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The ignition of propane was investigated behind reflected shock waves in the temperature range of 1350-1800
K and the pressure range of 0.75-1.57 bar. The ignition delay time was measured from the increase of pressure
and OH emission in the C;Hz-O--Ar system. The relationship between the ignition delay time and the concen-
trations of propane and oxygen was determined in the form of mass-action expression with an Arrhenius tem-
perature dependence. The numerical calculations were also performed to elucidate the important steps in the
reaction scheme of propane ignition using various reaction mechanisms. The ignition delay times calculated
from the mechanism of Sung ef a/.! were in good agreement with the observed ones.
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Introduction

Propane 1s the simplest hvdrocarbon as practical hyvdrocar-
bon fuel and jet fuel and its thermochemical and combustion
properties are closer to those of more complex fuels than
light hvdrocarbons like methane and ethane. Therefore, for
wide application in practical life in terms of energy, econ-
onty, and environment. there have been many experiments
and modeling studies on propane combustion.”'* The high
temperature pyvrolysis of propane has been investigated by
Lifshitz er af.> Koike ez o..> Chiang ef o/..* and Al-Alami ef
al * using various shock tube techniques. Propane oxidation
behind shock waves. however. was not much studied expen-
mentally except by Burcat ef o/ ° Hidaka ef «/..” and Qin.*
Burcat ef «/.° measured the ignition delay times of propane
mixtures behind shock waves and reported the relationship
between induction tume and concentration of mixtures. Hidaka
et al” studied the oxidation of propane by observing the time
variation of oxvgen concentration using a quadrupole mass
spectrometer-shock tube svstem. Qin® also studied the oxi-
dation of propane behind the reflected shock waves by mea-
suring OH absorption profiles using narrow line width cw
ring dve laser. Wamatz” conducted the experiments on lami-
nar flames and a turbulent flow reactor. and Cathonnet ef
al.’ on a quartz flow reactor. Recently. Sung ef /" studied
the structure of counterflow CH4/N- and C3Hz/N» diffusion
flames. They measured concentration profiles of major spe-
cies with spontaneous Raman scattering and computation-
ally simulated with detailed kinetics and transport.

The detailed chemical reaction mechanisms of propane
combustion were presented by Westbrook ef «f..'! Jachi-
mowski."* Dagaut ef o/..'® and Sloane. " The reaction mecha-
nisms of propane oxidation in the early literature considered
only limited numbers of chemical imtermediates. In Jachi-
mowski's mechanism.’> CsH; species were not included at
all. Westbrook ef ¢.!' and Sloane'* included C;Hs and C3H,
but did not include separate reactions for different C;H: and
C;H, isomers. Dagaut ez af."” gave a more complete mecha-
nism, including almost all C; isomer species. In order to

understand the detailed oxidation of propane mcluding rich
conditions. however, hydrocarbon species larger than C,
should be included i the mechanism.

The aim of the present study is to elucidate the rate deter-
mimng steps i the reaction scheme of propane oxidation
during the ignition period. and to deduce an analvtical ex-
pression for the calculations over wide range of experimen-
tal conditions. For this purpose, experiments on the 1gnition
of mme different C;Hs-O--Ar mixtures m the temperature
range of 1350-1800 K, and numerical modeling of the 1gni-
tion process. have been carried out.

Experimental Section

The experiments were performed behind reflected shock
waves in stainless-steel shock tube which was described in
detailed elsewhere.'™!” The apparatus consists of a 514 cm
(6.02 cm 1.d.) 304 stamnless-steel tube separated from the He
driver gas chamber by an unscored aluminium diaphragm
with 0.1 mm thickness. The tube is routinely pumped bet-
ween experiments to < 107 torr by turbo molecular pump
(Varian, 969-9002) svstem. The velocity of shock wave was
measured with 3 pressure transducers (PCB 113A21) mounted
along the end portion of the shock tube, and the temperature
and the density in the reflected shock wave regime were cal-
culated from this velocity. This procedure has been explammed
in our previous paper'® and the corrections for boundary-
laver perturbation were applied.'®

The 1gmition was measured by the sudden mcrease of pres-
sure profile and OH emission intensity. The pressure mea-
surements were made using a pressure transducer (PCB
113A21) which was located at 1.0 cm from the reflecting
surface. The characteristic ultraviolet emission from OH
radical species at 306.7 mm was momtored using a photo-
multiplier tube (ARC DA-781) with a band path filter
(Andower. 308 nm) through the sapphire window which was
mounted flush at 1.0 cm from the end plate of the shock
tube. The window was masked with 1 num width slit in order
to reduce emission intensity and to improve the time resolu-
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Table 1. The expermental conditions of CsHz-Oa-Ar mixtures

Compositionsof equiva-
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nuxtures (%) Jence T Ps )

—C3Hg O Ar_ mtio(®) (psec) (K) (atm)
Mixture | 2.0 10.0 88.0 | 43-726 1397-1570 0.94-1.14
Mixture2 4.0 10.0 86.0 2 49-1370 1412-1673 1.16-1.57
Mixture3 2.0 30 930 2 50-439 1306-1713 0.99-1.23
Mixtured 1.0 30 940 | 53-349 1436-1622 0.81-0.99
Mixture5 1.6 8.0 904 | 59-978 1396-1538 0.87-1.04
Mixture 6 1.6 4.0 944 2 48-906 1494-1760 0.93-1.24
Mixture 7 0.8 80 912 05 68-1038 1357-1306 0.73-0.89
Mixture8 1.0 7.5 9153 075  39-1460 1350-1566 0.75-0.96
Mixture 9 2.0 20.0 780 05  64-1230 1315-1499 0.93-1.18

tion of the system. Both the pressure and the OH enussion
traces were fed into a digital oscilloscope (HP 45601A).

The compositions of the mine different mixtures are given
in Table 1. The equivalence ratio was varied from 0.5 to 2.0
to examie the composition dependences on the ignition
delay tume. C3Hg (99.5%. Dongmin), Ox (99.99%. Dongimin)
and Ar (99.9993%. Donga) were used without further punifi-
cation. He (99.9995%. Dongmin) was used as a driver gas.
Test gas mixtures were prepared manometrically and then
used after keeping for over 24 hours in aluminium cylinders.
The imitial pressure (P)) was fixed to 20 torr and the shock
velocity was controlled by changing the pressure of He
driver gas. The measurements covered a temperature range
(Ts) of 1350-1800 K and a pressure range (Ps) of 0.75-1.57
bar behind reflected shock waves. The measured ignition
delay time ranged from 39 to 1370 us.

Results and Discussion

Figure | shows a typical oscilloscope trace for pressure
and OH emission profiles measured at 1.0 cm from the
reflecting end plate. The upper trace records the total pres-
sure and the lower trace the OH emission. The ignition delay
time (7) was defined as the time interval between the arrival
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Figure 1. Typical experimental record showing pressure (upper) and
OH emission (lower). Experimental conditions were P;=20 torr, Ps
=0.97 bar, and 75=1430 K inmixture 1. (A: an amrival of a retlected
shock wave: B: onset of the ignition: 7: ignitien delay time).
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Figure 2. Ignition delay times for the mixtures shown in Table 1.
Lines represent the least squares fits for the corresponding mixtures
using the expression in the text.

of the reflected shock wave front and the onset of an 1gni-
tion. The ignition delay tune derived from the OH emission
1s almost the same as that derived from the pressure profile.

The effects of propane and oxygen concentrations on the
1gnition delay are shown in Figure 2. A correlation between
1ignition delay and concentration was customarily summa-
rized in the form of mass-action expression with an Arrhe-
nius temperature dependence.’” Multiple regression analysis
was emploved to obtamn the best-fit parameters. This proce-
dure gave

T=435% ]0'14exp (619 keal mol'lf’R’[)
[CsHg]' == (0] (moliem™)” ¥ sec

where the 1gnition delay tume 7 and the concentration are
given in sec and mol/em’, respectively. The reliability of this
empirical formula was tested by plotting all data as log(t/
{[CaHs] " [0] "¢ (mol/em™) ¥sec}) vs. LOYT. As shown in
Figure 3, all points lie close to a single line. The power
dependence of propane indicates self-inlubiting effect; the
ignition delay time increases by increasing the concentration
of propane. On the other hand. the power dependence of
oxygen indicates the promotion effect: the ignition delay
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Figure 3. A plot of log(z/{[CaHz]"

122

[02]7 " (moliem™**seci ) vs.
10%T for all mixtures, 8= 7/{[CiHs]' *[01]" *(mol/em® I ¥*sec?.
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Figure 4. The effect of mitial pressure (P) on ignition delays at
20, 55, and 220 torr in 1.6% C3Hz-8.0% O1-90.4% Ar mixture.
Svmbeols are for: @ (7,=20 tomr) from this work, @ (P;=33 torr)
from Ref. 6, and & (P=220) torr) from Ref. 6.

time decreases with imcreasing the concentration of oxvgen.
In this investigation. the argon dependence on the 1gnition of
propane was not tried to obtain because the concentration of
argon in our mixtures was not varied much. Burcat er a/l.°
also found no argon dependence on the ignition of propane
in their experunental conditions.

It 1s. however. worth noting that the parameters are vahd
only for the specific ranges of pressure. temperature. and
concentration over which the igmition delays were measured.
As a result. any attempt to use such formula to describe
expenimental data obtained under different conditions may
give quite considerable deviations from measured values.
Burcat er ¢/.° reported ignition delay time for 1.6% C;Hs -
8.0% 0--90.4% Ar mixture at the mitial pressure (7)) of 35
and 220 torr. In this study. ignition delays of the same com-
position of the mixture (mixture 5 in Table 1) with different
initial pressure (£1), 20 torr, were measured. Figure 4 shows
the comparison of our results with those of Burcat ef a/.° and
also shows the effect of imtial pressure (£1) on the ignition
delay of propane at 20 torr (from this study), 35 torr (from
Burcat e /%), and 220 torr (from Burcat er a/.%) in 1.6%
C;Hg-B.0% 0+-90.4% Ar mixture. As the initial pressure of
the gas mixtures increases, the ignition delay time decreases
significantly. This imitial pressure effect can be rationalized
by the propane decomposition reaction. C;Hg (+ M) — C;H;
+ H (+ M), which is pressure dependent.

The modeling study of the 1gnition of propane was also
performed using the propane oxidation mechanisms of Sung
et o) Qin.® Westbrook er «/.!' Jachimoski,'- Dagaut ef
al. ¥ Glassman.”" Konnov.*’ and GRI 3.0.-* Computations of
modeling were carried out using Sandia Chemkin III code.-*
Thermodynamic data were obtained from GRI 3.0 version
thermodynamics™ and Chemkin thermodynamic data base.™
The rate constants for the reverse reactions were calculated
from the fonward rate constants and the appropnate equilib-
rium constants. As shown in Figure 3, the observed results
are In good agreement with the calculated ones using the
mechanisms of Sung ez ¢/ .! Glassman,” and Konnov.-! among
them. The calculated 1gmition delay tunes using the mecha-
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Figure 5. Comparison of observed ignition delay times (symbols)
with calculated ones (lines). (a) mixture | (stoichiometric), (b)
mixture 6 (rich); (¢) mixture 7 (lean). Lines are for: (1) Sung eral.:
2) Qin® (3) Westbrook et al''; (4) Jachimoski'*: (3) Dagaut er
al ' (6) Glassman®®: (7) Konnov™': (8) GRI 3.0,7 respectively.

nism of Sung ef a/.." which consists of 621 reactions with 92
species, shows the best agreement with the observed ones
for all mixtures.

In the complex reaction mechanism. all of elementary
reactions do not contribute equally to the 1gnition delay time
of propane, but some of them may do essentially. In order to
find the sensitive reactions. logarithmic sensitivity analy-
sis,” listed in Table 2, was performed using the mechanism
of Sung ef a/.' The flow analysis.” shown in Figure 6, was
also carried out by calculating the net reaction rates. From
these sensitivity and flow analyses, the reaction scheme of
the 1gmition process of propane was obtained.

C3;Hs (+ M) — C:Hs + CH; (+ M) (1)
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Table 2. Logarithmic sensitivity values of ignition delav time for
mixtures 1 (stoichiometric), 6 (nich), and 7 (lean) at 7s=1492 K.
Sensitivities less than (.01 are not listed

Sensitivity (S,)

Reaction Mixture Mixture Mixture
| 6 7
Cs:Hs+H — »-C:H- + H- 027 (3001 023
CsHs+H — i-C:H-+ H- 0.20 .27 0.20
Cs;Hs + OH — i-C:H- + H.O 0.03 (.03 -0.01
C:H: + CHs (+M) - C:Hg (+M) -0.19 014 -0.11
CsHs+H — a-C:H: + H- 0.16 (0.22 0.17
CsH¢ + OH — a-C:H: + H.O 021 (.12 0.20
a-C;H: + HO: - OH + C-H: +CH.O  -0.13 (0,07 -0.01
C:H.+OH — C:H: + CH.O -0.14 -0.04 -0.01
CsH,+H - C-H: + H- -0.13 (0,07 0.00
CH; + CHs (+M) = C.H: (+M) 0.06 .03 0.03
CH: + HO: = CH:O + OH -0.19 -0.08 -0.07
CH: + OH — CH:* + H.0O -0.29 -0.26 -0.26
CH:-*+ 02 - CO+ H-O 0.03 (.01 0.14
HO:+0OH = 0.+ H-O 0.16 0.04 0.21
H+0-=0+0H -0.89 -1.11 -0.92

This is the important initiation reaction n the oxidation of
propane at high temperature. The propane decomposes into
C-Hs and CHj; rather than to CsH and H because the disso-
ciation energy of C-C bond 1s weaker than that of C-H bond.
Once C-H: 15 formed, C-H: radical rapidly splits into more
stable C-H, and H.

CHs(+M)>CHy,+H(+M) (2)

H atoms generated through the decomposition of C-H:
radicals attack C3Hz to produce propyl radicals (C3H7) and
Ha. which are the main fuel-consumption reactions.

C;Hg + H — »-C;H; + HA 3
C:Hz+ H — /-C;H; + H- (4)

H atoms also react with O~ molecules and produce O and OH.

—=—CH =CH+CH,

Log (net reaction rate)
&

-6 —e—CH+H=nCH+H,
~—A— C H+H = iC H +H,
7L TYCH#OH=nCH+HO

—€—C_H,+OH = iCH +H,0

0.0001 0.0002

Time (sec)

0.0000 0.0003

Figure 6. Net reaction rates of propane conswmption reactions in
mixture 1 at 75=1456 K. The solid lines indicate that the net
reaction proceeds in the forward direction; the dotted lines indicate
the reverse direction.
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H+0.->0+0H @)

Reaction (5) is the most important chain-branching reac-
tion in all hydrocarbon combustion. which accelerates the
overall oxidation rate. Because of this reaction. the ignition
delay time decreased with increasing the concentration of
Q:. The ignition delay time. however. increased with increas-
ing the concentration of C;Hs. Reactions (3) and (4) deceler-
ates the overall ignition rate. because C3;Hz can compete with
Q> on the reactions with H atoms. The same phenomena
were observed in the oxidation mechanism of methane'® and
ethane.’ The O and OH chain-carriers produced through
reaction (3) react with the fuel. C;Hs. and generate propyl
radicals.

C;H; +O — CsH,+ OH ()
C;H; + OH — C;H; + H-O 7

Two different types of propyl radicals. n-C3;H; and i-C;Hs.
are considered in this study. Normal propyl radicals are ra-
pidly decomposed to methyl radicals and ethylene.

#-CaH; — CH; + C-H, (8

while the majority of the iso-propyl radicals produce H
atoms and propylene.

iCaH7 — H + C3Hs ©

Propyl radicals decompose according to the fB-scission
rule.”" which implies that the bond that will break is one
position removed from the radical site. Normally. reaction
(8) tends to retard the overall process of fuel consumption,
while reaction (9) tends to accelerate this process. Our calcu-
lation shows that the net reaction rate of reaction (8) is about
10 times higher than that of reaction (9) during the whole
ignition delay. Once C;H; is formed. C;Hg reacts with H and
OH to produce allyl radicals (¢-C;Hs). which are the main
sources of C;Hs consumption.

CiH¢+H - ¢-CaHs + H» (10)
CiHs+ OH — o-C3:H: + H-O (1)

Figure 7 shows the calculated concentration profiles of
stable intermediates. C-H, is formed from C:Hs dissociation

1.0x107
8.0x10°}
6.0x10°}
4.0x10°}

2.0x10%F

Concentration {mol/cm?)

0.0}

0.0002 0.0004
Time (sec)

0.0000 0.0006

Figure 7. Calculated concentration protiles of CaHg, CsHg, CaHe,
C;H.. CHy. and C;H» at 75=1401 K, Ps=1.0 bar in mixture 1.
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H HCCO —~CO
VR 7
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! CHy - ~co

—_— L CHgy
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Scheme 1. Reaction scheme of the ignition of propane. The thick
lines indicate that the channel deeply affects in overall ignition
process and the dotted lines show that the channels are omitted in
the midwayv.

or C3H; decomposition. The reaction of C-H, with the H and
OH are the main sources of C-H; formation. C-H- can be
generated from the reactions of C-H; with H, O. and OH
radicals. Ethvlene and acetyvlene are known as unportant
intermediates in the formation of soot.> In order to under-
stand more details of the propane oxidation, especially n the
propane rich mixtures, the soot formation sub-mechanism
should be included in the whole propane oxidation mecha-
nisni. Therefore, 1t is necessary to perform more experinen-
tal and modeling studies on the alkene and alkyne oxidations
at combustion temperatures. Scheme 1 represents the pro-
pane ignition mechanism schematically.

Conclusions

In the present studv, a comprehensive shock tube and
modeling investigation was performed on the ignition of
C;Hg-0--Ar mixtures in the temperature range of 1350-1800
K and the pressure range of 0.73-1.57 bar. The 1gition delay
times were measured from the increase of the pressure and
the OH emission. A correlation between ignition delay time
and concentrations of propane and oxvgen could be summa-
rized in the following empirical formula.

=45 x 10" exp (61.9 kcal mol™/RT)
[C5Hs]' = [O:]7"¢! (mol/em®)"*sec

The numerical calculations were also performed to eluci-
date the important steps in the reaction scheme of propane
1gnition using various reaction mechanisms. It was found
that the 1gnition delay times calculated from the mechanism
of Sung e al.! were in good agreement with the experimen-
tal data. Reaction pathways leading to propane 1gnition were
identified and discussed.
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