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Abstract

The oxidation properties of propane have been investigated by conducting experiments

in a laminar flow reactor at a pressure of 100 bar and temperatures of 500–900 K. The

onset temperature for reaction increased from 625 K under oxidizing conditions to 725 K

under reducing conditions. A chemical kinetic model for high pressure propane oxidation

was established, with particular emphasis on the peroxide chemistry. The rate constant

for the important abstraction reaction C3H8 + HO2 was calculated theoretically. Modeling

predictions were in satisfactory agreement with the present data as well as shock tube data

(6–61 bar) and flame speeds (1–5 bar) from literature.
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1. Introduction

The oxidation properties of propane, a major component of liquified propane gas (LPG)

and a minor but sensitive component in natural gas have attracted research and industrial

interests. Under certain conditions, propane oxidation is inhibited by increasing temperature.

This behaviour, more frequent for heavier alkanes, is called Negative Temperature Coefficient

(NTC). The NTC behaviour increases the complexity of chemical kinetic modeling. The

temperature range at which NTC is observed for propane depends on pressure and mixture

composition, but it generally occurs at temperatures below 1000 K [1–4].
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Flow reactors are suitable devices to investigate combustion chemistry at intermediate

temperatures, but they have rarely been used to study the oxidation properties of propane.

Notably, Cathonnet et al. [5] and Cord et al. [6] measured propane oxidation in a jet-stirred

reactor at pressures below 6 bar and Koert et al. [7] measured species evolution in a turbulent

flow reactor at pressures of 10–15 atm.

The ignition delay time of propane has been investigated more extensively, using mostly

shock tubes [1, 2, 8–14] and Rapid Compression Machines [3, 4]. Several of these studies

were conducted at elevated pressure, i.e., up to 60 bar in shock tubes [1, 2, 8, 12, 13] and 37

bar in RCM [3, 4]. Data have also been reported from a batch reactor at up to 15 bar [15]

and from a test engine [16]. Despite the extensive measurements of ignition properties, the

investigated pressures are thus far below those found in engines.

Several detailed chemical kinetic models have been developed and evaluated for propane

oxidation, e.g., [17–21]. The models developed by Jachimowski [17], Frenklach and Bornside

[18], Dagaut et al. [19], and Koert et al. [20] were evaluated at a maximum pressure of 15 atm.

Qin et al. [21] optimized a detailed chemical kinetic model against ignition delays at P<5 atm

and flame data at atmospheric pressure. This optimized model has been widely adopted in

subsequent flame studies (e.g. [22–25]). More recently, Petersen et al. [26] developed a

mechanism for mixtures of propane and methane. Due to the lack of experimental data at

high pressures, the developed mechanisms were validated at pressures below those found in

engines.

To extend the available data toward conditions relevant to engines and gas turbines, this

paper reports the results of propane oxidation experiments in a laminar flow reactor at a

pressure of 100 bar and temperatures of 500–900 K under a wide range of stoichiometries. A

chemical kinetic model for propane oxidation at increased pressure is established by carefully

reviewing available thermo-kinetic data in literature. For the key step between propane and

the HO2 radical, the rate constant was calculated from theory.

2



2. Experimental

2.1. The laminar flow reactor

The experimental setup was a laboratory-scale high-pressure laminar flow reactor de-

signed to approximate plug flow. The setup is described in detail elsewhere [27] and only

a brief description is provided here. The system was used here for investigation of propane

oxidation at 100 bar pressure and temperatures up to 900 K. The reactant gases were pre-

mixed before entering the reactor. The reactions took place in a tubular quartz reactor with

an inner diameter of 8 mm and a total length of 154.5 cm.

The reactor was heated by three digitally controlled heating elements. The measured

temperature profile of the reactor can be found in Supplementary material. The profile

showed an isothermal reaction zone (±6 K under inert conditions) of 38–40 cm. The residence

time in the isothermal zone was 8.3–14 s with the current flow rate of 3.93 liter/min (STP)

and temperatures in the range of 500–900 K. The maximum adiabatic temperature-rise due

to heat of reaction was calculated to be 8 K. All gases used in the present experiments were

high purity gases or mixtures with certified concentrations (±2% uncertainty). The product

analysis was conducted by an on-line 6890N Agilent Gas Chromatograph (GC-TCD/FID)

equipped with three columns (Porapak N, Molsieve 13X, and PoraPLOT Q). For most

species, the relative measuring uncertainty of the GC was in the range of ±10%.

3. Numerical

A chemical kinetic model for propane oxidation at increased pressure was established.

The C3 subset, which is briefly discussed below, was added to the reaction mechanism

developed earlier for the oxidation of H2/C1/C2 and oxygenated components [28–33]. The

reaction of C3H8 with HO2, which is a key step at high pressure, was studied theoretically,

as described below.

3.1. Theory for C3H8 + HO2

The rovibrational properties of C3H8, HO2, and the two H atom abstraction transition

states to produce i- and n-propyl radicals were determined at the CASPT2/cc-pVTZ level.
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For the transition states, a 5-electron 5-orbital (5e,5o) active space was employed, with the

orbitals correlating with the HO2 radical orbital, and one σ,σ∗ pair for both of the central

and terminal CH bonds. The corresponding (4e,4o) σ,σ∗ active space was employed for C3H8

and a (1e,1o) active space was employed for HO2.

Higher level estimates of the energies at these stationary points were obtained from

CCSD(T) calculations with the cc-pVTZ and cc-pVQZ basis sets extrapolated to the com-

plete basis set limit. The zero-point corrected CCSD(T)/CBS energies were 19.3 and 16.6

kcal/mol (relative to reactants) for the transition states to form i- and n-C3H7. The rate con-

stant was predicted with conventional transition state theory employing rigid rotor harmonic

oscillator assumptions for all but the torsional modes, which were treated as 1-dimensional

hindered rotors. Eckart tunneling corrections were included.

The calculated rate constants for C3H8 + HO2 → n-C3H7 + H2O2 (R4a) and C3H8 +

HO2 → i-C3H7 + H2O2 (R4b) are k4a = 0.27 (T/K)4.125 exp(-7638/T) cm3 mol−1 s−1 and

k4b = 6.32 (T/K)3.670 exp(-6752/T) cm3 mol−1 s−1, respectively. From prior experience with

calculations performed at similar levels of theory we estimate the 2 sigma uncertainty in the

rate predictions to be a factor of 3. Only indirect measurements by Walker and coworkers

[34–36] have been reported for the reaction. As illustrated in Figs. 1 and 2, the calculated

values are in good agreement with the most recent data of Handford-Styring and Walker

[36]. Earlier CCSD(T)/cc-pVTZ//B3LYP based TST calculations of Simmie and coworkers

[37], which are renormalized to estimates of the CCSD(T)/CBS limit for abstraction from

CH4, are very similar to the present ones. In contrast, the CBS-QB3 based predictions of

Deutschmann and coworkers [38] appear to substantially overestimate the abstraction rates.
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Figure 1: Plot of the rate constant for C3H8 + HO2 → CH3CH2CH2 + H2O (R4a). The current value is
compared with experimental data from Handford-Styring and Walker [36] and predictions of Simmie and
coworkers [37] and Deutschmann and coworkers [38].

Figure 2: Plot of the rate constant for C3H8 + HO2 → CH3CHCH3 + H2O (R4b). The current value is
compared with experimental data from Handford-Styring and Walker [36] and predictions of Simmie and
coworkers [37] and Deutschmann and coworkers [38].
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3.2. The propane subset of the kinetic model

The propane subset added in the present work includes reactions of C3H8 and the derived

radicals. For interpreting reaction numbers, readers are suggested to consult the reaction

list in the Supplementary material. Selected reactions are shown in Table 1. Hydrogen

abstraction from propane results in the two isomers, normalpropyl (n-C3H7) and isopropyl

(i-C3H7), adding to the complexity of the combustion chemistry of this fuel. Rate constants

for propane consumption reactions were mostly drawn from shock tube and theoretical work

of Sivaramakrishnan and coworkers, including those for thermal dissociation (C3H8 (+M) =

C2H5 + CH3 (+M) (R1)) [39] and for hydrogen-abstraction reactions with H (R2) [40] and

OH (R3) [41].

The results of Sivaramakrishnan et al. [41] for C3H8 +OH (R3) (obtained at 797–1259 K

and extrapolated from theory to 250–2000 K) have been confirmed by more recent mea-

surements by Morin et al. [42] (230–900 K) and by Badra et al. [43] (895–1294 K). The

theoretical work indicates a slightly lower branching fraction to n-C3H7 than indicated by

earlier experiments by Droege and Tully [44].

The reaction of propane with the hydroperoxyl radical (R4), studied in the present work,

would be expected to be a rate limiting step for low temperature ignition of propane, similar

to observations for lighter alkanes (methane and ethane) [29, 31]. Also H-abstraction by

alkylperoxyl radicals has been shown to be important in the oxidation of methane and

ethane at high pressure [29, 31]. For reaction with CH3OO (R7) and CH3CH2OO (R8), we

rely on the calculated rate constants of Carstensen et al. [38], while the values for abstraction

by the C3H7OO isomers (R9, R10) were estimated by analogy to the C3H8 + CH3CH2OO

reaction.

The propyl radicals n-C3H7 and i-C3H7 may decompose at elevated temperature or react

with O2. For the decomposition steps (R11, R12), we adopted the rate constants from the

theoretical study by Miller and Klippenstein [45]. Oxygen addition to propyl to form isomers

of propylperoxyl radicals (C3H7OO (R13, R14)) is important at intermediate temperature;

these reactions were studied theoretically by Goldsmith et al. [46] and implemented here.
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The propylperoxyl radicals can isomerize (R15, R20) to the propylhydroperoxyl radical

C3H6OOH, which may undergo further internal H-abstraction (R16) before dissociating to

C3H6+HO2 (R17–R19, R21, R22). A second oxygen addition to propylhydroperoxyl radicals

to form isomers of OOC3H6OOH is expected to be a critical step in low-temperature oxidation

of alkanes. The OOC3H6OOH formed may decompose or isomerize to HOOC3H5OOH. Data

for these reactions, as well as those of C3H6OOH, were also drawn from Goldsmith et al.

[46].

Table 1: Selected reactions from the C3 subset of the present model. The rate constants are in the form of
k = AT n exp(−E/(RT )). Units are mol, cm, K, s, and cal.

Reaction A n E Note/Ref.

R3a C3H8 +OH −−→←−− nC3H7 +H2O 5.2E03 2.936 -419 [41]
R3b C3H8 +OH −−→←−− iC3H7 +H2O 1.8E05 2.437 -536 [41]
R4a C3H8 +HO2

−−→
←−− nC3H7 +H2O2 2.7E-01 4.125 15176 p.w.

R4b C3H8 +HO2
−−→
←−− iC3H7 +H2O2 6.3E00 3.670 13416 p.w.

R7a C3H8 +CH3OO −−→←−− nC3H7 +CH3OOH 6.7E00 3.720 16900 [38]
R7b C3H8 +CH3OO −−→←−− iC3H7 +CH3OOH 8.1E01 3.370 13800 [38]
R15 nC3H7OO −−→←−− CH2CH2CH2OOH 3.4E00 3.230 19209 a [46]

Duplicate rate constant 4.1E26 -0.037 99401
R18 nC3H7OO −−→←−− C3H6 +HO2 2.3E32 -6.220 37948 a [46]
R32 HOOCCCOO∗ −−→

←−− OCCCOOH+OH 1.7E05 1.480 16238 a [46]
a At 100 atm pressure, for other pressures see the mechanism file in Supplementary material.

4. Results and discussion

4.1. Oxidation in the flow reactor

Figure 3 shows the results of propane oxidation under reducing conditions. Reaction

started at 700–725 K and the major products were CO, C3H6, CH4, and C2H4. The maxi-

mum carbon deficiency from the experiments was around 7%. Using the current analysing

equipment, it was not possible to measure C2H3CHO and CH2O. Adding their concen-

trations from simulations, carbon balanced within ±5%. The model reproduces the onset

of oxidation, as well as the concentrations of most intermediates satisfactorily. However,

there are discrepancies between model predictions and experimental data for CH3CHO and
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C2H5CHO. It was found that using a full temperature profile for modeling in Chemkin

[47] improved the accuracy of the simulation. Therefore, a plug flow reactor with a fixed

temperature profile and constrained pressure was used for all simulations. The profiles used

in modeling can be found as Supplementary material.
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Figure 3: Results of experiments under reducing conditions (1285 ppm C3H8 and 511 ppm O2 in N2, Φ=12.5)
at 100 bar pressure. Symbols mark the experimental results and lines denote the predictions of the present
model.

Figure 4 shows the results of propane oxidation for a stoichiometric mixture. The fuel

conversion started around 725 K, where a small fraction of propane disappeared and trace

amounts of C3H6 and C2H4 were detected. At T>750 K, propane was oxidized almost

completely. The major products of the oxidation were CO and CO2 and the concentration

of propene and ethene decreased sharply at temperatures higher than 775 K. The carbon

balance showed a maximum deficiency of around 19%. Adding C2H3CHO and CH2O from

simulation, carbon balanced within ±11%.

The model captured the onset temperature of ignition accurately. However, CO oxidation
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to CO2 at high temperatures was not precisely captured by the model.
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Figure 4: Results of experiments under stoichiometric conditions (547 ppm O2 and 121 ppm C3H8 in N2,
Φ=1.1) at 100 bar pressure. Symbols mark the experimental results and lines denote the predictions of the
present model.

The fuel-lean experiments shown in Fig. 5 revealed a sharp onset of reaction for propane

concentration at 625 K, and propane was completely consumed at T>725 K. The major

detected products were CO and CO2. The carbon balance showed a maximum deviation of

18% (at 675 K). The model captured the onset of oxidation accurately, but underpredicted

the reactivity and thereby the fuel conversion at higher temperatures. Propene, a minor

by-product, was slightly overpredicted by the model.

The experimental results and the modeling predictions do not support occurrence of NTC

behaviour in propane oxidation under the conditions investigated here. Herzler et al. [1] and

Cadman et al. [2] measured ignition delays of propane/air in shock tubes (φ = 0.5, P=10–

40 bar) and reported a decrease in the activation energy of ignition delays at T<1050 K, but

NTC behaviour was not observed even at temperatures as low as 875 K. In a more recent
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Figure 5: Results of experiments under oxidizing conditions (3.405% O2 and 146 ppm C3H8 in N2, Φ=0.02)
at 100 bar pressure. Symbols mark the experimental results and lines denote the predictions of the present
model.

study, Lam et al. [13] found no evidence of NTC behaviour for propane/oxygen/argon at

980–1400 K and 6–60 atm (φ = 0.5). On the other hand, NTC behaviour for propane/air

ignition delays measured in an RCM has been reported by Gallagher et al. [3] at temperatures

of 750–825 K (φ = 0.5, P=27–37 atm) and by Dames et al. [4] at 760–800 K (φ =0.5/1.0, P

≃30 atm). The RCM experiments cover partially the same temperature range as our flow

reactor experiments. The difference in NTC behaviour is possibly due to the higher dilution

of reactants in the present experiments. To test this hypothesis, we conducted flow reactor

simulations at higher initial concentrations of propane. The results (shown in Supplementary

material) indicate that at higher reactant concentrations a plateau, which represents NTC,

occurs between 600 and 650 K. Also, simulations of ignition delay times show that the NTC

temperature interval becomes broader when the initial concentrations of propane and oxygen

are increased (see SM).

A reaction pathway analysis for propane oxidation (Fig. 6) shows that at 750 K, propane

is mainly oxidized by reaction with OH and HO2 (R3, R4). If the H-abstraction steps yield

the i-C3H7 radical, it will add to molecular oxygen to give i-C3H7OO, which eventually

decomposes to propene. If n-C3H7 is formed, then decomposition to ethene competes with
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the addition of molecular oxygen to form the peroxide.
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Figure 6: Reaction pathways for propane conversion to alkenes under stoichiometric and oxidizing conditions
(750 K, 100 bar). The detailed pathway can be found in Supplementary material.

According to the results of sensitivity analyses (Fig. 7), propane oxidation is largely

controlled by H-abstraction from propane by OH and HO2. For abstraction by OH, the

branch to n-C3H7 (R3a) promotes the oxidation for reducing and stoichiometric conditions

while the channel to i-C3H7 (R3b) inhibits the oxidation. For abstraction by HO2 (R4), even

the channel to i-C3H7 (R4b) promotes oxidation due to differences in reactivity between

the HO2 and C3H7OO peroxide radicals. In addition to these steps, H-abstraction from

propane by CH3OO (R7, C3H8 + CH3OO = iC3H7 + CH3OOH) is important for reducing

and stoichiometric conditions.

4.2. Comparison with literature data

4.2.1. Ignition delay time

Figure 8 compares reported ignition delay times for propane at pressures of 10–60 bar

with those predicted by the model. The model agrees well with data measured in a shock

tube under near-constant-volume test conditions [13], but it overestimates ignition delays

at T<1100 K for the conditions of Herzler et al. [1] and Cadman et al. [2]. Lam et al.

[13] found it important to include effects of pressure and temperature variations prior to

ignition in interpreting and simulating data from conventional shock tubes for long ignition

delays. The discrepancies between the model predictions and the experiments in [1, 2] may
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Figure 7: Sensitivity of C3H8 prediction under flow-reactor conditions (RD: reducing, ST: stoichiometric,
OX: oxidizing conditions) at 100 bar. Only the isothermal part of the reactor was considered in the sim-
ulations. The residence time was adjusted to achieve 20% conversion of C3H8. For reducing conditions,
coefficients are enlarged 4 times for better representation. HOOCCCOO∗ and OCCCOOH are abbreviations
for HOOCH2CH2CH2OO∗ and OCHCH2CH2OOH, respectively.
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partly be attributed to the lack of such treatment in our simulations; the pressure histories

of individual ignition delay measurements were not available.
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Figure 8: Ignition delay times of propane/oxygen/inert mixtures. Symbols mark experimental results from
Herzler et al. [1] and Cadman et al. [2] (2.1% C3H8 + 20.6% O2 in N2, Φ=0.5) and Lam et al. [13] (0.8%
C3H8 + 8% O2 in Ar, Φ=0.5). Lines denotes the predictions of the present model. Data from [13] were
simulated at average pressure and only those points that were within ± 12 % of the average pressure are
shown here. A higher resolution of this plot can be found in Supplementary material.

A sensitivity analysis is performed for ignition delay times of propane at 10–30 bar and

900–1200 K. The results can be found in the Supplementary material. The H-abstraction

by HO2 from propane is sensitive in determining ignition delays. At the lower pressure of

10 bar, the reaction of CH3 +HO2 = CH4 +O2 inhibits ignition. The sensitivity coefficients

for C3H8 +OH = n-C3H7 +H2O (R3a) and n-C3H7 = C2H4 +CH3 (R11b) are noteworthy,

as both steps accelerate ignition at 900 K but inhibit reaction at 1100 K (30 bar).

4.2.2. Flame speed

Figure 9 compares flame speeds of propane/air predicted by the current model with those

measured in literature [48–56]. The flame speed decreases at elevated pressures. The model

predictions are within the uncertainty range of the data.

To identify reactions sensitive for predicting the flame speed, the sensitivity of the mass

flow rate is calculated using the built-in functions of Chemkin [47]. The results can be found

in the Supplementary material. Most of the sensitive reactions belong to H2, C1 and C2

subsets, which are adopted from our earlier work [28–31]. The model predicts the flame
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speeds of H2, CH4, C2H2, and C2H4 well [28–31], but overpredicts the burning velocities of

ethane [31] and ethanol [33].
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Figure 9: Laminar burning velocity of propane/air mixture at 1 and 5 atm and initial temperature of 300 K.
Symbols mark experimental results from Vagelopoulos and Egolfopoulos [48], Zhao et al. [49], Bosschaart
and De Goey [50], Jomaas et al. [51], Huzayyin et al. [52], Tang et al. [53], Lowry et al. [54], Dirrenberger
et al. [55], Razus et al. [56], and Akram et al. [24]. Lines denote the model prediction at specified pressures.

5. Conclusion

Propane oxidation at high pressure (100 bar) and intermediate temperature (500–900 K)

has been investigated in a flow reactor as a function of stoichiometry. These data extend

the propane oxidation benchmark at high pressures and intermediate temperatures. The

onset of fuel oxidation was found to be 625–725 K, increasing with fuel-air equivalence ratio.

The rate constant for the reaction C3H8 + HO2 was calculated theoretically. A detailed

chemical kinetic model for propane oxidation at high pressure was developed and evaluated

against the present data as well as results from literature. The model agreed well with the

flow reactor data, even though it slightly underpredicted the fuel conversion under fuel-lean

conditions. Sensitivity analyses revealed the importance of H-abstraction reactions by HO2,

OH, and CH3OO in controlling propane oxidation at 750 K. Modeling predictions were also

in satisfactory agreement with reported ignition delay times and flame speeds.
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