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Abstract 

The heterogeneous and homogeneous combustion of C 3 H 8 /O 2 /N 2 mixtures over Rh was investigated at 
pressures 1-6 bar, catalyst surface temperatures 680-1100 K and C 3 H 8 -to-O 2 equivalence ratios 0.25-0.52. 
Non-intrusive laser-based measurements were applied in a channel-flow catalytic reactor and involved 1-D 

Raman spectroscopy of major gas-phase species across the channel boundary layer for assessing the catalytic 
reactivity and planar laser induced fluorescence (PLIF) of the OH radical for monitoring homogeneous com- 
bustion. Simulations were carried out with a 2-D numerical code that included detailed hetero-/homogeneous 
chemical reaction mechanisms. By comparing the Raman-measured and predicted transverse profiles of the 
limiting C 3 H 8 reactant, the suitability of a detailed surface reaction mechanism was initially evaluated and 

subsequently a one-step reaction was constructed, which was applicable for the C 3 H 8 total oxidation over 
Rh at pressures 1 to 6 bar. The catalytic reactivity of C 3 H 8 over Rh displayed a ∼p 0.14 pressure dependence, 
which was substantially lower than a previously reported ∼p 0.70 dependence over Pt. The weak pressure de- 
pendence of the C 3 H 8 reactivity on Rh suggested caution when selecting catalysts for high-pressure power 
systems (recuperative microreactors, small-scale turbines) fueled with C 3 H 8 or LPG (liquefied petroleum gas). 
Comparisons of PLIF-measured and predicted distributions of the OH radical indicated that the employed 

gas-phase reaction mechanism captured the onset of homogeneous ignition at pressures greater than or equal 
to 3 bar as well as the ensuing flame shapes. Predicted and measured homogeneous ignition distances agreed 

within 2.5% at 6 bar. With decreasing pressure, the predictions yielded gradually increasing but still modest 
underpredictions (up to 11.2% at 3 bar) of the homogeneous ignition distances. The key gas-phase reactions 
affecting homogeneous combustion at various pressures were finally identified. 
© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

The catalytic total oxidation (CTOX) of 
ropane over noble metals is of prime impor-
ance for many industrial systems that include
atural-gas-fired power plants using hybrid com-
ustion approaches [1] (natural gas contains up to
4% propane), catalytic microreactors operating
ith propane or LPG (liquefied petroleum gas,
 propane/butane mixture) [2 , 3] and catalytic
onverters in LPG-fueled vehicles [4] . Propane has
he advantage that it liquefies at room temperature
nd modest pressures and is readily accessible in
ompact containers for consumer applications.
ome key physicochemical properties of propane
re common among high hydrocarbons, such as
ts larger-than-unity Lewis number (leading to
nderadiabatic surface temperatures during fuel-

ean propane/air catalytic combustion [5] ) and the
egative temperature coefficient during its gaseous

gnition [6] . 
Pt is more active than Pd [7] and Rh [8] for

ropane CTOX, such that most related studies fo-
used on Pt [9–11] , with suitable global mechanisms
t atmospheric pressure reported in [10 , 12] . Despite
he lower reactivity of Rh towards propane CTOX
and methane CTOX [13] ), it can be used as pro-
oter or additive in other noble metals. For ex-

mple, bimetallic Rh-Pt catalysts are used in auto-
otive converters [8 , 14] , while the addition of Rh

n Pd improves the long-term stability of Pd [15] .
ight-off temperatures during propane CTOX over
h have been reported in [16 , 17] . The CTOX as
ell as the catalytic partial oxidation (CPOX) of 
ropane on Rh was studied at atmospheric pressure

n [18] and detailed chemistry models were con-
tructed for propane [19] and iso-octane/propane
20] CPOX over Rh. 

Elevated pressures are relevant for power gener-
tion and microreactors. While for methane CTOX
here are several high-pressure kinetic studies over
t, Rh and Pd [13 , 21–25] , there are fewer works

or propane. A global catalytic scheme for propane
TOX over Pt valid for 1-7 bar was reported in
ur earlier work [26] , while the performance of 
 propane-fueled Pt-coated microreactor was as-
essed in [3] at pressures up to 5 bar. High-pressure
inetic studies for propane CTOX and CPOX over
h have not been elaborated in the past. The CTOX
inetics of hydrocarbons on noble metals exhibit

ntricate pressure dependencies due to the oxygen
urface blocking at sufficiently low temperatures, a
rocess largely controlled by the O 2 partial pressure
bove the catalyst [13 , 21 , 25–27] . 

The present work undertakes an investigation of 
he catalytic and gas-phase combustion of fuel-lean
 3 H 8 /O 2 /N 2 mixtures over Rh at pressures 1-6 bar,
 range of interest for small-scale industrial tur-
ines and recuperative microreactors. Experiments
re carried out in an optically accessible channel-
ow catalytic reactor and involve Raman measure-
Please cite this article as: J. Mantzaras, R. Sui and C.K. Law e
fuel-lean C 3 H 8 /O 2 /N 2 mixtures over rhodium at pressures up t
//doi.org/10.1016/j.proci.2020.06.029 
ments of major gas-phase species concentrations
for assessing the catalytic reactivity and planar
laser induced fluorescence (PLIF) of the OH radi-
cal for monitoring homogeneous combustion. Sim-
ulations are performed using a 2-D CFD code with
detailed hetero-/homogeneous chemistries. Main
objectives are to quantify the pressure dependence
of the propane catalytic reactivity on Rh and to as-
sess the conditions leading to the onset of homoge-
neous ignition. 

2. Experimental 

2.1. High-pressure catalytic reactor 

The catalytic channel-flow reactor comprised
two horizontal Si[SiC] ceramic plates (300 mm long
(- x ), 104 mm wide (- z ), 9 mm thick, placed 7 mm
apart (- y )) and two 3-mm-thick vertical quartz win-
dows (see Fig. 1 a and [28] ). The inner Si[SiC] sur-
faces were coated with Rh using plasma vapor de-
position. A 1.5- μm-thick non-porous Al 2 O 3 layer
was first deposited on the Si[SiC] followed by a
2.2- μm-thick Rh layer. This considerably thick Rh
layer closely resembled a polycrystalline surface;
moreover, X-ray photoelectron spectroscopy (XPS)
attested the absence of Al and Si from the cata-
lyst surfaces. Surface temperatures were measured
t al., Heterogeneous and homogeneous combustion of 
o 6 bar, Proceedings of the Combustion Institute, https: 
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by S-type thermocouples (12 for each plate, located
along the x - y symmetry plane, see Fig. 1 ), whose
beads were affixed 0.9 mm beneath the catalyst by
eroding 8.1-mm-deep and 1.2-mm-diameter holes
from the uncoated outer Si[SiC] sides. Over the
length 100 < x < 300 mm ( x = 0 denotes the start of 
the catalytic plate), two adjustable-power heating
coils positioned above/below the two Si[SiC] plates
regulated the catalyst temperatures ( Fig. 1 b). For
finer surface temperature control, two adjustable-
flow cooling air jets issuing from two rectangular
slots (10 × 100 mm 

2 in x - z , located at x = 30 mm)
impinged on the outer Si[SiC] sides ( Fig. 1 b). 

The reactor was mounted inside an Inconel
frame ( Fig. 1 b) that formed a liner in a high-
pressure cylindrical steel tank equipped with two
350-mm-long, 50-mm-high and 35-mm-thick side
quartz windows, providing a lateral (- z ) optical ac-
cess ( Fig. 1 a). Two additional quartz windows at
the rear tank flange and the reactor exhaust yielded
a streamwise (- x ) optical access. Bottles supplied
C 3 H 8 (99.95%), O 2 and N 2 , with three Brooks mass
flowmeters regulating the flows. The C 3 H 8 bottle
was electrically-heated to achieve vapor pressures
∼15 bar, which (when considering the flowmeter
and supply-line pressure drops) led to reactor pres-
sures up to 6 bar. The mixed O 2 /N 2 flows were elec-
trically preheated ( Fig. 1 b), while C 3 H 8 was in-
jected to the preheated O 2 /N 2 stream in a 200-
mm-long steel conical section ( Fig. 1 b) that had
an ending cross-flow area equal to the channel re-
actor (104 × 7 mm 

2 ). A wire mesh and two fine
grids (0.5 mm 

2 open areas) yielded good mixing
of C 3 H 8 with O 2 /N 2 and uniform exit velocity. At
the exit plane of the conical section, hot-wire ve-
locimetry assessed the flow uniformity and NO-
PLIF (100 ppmv NO doped into C 3 H 8 , excitation
at 226.25 nm and detection at 240–265 nm) con-
firmed the good mixing quality: the NO-PLIF im-
ages had spatial variations of the intensity less than
2%. A sheathed thermocouple at the conical section
end (marked “A” in Fig. 1 b) recorded the gas inlet
temperature. 

2.2. Laser diagnostics 

The laser-based techniques are depicted
in Fig. 1 a and were recently reviewed in [5] .
A frequency-doubled pulsed Nd:YLF laser
(Quantronix Darwin-Duo, repetition frequency
2 kHz at 526.5 nm, 120 ns pulse duration, 40 mJ
pulse energy) provided the Raman excitation. A
cylindrical lens ( f = 150 mm) focused the beam
into a ∼0.3 mm thick vertical line, which spanned
the 7 mm channel height and was offset from
the x - y symmetry plane ( z = 15 mm) to increase
the collection angle and minimize thermal beam
steering [13 , 25] . The scattered light was focused by
two spherical lenses ( f = 300 mm) into the entrance
slit of a 25 cm spectrograph (Chromex-250i) that
had an intensified CCD-camera (Princeton Instru-
Please cite this article as: J. Mantzaras, R. Sui and C.K. Law e
fuel-lean C 3 H 8 /O 2 /N 2 mixtures over rhodium at pressures up t
//doi.org/10.1016/j.proci.2020.06.029 
ments PI-MAX1024GIII) with 640 × 255 pixels 
corresponding to spectral shift and 7-mm channel 
height, respectively; the 255-pixel-long height 
was further binned to 64 pixels. A tilted 532 nm 

holographic notch filter (Kaiser-Optical systems) 
and an OG550 Schott glass filter suppressed the 
excitation radiation. Raman measurements were 
obtained for all major species relevant to CTOX 

(C 3 H 8 , O 2 , N 2 , H 2 O and CO 2 ). 
The Nd:YLF laser, the spectrograph and all 

optics were mounted on a traversable optical 
table ( Fig. 1 a), permitting measurements over 
8 ≤ x ≤ 126 mm. Given the steady operating condi- 
tions, Raman-scattered light from ∼300,000 laser 
pulses was integrated on the detector chip to in- 
crease the signal-to-noise ratio (SNR). Effective 
Raman cross-sections, including transmission effi- 
ciencies, were evaluated by recording the signals of 
pressurized C 3 H 8 , air, N 2 -containing mixtures and 

the true reactive mixtures [26] . Measurement accu- 
racy was ±4% for species concentrations ≥ 3% vol. 
and ±8% for concentrations as low as 0.5% vol., 
whereas lower compositions could not be accu- 
rately resolved. Only N 2 and the excess reactant O 2 
never fell (at any location) below the 0.5% vol. de- 
tection threshold. Due to low SNR, Raman data 
points within 0.5-0.7 mm from both walls were dis- 
carded (SNR less than 1.5–2.0, depending on beam 

steering and optical vignetting). 
For OH-PLIF, a frequency-doubled pulsed 

Nd:YAG laser (Quantel YG781C20 CL-D-LNE3, 
532 nm, 10 ns pulse duration, 20 Hz repetition 

rate) pumped a Quantel TDL90-NBP2EWT UVT3 
dye laser. The resulting radiation was frequency- 
doubled at 283.3 nm to excite the A-X(1,0) Q 1 (7) 
OH transition. The excitation beam was trans- 
formed by a telescopic lens and a slit-mask into a 
vertical light sheet propagating counterflow along 
the x - y symmetry plane ( Fig. 1 a). An intensified 

CCD camera (LaVision Imager Compact HiRes- 
IRO, 1392 × 1024 pixels) recorded the fluorescence 
signal at 90 ° through the reactor and tank side- 
windows. Fluorescence was collected from the (1- 
1) and (0-0) transitions at 308 and 314 nm, re- 
spectively. Channel areas 100 × 7 mm 

2 ( x - y ) were 
recorded on 1360 × 120 pixels, while the cam- 
era was traversed axially to map the full channel 
length. 

3. Numerical 

Simulations were performed with a 2-D steady 
Navier-Stokes CFD code [21] . A staggered orthog- 
onal grid with 480 × 68 points for the 300 × 7 mm 

2 

domain along the x - y symmetry plane yielded 

grid-independent solutions. Curves fitted through 

the 12 thermocouple measurements on each plate 
provided the lower-wall ( y = 0) and upper-wall 
( y = 7 mm) temperature profiles, which were im- 
posed as energy boundary conditions. The axial ve- 
t al., Heterogeneous and homogeneous combustion of 
o 6 bar, Proceedings of the Combustion Institute, https: 
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Table 1 
Experimental conditions. a 

Case p ϕ U IN 

T IN 

C 3 H 8 O 2 

1 1.0 0.248 3.94 369 2.56 52.40 
2 2.0 0.265 1.64 356 2.81 52.48 
3 3.0 0.248 1.24 347 2.56 52.40 
4 4.0 0.265 0.78 339 2.81 52.48 
5 5.0 0.265 0.62 339 2.81 52.48 
6 6.0 0.248 0.60 335 2.56 52.40 
7 3.0 0.524 0.49 390 2.97 27.92 
8 3.5 0.502 0.42 389 2.75 27.98 
9 4.0 0.500 0.35 374 2.75 27.98 
10 5.0 0.475 0.28 377 2.76 28.05 
11 6.0 0.375 0.23 365 2.07 28.34 
a Pressure (bar), equivalence ratio, inlet velocity (m/s), inlet temperature (K), inlet C 3 H 8 and O 2 (% vol., balance N 2 ). 
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ocity, temperature, and species mass fractions at
he inlet ( x = 0) were uniform. 

For the catalytic oxidation of C 3 H 8 on Rh, the
etailed mechanism from Karakaya et al. [19 , 20]
as used (17 surface and 7 gaseous species). Al-

hough this mechanism was originally developed
or CPOX and steam reforming, it provided a start-
ng point for the simulations. Additional simu-
ations were performed with a herein-developed
lobal catalytic step. For propane gas-phase chem-
stry, the latest San Diego mechanism was used
29] (58 species, 268 reactions) along with its
hermodynamic and transport databases. Surface
nd gas-phase chemical reaction rates were evalu-
ted with Chemkin [30 , 31] and a mixture-average
pecies transport model was used [32] . 

. Results and discussion 

Pressures 1-6 bar and fuel-lean C 3 H 8 /O 2 equiv-
lence ratios ϕ = 0.248-0.524 were investigated
 Table 1 ). The small differences in ϕ for Cases 1–
 were due to the long combustion stabilization
imes ( > 1 hr) that did not allow for precise fine-
uning of these parameters; nonetheless, these dif-
erences were fully accounted for in the simulations
nd hence did not affect the deduced physics. The
atalytic reactivity was assessed with Raman mea-
urements in Cases 1-6, while homogeneous com-
ustion was studied with OH-PLIF in Cases 7-11.
he heat release rate did not vary significantly, since

n most cases the volumetric content of the defi-
ient C 3 H 8 reactant varied modestly over the range
.56-2.97%. However, the O 2 content in Cases 1-
 was nearly twice as high as that in Cases 7-11,
o facilitate Raman measurements of this reactive
pecies. In the catalytic reactivity studies of Cases
-6, OH-PLIF was still applied to ensure the ab-
ence of homogeneous combustion. This was a key
equirement as it negated potential falsification of 
he catalytic kinetics by gaseous kinetics [5] . The
H-PLIF Cases 7-11 had somewhat higher inlet

emperatures (Table 1) and longer residence times
Please cite this article as: J. Mantzaras, R. Sui and C.K. Law e
fuel-lean C 3 H 8 /O 2 /N 2 mixtures over rhodium at pressures up t
//doi.org/10.1016/j.proci.2020.06.029 
(lower U IN 

) to facilitate homogeneous ignition. All
flows were laminar with inlet Reynolds numbers
430-1280 based on the channel height. 

4.1. Assessment of catalytic reactivity 

Raman-measured and predicted (with the
catalytic mechanism from Karakaya et al. [19] )
transverse profiles of the deficient reactant C 3 H 8
and the product H 2 O are presented in Figs. 2 and 3
at fiv e axial positions, while the corresponding
wall temperature profiles are shown in Fig. 4 . For
clarity, up to 18 of the 64 Raman data points are
plotted over the experimentally-resolvable length
0.6 < ∼y < ∼6.4 mm. Homogeneous combustion was
absent in Cases 1-6 (attested by both OH-PLIF
and simulations), such that the profiles in Figs. 2-3
were solely determined by catalytic chemistry.
Transport-limited (infinitely-fast catalytic chem-
istry) simulations for the last axial position
x = 126 mm are also included in Figs. 2–3 , marked
as TRL. The TRL profiles demarcated physical
lower (upper) bounds for the C 3 H 8 (H 2 O) mole
fractions and the measurements clearly obeyed
these bounds. All cases fell in the kinetically-
controlled regime, comfortably away from the
transport limit (i.e. the mole fractions of the defi-
cient reactant C 3 H 8 in Figs. 2 –3 were well-above
zero at both walls), which was a cardinal prereq-
uisite for assessing the catalytic reactivity [5] . Wall
temperatures 680-970 K were attained over the
extent of the Raman measurements ( Fig. 4 ) with
the lower walls being typically hotter, thus yielding
modestly asymmetric profiles in Figs. 2 –3 . 

Simulations at 1 bar in Fig. 2 (1a) captured very
well the measured C 3 H 8 mole fraction profiles. At
2 bar ( Fig. 2 (2a)) the good agreement was still
maintained although the catalytic reactivity was
modestly overpredicted, as illustrated at the last
two axial positions by the slightly lower computed
near-wall C 3 H 8 mole fractions compared to the
measurements (stars and diamonds symbols). The
catalytic reactivity overprediction progressively in-
tensified with rising pressures ( Figs. 3 (3a-6a)). For
t al., Heterogeneous and homogeneous combustion of 
o 6 bar, Proceedings of the Combustion Institute, https: 
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Fig. 2. Raman-measured (symbols) and simulated (lines) transverse profiles of C 3 H 8 and H 2 O mole fractions for Cases 1 
and 2; x = 8 mm (circles, long-dashed lines), 36 mm (lower-triangles, dashed-dotted lines), 66 mm (upper-triangles, short- 
dashed lines), 96 mm (diamonds, dashed double-dotted lines), 126 mm (stars, solid lines). Dotted lines marked TRL are 
transport-limited simulations at x = 126 mm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

example, at 3, 4, 5 and 6 bar the computed C 3 H 8
mole fractions were 14%, 17%, 19% and 23% lower
than the measurements at the farthest downstream
( x = 126 mm) and lowest transverse ( y ≈ 0.6 mm)
positions (star symbols), as indicated by the hori-
zontal thick gray bars in Figs. 3 (3a-6a). The pre-
dicted C 3 H 8 conversions in Cases 1–6 were less than
30% (see Fig. 5 ). 

On the other hand, the differences between
predicted and measured H 2 O mole fractions in
Figs. 2 (1b-2b) and Figs. 3 (3b-6b) were substantial
for all pressures (see e.g. the horizontal thick bars
in Figs. 3 (3b-6b) pertaining to x = 36 and 66 mm).
Such discrepancies may have been expected, as
the employed mechanism [19] was fine-tuned for
CPOX and not CTOX. This is clarified in Fig. S1
(supplementary material), providing computed
species selectivities and mole fractions for Cases
1 and 6 for the C-containing and H-containing
products. Therein, C 3 H 8 was converted not only
to CTOX but also to CPOX products (primarily
CO and much less H 2 ), while a large amount
of CH 4 was also produced. The Raman mea-
surements have not shown production of such
copious amounts of CO and CH 4 and this was
additionally reported by gas-chromatography
measurements in [18] during fuel-lean C 3 H 8 /air
atmospheric-pressure combustion over Rh. 

Our past studies of fuel-lean CH 4 /O 2 /N 2 ox-
idation over Pt [21] , Rh [13] and PdO [25] have
shown that a cardinal feature for the applicabil-
ity of a high-pressure catalytic reaction mechanism
is the correct prediction of the free-site coverage
Please cite this article as: J. Mantzaras, R. Sui and C.K. Law e
fuel-lean C 3 H 8 /O 2 /N 2 mixtures over rhodium at pressures up t
//doi.org/10.1016/j.proci.2020.06.029 
reduction (and the corresponding oxygen cover- 
age increase) with rising pressure. This behavior re- 
strained the rate of increase of the catalytic reac- 
tivity with rising pressure. A one-step reaction for 
the CTOX of hydrocarbons, first-order with respect 
to the deficient fuel, has been shown suitable in 

past studies [13 , 21 , 25] and was also adopted for the 
C 3 H 8 oxidation on Rh: 

˙ s C3H8 = A ( p/p o ) 
−n exp ( −E a /RT w ) [ C 3 H 8 ] w , (1) 

with ˙ s C3H8 the catalytic molar reaction rate, A the 
pre-exponential, p o a reference pressure, E a the ef- 
fective activation energy, T w the wall temperature 
and [C 3 H 8 ] w the concentration at the gas-wall inter- 
face. The positive exponent n in Eq. (1) restrained 

the increase of the reaction rate with rising pres- 
sure, since ˙ s C3H8 ∼ p 1 −n given that [C 3 H 8 ] w ∼ p . 

The kinetic parameter fitting was conducted us- 
ing the surface perfectly stirred reactor (SPSR) 
package of Chemkin [33] along with 2-D chan- 
nel simulations at 1-6 bar and temperatures 680- 
970 K. The global step in Eq. (1) with fitted param- 
eters E a = 78 kJ/mol, A = 2.2 × 10 5 cm/s, n = 0.86 
and p o = 1 bar reproduced very well the Raman 

measurements (see comparisons in Fig. 6 for three 
selected cases). The deduced E a was close to the 
value 74.7 kJ/mol reported in [18] at 1 bar. Note, in 

particular, the quite good agreement with the H 2 O 

measurements in Figs. 6 (1b, 4b, 6b), which attested 

the dominant CTOX behavior. The overall pressure 
dependence of the C 3 H 8 reaction rate in Eq. (1) was 
p 0.14 ( = p 1- n ), which was much weaker compared to 

that on Pt ( p 0.70 [26] ). Hence, Pt was not only more 
t al., Heterogeneous and homogeneous combustion of 
o 6 bar, Proceedings of the Combustion Institute, https: 
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Fig. 3. Raman measured (symbols) and simulated (lines) transverse profiles of C 3 H 8 and H 2 O mole fractions 
for Cases 3-6. Colored horizontal bars denote differences between measurements and predictions. Notations as in 
Fig. 2 . 
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ctive than Rh towards C 3 H 8 CTOX at 1 bar [8] but
lso this trend accelerated at elevated pressures: the
atio of the 6-to-1 bar reactivities on Pt was 3.50
hile this ratio on Rh was only 1.28. Qualitatively,

he same trends were observed during CH 4 CTOX
ver Pt and Rh [13 , 21] albeit the differences were
ilder: the 6-to-1 bar reactivity ratio for CH 4 was

.58 for Pt and 1.70 for Rh. Such intricate pressure
ependencies were a result of the relative adsorp-
ion/desorption strengths of the fuel and oxygen on
he particular catalyst. 

X-ray Photoelectron Spectroscopy (XPS) was
erformed ex-situ on fresh samples and samples
eated for 1 hr in an oven in atmospheric-pressure
ir. The spectra in Fig. S2 indicated that above
Please cite this article as: J. Mantzaras, R. Sui and C.K. Law e
fuel-lean C 3 H 8 /O 2 /N 2 mixtures over rhodium at pressures up t
//doi.org/10.1016/j.proci.2020.06.029 
700 K, which were the catalyst surface tempera-
tures of the present study ( Fig. 4 ), the Rh 2 O 3
(Rh 

+ 3 ) phase was dominant. This actually aided
the construction of the one-step kinetic model, as
it negated potentially different activities on various
Rh phases. 

4.2. Gas-phase combustion 

Comparisons between measured and predicted
(using the one-step catalytic reaction of Eq. (1) and
the San Diego gaseous mechanism [29] ) 2-D OH
distributions for Cases 7-11 are depicted in Fig. 7 ,
while the wall temperatures and the C 3 H 8 conver-
sions are shown in Figs. 8 and 9 respectively. Gas-
t al., Heterogeneous and homogeneous combustion of 
o 6 bar, Proceedings of the Combustion Institute, https: 
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Fig. 4. Measured upper-wall and lower-wall temperatures, Cases 1-6. 
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phase combustion could not be ignited at pres-
sures below 3 bar. Vertical arrows in Fig. 7 mark
the onset of homogeneous ignition ( x ig ), defined
Fig. 6. Raman-measured (symbols) and simulated (lines, mode
fractions for Cases 1, 4 and 6. Symbol notations as in Fig. 2 . 
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as the far-upstream axial location where OH at- 
tained 5% of its peak reactor value. The consis- 
tently shorter x ig at higher pressures indicated pro- 
motion of homogeneous ignition with rising pres- 
sure. Following gaseous ignition, C 3 H 8 was fully 
consumed ( Fig. 9 ). The agreement between mea- 
sured and predicted homogeneous ignition dis- 
tances was good and was further improved with ris- 
ing pressure. Characteristically, while the OH-PLIF 

at 3 bar yielded x ig = 251.0 mm ( Fig. 7 (7a)) and the 
simulation x ig = 222.8 mm ( Fig. 7 (7b)) with a re- 
sulting 11.2% discrepancy, the OH-PLIF and sim- 
ulations at 4 bar (Case 9) had a x ig -discrepancy of 
8.4% and at 6 bar (Case 11) a x ig -discrepancy of 
2.5%. Radical adsorption/desorption reactions had 

a modest impact on the x ig -position (typically up 

to ∼5% [34] ) and their absence in the global step of 
Eq. (1) could only account for a minor part of the 
l of Eq. (1) ) transverse profiles of C 3 H 8 and H 2 O mole 

t al., Heterogeneous and homogeneous combustion of 
o 6 bar, Proceedings of the Combustion Institute, https: 
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bserved differences. As the largest differences oc-
urred at lower pressures, wherein the simulations
lways underpredicted the measured x ig , the em-
loyed hetero-/homogeneous reaction mechanisms
rovided a conservative simulation tool for assess-

ng the gaseous ignition propensity in practical sys-
ems. Transverse profiles of temperature and major
pecies mole fractions at the homogeneous ignition
ocations are given in Fig. S3 for Cases 7–11. 

The hetero-/homogeneous chemistry coupling
as finally investigated with SPSR [33] simulations.
o decouple chemical from thermal effects, the
PSR surface temperature was maintained con-
tant at 900 K, independent of the bulk gas tem-
erature that could only be controlled by gaseous
hemistry; nonetheless, both catalytic and gaseous
eaction pathways participated to the species pro-
uction/destruction. Residence times and surface-
o-volume ratio were selected to ensure catalytic
onversions of the deficient C 3 H 8 reactant ∼40%
f the total (catalytic and gaseous) consumption,
Fig. 8. Measured upper-wall and lower
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i.e. similar to those of Cases 7–11 (see Fig. 9 ). Nor-
malized temperature sensitivity coefficients (SC)
of the controlling reactions are shown in Fig. 10
for p = 1 and 6 bar, and for an inlet composition as
in Case 11. The S1 in Fig. 10 denotes the catalytic
reaction in Eq. (1) while R1-R8 are the most
sensitive gaseous reactions. 

The negative SC in S1 signified the sup-
pression of homogeneous combustion due to
the competing heterogeneous C 3 H 8 consump-
-wall temperatures, Cases 7-11. 

t al., Heterogeneous and homogeneous combustion of 
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tion. From the gaseous reactions, high pressures
resulted in increased (negative) sensitivity espe-
cially for R6 (CH 2 CO + OH = CH 2 OH + CO)
and decreased (negative) sensitivity for R3
(HCO + M = CO + H + M). Appropriate mod-
ifications of these reactions could improve the
low-pressure predictions in Fig. 7 . 

5. Conclusions 

The heterogeneous and homogeneous combus-
tion of fuel-lean C 3 H 8 /O 2 /N 2 mixtures over Rh
was investigated at pressures 1 ≤ p ≤ 6 bar and sur-
face temperatures 680-1100 K. Measurements in
a channel-flow catalytic reactor included Raman
spectroscopy of major gas-phase species concen-
trations, planar laser induced fluorescence (PLIF)
of the OH radical and thermocouple measure-
ments of the surface temperatures, while 2-D sim-
ulations involved detailed hetero-/homogeneous
chemistry. Raman-measured transverse species
profiles in conjunction with numerical simulations
led to the development of a suitable global reac-
tion for the CTOX of propane. Literature catalytic
mechanisms developed for CPOX were found in-
appropriate for the present CTOX (ultra-lean sto-
ichiometries) conditions. It was shown that the
propane CTOX reactivity over Rh had a weak pres-
sure dependence ∼p 0.14 , considerably lower than
the ∼p 0.70 dependence of propane CTOX over Pt,
thus suggesting care when selecting catalytic re-
actors for small-scale turbines and recuperative
microreactors fueled with propane or LPG. XPS
showed that, for the surface temperatures of this
study, the Rh 2 O 3 (Rh 

+ 3 ) phase dominated, thus fa-
cilitating the development of the global catalytic
step. 

Simulations with the constructed global cat-
alytic step and a detailed gas-phase mechanism
yielded homogeneous ignition distances x ig within
2.5% of the PLIF measurements at 6 bar. With
decreasing pressure, the simulations led to pro-
gressively increasing underpredictions of x ig (by
as much as 11.2% at 3 bar), which was nonethe-
less a quite satisfactory performance for reactor
design purposes. The key gaseous reactions affect-
ing homogeneous combustion, identified via sensi-
tivity analysis, were CH 2 CO + OH = CH 2 OH + CO
and HCO + M = CO + H + M. 
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