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Abstract 

The catalytic (heterogeneous) and gas-phase (homogeneous) combustion of C 3 H 8 /O 2 /N 2 mixtures over 
rhodium was investigated experimentally and numerically at 5 bar and at fuel-rich equivalence ratios ϕ = 2.0- 
3.5 relevant to propane Catalytic Partial Oxidation (CPO). In situ spatially-resolved Raman measurements 
of major gas-phase species concentrations and Planar Laser Induced Fluorescence (PLIF) of formaldehyde 
were applied in an optically accessible channel-flow reactor to monitor the catalytic and gas-phase processes, 
respectively, while accompanying 2D simulations were carried out with detailed hetero-/homogeneous chem- 
ical reaction mechanisms. Due to the high gas-phase reactivity of propane, homogeneous chemistry could 

not be ignored over most of the reactor’s oxidation zone length (upstream zone where the deficient reactant 
oxygen is not fully consumed). The presence of gas-phase chemistry deteriorated the otherwise high catalytic 
syngas (H 2 and CO) selectivities over the oxidation zone. Raman measurements of major gas-phase species 
concentrations over the restricted oxidation zone length without appreciable gas-phase chemistry showed 

that the catalytic reaction mechanism slightly underpredicted (overpredicted) the H 2 (CO) formation. The 
same behavior was also attested over the remaining length of the oxidation zone where combined catalytic 
and gas-phase chemistry was present. The production of considerable amounts of H 2 at the highest inves- 
tigated equivalence ratio of 3.5 accelerated the onset of homogeneous ignition and the formation of strong 
flames. The discrepancies between measured and predicted homogeneous ignition distances were less than 

6.8% in all cases, illustrating the validity of the employed hetero-/homogeneous kinetic schemes. Contrary to 

past methane CPO studies, the contribution of gas-phase chemistry and the formation of strong flames in 

propane CPO was detrimental to syngas production. 
© 2022 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Propane is an appreciable component (up to 4%
ol.) in the abundant natural gas fuel and liquefies
t modest pressures of ∼8 bar at room temperature,
llowing for convenient storage and easy transport.
urthermore, Liquefied Petroleum Gas (LPG, a
ixture of propane and butane) is widely available

n compact containers and is hence a prime candi-
ate for decentralized power generation [1] . Some

mportant physicochemical properties of propane
re shared by other high hydrocarbons, such as the
egative temperature coefficient in the gas-phase
xidation rate [2] and the larger than unity Lewis
umber. The catalytic partial oxidation (CPO) of 
ropane has attracted increased attention for Solid
xide Fuel Cell (SOFC) portable power systems

3] . To circumvent direct use of propane or LPG
hat can cause strong carbon deposition (coking)
nd hence potential catalyst deactivation of the Ni-
ased SOFC anodes, the hydrocarbon fuels can be
eformed via CPO to syngas (H 2 and CO). Com-
act propane CPO reformers for SOFCs were de-
eloped in [4] . 

Comparative studies of propane CPO on noble
etals have shown that Rh gives the highest syn-

as selectivity, Pt forms more H 2 O, Pd produces
ore solid carbon, while Ir strongly sinters [5] . Ex-

eriments of propane CPO over Rh confirmed the
ow coking propensity [6] and assessed the effects
f support [7] and residence time [8] on syngas se-

ectivities. Tests in an atmospheric-pressure isother-
al annular microreactor have led to the evalua-

ion of main kinetic parameters [9] , while 1D ax-
al profiles of species concentrations and tempera-
ure (acquired with a traversable microprobe) iden-
ified the different reaction zones during propane
PO at pressures up to 4 bar [10] and studied

he impact of homogeneous chemistry at 1 bar
11] . Such 1D measurements have greatly facilitated
inetic analyses, although detailed simulations of 
he probe’s intrusive effects suggested that they
ould cause appreciable errors -particularly at non-
sothermal conditions [12] . Finally, in atmospheric-
ressure propane CPO over Rh, extinction lim-

ts were deduced in a heat recirculating reactor
13] and 1D microprobe measurements above a
tagnation point-flow reactor led to the develop-
ent of a detailed catalytic reaction mechanism

14] . 
Notwithstanding the significant progress

chieved with 1D axial-profile measurements,
nly 2D measurements can unequivocally as-
ess the true state of catalytic reactions (i.e.,
inetically-controlled, transport-controlled, or
ixed kinetically/transport controlled regimes)

y evaluating profiles of the deficient reactant
ormal to the catalyst surface. 2D non-intrusive
pecies concentration measurements over Rh
ere reported in earlier methane CPO [ 15 , 16 ] and
propane catalytic total oxidation (CTO) [17] stud-
ies. Furthermore, 2D measurements are crucial
in determining the gas-phase chemical processes,
given the strong dependence of homogeneous
ignition on the boundary layer species and temper-
ature profiles [18] , and the increase of the gaseous
propane reaction rates with pressure due to their
∼p 2 dependence. 

The present work investigates experimentally
and numerically the CPO of propane over Rh at
5 bar. Experiments are performed in an optically
accessible reactor, whereby the heterogeneous pro-
cesses are evaluated with in situ 2D Raman mea-
surements and the gas-phase processes are mon-
itored with Planar Laser Induced Fluorescence
(PLIF) of formaldehyde. Main objectives are to
study the coupling of catalytic and gas-phase chem-
istry during propane CPO, and assess the condi-
tions leading to the onset of homogeneous ignition
and flame formation. 

2. Experimental 

2.1. High-pressure test rig 

The channel-flow reactor was made of two 9-
mm-thick horizontal ceramic (Si[SiC]) plates (with
length (- x ), width (- z ) and transverse separation (-
y ) of 300 mm, 104 mm and 7 mm, respectively)
and two 5-mm-thick vertical quartz glass windows
(see Fig. 1 and for details [ 19 , 20 ]). Plasma vapor
deposition (PVD) was employed to coat the two
300 × 104 mm 

2 inner Si[SiC] surfaces; a 1.5- μm-
thick non-porous Al 2 O 3 layer was applied first, fol-
lowed by a 2.2- μm-thick Rh layer. The Al 2 O 3 coat-
ing mitigated chemical interactions between Si and
Rh. Moreover, the appreciably thick noble metal
layer closely resembled a polycrystalline Rh sur-
face, while the absence of bulk Si or Al from the cat-
alyst surface was confirmed with post-combustion
X-ray Photoelectron Spectroscopy (XPS). 

The reactor was placed inside a high-pressure
cylindrical steel vessel. Two 35-mm-thick and 350-
mm-long quartz glass windows on the vessel pro-
vided optical access to both 300 × 7 mm 

2 reac-
tor sides ( Fig. 1 a). Moreover, two circular quartz
windows at the reactor exhaust and the back ves-
sel flange yielded streamwise optical access for the
H 2 CO-PLIF beam. The catalyst surface temper-
atures were monitored by 12 (for each plate) S-
type thermocouples, placed along the x - y sym-
metry plane ( Fig. 1 ) and affixed 0.9 mm beneath
the catalyst through 8.1-mm-deep and 1.2-mm-
diameter holes eroded from the outer Si[SiC] sur-
faces. Two adjustable-power resistive coils were po-
sitioned above/beneath the two Si[SiC] plates over
the length 100 < x < 300 mm ( Fig. 1 b) to counter
external heat losses at the reactor rear. Given the
high gaseous reactivity of propane, and in order to
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Fig. 1. (a) Test-rig and Raman/PLIF setup, (b) reactor 
details (all distances are in mm). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

delay the onset of homogeneous ignition, two ad-
justable air-jet flows (located at x = 30 mm, Fig. 1 b)
impinged vertically on the outer Si[SiC] surfaces to
cool the reactor front. 

Batteries delivered C 3 H 8 (99.95% purity), O 2
and N 2 , and three Brooks mass flowmeters con-
trolled the gas flows. N 2 was mixed with O 2 and
the mixture was electrically preheated. Propane
was injected counterflow to the preheated O 2 /N 2
stream ( Fig. 1 b) in a 200-mm-long conical sec-
tion. Therein, 8 wire meshes (0.5 mm 

2 open area)
yielded a uniform flow and a good mixing of 
C 3 H 8 with O 2 /N 2 . Optimization of the mesh posi-
tions was achieved with suitable measurements at
the exit of the conical section: hot wire velocime-
try assessed the flow uniformity, while NO-PLIF
(100 ppm NO added into the C 3 H 8 stream, exci-
tation at 226.25 nm and detection at 240-265 nm)
confirmed the good mixing quality. The gas inlet
temperature ( x = 0, marked “IN” in Fig. 1 b) was
measured with a radiation-shielded K thermocou-
ple. 
2.2. Laser based measurements 

The Raman/PLIF setups are illustrated in 

Fig. 1 a. For Raman, excitation was provided by 
a frequency-doubled Nd:YLF laser (Quantronix 
Darwin-Duo, 2.4 kHz repetition frequency, radia- 
tion at 526.5 nm), producing a beam with pulse en- 
ergy and duration of 30 mJ and 130 ns, respectively. 
The beam was focused by an f = 150 mm cylin- 
drical lens to a 0.3-mm-thick vertical line ( Fig. 1 a), 
which encompassed the 7 mm channel height and 

was offset laterally (- z ) 15 mm from x - y symmetry 
plane in order to improve the light collection an- 
gle and diminish thermal beam steering (as in past 
studies [ 17 , 18 ]). Two spherical lenses ( f = 300 mm) 
collected the scattered light and focused it into 

a 25 cm imaging spectrograph (Chromex-250i, 
with a Princeton Instruments PI-MAX1024GIII 
ICCD camera). The camera recorded images of 
640 × 255 pixels, corresponding to Raman spec- 
tral shift and y -direction, respectively. The 7-mm 

height was resolved with 220 pixels that were finally 
binned to 64 pixels. 

To suppress light collection from the excitation 

radiation, a tilted holographic notch filter (Kaiser- 
Optical-Systems 532 nm) and a glass filter (OG550 
Schott) were placed at the ICCD lens. A traversable 
optical table housed the Nd:YLF laser, the spectro- 
graph and all optics ( Fig. 1 a), permitting Raman 

measurements over the extent 8 ≤ x ≤ 124 mm. 
Light from 350,000 laser pulses was integrated on 

the ICCD chip to enhance the signal-to-noise ra- 
tio. Effective Raman cross-sections (accounting for 
transmission efficiencies from the camera, lenses, 
spectrometer, windows and filters) were determined 

by recording signals from pressurized C 3 H 8 , N 2 
and O 2 . For species concentrations ≥ 3% volume 
the measurement accuracy was ±4%, while for con- 
centrations down to 0.5% volume the accuracy 
dropped to ±10%; lower concentrations could not 
be effectively resolved. Due to low signal-to-noise 
ratios, measurements closer than 0.5-0.7 mm from 

the catalyst were disregarded. 
Homogeneous combustion was monitored with 

PLIF. Given that OH-PLIF was not amenable at 
the CPO-relevant fuel-rich stoichiometries, H 2 CO- 
LIF was employed –as in past methane CPO 

studies [ 15 , 16 ]. The 532 nm radiation of an 

Nd:YAG laser (Quantel YG781C20-CL-D-LNE3, 
10 ns pulse duration, 20 Hz repetition rate) 
pumped an Rh6G dye laser (Quantel TDL90- 
NBP2EWT-UVT3), whose output was frequency- 
mixed with the residual fundamental Nd:YAG ra- 
diation (1064 nm) to produce an excitation beam at 
368.7 nm ( ∼15 mJ/pulse). H 2 CO transitions near 
the R R (A-X) 4 1 0 hot band were excited, warrant- 
ing strong signals at elevated temperatures. The 
excitation beam was transformed into a vertical 
light sheet by a telescopic lens and a slit mask, 
which propagated counterflow along the reactor’s 
x - y symmetry plane ( Fig. 1 a). The quite wide light 
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Table 1 
Experimental conditions a . 

Case ϕ U IN 

T IN 

C 3 H 8 O 2 

1 2.0 0.38 360 7.7 19.2 
2 2.5 0.33 369 9.0 18.0 
3 3.0 0.41 369 11.4 19.0 
4 3.0 0.30 365 11.4 19.0 
5 3.5 0.30 376 14.6 20.8 
6 3.5 0.21 380 14.6 20.8 
a Equivalence ratio, inlet velocity (m/s), inlet tempera- 

ture (K), inlet vol. content (%) of C 3 H 8 and O 2 (balance 
N 2 ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2  
heet ( ∼10 cm, before entering the vessel) together
ith the low oscillator strength and high intrinsic
uenching of carbonyl compounds precluded satu-
ation of the fluorescence signal. 

A gated ICCD camera (LaVision Imager Com-
act HiRes-IRO, 1392 × 1024 pixels binned to
96 × 512) recorded the fluorescence emission
t 90 ° through the high-pressure vessel and re-
ctor side-windows ( Fig. 1 a). The spectral range
00-480 nm of the total H 2 CO fluorescence emis-
ion (400-550 nm) was collected by positioning
n OMEGA 440BP80 interference filter in front
f an f105mm/2.8 lens of the ICCD. Areas of 
00 × 7 mm 

2 were recorded on 1360 × 70 pix-
ls. To map the entire 300 × 7 mm 

2 channel area,
he ICCD camera was traversed axially in 60 mm
teps. To increase the signal-to-noise ratio (and
iven the steady operating conditions), 280 PLIF
mages were averaged at each position. 

. Numerical 

A 2-D steady Navier-Stokes CFD code [ 19 , 20 ]
imulated the 300 × 7 mm 

2 channel domain on
he x - y symmetry plane. An orthogonal staggered
esh with 820 × 72 points (in - x and - y , respec-

ively) provided grid-independent solutions (key
equirement was the independence of homoge-
eous ignition and outlet species compositions on
rid size). The lower-wall ( y = 0) and upper-wall
 y = 7 mm) temperatures were prescribed, by fitting
urves through the 12 thermocouple measurements
n each plate. All properties at the inlet ( x = 0) were
niform. 

For heterogeneous chemistry, the detailed mech-
nism from Karakaya and Deutschmann [14] was
mployed (7 gaseous and 17 surface species), which
as been validated against atmospheric-pressure
ropane CPO measurements. For gaseous chem-

stry, the San Diego mechanism was used (58
pecies, 268 reactions) with its accompanying trans-
ort and thermodynamic databases [21] . The het-
rogeneous and homogeneous reaction rates were
omputed using Chemkin [ 22 , 23 ], while a mixture-
veraged transport model was adopted with ther-
al diffusion for H and H 2 [24] . 

. Results and discussion 

Experiments were performed at C 3 H 8 -to-O 2 
quivalence ratios ϕ = 2.0-3.5 (see Table 1 ), with
= 3.33 being the theoretically optimal stoichiom-

try for syngas production (O 2 -to-C 3 H 8 volumet-
ic ratio of 1.5). Similar to our past methane CPO
tudy [15] , the pressure was fixed to 5 bar (high
nough for a strong Raman signal and still low
nough to minimize beam steering). The preheat
as modest (360-380 K), while the inflow velocities
were altered to better control the onset of homo-
geneous ignition. The 20 K preheat differences re-
flected the varying heat feedback towards the inlet,
due to the different equivalence ratios. The flows
were laminar, with inlet Reynolds numbers 340-680
based on the channel height. 

4.1. Raman measurements and simulations 

Comparisons between measured and
simulated transverse (- y ) profiles of 
C 3 H 8 /O 2 /H 2 /CO/H 2 O/CO 2 mole fractions at six
selected streamwise positions over 8 ≤ x ≤ 124 mm
are shown in Fig. 2 for Case 5 ( ϕ = 3.5). Cor-
responding profiles of the reactants and CPO
products H 2 and CO for Case 4 ( ϕ = 3.0) are
depicted in Fig. 3 , while for Case 2 ( ϕ = 2.5) the
H 2 and CO are plotted in Fig. 4 . The axial extent
in Figs. 2-4 falls within the oxidation zone of the
reactor, i.e., where the deficient reactant O 2 is not
fully consumed. The measured wall temperatures
for the above cases ranged from 932 to 1134 K
(see Fig. 5 ); wall temperatures for the remaining
cases are included in Fig. S1. In Figs. 5 and S1, the
computed streamwise profiles of the catalytic ( C )
and gas-phase ( G ) propane conversion rates are
also given (negative rates signify consumption).
The C rates refer to the contribution of both
catalytic walls, while the G rates were calculated by
integrating the volumetric gaseous rates over the
7-mm channel height. 

Despite the efficient air-jet cooling at the re-
actor front, the species profiles in Figs. 2-4 were
strongly affected by gaseous chemistry. The co-
existence of the C and G propane conversions
in Fig. 5 , over most of the Raman measurement
extent (8 < x < 124 mm), attested the impor-
tance of both reaction pathways. This was further
evident by comparing in Fig. S2 the C 3 H 8 and
H 2 mole fractions near the lower wall for posi-
tions x ≤ 66 mm, using simulations with hetero-
/homogeneous chemistry and with only hetero-
geneous chemistry. In the latter simulations, the
C 3 H 8 conversion was lower and the H 2 production
higher. For ϕ = 3.5, only the x = 8 mm profiles co-
incided, while at x = 66 mm the differences in C 3 H 8
and H wall mole fractions were 40% and 50% re-
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Fig. 2. Mole fraction transverse profiles (lines: simula- 
tions, symbols: Raman measurements) for Case 5: x = 8 
(solid lines, upper-triangles), 21 (dotted lines, crosses), 36 
(short dashed lines, lower-triangles), 66 (dashed-dotted 
lines, circles), 96 (long dashed lines, diamonds), and 
124 mm (dashed-double-dotted lines, stars). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Mole-fraction transverse profiles for Case 4. No- 
tation of lines and symbols as in Fig. 2 . 

Fig. 4. Mole-fraction transverse profiles for Case 2. No- 
tation of lines and symbols as in Fig. 2 . 

Fig. 5. Measured wall temperatures for Cases 2, 4, 5 and 
simulated axial profiles of catalytic ( C ) and gaseous ( G ) 
propane conversion rates. 
spectively (Fig. S2c); at the last Raman-measuring
position x = 124 mm, the corresponding differ-
ences grew to 106% and 286%. For ϕ = 2.5, the
differences were smaller (Fig. S2a) but still homo-
geneous chemistry was appreciable for x > 21 mm.
It is hence apparent that propane CPO is a com-
bined hetero-/homogeneous process, as also hinted
in past 1D microprobe experiments [ 11 , 14 ]. This
is in stark contrast to our earlier methane CPO
studies [15] , whereby a pure heterogeneous reac-
tion zone up to x = 66 mm could be identified
for near-optimal CPO stoichiometries and up to
x = 100 mm for lower stoichiometries. Moreover,
these differences occurred despite the fact that in
methane-CPO [15] the (non-cooled) wall tempera-
tures were up to 180 K higher over x < 66 mm and
the gas inlet temperatures were ∼80 K higher than
the present propane values. 
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Fig. 6. Simulated streamwise profiles of transversely- 
averaged species mole fractions for Case 5. Solid lines: 
hetero-/homogeneous chemistry ( C + G ), dashed lines: 
heterogeneous chemistry ( C ). 

Fig. 7. Simulated catalytic ( C , solid lines) and gaseous ( G , 
dashed lines) species conversion rates for Case 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

O2 C3H8  
The comparisons between measurements and
imulations in Figs. 2 and 3 were quite favor-
ble, although the H 2 (H 2 O) production was some-
hat underpredicted (overpredicted) and the CO

CO 2 ) production somewhat overpredicted (under-
redicted). For ϕ = 2.5 in Fig. 4 , there was a mea-
er H 2 production and this resulted in a larger mea-
urement scatter. 

The deficient reactant O 2 approached transport-
imited conversion as demonstrated by the low
all-to-center O 2 mole-fraction ratios in Figs. 2 and
 , which ranged from 1% to 20%; the same was
lso attested in all other cases. This behavior was
urther supported by the measurements, despite
he absence of Raman data 0.5-0.7 mm from both
alls. Nonetheless, the first 2–3 axial positions in
igs. 2-3 with corresponding ratios 10%-20% fell

nto the mixed transport/kinetics regime, and this
ould only be asserted with the present transverse
easurements (past propane-CPO axial species
easurements only suggested a transport-limited
 2 conversion [10] ). 

Surface characterization was accomplished by
canning Electron Microscopy (SEM), Energy
ispersive X-Ray (EDX) and X-ray Photoelectron

pectroscopy (XPS), performed ex-situ on samples
t room-temperature and heated to 1000 K. The
000 K was representative of the wall tempera-
ures over the extent of Raman measurements in
igs. 2-4 . The XPS spectra in Fig. S3a showed that,

n the presence of O 2 , the Rh 2 O 3 (Rh 

+ 3 ) phase was
ominant at 1000 K as opposed to metallic Rh 

0

hase at 293 K. The increased oxidation state at
000 K was further corroborated by the EDX mea-
urements in Fig. S3b. 

.2. Hetero-/homogeneous chemistry coupling 

The hetero-/homogeneous chemistry cou-
ling is elaborated using Case 5 as reference
ase. Transversely-averaged streamwise profiles
f species mole fractions are illustrated in Fig. 6

or two simulations: with hetero-/homogeneous
hemistry ( C + G ) and with only heterogeneous
hemistry ( C ). For the C + G simulation of Case 5,
treamwise profiles of the catalytic ( C ) and gaseous
 G ) conversion rates (the G rates are integrated
ver the 7-mm-height) are provided in Fig. 7 . 

Gaseous chemistry has a strong contribution,
s manifested by the large G conversions in
ig. 7 . This is also evident by the appreciable differ-
nces between the two simulated mole fraction pro-
les in Fig. 6 . The onset of vigorous homogeneous
ombustion (flame) was defined as the axial loca-
ion ( x ig ) of the computed peak H 2 CO mole frac-
ion in Fig. 6 , which was in turn close to the peak
 H2CO 

production (peak positive rate in Fig. 7 );
oth nearly coincided, yielding x ig ≈ 205 mm. The
xtent x < x ig encompassed the oxidation zone
with O 2 still present, see Fig. 6 ); therein C 3 H 8 and
 2 were converted by both C and G pathways while
the main partial and total oxidation products (H 2 ,
CO, H 2 O, CO 2 ) were produced again by both path-
ways. Methane was the only intermediate gas-phase
species in the catalytic reaction mechanism [14] , but
over most of the length x < x ig its production pre-
dominantly came via G while C acted as a sink by
adsorbing the gaseous-produced methane ( Fig. 7 ). 

While H 2 and CO were produced by both cat-
alytic and gaseous pathways over x < x ig ( Fig. 7 ),
the C + G simulation in Fig. 6 indicated lower mole
fractions for these products compared to the only-
C simulation. This was because the gaseous path-
way accelerated the consumption of C 3 H 8 but in
a way favoring formation of total oxidation prod-
ucts (see the greater H 2 O and CO 2 mole fractions
in the C + G simulation of Fig. 6 ). This was further
verified by monitoring the ratios of O 2 -to-C 3 H 8
catalytic molar conversions; for 0 < x < x ig , the
C / C ratio in the C + G simulation was on the
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Fig. 8. Formaldehyde maps for Cases 1-6: (a) PLIF mea- 
surements, (b) simulations. Color bars provide the com- 
puted H 2 CO (1000 × ppmv) and vertical arrows define 
the homogeneous ignition locations ( x ig ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Simulated catalytic ( C ) and gaseous ( G ) conver- 
sion rates of O 2 for Case 6, at four different wall temper- 
atures. 
average 3.3, while in the only- C simulation it was
2.5, i.e. closer to the ideal CPO ratio of 1.5 rather
than to the total oxidation (CTO) ratio of 5. 

In the oxidation zone, the gaseous pathway con-
verted C 3 H 8 by radical attack reactions, which at
the same time produced H 2 , while CO was mainly
produced via HCO hydrogen abstraction reactions
(see Fig. S4a for the most significant C 3 H 8 , H 2 and
CO reactions at x = 100 mm). The catalytic ad-
sorption/desorption reactions of C 3 H 8 , H 2 and CO
were partially equilibrated over the entire oxidation
zone, with the net catalytic rates being much smaller
than either the adsorption or desorption rates. 

Finally, over the Raman measurement extent
( x ≤ 124 mm), potential spectral interferences were
marginal (it is noted that the propane Raman sig-
nal window encompasses all C-H stretch vibrations
in saturated and unsaturated hydrocarbons). All
other hydrocarbon species had much lower mole
fractions than C 3 H 8 : C 2 H 4 by a factor of 1.5 × 10 4 ,
C 3 H 6 by 6.2 × 10 3 and CH 4 by 2.1 × 10 3 at
x = 8 mm; these factors decreased to 10, 25 and 30,
respectively, at the last Raman measuring location
x = 124 mm. Only close to homogeneous ignition
( x ig = 205 mm) C 2 H 4 and CH 4 overtook the C 3 H 8
mole fraction. 

4.3. Homogeneous ignition 

Simulated and PLIF-measured H 2 CO distribu-
tions are compared in Fig. 8 . The homogeneous ig-
nition positions x ig (marked with arrows in Fig. 8 ) 
were defined in the simulations as outlined in Sec- 
tion 4.2; a similar procedure was adopted for the 
PLIF images using the measured intensity counts. 
The color differentiation in the PLIF images re- 
flected different settings in the ICCD camera; how- 
ever, this did not affect the unambiguous deter- 
mination of homogeneous ignition. For Case 1, 
homogeneous ignition could not be assessed since 
only the upstream part of the flame was inside 
the channel. A strong two-dimensionality of the 
flames is evident in Fig. 8 , showing the advantages 
of the present 2D model approach. The agreement 
between simulated and measured x ig and flame 
lengths was quite good for Cases 2-6. The simula- 
tions underpredicted mildly homogeneous ignition 

(by up to 6.8%). For example, in Cases 2 and 6 
the predicted x ig were 272 mm and 158 mm while 
the measured ones were 290 mm and 168 mm, re- 
spectively. There were nevertheless some small dif- 
ferences, as the simulated formaldehyde in the pre- 
flame regions was confined into thin reaction zones, 
while the PLIF resulted in broader distributions. 
This behavior was also reported in [ 15 , 16 ] and has 
been ascribed [25] to the strong signal originating 
from the colder, high-density regions ahead of the 
flame. 

The homogeneous ignition distances in cou- 
pled hetero-/homogeneous combustion largely re- 
flected gas-phase ignition characteristics and were 
inversely proportional to suitably-defined gaseous 
reaction times [18] . Interestingly, homogeneous ig- 
nition was particularly favored at the higher equiv- 
alence ratio Cases 5 and 6 (they had the shortest 
x ig ). This happened despite the following facts: a) 
over the gaseous induction zones 0 < x < x ig , Cases 
5 and 6 had slightly lower wall temperatures than 

the other cases (see Figs. 5 and S1), and b) rich 

propane mixtures ignite harder (ignition delays be- 
come longer with increasing equivalence ratio [26] ). 
This unexpected behavior was a result of the H 2 
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Fig. 10. Simulated transverse profiles of C 3 H 8 , O 2 and 
H 2 mole fractions for Case 6 at two different wall temper- 
atures and six axial positions. The arrows indicate the di- 
rection of increasing axial distance ( x = 21, 85, 150, 200, 
240 and 300 mm). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

roduced via the catalytic pathway over the gaseous
nduction zones. To illustrate this, additional simu-
ations were made by replacing H 2 in the catalytic

echanism with an artificial H 2 
∗ species that had

he same transport and thermodynamic properties
s H 2 , but did not participate in any gaseous re-
ction. This change left practically unaffected the
ow- ϕ flames in Cases 1 and 2, for which little H 2
as produced catalytically ( Fig. 4 ). However, it sub-

tantially affected ignition of the ϕ = 3.5 Cases 5
nd 6 that had appreciable H 2 catalytic production
see Figs. 2 and 7 ). For example, simulations with
 2 
∗ yielded x ig = 246 mm and 182 mm for Cases

 and 6, substantially longer than the simulations
n Fig. 8 with corresponding x ig = 205 mm and
58 mm. This indicated an important and CPO-
pecific hetero-/homogeneous chemistry coupling
ia H 2 that in turn affected the radical pool buildup
n the gaseous induction zone. In contrast, during
uel-lean combustion of C 3 H 8 /O 2 /N 2 mixtures over
h, the hetero-/homogeneous chemistry coupling
ad a much weaker effect, with CO being the most

mportant intermediate [27] . 
Following homogeneous ignition, catalytic re-

orming reactions consumed H 2 O and CH 4 and
roduced H 2 and CO ( Fig. 7 ). On the other hand,
as-phase reactions always produced CH 4 and CO,
hile H 2 was produced via G until shortly down-

tream x ig and then consumed ( Fig. 7 ). The key
as-phase reactions affecting CH 4 , CO and H 2 at
 = 290 mm are provided in Fig. S4b, showing that
he main step producing CH 4 and consuming H 2 
as H 2 + CH 3 = CH 4 + H (reverse of R41). 

Contrary to past CH 4 -CPO studies [15] , where
under similar flow conditions) gas-phase chem-
stry increased the syngas (H 2 and CO) production,
n C 3 H 8 -CPO gas-phase chemistry reduced the syn-
as yields (see Fig. 6 ). This was not a result of 
lower post-ignition ( x > x ig ) gaseous reforming
hemistry, because in both C 3 H 8 -CPO and CH 4 -
PO these gaseous reactions were nearly equally

ast (as assessed via constant-pressure batch re-
ctor simulations using the Senkin package of 
hemkin [28] ). The reason for the lower syngas pro-
uction was the appreciable contribution of C 3 H 8 
aseous chemistry in the far upstream parts of the
xidation zone ( x << x ig ), which spoiled the high
atalytic selectivities towards H 2 and CO as ex-
mplified in Fig. 6 . The aforementioned increased
as-phase contribution in the C 3 H 8 -CPO oxida-
ion zone was largely absent in CH 4 -CPO. It is
lso noted that since both C 3 H 8 -CPO and CH 4 -
PO are eventually equilibrium-limited and not
inetically-limited processes [ 10 , 14 ], the aforemen-
ioned interplay of catalytic and gaseous chem-
stry affects the syngas yields at reactor residence
imes (or reactor lengths) that are not too long for
quilibration. Such short contact time reactors for
PO of hydrocarbons are typically encountered in
ower generation [29] . 
Finally, the impact of wall temperature on ho-
mogeneous chemistry has been investigated nu-
merically. Case 6 was simulated under a constant
wall temperature ( T w ) boundary condition, with
T w ranging from 800 K to 1000 K in increments
of 50 K. The transversely-averaged catalytic and
gas-phase conversions of the deficient reactant O 2
are provided in Fig. 9 for four wall temperatures.
It is seen that even for the lowest T w = 800 K,
gas-phase chemistry cannot be neglected. Further-
more, for T w = 850 K and 800 K a two-stage gas-
phase propane ignition [2] is manifested by the G O2
profiles. The reason for the resilience of gas-phase
chemistry at T w as low as 800 K is illustrated in
Fig. 10 . In Fig. 10 b the transverse species profiles
indicate increased amounts of the reactants C 3 H 8
and O 2 near the wall at T w = 800 K due to the
slower catalytic chemistry; this near-wall reactant
excess, in turn, promotes homogeneous combus-
tion. On the other hand, for T w = 1000 K the
amount of reactants C 3 H 8 and O 2 near the wall is
much reduced ( Fig. 10 a), but this is compensated
by the higher wall temperature that facilitates the
onset of homogeneous ignition. 

Even though gas-phase chemistry remains sig-
nificant for T w down to 800 K, the CPO func-
tionality of the catalyst ceases below ∼900 K.
Fig. 10 shows that while the average outlet
( x = 300 mm) H 2 mole fraction is 4% at
T w = 1000 K, it drops to only 0.085% at
T w = 800 K. The detailed simulations showed that
already at T w = 900 K the outlet H 2 mole frac-
tion drops below 0.5% (this result holds for ei-
ther hetero-/homogeneous chemistry simulation or
only heterogeneous chemistry simulation). There-
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fore, for all CPO-relevant wall temperatures, gas-
phase chemistry cannot be neglected at the present
channel confinement of 7 mm and pressure of 
5 bar. 

5. Conclusions 

The fuel-rich hetero-/homogeneous combustion
and the CPO of propane to syngas over Rh was
investigated in a catalytic channel-flow reactor at
5 bar using in situ Raman and formaldehyde-
PLIF measurements, accompanied by 2D simula-
tions with detailed catalytic and gas-phase chem-
istry. Gaseous chemistry could not be neglected
in the oxidation zone of the reactor, resulting
in reduced syngas production. Raman measure-
ments of major gas-phase species concentrations
over the reactor length without appreciable gas-
phase chemistry indicated that the catalytic reac-
tion mechanism slightly underpredicted (overpre-
dicted) the H 2 (CO) formation. Production of ap-
preciable amounts of H 2 at the highest equiva-
lence ratio of 3.5 accelerated substantially homo-
geneous ignition and flame formation. The pre-
dicted and PLIF-measured homogeneous ignition
distances had differences within 6.8%, attesting the
aptness of the employed kinetic schemes. Contrary
to CH 4 -CPO, the presence of gas-phase chemistry
in the oxidation zone and the subsequent forma-
tion of strong flames in C 3 H 8 -CPO were detrimen-
tal to syngas production. For all CPO-relevant wall
temperatures ( T w > 900 K) that result in apprecia-
ble syngas production, the impact of gaseous chem-
istry could not be ignored. 
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