0 48.38
25 COOH(s) + Rh(s) — COy(s) + H(s) 1.17 x 1019 0.160 5.61
26 COy(s) + H(s) — COOH(s) + Rh(s) 1.16 x 10%° -0.160  14.48
27 COOH(s) + H(s) — CO(s) + H,0(s) 6.00 x 10'° -0.188  33.55
28 CO(s) + Hy0(s) — COOH(s) + H(s) 2.26 x 10 0.051 97.08—-476¢q(s)
29 CO(s) + OH(s) — COy(s) + H(s) 3.07 x 10" 0 82.94—470cq(s)
30 COy(s) + H(s) — CO(s) + OH(s) 2.50 x 10%! —-0.301 84.77
31 C(s) + OH(s) — CO(s) + H(s) 4.22 x 10?1 0.078 30.04—-1206 ()
32 CO(s) + H(s) — C(s) + OH(s) 3.24 x 10%! —0.078  138.26—470q(s)
33 CHy(s) + Rh(s) — CHs(s) + H(s) 4.62 x 102! 0.136 72.26
34 CHs(s) + H(s) — CHy(s) + Rh(s) 2.14 x 10%! —0.058  46.77
35 CHs(s) + Rh(s) — CHy(s) + H(s) 1.28 x 10%4 0.078 107.56
36 CHs(s) + H(s) — CHs(s) + Rh(s) 1.07 x 10?2 -0.078  39.54
37 CH,(s) + Rh(s) — CH(s) + H(s) 1.28 x 10% 0.078 115.39
38 CH(s) + H(s) — CHx(s) + Rh(s) 1.07 x 10?2 -0.078  52.61
39 CH(s) + Rh(s) — C(s) + H(s) 1.46 x 10%0 0.078 23.09
40 C(s) + H(s) — CH(s) + Rh(s) 1.12 x 108 —0.078  170.71-1200 ()
41 CHy(s) + O(s) — CHs(s) + OH(s) 3.47 x 10% 0.051 77.71
42 CH3(s) + OH(s) — CHy(s) + O(s) 1.82 x 10?2 -0.051  26.89
43 CHs(s) + O(s) — CHa(s) + OH(s) 4.79 x 10%4 0 114.52
44 CH,(s) + OH(s) — CHs(s) + O(s) 2.86 x 107! 0 20.88
45 CHy(s) + O(s) — CH(s) + OH(s) 4,79 x 10%4 0 141.79
46 CH(s) + OH(s) — CHy(s) + O(s) 2.86 x 10?1 0 53.41
47 CH(s) + O(s) — C(s) + OH(s) 5.01 x 10%° 0 26.79
48 C(s) + OH(s) — CH(s) + O(s) 2.73 x 10% 0 148.81-1200 )

* Reaction rates are k = ATPexp(E,/RT) with activation energy E, (k]/mol). y denotes sticking coefficients.
The surface site density is ' = 2.72 x 10~° mol/cm?. For reactions among surface species, the units of
pre-exponential factors A are mol('~™)cm2(m-1)s-1K-b, with m denoting the reaction order based on all
surface reactants. For adsorption reactions which are not expressed in terms of a sticking coefficient, the
units of A are mol(l-m-mem2(m-D+3ng-1K-b with n denoting the reaction order based on all gaseous
reactants. Reactions 1 and 2 were developed in this work. All the other reactions were taken from [30]

without change.
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Fig. 3. (a) Electrical power inputs needed to maintain Rh wire in air (circles) and reactive mixture (1% vol. C3Hg in air, squares) flows. The differences yield the catalytic
heat release rates AP (triangles). (b) Arrhenius plot of (a): experimental data (symbols and dashed line) and linear fit (solid line).

Karakaya et al. [30]. For C3Hg gas-phase chemistry, the latest San
Diego mechanism [31] (58 species and 268 reactions) was adopted,
along with its thermodynamic and transport databases. Mixture-
averaged species transport model was used by Fluent. As men-
tioned before, the gas-phase chemistry in the simulations ensured
the absence of gas-phase ignition, which would otherwise falsify
the extraction of surface kinetics.

3. Development of surface kinetic model
3.1. Extraction of global reaction parameters

Global reaction parameters of C3Hg total oxidation over Rh were
first obtained from the heat release measurements. To ensure neg-
ligible changes in the heat transfer properties of the reactive mix-
tures and air [25], only 0.5-1.0% vol. C3Hg was doped into air
(300 K), resulting in fuel-to-air equivalence ratios ¢ = 0.12-0.24.
As shown in Fig. 3(a), the observed catalytic ignition tempera-
ture of C3Hg on Rh was around 585 K, close to the past mea-
surement of 573 K in an annular microreactor [22] (this compar-
ison is meaningful even though [22] referred to partial oxidation,
since total oxidation is first triggered, followed by partial oxida-
tion). Data was extracted within the kinetic-controlled regime at
temperatures up to 630 K, above which reactions became fast and
fell into the mixed kinetic/transport-controlled regime. As shown
in Fig. 2(a), below 630 K (circles and solid lines, kinetic-controlled
regime) both measured and predicted heat release rates were inde-
pendent of the inlet velocity. In contrast, a trend of increasing heat
release rate with increasing inlet velocity was observed at temper-
atures above 640 K (squares and dashed lines), which was progres-
sively aggravated at higher temperatures. This behavior was further
confirmed by the computed radial profiles of the C3Hg mass frac-
tion Ycspg near the Rh wire in Fig. 2(b), normalized by the inlet
C3Hg mass fraction Yesygn. It is seen that below 630 K the near-
wall ratios in Fig. 2(b) were well-above 95%, thus manifesting a
strong kinetic-controlled regime with negligible external diffusion
limitations within the low-temperature range where the surface ki-
netics was evaluated. The profiles in Fig. 2(b) were largely similar
for all azimuthal positions around the wire, since gravity did not
significantly affect them.

The measured heat release rates for the case with 1% vol. C3Hg
in air and the corresponding Arrhenius plot are shown in Fig. 3.
Considering that O, is in large excess, the apparent reaction rate
of C3Hg total oxidation can be expressed as:

Sc,i, = AP/AH; = k**[C3Hg],,. (mol/cm?/s) (1)

where AH; denotes the enthalpy of combustion of C3Hg (lower
heating value) and the subscript w the gas/solid interface. Such a
global step, first-order with respect to C3Hg and zeroth-order with

respect to O,, was shown valid under similar conditions of C3Hg
total oxidation in our recent study [23].

The global rate of C3Hg/air total oxidation over Rh was deduced
from Arrhenius plots and averaged from the 0.5-1.0% vol. C3Hg
cases (for brevity, the 0.5% vol. results are not included in Fig. 3).
The apparent activation energy E, and the pre-exponential factor A
were deduced from the negative slop and extrapolation of the y-
intercept of the In(k?PP) versus 1/T plot over the kinetic-controlled
regime, respectively. Consequently, the obtained global step has the
following reaction coefficients:

kPP — (4.35 + 0.45) x 10°e~(7>4=1HK/MOD/RT (¢ /) (2)

The derived global activation energy, 75.4 kJ/mol, was in good
agreement with past studies: for total oxidation, 74.7 kJ/mol was
obtained in a heat recirculating meso-scale combustor [6] and
78 kJ/mol in a planar flow reactor [23], while for partial oxidation
80 kJ/mol was reported in a honeycomb reactor [20].

Surface characterization of the Rh catalyst was accomplished via
X-ray Photoelectron Spectroscopy (XPS) and Energy-dispersive X-
ray spectroscopy (EDX). XPS measurements involved a VG Scientific
ESCALAB 220iXL spectrometer (Thermo Fisher Scientific) using fo-
cused monochromatized Al Ko radiation (1486.6 eV) and were per-
formed ex situ on 10 x 10 mm? samples (2.2-um-thick Rh layer
coated on non-porous Al,03 via plasma vapor deposition), which
were heated in air in an atmospheric-pressure oven for 1 hr. The
considerably thick noble metal coating closely resembled a poly-
crystalline surface and excluded support effects [32]. The Rh 3d
regions of samples heated at various temperatures are illustrated
in Fig. 4(a). The 3ds, peaks are at 307.2 and 308.3 eV for Rh©
(metallic) and Rh3* (Rh,03), respectively. Similarly, the 3d3), peaks
are at 311.8 and 313.1 eV for Rh® and Rh3*, respectively [33]. The
spectra indicated that both metallic and oxidized rhodium phases
existed below and above the ignition temperature of C3Hg on the
catalyst surface (see the curves of 573 K and 623 K), and the ox-
idized phase became dominant when the samples were heated
above 750 K. Such a phase change was also reflected by the O 1 s
spectra (peak at 529.9 eV) in Fig. 4(b). It is worth mentioning
that the transition from mixed metallic/oxidized to fully oxidized
phase does not necessitate a more complex reaction mechanism
with more than one active rhodium sites, probably due to the fast
replenishment of oxygen vacancy by the excess gas-phase oxygen
under the present fuel-lean environment [34]. Such a single type
of active site Rh(s) was also attested by the Deutschmann group
in their kinetic modeling of CH,4 oxidation on Rh, which was vali-
dated against tests in an annular flow reactor over the wider tem-
perature range 573-1123 K [30]. The dominance of oxidized phase
was accentuated at even higher temperatures, as illustrated with
the EDX measurements in Figs. 4(c) and 4(d), where the oxygen
concentration increased from 2.0% at 750 K to 7.7% at 1000 K.
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Fig. 4. XPS spectra ((a) Rh 3d and (b) O 1 s regions) of samples heated to 293, 573, 623 and 750 K, and EDX spectra of samples heated to 750 K (c) and 1000 K (d).

3.2. Construction of a detailed catalytic reaction mechanism

The adsorption of C3Hg and its subsequent surface decompo-
sition step were fitted as two “lumped” reactions, based on the
global step of C3Hg total oxidation derived in Section 3.1. A de-
tailed reaction mechanism for the total oxidation of C3Hg on Rh
(Table 1) was subsequently constructed by incorporating these two
steps with a literature CH4-Rh reaction mechanism [30], which had
been validated for both total and partial oxidation. The CH, ad-
sorption/desorption steps of [30] were not included in the con-
structed reaction mechanism, as they would otherwise generate
unrealistic amounts of CH4 in the products due to the consider-
ably lower desorption activation energy of CH4 compared to HO.
The same issue also appeared in [23] when attempting to use the
CPO-tuned detailed surface mechanism of C3Hg on Rh [21] for the
simulation of C3Hg total oxidation; it was reported [23] that this
mechanism resulted in the formation of large amounts of CH, (and
also of H, and CO), which were however absent in the total oxida-
tion experiments.

The use of main reactions from the CH; mechanism [30] was
greatly facilitated by the fact that after the dissociative C3Hg ad-
sorption and subsequent decomposition, only C; surface species
(CH3(s) and CH,(s)) were present. This approach of adding
“lumped” steps for the surface adsorption and decomposition
of C,, species has been successfully adopted by various groups
for the partial oxidation of C3Hg [22] and isoCgH;g [35] on
Rh, and the total oxidation of C3Hg, C;Hg and C,H,; on Pd
[28,36].

Same as the past study of the total oxidation of C3Hg on Pd
[28], in the present work the dissociative adsorption of C3Hg on
Rh and its subsequent decomposition step (reactions R1 and R2 of
Table 1) were modeled as C3Hg + Rh(s) + O(s) — C3H7(s) + OH(s)
and C3Hy(s) + 2Rh(s) — CHs(s) + 2CH,(s), respectively. With R1
being the only “elementary” step involving C3Hg, the overall con-
version rate of C3Hg can be expressed as

SC3H3 = kBPP[CBHS]W = k][CgHg]W(FeRh(S))(FGO(S)) (3)

where I" denotes the surface site density of the catalyst, while
Orn(s) and O are the free surface site and O-occupied site frac-
tions, respectively.

Since R1 and R2 are the only reactions producing/consuming
C3Hy(s), whose net catalytic molar production rate ought to be

zero at steady state [37], recognizing that all present experiments
are steady state, these two reactions could be linked via

k1[C3Hg ] (COrns) ) (Tos) )
2

—ka(TOrncs))” (TOcuh,(s)) =0

Eqgs. (3) and (4) further yielded the reaction rates of R1 and R2

SCHy(s) =

(4)

as
Jeapp
k= ——+— 5
! 1—‘20Rh(s)90(s) ( )
k1[CsHs],,f0(s)
ky = —F— 70— 6
g IﬂeRh(s)G(ZgHﬂs) ( )

The derived rate expressions in Eqs. (5) and (6) were implic-
itly coupled with the unknown surface fractions of Rh(s), O(s) and
C3H7(s). Hence, k; and k, were determined iteratively using Fluent
simulations. The iterative procedure is as follows: an initial guess
of k; and k, (based on the same reactions on Pd from [28] and
tuned to match the heat release measurements) was used in the
first iteration, from which the surface fractions of Rh(s), O(s) and
C3H;(s) were obtained. k; and k, were subsequently updated us-
ing Eqs. (5) and (6), where kP was determined as in Eq. (2).
The pre-exponential factors and activation energies of R1 and R2
were obtained from the Arrhenius plots of k; and k;, and then
used in the next iteration. The iterative procedure was repeated
until the values of k; and k, converged. Thermodynamic consis-
tency of the developed reaction mechanism in Table 1 was satis-
fied with an overall energy balance (from gaseous C3Hg and O,
to H,0 and CO,) error less than 1.7%. The small error in thermo-
dynamic consistency could be completely eliminated by increasing
the activation energies of R1 and R2, which could however lead to
inaccurate predictions of the heat release rates, especially at low
temperature ranges. It is noted that the aforementioned small er-
ror in the thermodynamic consistency had no effect on the sim-
ulations of the present steady experiments. In steady simulations,
the heat release rate is solely determined by the energetics of the
adsorbing/desorbing gaseous species and not by the energetics of
the surface species, whose reaction rates are identically zero (see
e.g. Eq. (4)) [38]. The aforementioned 1.7% error, however, could
have a small impact in simulations of transient experiments. It is
finally worth mentioning that, even though backward reactions are
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Fig. 5. Measured (symbols) and predicted (lines, using the reaction mechanism of
Table 1) heat release rates of 1.0% (diamonds, solid line) and 0.5% (triangles, dashed
lines) vol. C3Hg in air over the Rh wire.
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Fig. 6. (a) Computed surface species coverage (averaged over the Rh wire surface)
for 1.0% C3Hg in air at 585-900 K. (b-c) Surface coverage of major species and
the peak azimuthal deviations over the modeled half cross-sectional wire perime-
ter (from —R to R, where R is the wire cross sectional diameter and O the vertical
position of the circle center) at 585 K (b) and 630 K (c).

not included in the “lumped” reactions and the constructed mech-
anism, fuel desorption steps are typically negligible compared to
adsorption after ignition under steady-state and fuel-lean condi-
tions [39,40].

Predictions with the constructed reaction mechanism repro-
duced excellently the measured heat release rates of 0.5 and 1.0%
vol. C3Hg doped in air over the Rh wire at all investigated tempera-
tures, as shown in Fig. 5. Computed surface coverage (azimuthally
averaged over the catalyst wire surface) for the 1.0% case is pro-
vided in Fig. 6(a). Surface oxygen is dominant over the entire tem-
perature range, while CH3(s), CHy(s) and CO(s) are also abundant
within the kinetic-controlled regime up to ~630 K, above which
free site Rh(s) overtakes them. C3H;(s), CHy(s), CH3(s) and CHy(s)
decrease drastically with rising temperatures and are all surpassed
by H(s) and OH(s) below ~740 K. Figs. 6(b) and 6(c) provide com-
puted coverage of major surface species along the perimeter of the
simulated half-wire circle (i.e., wire cross section, see Fig. 1) at two
temperatures 585 and 630 K, both within the kinetic-controlled
regime. It is clear that at both temperatures all the surface species
are uniformly distributed over the wire surface (with deviations
0.04-0.81%), thus re-confirming the assumption that within the
kinetic-controlled regime uniform properties are guaranteed on the
wire surface with the adopted low flow rates. At all temperatures,
0O(s) and Rh(s) were main surface species, with the latter increas-
ing with rising temperature.
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4. Validation of the developed catalytic model with planar flow
reactor tests

The developed catalytic reaction mechanism in Table 1 was fur-
ther validated against our recently reported laser-based measure-
ments of steady C3Hg total oxidation in an Rh-coated channel-flow
reactor [23]. The test-rig and measuring techniques have been de-
tailed in past studies [40,41] and are only briefly described here.
The rectangular channel reactor comprised two 9-mm-thick hor-
izontal Si[SiC] ceramic plates having a streamwise (-x) length of
300 mm, a lateral (-z) width of 104 mm, and two 3-mm-thick ver-
tical quartz windows that maintained a vertical (-y) separation of
7 mm between the two plates. The inner 300 x 104 mm? ceramic
plate surfaces were coated with a 2.2-pum-thick polycrystalline Rh
layer using plasma vapor deposition, while the plate temperatures
were controlled by a combined heating/cooling arrangement com-
prising two adjustable-power resistive coils in the rear plate sec-
tions and two cooling air jets in the front plate sections. The cat-
alyst temperatures were measured along the x-y symmetry plane
of the channel by 12 S-type thermocouples for each plate, which
were positioned 0.9 mm beneath the catalytically coated surfaces.
1D Raman measurements of major gaseous species concentrations
over the 7 mm channel height accessed the catalytic processes at
five selected axial positions x = 8, 36, 66, 96 and 126 mm, while
planar laser induced fluorescence (PLIF) of the OH radical along the
x-y symmetry plane monitored gas-phase ignition.

As listed in Table 2, selected cases from [23] were simulated
using the reaction mechanism of Table 1. Raman measurements
were performed in Cases 1-3, in which homogeneous combustion
was negligible. The catalyst temperatures over the range of Raman
measurements in Cases 1-3 were modestly higher than the wire
microcalorimetry experiments (by ~100 K), while the inlet equiv-
alence ratio was close to the upper limit value of the wire mi-
crocalorimetry experiments (¢ = 0.24 when 1.0% C3Hg was doped
in air). In Cases 4-6 homogeneous combustion was ignited and
monitored by OH-PLIF; homogeneous combustion was achieved as
a result of the increased wall temperatures, increased residence
times (reduced inlet velocities) and increased inlet equivalence ra-
tios. Experiments were performed at pressures of 1-6 bar [23] and
a global pressure dependence of catalytic reactivity p%4 was re-
ported for the total oxidation of C3Hg on Rh based on the follow-
ing one-step reaction:

o oa( P exp (ZEa
5C3H3—A<p0) exP(RTW>[C3H8]W (7)

where pg = 1 bar is the reference pressure and n = 0.86 the pres-
sure exponent that restrained the increase of the catalytic reaction
rate with rising pressure. The overall pressure dependence of the
catalytic reactivity Scsyg in Eq. (7) is ~p'™" since the interfacial
gas/wall C3Hg concentration [C3Hg]w ~ p. Although the catalytic
reaction mechanism of Table 1 was developed under atmospheric
pressure (in both wire microcalorimetry experiments and the orig-
inal CH4 mechanism [30]), it excellently reproduced the measured
catalytic reactivity and homogeneous ignition when all surface re-
actions were uniformly scaled with the (p/po)~%8¢ factor in the
simulations. This implied multiplication of all pre-exponentials A
in Table 1 by (p/po)~%86.

Our proprietary 2D steady Navier-Stokes reactive code [32] was
used to simulate the channel flow experiments in Table 2. A stag-
gered grid with 480 x 68 points (in x and y directions, respec-
tively) for the 300 x 7 mm?2 domain was sufficient to produce
grid-independent solutions. Uniform inlet velocities, gas species
concentrations and temperature were applied at the channel entry,
while the upper (y = 7 mm) and lower (y = 0 mm) wall tempera-
tures were prescribed (by fitting axial temperature profiles through
the 12 thermocouple measurements on each Si[SiC] plate). The
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Fig. 7. Raman measured (symbols) and simulated (lines, using the reaction mech-
anism of Table 1) transverse profiles of C3Hg, O,, H,O and CO, for Case 1 at 1
bar; x = 8 mm (circles, long dashed lines), 36 mm (lower triangles, dashed dot-
ted lines), 66 mm (upper triangles, short dashed lines), 96 mm (diamonds, dashed
double-dotted lines), and 126 mm (stars, solid lines). Thick dotted lines marked TRL
denote the predicted transport-limited solutions at x = 126 mm.

catalytic reaction mechanism of Table 1 was applied together with
the San Diego gas-phase mechanism [31], although gas-phase com-
bustion was not ignited in Cases 1-3. Surface and gas-phase reac-
tion rates were evaluated with Chemkin [42,43], while a mixture-
averaged species transport model [44] was used.

The catalytic reaction mechanism of Table 1 reproduced well
all the Raman-measured major reactive gaseous species concen-
trations in Cases 1-3. Gas-phase combustion was not initiated in
these cases as confirmed by both the simulations in this work and
the OH-PLIF measurements in [23], thus excluding potential falsi-
fication of the surface kinetics by gas-phase chemistry. Measured
and predicted transverse profiles of C3Hg, O,, H,O and CO, for
Case 1 at the five selected axial locations are presented in Fig. 7.
The thick dotted lines marked TRL denote transport-limited (i.e.,
infinitely fast chemistry) simulations for the last axial location at
x = 126 mm, demarcating the lower/upper physical limits of the
reactants/products. In [23] C3Hg and H,0 profiles were also well
predicted for pressures below 2 bar by a detailed reaction mech-
anism for C3Hg partial oxidation developed in [21]. However, this
mechanism failed to predict O, and CO, and resulted in unrealistic
amounts of partial oxidation products (CO, H, and CHy).

Although the present catalytic reaction mechanism was devel-
oped for atmospheric pressure, when scaled with the p~986 pres-
sure dependence in the simulations, it captured closely the mea-
sured catalytic reactivity in Cases 2-3 (see Fig. 8) and homoge-
neous ignition in Cases 4-6 (see Fig. 9) at pressures up to 6 bar.
Moreover, as reflected by the locations of x;; (defined as the far-
upstream axial locations where OH attained 5% of its peak value
in the channel) in Fig. 9 and Table 3, the catalytic reaction mecha-
nism developed herein improved noticeably the predictions of ho-
mogeneous ignition by 2.1-5.2%, compared to the one-step cat-
alytic chemistry in [23], because chemical coupling between the
catalytic/gaseous reaction pathways via intermediate species (pri-
marily CO) was accounted for when the detailed surface chem-
istry was used. The minimal effects of radical exchange between
the catalytic and gaseous reaction pathways were further inves-
tigated by augmenting the mechanism of Table 1 with 6 adsorp-
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Fig. 8. Raman measured (symbols) and simulated (lines) transverse profiles of

C3Hg, H,0 and CO, for Cases 2 (al-a3) and 3 (b1-b3) at pressures of 3 and 6 bar,
respectively. Notations as in Fig. 7.
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Fig. 9. 2D OH distributions for Cases 4-6: (a) OH-PLIF measurements [23], (b) sim-
ulations using a one-step catalytic chemistry [23], (c) simulations using the detailed
catalytic reaction mechanism of Table 1, and (d) simulations using the detailed
catalytic reaction mechanism of Table 1 and additional reactions of O/H/OH ad-
sorption/desorption from [45]. The color bars provide the predicted OH levels (103
ppmv). x;; denotes locations of homogeneous ignition.

tion/desorption steps of O, H, and OH on Rh from [45] (these rad-
ical reactions were not part of the original mechanism in [30]). As
shown with the locations of x;; in Figs. 9(4d-6d) and the percent-
age differences of xj; in Table 3, with the additional radical steps
the homogenous ignition was practically unaffected in Cases 4 and
6 and slighted overestimated (by ~0.9%) in Case 5.

5. Further discussion: catalytic ignition and homogeneous
ignition during hetero-/homogeneous combustion

Hetero-/homogeneous (i.e. coupled catalytic/gaseous) combus-
tion is of interest in many industrial applications [46]. A major is-
sue of importance during such processes is the ignition of homo-
geneous combustion. Hence, with the catalytic reaction mechanism
developed herein for the total oxidation of C3Hg on Rh, homoge-
neous ignition during hetero-/homogeneous combustion and the
controlling surface and gas-phase reactions are numerically inves-
tigated. Moreover, it has been shown that under certain conditions
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Table 2
Experimental and simulation conditions*.
Case p ¢ Un Tin GHg 0 N, Tw
1 1 0248 394 369 256 5240 45.04 800-1021
2 3 0248 124 347 256 52.40 45.04 767-990
3 6 0248 060 335 256 5240 45.04 688-932
4 3 0524 049 390 297 2792  69.11 809-1119
5 4 0500 035 374 275 27.98 69.27  763-1107
6 6 0375 023 365 207 2834 6959  777-1131
* Pressure (bar), equivalence ratio, inlet velocity (m/s), inlet temperature (K),

inlet volumetric compositions (%), and measured wall temperatures (K).

Table 3
Homogeneous ignition distances*.
GS DM DM-aug.
Case Xi
e Xig‘sim AXig Xig,sim AXig Xig,sim AXig

4 253 226 +10.7 239 +5.5 239 +5.5
5 222 205 +7.7 216 +2.7 214 +3.6
6 190 197 -3.7 193 -1.6 193 -1.6

* Measured and simulated (“GS” with the global step of [23], “DM” with the de-
tailed reaction mechanism of Table 1, and “DM-aug.” with the detailed reaction
mechanism of Table 1 augmented by adsorption/desorption steps of O, H, and OH
on Rh from [45]) homogeneous ignition distances (mm) for Cases 4-6. Percentage
difference Axjg = 100 x (Xigexp = Xigsim)/Xigexp-

species exchange between the gaseous and catalytic pathways (via
adsorption/desorption reactions) can play a crucial role in the on-
set of homogeneous ignition [47], which cannot be accounted for
when a global catalytic step instead of a detailed surface reaction
mechanism is used in the simulations.

To decouple chemical from transport effects, the hetero-
/homogeneous combustion was investigated using a surface per-
fectly stirred reactor (SPSR [48], ANSYS Chemkin 2021 R1). Both
detailed catalytic (Table 1, together with the global pressure de-
pendence p~986 of Eq. (7) [23], which was multiplied for all sur-
face reaction rates in the simulations) and gas-phase [31] reaction
mechanisms were used. Inlet gas fractions were taken from Case
6 in Table 2. The surface-to-volume ratio was set as unity and the
reactor temperature was kept constant at 1000 K. Two pressures
1 bar and 6 bar were simulated, pertaining to catalytic microre-
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Fig. 10. Computed C3Hg conversion rates (solid lines) and percentage contribution
of catalytic (C, dashed lines) and gaseous (G, dotted-dashed lines) pathways in the
C3Hg conversion in an SPSR as a function of residence time at two pressures (a) 1
and (b) 6 bar, respectively. The vertical arrows denote when G contributes to 1% of
the combined C + G C3Hg conversion.

actor and small-scale turbine applications, respectively. As shown
with the gaseous (G) contribution of C3Hg conversion in Fig. 10,
homogeneous ignition was facilitated at higher pressures, despite
the fact that the catalytic reactivity was also promoted with rising
pressure. At 1 bar, with a residence time of 7 ms (see the vertical
arrow in Fig. 10(a)) the gaseous pathway contributed to 1% of the
combined C + G (C: catalytic, G: gaseous) C3Hg conversion and this
was considered as the homogeneous ignition point. The gaseous
pathway became equally strong as the catalytic pathway when the
residence time was increased to 0.24 s (see the crossover of C and
G curves). In contrast, at 6 bar, the gaseous pathway contributed
to 1% of the C + G C3Hg conversion at a much lower residence
time 0.8 ms (when the total C3Hg conversion was only 5.9% due to
such low residence time), and reached 50% with a residence time
of 23 ms.

The controlling surface and gaseous reactions were subse-
quently identified via sensitivity analysis on the C3Hg conversion;
the 12 most significant reactions of each reaction pathway are
shown in Fig. 11 for the 6 bar case of Fig. 10(b). Two residence
times were selected, corresponding to when homogeneous com-
bustion was just ignited (0.8 ms) and when it became as vigorous
as the catalytic combustion (23 ms). As shown in Fig. 11(a), when

(@) 7=0.8 ms (b) r=23 ms
G227 1 C4Hg + 0,=i-C4H; +HO, G389 CH,0+OH=HCO+H,0
G235 CsHg+ HO,=i-C;H, | + H,0, G40 CH,0+HO, = HCO+H,0,
G236 CsHg+HO, = n-CyH;[li] + H,0, G52-CH,+0,=CH,0+O0H

_ G242 n-C3H;+0,=C3Hg +HO,
£ o1 -0
S C4] 0, — 20(s) (x0.2)
S C6- CO — CO(s)
‘g C11- CO(s) — CO
& C134 Ofs)+H(s)— OH(s)
C144 OH(s) — O(s) + H(s)
c214 O(s)+CO(s)

—CO,(s)
C23{CO(s)+OH(s)—~COOH(s)

G107 C,H;+0,=CH,0+HCO
G108+ C,H;+0,=
G2174 C3Hg+OH=C3H;+H,0
G221+ CsH5+HO,=C3Hg+0O,

C3H5+HO,=0H
G222+ +C,H3+CH,0
G233 C,Hg+OH= -C,H7+H,0
G260+ C,Hg =C3H5+ CH,

C3H8+O(S)—>

4 C3H(s)+OH(s
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Fig. 11. Normalized sensitivity coefficients of C3Hg conversion for the 6 bar case in Fig. 10(b) with two residence times (a) 0.8 ms and (b) 23 ms.
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Fig. 12. (a) Conversion rate of 1% vol. C3Hg in air in an atmospheric SPSR over the
temperature range 580-900 K. (b) Controlling reactions during catalytic ignition at
580 K.

homogeneous combustion was just ignited, the dehydrogenation
steps of C3Hg via HO, (G235 and G236) and O, (G227) were the
most important gas-phase reactions facilitating C3Hg consumption.
At this point, the C3Hg conversion was overwhelmingly controlled
by catalytic reactions, with C1 (dissociative adsorption of CsHg)
and C4 (adsorption of O,) being the dominating ones. C4 has a
positive sensitive coefficient and hence a hindering role on C3Hg
conversion, reflecting the competition between the two reactants
for surface adsorption. When the residence time was increased to
23 ms in Fig. 11(b), the gaseous pathway caught up with the cat-
alytic pathway in C3Hg conversion. All the gaseous and catalytic
reactions in Fig. 11(a), except C1 and C4, became insignificant. C1
was still the most important in consuming C3Hg, closely followed
by gaseous reactions G222 and G233. On the other hand, G221 ex-
ceeded C4 as the most inhibiting reaction for C3Hg conversion. The
augmented adsorption/desorption steps for the O, H, and OH rad-
icals (see Section 4) were not important in both cases when they
were included in the SPSR simulations, and hence would not show
in Fig. 11.

Finally, the reactions controlling catalytic ignition were also
identified using an SPSR, with only catalytic chemistry and without
gas-phase chemistry. The inlet mixture was 1% vol. C3Hg doped in
air and at 1 bar, mimicking the wire microcalorimetry experiments.
The residence time was fixed at 0.1 s, while the reactor tempera-
ture was altered from 580 to 900 K. As shown in the plot of fuel
conversion as a function of temperature in Fig. 12(a), nearly 1% of
the C3Hg was converted at 580 K, which was considered as the cat-
alytic ignition temperature. This result was close to the measured
ignition temperature 585 K in the wire microcalorimetry experi-
ments, when minimal detectable heat release was recorded. The
controlling reactions at 580 K in the SPSR are given in Fig. 12(b).
C1 and C4 were again the most significant reactions, competing for
surface adsorption. Other important promoting reactions included
the generation of H,0(s) (C15), and dehydrogenation of CH3 to CH,
(C44) and CH, to CH (C37 and C45), while the second strongest in-
hibiting reaction was C44 (CH,(s) + OH(s) — CHs(s) + O(s)).

6. Conclusions

The total oxidation of C3Hg over Rh was experimentally and
numerically investigated using wire microcalorimetry experiments,
surface characterization, CFD and SPSR simulations with detailed
catalytic and gaseous reaction mechanisms. The global catalytic re-
action parameters were first extracted from heat release measure-
ments in an atmospheric wire microcalorimeter within the kinetic-
controlled regime, based on which two lumped reactions of C3Hg
dissociative adsorption and its subsequent surface decomposition
were fitted. By further incorporating these two steps into a CH4-Rh
model, a detailed and thermodynamically-consistent catalytic reac-
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tion mechanism for the total oxidation of C3Hg over Rh was con-
structed. The developed reaction mechanism not only reproduced
the heat release rates in the wire microcalorimetry experiments,
but was also validated against 2D Raman measurements of major
gas-phase species concentrations in an Rh-coated planar channel-
flow reactor.

When considering a recently reported pressure dependence of
the reaction pre-exponentials, the catalytic reaction mechanism
developed excellently captured catalytic reactivity and homoge-
neous ignition during coupled hetero-/homogeneous combustion
at pressures up to 6 bar. It was found that the exchange of
reaction intermediates (primarily CO) between the catalytic and
gaseous reaction pathways played an appreciable role in the ig-
nition of homogeneous combustion. On the other hand, the ad-
dition of radical (O, H and OH) adsorption/desorption reactions
had a minimal impact on homogeneous ignition. Finally, key reac-
tions controlling catalytic ignition and homogeneous ignition dur-
ing hetero-/homogeneous combustion were identified using SPSR
simulations. In all cases, the most important catalytic reactions
were the adsorption steps of C3Hg and O,, which competed for
surface free sites. For catalytic ignition, CH3(s) to CH,(s) and CHs(s)
to CH(s) were also important, while the homogeneous ignition dur-
ing hetero-/homogeneous combustion was controlled by the dehy-
drogenation steps of C3Hg via HO, and O,.
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