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Abstract In ground tests of hypersonic scramjet, the high-
enthalpy airstream produced by burning hydrocarbon fu-
els often contains contaminants of water vapor and carbon
dioxide. The contaminants may change the ignition char-
acteristics of fuels between ground tests and real flights. In
order to properly assess the influence of the contaminants
on ignition characteristics of hydrocarbon fuels, the effect of
water vapor and carbon dioxide on the ignition delay times
of China RP-3 kerosene was studied behind reflected shock
waves in a preheated shock tube. Experiments were con-
ducted over a wider temperature range of 800–1 500 K, at
a pressure of 0.3 MPa, equivalence ratios of 0.5 and 1, and
oxygen concentration of 20%. Ignition delay times were de-
termined from the onset of the excited radical OH emission
together with the pressure profile. Ignition delay times were
measured for four cases: (1) clean gas, (2) gas vitiated with
10% and 20% water vapor in mole, (3) gas vitiated with 10%
carbon dioxide in mole, and (4) gas vitiated with 10% water
vapor and 10% carbon dioxide, 20% water vapor and 10%
carbon dioxide in mole. The results show that carbon dioxide
produces an inhibiting effect at temperatures below 1 300 K
whenφ = 0.5, whereas water vapor appears to accelerate
the ignition process below a critical temperature of about
1 000 K whenφ = 0.5. When both water vapor and carbon
dioxide exist together, a minor inhibiting effect is observed
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atφ = 0.5, while no effect is found atφ = 1.0. The results are
also discussed preliminary by considering both the combus-
tion reaction mechanism and the thermophysics properties
of the fuel mixtures. The current measurements demonstrate
vitiation effects of water vapor and carbon dioxide on the au-
toignition characteristics of China RP-3 kerosene at air-like
O2 concentration. It is important to account for such effects
when data are extrapolated from ground testing to real flight
conditions.

Keywords Ignition delay · Vitiation effect · Kerosene wa-
ter · Carbon dioxide· Shock tube

1 Introduction

High combustion efficient engines are the key technology in
the development of hypersonic air-breathing aircrafts, which
attract more and more attention in recent years. Specific
pulse of traditional engines, such as turbo fan and ramjet,
decreases dramatically when the flight Mach rises. To re-
solve this problem, the concept of supersonic combustion
is proposed, including the Scramjet [1] and detonation en-
gines [2]. However, the residence time of supersonic com-
bustion is only a few milliseconds, which has the same time
scale as the ignition delay time of hydrocarbon fuels. Hence,
the study of rapid spontaneous ignition and complete com-
bustion are of great importance.

There are several kinds of fuel used in the hypersonic
engines, including gaseous, solid and liquid [3–5]. In last
decades, liquid hydrocarbon is studied widely due to its po-
tential use in hypersonic flight at relatively low Mach num-
ber [6]. However, the development of propulsion systems
for hypersonic flight must rely heavily on ground testing
for screening and validation of engine concepts. In order
to simulate hypersonic flight conditions in ground tests, the
stored high-pressure air is heated significantly before expan-
sion through a facility nozzle. Combustion air preheating
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by burning hydrocarbon fuels (e.g., H2, CH4, or C3H8) is
the most widely used method for obtaining the high enthalpy
airflow in ground tests of supersonic scramjets. However,
the resulting high enthalpy air contains substantial amounts
of contaminants, for example, water vapor as hydrogen is
burned, while the major contaminants are water vapor and
carbon dioxide in the case of burning hydrocarbons. So the
composition of test gas heated by burning hydrocarbon fuels
is different from that in the actual atmosphere case. Water
vapor and carbon dioxide not only have different thermody-
namic and transport properties from clean air, but also can
participate directly or act as the very efficient third bodies in
elementary chemical reactions. Due to differences of airflow
in thermodynamic properties and chemical kinetic effects,
ignition and combustion processes of fuels may be affected
by contaminants in vitiated air. The successful operation of
a combustion chamber requires the processes of vaporiza-
tion of the liquid fuel, fuel mixing with air, autoignition, and
complete combustion. It has been demonstrated that the vi-
tiation effect on the fuel-air mixing process is negligible [7].
The ignition characteristics of fuels are more sensitive to the
ignition environment such as temperature, pressure and the
composition of airflow. The contaminants of H2O and CO2

can change the thermodynamic properties and the compo-
sition of test gas mixtures, which may obviously affect the
ignition characteristics of fuels.

In hypersonic flight, the residence time of airflow in the
combustion chamber is only a few milliseconds, which has
the same time scale as the ignition delay time of hydrocar-
bon fuels. Because the contaminants may have impacts on
the ignition process, the ignition characteristics of hydrocar-
bon fuels in ground tests may be different from that in real
flights. Therefore, correct evaluation of the effects of vitiated
air on ignition characteristics will be required to extrapolate
from vitiated ground test data to real flight condition.

Kerosene is an important common hydrocarbon fuel
preferred for hypersonic scramjets due to its stable thermo-
dynamic properties and high energy density. The study re-
ported herein focuses on the effects of the contaminants on
ignition delay times of China RP-3 kerosene. Some studies
have been reported for the vitiation effects on ignition and
combustion characteristics of fuels. Experimental study and
kinetic analyses of scramjet combustion by Mitani et al. [8]
indicated that an easier autoignition of hydrogen with viti-
ated air was caused by radicals supplied from the combus-
tion heater. Mitani [9] also found that H2O has an inhibiting
effect on ignition characteristics of hydrogen. Jacbimowski
and Houghton [10] characterized the effects of H2O and CO2

on the ignition behaviors of hydrogen in a shock tube, and
found that the ignition delay times of hydrogen was short-
ened by H2O and unaffected by CO2 at temperatures between
1 000 and 1 500 K. By simulating the ignition of hydrogen in
air at static temperatures near the autoignition temperature of
about 1 000 K, Hitch et al. [11] found that the ignition delay
times of hydrogen increased when H2O and CO2 was added

into the fuel mixture. Through comparative experiments be-
tween clean air and vitiated air, Le et al. [12, 13] investigated
experimentally and numerically the effects of contaminants
H2O and CO2 on the combustor performance during hydro-
gen and ethylene combustion. In the experiments by Le et
al., clean air was heated via electric resistance and water va-
por and carbon dioxide were added to simulate the vitiated
air. Their results show that H2O contaminant of inflow de-
crease the thrust of the combustor. Using analysis of com-
bustion product distribution by gas chromatography, Fourier
transform infrared spectroscopy, and detailed kinetic mod-
eling, Le Cong et al. [14] investigated the effects of H2O
and CO2 on the oxidation of ethylene. Their results showed
that water vapor tends to inhibit the combustion of ethylene
in fuel-rich conditions, whereas carbon dioxide has a small
accelerating effect. By numerically simulating the vitiation
effects in the wind tunnel, Chinitz and Erdos [15, 16] found
that H2O has an obvious inhibiting effect on the ignition of
several hydrocarbon fuels at lower temperatures. All of these
studies mainly focused on the fuels such as H2, CH4 and
C2H4. Only limited studies have been conducted on the vi-
tiation effects on ignition and combustion characteristics of
kerosene. Hou et al. [17] studied numerically the influence
of seven main species in vitiated air on the performance of
the kerosene-fueled supersonic combustion, and found that
the vitiated air could cause an increase in combustion effi-
ciency and internal thrust. To compare the combustor per-
formance under clean air and air vitiated with water vapor
conditions, Xing and Xiao [18] conducted experiments on
the direct-connect dual-mode kerosene-fueled scramjet en-
gine and simulated the reacting flowfield in the combustor
under the same experimental conditions, and found a signif-
icant effect of vitiated air on the combustion efficiency. By
comparing the numerical results and experimental data, Li
et al. [19] recently investigated the effects of H2O and CO2

on kerosene-fueled supersonic combustion performance, and
concluded that the presence of H2O and CO2 contaminants
results in combustor performance deterioration.

The available experimental and numerical results show
that the effects of contaminants on hydrocarbon combustion
are far too variable, in both magnitude and direction, for
any meaningful generalization to be made. Most of the ex-
isting studies were focused on the vitiation effects on the
combustion performance. Actually, ignition characteristics
of fuels are more sensitive to the ignition environment, so
another effective way to discuss the vitiation effects in su-
personic combustion is to investigate the effects of contam-
inants on the ignition characteristics of fuels. Hence, it is
required to investigate the vitiation effects on kerosene ig-
nition to ensure correct interpretation of the data when they
are extrapolated from vitiated ground testing to real flight.
In this study, experiments were performed for the ignition
of kerosene/O2/Ar mixtures with H2O and CO2 contents.
In order to better match the conditions to those of practi-
cal combustion devices, it is often needed to conduct igni-



The vitiation effects of water vapor and carbon dioxide on the autoignition characteristics of kerosene 487

tion measurements in less diluted mixtures. Thus, the aim
of the present work is to study the effects of contaminants of
H2O and CO2 on the ignition characteristics of China RP-3
kerosene in highly concentrated fuel mixtures over a wide
temperature range, especially extending the low temperature
bound to below 1 000 K.

2 Experimental

All ignition delay times were measured behind the reflected
shock wave in a stainless steel shock tube in our laboratory.
The shock tube is composed of a 3.0 m driver section and a
4.1 m driven section with both sections of 0.1 m in inner di-
ameter. The facility has been reported elsewhere [20], but a
brief description is provided here. A schematic diagram of
the shock tube facility is shown in Fig. 1.

Incident shock speeds were measured over the last
1.5 m of the driven section using three piezoelectric pressure
transducers (PZT) mounted on the shock tube sidewall and
endwall equally spaced at 0.5 m intervals. The last trans-
ducer mounted on the endwall of the driven section was used
to give the exact arrival time of the shock at the endwall, and
to monitor the pressure evolution in the reflected shock re-
gion. A quartz window was installed on the sidewall close
to the endwall of the driven section for monitoring emission
signals from the ignition process in the reflected shock re-
gion. Emission signals focused through a lens were detected
by a photomultiplier after passing through a monochromator
centered at the emission line of OH* (306.5 nm). Pressure
and emission signals were recorded by a transient A/D con-
verter.

Fig. 1 Schematic diagram of the shock tube

Kerosene is a complex mixture of varieties of heavy
hydrocarbons, including alkanes, cycloalkanes, aromatics,
and polycyclic compounds, and the detailed composition of
kerosene generally varies with sources. In this work, the
test fuel is China RP-3 kerosene, including approximately
92.5% saturated hydrocarbons, 0.5% unsaturated hydrocar-
bons, and 7% aromatic compounds [21]. The saturated vapor
pressures of kerosene are not enough for the present work at
room temperature; moreover, there exists a strong adsorp-
tion of kerosene on the shock tube wall in experiments, re-
sulting in an uncertainty in the composition determination of
the test gas mixtures. An adsorption measurement by gas
chromatography showed that the adsorption content of dif-
ferent component of kerosene is different, making the gas
composition different from the liquid composition [22]. The
saturated water vapor pressure is also low at room tempera-
ture; moreover, there also exists a strong adsorption of wa-
ter vapor on the shock tube wall in experiments as well. To
minimize the adsorption degree and to increase the test va-
por pressures of kerosene and water, the driven section of
the shock tube was preheated and maintained at a tempera-
ture of 135◦C throughout each experiment. The experiments
of measuring the adsorption degree of kerosene and water

vapor on the shock tube wall were described in detail in the
previous article [20]. The adsorption curves of kerosene and
water vapor in Figs. 2 and 3 show that the adsorption equilib-
riums of kerosene and water vapor are achieved completely
in 6 min and 10 min, respectively. So the pressures were
measured 6 min after injecting kerosene and 10 min after in-
jecting water as the initial experimental pressures.

Fig. 2 Adsorption curves of China RP-3 kerosene at 135◦C
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Fig. 3 Adsorption curves of water vapor at 135◦C

The base experiments of measuring ignition delay times
of kerosene without H2O and CO2 were also described in de-
tail in the previous work [20]. In the experiments of kerosene
with water vapor, water vapor was first injected into the
driven section of shock tube, and the pressure was measured
10 min after it was evaporated and adsorbed using a mem-
brane vacuum gauge (Beijing Vacuum Instrument Factory,
Model ZDM-1). The following steps were the same as the
base experiments. When carbon dioxide was present in test
mixtures, it was added into the shock tube and its pressure
was measured after kerosene was injected. Then, the pre-
pared mixture of O2/Ar was added into the driven section,
and an additional 10 min was allowed for the gases to fully
mix before bursting of the diaphragm.

Gaseq code [23] was used for computation of the re-
flected shock conditions by assuming frozen chemistry from
measured shock velocities. Because of the complex mixture
of hundreds varieties of hydrocarbons, the detailed composi-
tion of kerosene is hard to know. In the present study, a three-
formula surrogate model consisting of 49% n-decane, 44%
1, 3, 5-trimethylcyclohexane, and 7% n-propyl-benzene in
mole was adopted to represent China RP-3 kerosene, which
gives a good discription of the thermophysical and transport
properties of China RP-3 kerosene [18]. The averaged for-
mula deduced from this surrogate model is C9.49H19.54 for
calculations.

The current study mainly focused on the ignition char-
acteristics of kerosene in engineering environments, so it is
necessary to make some discussion on the choice of dilu-
ent gases. The inert diluent gas used in test mixtures does
not take part in the chemical reaction. Argon and nitrogen
are mainly used as diluent gas in shock tube ignition study.
Davidson and Hanson [24] and Ẅurmel et al. [25] have made
a detailed discussion about the influence of diluent gas on
the measured ignition delay times. It seems that nitrogen is
the best choice for the diluent gas when normal combustion
occurs in air. However, shock wave experiments are gen-
erally performed in argon rather than nitrogen. Since the
lack of a vibrational mode in monatomic argon eliminates
the possible influence of vibrational relaxation in calculating
postshock conditions. Additionally, it eliminates or mini-

mizes the shock bifurcation on sidewall in the reflected shock
regime. As the main target here is to assess the influence of
the contaminants on ignition characteristics of kerosene us-
ing comparative experimental method, the use of argon as
diluent gas has no significant influence on the results.

The pressures and emissions of OH* at 306.5 nm be-
hind reflected shock waves were recorded after bursting of
the diaphragms. The ignition delay time could reasonably be
defined as either the time of occurrence of maximum rate of
change or the time when the peak value of some species or
variable such as [OH], [CH], or pressure is reached, or could
be based on an extrapolation of the maximum slope to the
zero signal level. The deviation of ignition times using these
definitions is typically less than 2% from the average [24].
In the present study, the ignition delay time is defined as
the time interval between the arrival of the reflected shock
wave and the onset of OH* emission at the sidewall obser-
vation location. The arrival of the reflected shock wave was
determined by the step rise in pressure determined by the
endwall piezoelectric pressure transducers (PZT) behind re-
flected shock waves. The onset of ignition was observed in
the OH* emission history which was defined by linearly ex-
trapolating the maximum slope to the baseline of the emis-
sion trace. An example of the pressure and OH* emission
signal traces in the present experiments is shown in Fig. 4.
In the experiment for long ignition time, the reflected shock
pressure (P5) is found to increase slowly during the ignition
process. As seen in Fig. 4, the pressure rise consists of two
stages. The first stage is a very slow pressure rise due to the
non-ideal effects such as incident shock attenuation, bound-
ary layer growth, and interaction of the reflected shock wave
with the side-wall boundary layer. The second stage is an
observable pressure rise very close to the ignition point due
to the preignition. Pang et al. [26] and Chaos and Dryer [27]
have discussed this phenomenon in their studies. In the cur-
rent study, the first pressure rise is minor and the pressure
is observed to increase at a rate of 2% per millisecond in
Fig. 4a and 1% per millisecond in Fig. 4b, respectively. It
can be concluded from Pang et al. [26] that the inert gases
have no significant influence on the pressure rise rate due
to the facility-dependent non-ideal gasdynamic effects. In
their study, the pressure rise rate due to the non-ideal effects
is a constant value of 2%/ms though the composition of the
test gas mixture changes. As the main target of the present
study is to assess the influence of the contaminants on ig-
nition characteristics of kerosene using comparative exper-
imental method, the non-ideal effects of the first-stage mi-
nor pressure rise can cancel out in comparative experiments.
From the modeling prediction results of Pang et al. [26] and
Chaos and Dryer [27], it can be seen that the preignition has
a significant effect on the ignition delay time when the preig-
nition point is far from the ignition point, but a minor effect
appears when the preignition occurs near the ignition point.
In the present study, the preignition point is very close to the
ignition point, so the preignition effect was not considered in
detail here.
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Fig. 4 Exemplary measurement of OH emission and pressure signal for reflected shock conditions.a 963 K, 0.28 MPa, andφ = 1; b 812 K,
0.26 MPa, andφ = 1.0

The uncertainties in shock tube experiments are mainly
associated with nonideality and measurement uncertainty.
Tang and Brezinsky [28] have investigated the nonideal be-
havior in a 5.6 m long shock tube with an inner diameter
of 50.8 mm, and found that the temperature increase due to
pressure variation,∆T5, can be up to 55 K at 2.5 MPa and
1 270 K. They concluded that for shock tube experiments
with a less than 15% end wall pressure increase, the con-
ventional treatment is suited to study chemical kinetics. A
0.5% uncertainty in shock wave velocity measurements re-
sults in about 1% and 2% experimental errors in tempera-
ture and pressure behind reflected shock waves in the present
study. Usually, this can result in a 10%–15% uncertainty in
ignition delay times.

3 Results and discussions

Due to the limited maximum saturation pressure of water va-
por in the shock tube, the ignition pressure was determined
at 0.3 MPa in this study. Considering the real concentrations
of the contaminants in the combustion air preheated by burn-
ing the fuel, the concentrations of H2O were 10% and 20%,
and CO2 were 10%. The collaborative effect of these two
contaminants with different concentrations was also investi-
gated. All of the experiments were conducted with equiv-
alence ratios of 0.5 and 1, respectively. The initial compo-
sitions of the test mixtures are presented in Tables 1 and 2.
The experimental ignition delay time data are summarized in
Table 3.

Table 1 Initial composition of the test mixtures atφ = 0.5
(mole fractions)

Kerosene/% O2/% H2O/% CO2/% Ar/%

Base experiment 0.6 19.88 0 0 78.52

10%H2O 0.6 19.88 10.0 0 68.52

20%H2O 0.6 19.88 20.0 0 58.52

10%CO2 0.6 19.88 0 10.0 68.52

10%H2O+10%CO2 0.6 19.88 10.0 10.0 58.52

20%H2O+10%CO2 0.6 19.88 20.0 10.0 48.52

Table 2 Initial composition of the test mixtures atφ = 1.0
(mole fractions)

Kerosene/% O2/% H2O/% CO2/% Ar/%

Base experiment 1.2 19.88 0 0 78.92

10%H2O 1.2 19.88 10.0 0 68.92

20%H2O 1.2 19.88 20.0 0 58.92

10%CO2 1.2 19.88 0 10.0 68.92

10%H2O+10%CO2 1.2 19.88 10.0 10.0 58.92

20%H2O+10%CO2 1.2 19.88 20.0 10.0 48.92

Table 3 Summary of experimental results of ignition delay

T5/K P5/MPa tign/µs T5/K P5/MPa tign/µs

φ = 0.5, Kerosene: 0.6%, O2: 19.88%, Ar: 79.52%

872 0.31 4 492 1 081 0.28 1 142

917 0.29 3 192 1 163 0.32 959

967 0.35 2 213 1 226 0.28 819

1 005 0.31 1 697 1 281 0.29 589

1 038 0.28 1 448 1 386 0.26 498
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Table 3 Summary of experimental results of ignition delay (continued 1)

T5/K P5/MPa tign/µs T5/K P5/MPa tign/µs

φ = 1, Kerosene: 1.2%, O2: 19.88%, Ar: 78.92%

812 0.26 4 034 963 0.28 1 420

830 0.27 3 532 1 005 0.26 1 159

874 0.28 2 530 1 097 0.24 910

913 0.29 2 357 1 149 0.26 803

922 0.29 2 294 1 225 0.23 584

930 0.30 1 654 1 326 0.28 435

φ = 0.5, Kerosene: 0.6%, O2: 19.88%, H2O: 10.0%, Ar: 69.52%

870 0.24 2 942 1 093 0.27 1 173

913 0.28 2 564 1 185 0.29 978

968 0.29 2 057 1 256 0.28 775

1 009 0.29 1 965 1 340 0.28 586

1 047 0.27 1 678

φ = 0.5, Kerosene: 0.6%, O2: 19.88%, H2O: 20.0%, Ar: 59.52%

888 0.26 1 798 1 085 0.32 1 382

930 0.28 1 710 1 086 0.32 1 258

959 0.25 1 451 1 163 0.28 1 222

982 0.29 1 730 1 204 0.26 934

1 017 0.29 1 800 1 296 0.28 738

1 039 0.29 1 641 1 404 0.29 611

φ = 1, Kerosene: 1.2%, O2: 19.88%, H2O: 10.0%, Ar: 68.92%

846 0.32 2 815 1 073 0.25 881

858 0.31 2 285 1 119 0.27 779

889 0.28 1 829 1 178 0.28 649

930 0.27 1 450 1 221 0.27 626

995 0.27 1 179 1 296 0.26 471

1 053 0.28 889 1327 0.25 436

φ = 1, Kerosene: 1.2%, O2: 19.88%, H2O: 20.0%, Ar: 58.92%

846 0.23 1 707 1 048 0.29 1 104

864 0.24 1 587 1 096 0.23 757

943 0.28 1 450 1 102 0.30 991

961 0.28 1 382 1 188 0.28 683

980 0.29 1 298 1 282 0.28 579

1 016 0.26 1 319 1 355 0.27 443

φ = 0.5, Kerosene: 0.6%, O2: 19.88%, CO2: 10.0%, Ar: 69.52%

986 0.22 3 333 1 075 0.27 1 831

916 0.28 4 437 1 134 0.27 1 171

1 023 0.27 2 807 1 232 0.28 803

989 0.27 3 346 1 332 0.29 616
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Table 3 Summary of experimental results of ignition delay (continued 2)

T5/K P5/MPa tign/µs T5/K P5/MPa tign/µs

φ = 1, Kerosene: 1.2%, O2: 19.88%, CO2: 10.0%, Ar: 68.92%

839 0.29 3 599 1 050 0.28 1 124

866 0.27 2 612 1 117 0.27 849

894 0.27 2 426 1 195 0.27 686

957 0.29 1 840 1 334 0.28 488

1 000 0.29 1 267 1 050 0.28 1 124

φ = 0.5, Kerosene: 0.6%, O2: 19.88%, H2O: 10.0%, CO2: 10.0%, Ar: 59.52%

885 0.26 3 981 1 166 0.28 1 249

944 0.29 3 034 1 263 0.28 863

982 0.28 2 671 1 336 0.27 715

1 025 0.27 2 357 1 451 0.28 520

1 094 0.29 1 546

φ = 0.5, Kerosene: 0.6%, O2: 19.88%, H2O: 20.0%, CO2: 10.0%, Ar: 49.52%

931 0.28 2 862 1 156 0.30 1 158

977 0.30 2 309 1 260 0.29 897

990 0.27 2 247 1 352 0.28 689

1 060 0.27 1 952 1 493 0.30 576

1 108 0.29 1 366

φ = 1, Kerosene: 1.2%, O2: 19.88%, H2O: 10.0%, CO2: 10.0%, Ar: 58.92%

921 0.23 2 206 1 199 0.26 727

945 0.26 1 553 870 0.27 2 761

1 038 0.30 1 193 847 0.29 3 122

1 087 0.26 1 057 1 248 0.26 620

1 147 0.27 789

φ = 1, Kerosene: 1.2%, O2: 19.88%, H2O: 20.0%, CO2: 10.0%, Ar: 48.92%

841 0.27 2 878 1 004 0.27 1 397

882 0.26 2 432 1 080 0.31 1 088

919 0.28 2 139 1 148 0.27 873

944 0.31 1 963 1 236 0.27 625

953 0.23 1 656 1 293 0.26 470

3.1 The effect of water vapor on the ignition of kerosene

The effect of H2O on the ignition delay time of kerosene
at pressure of 0.3 MPa, equivalence ratios of 0.5 and 1, is
shown in Figs. 5 and 6. As shown in these two figures,
there exists a critical temperature for the effect of H2O on
the kerosene ignition. Above the critical temperature, H2O
has negligible effect, but a promoting effect appears below
this critical temperature. It is also seen in the figures that
the lower the temperature, the more dramatically the pro-
moting effect appears. The critical temperature here was
about 1 000 K atφ = 0.5 and about 960 K atφ = 1. It
is also demonstrated that the ignition delay times with 20%
H2O are shorter than those with 10% H2O at the same igni-

tion conditions, indicating that the promoting effect was en-
hanced with the increase of H2O concentration. Compared
to the data without H2O atφ = 0.5, the ignition delay time
of kerosene with 10% H2O decreases from 3.2 to 2.6 ms at
900 K. At the same water vapor concentration, the ignition
delay time decreases from 4.1 to 3.1 ms at 870 K. When 20%
H2O was added into the fuel mixture, the ignition delay time
of kerosene decreases from 3.2 to 1.9 ms at 900 K, and from
4.1 to 1.9 ms at 830 K; Compared to the data without H2O
atφ = 1, the ignition delay time of kerosene with 10% H2O
decreases from 2.2 to 1.8 ms at 900 K, and from 3.5 to 2.5 ms
at 830 K. For addition of 20% H2O, the ignition delay time
of kerosene decreases from 2.2 to 1.5 ms at 900 K, and from
3.5 to 1.7 ms at 830 K.
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Fig. 5 Effect of water vapor on the ignition delay of kerosene at
φ = 0.5, P = 0.3 MPa

Fig. 6 Effect of water vapor on the ignition delay of kerosene at
φ = 1, P = 0.3 MPa

3.2 The effect of carbon dioxide on the ignition of kerosene

The effect of CO2 on the ignition delay time of kerosene
at pressure of 0.3 MPa, equivalence ratios of 0.5 and 1
is shown in Figs. 7 and 8. In Fig. 7, an inhibiting ef-
fect can be seen clearly below 1 300 K atφ = 0.5.
Compared to the data without CO2, the ignition de-
lay time of kerosene with 10% CO2 increases from
1.8 to 2.9 ms at 1 000 K. From Fig. 8, it is demon-
strated that the ignition delay time of kerosene does not

Fig. 7 Effect of carbon dioxide on the ignition delay of kerosene at
φ = 0.5, P = 0.3 MPa

Fig. 8 Effect of carbon dioxide on the ignition delay of kerosene at
φ = 1.0, P = 0.3 MPa

change significantly throughout the experimental tempera-
ture range when 10% CO2 was added into the fuel mixtures,
indicating that carbon dioxide appears no noticeable effect
on the ignition of kerosene atφ = 1.

3.3 The collaborative effect of water vapor and carbon diox-
ide on the ignition of kerosene

In order to investigate the collaborative effect of H2O and
CO2 on ignition characteristics of kerosene, ignition delay
times of kerosene were measured over a wider temperature
range of 810–1 450 K, at pressure of 0.3 MPa, and equiva-
lence ratios of 0.5 and 1, for simultaneous addition of 10%
H2O and 10% CO2 as well as 20% H2O and 10% CO2, re-
spectively. The experiment results are shown in Figs. 9 and
10. As seen in these two figures, a minor inhibiting effect is
observed atφ = 0.5, while no effect is found atφ = 1 when
H2O and CO2 are added together into the test mixtures.

Fig. 9 Effect of water vapor and carbon dioxide on the ignition
delay of kerosene atφ = 0.5, P = 0.3 MPa

3.4 Preliminary analysis for the effect of water vapor and
carbon dioxide on the ignition of kerosene

Two aspects should be considered for the effects of water va-
por and carbon dioxide on the ignition of kerosene. The first
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Fig. 10 Effect of water vapor and carbon dioxide on the ignition
delay of kerosene atφ = 1.0, P = 0.3 MPa

aspect is that water vapor and carbon dioxide participate in
the initiation of ignition process; the other is that the addi-
tion of water vapor and carbon dioxide changes the thermo-
physics properties of the fuel mixtures. As we known, the
ignition is highly related to the formation of free radicals and
the thermophysics properties of the fuel mixtures.

The key factor in the ignition process of hydrocarbons
is the rapid accumulation of free radicals such as H·, O· and
OH·. Two most critical reactions in the process are

H·+O2=OH+O·, (1)

H·+HO2·=2OH·. (2)

In the presence of water vapor, the production of hy-
droxyl radical is enhanced by reaction

H2O+O·=OH·+OH·. (3)

This reaction is favorable for rapid accumulation rate of
OH·. Thus, water vapor can promote the accumulation rate
of OH·, leading to the ignition acceleration.

In addition, water vapor also can participate in the con-
sumption of hydrogen atoms as a third-body in reaction

H·+O2+M =HO2·+M. (4)

Le Cong et al. [14] indicated that the chemical effect
of water vapor reduced the rate of production of O· and OH·
in H·+O2=OH+O· through Reaction (4). The water vapor
yields reduced formation of O· and OH·, and the third-body
effect is more significant with the increasing temperature.

On the other hand, when the water vapor is considered
as a diluent gas, the heat capacity of the fuel mixture in-
creases when the water vapor is added. Würmel et al. [25]
studied the effect of diluent gas on the ignition delay of
hydrocarbon fuels by calculation. They indicated that the
exothermicity of the radical growth phase causes the tem-
perature of the mixture with high heat capacity to rise slower
than that of the mixture with low heat capacity, and this leads
to deceleration of the ignition. The ignition delay times of
the fuel will increase because the heat capacity increases in
the presence of water. Since the heat capacity increases as

the temperature rises, therefore, this effect will be more sig-
nificant at higher temperature.

In summary, water vapor can accelerate the ignition
by participating in Reaction (3), but decelerate the ignition
by the third-body and heat capacity effects. As mentioned
above, the third-body and heat capacity effects are small at
low temperature. At low temperatures, the major role of wa-
ter vapor is its participation in Reaction (3), which promotes
the ignition of the kerosene. The third-body and heat capac-
ity effects are more significant as the temperature rises, so
that these effects may cancel out with the promoting chem-
ical reaction effect above the critical temperature. As can
be seen in Figs. 5 and 6, a promoting effect appears below
a critical temperature, but no effect exists above the critical
temperature.

The chemical reaction between carbon dioxide and H·,
O· and OH· is mainly due to the following reactions [12, 14]

CO2+H·=CO+OH·, (5)

CO2+OH·=CO+HO2·, (6)

CO2+O·=O2+CO, (7)

CO2+H·+H·=CH2·+O2. (8)

As can be seen from these reactions, Reaction (5) is
favorable for rapid accumulation rate of OH·, resulting in a
promoting effect on the ignition. The other reactions have
an inhibiting effect on the accumulation rate of H·, O·, and
OH·, resulting in an inhibiting effect on the ignition. At
the same time, the third-body and heat capacity effects also
show an inhibiting effect on the ignition of kerosene. The
overall effects of these factors may be described as follows:
The inhibiting effect appears at low temperature (< 1 300 K)
of fuel-lean (φ = 0.5) conditions, but no noticeable ef-
fect appears at stoichiometric conditions or high temperature
(> 1 300 K) of fuel-lean (φ = 0.5) conditions.

When the two contaminants exist together, minor or no
effect can be seen in the experiment because the two opposite
effects of them may cancel out each other.

Although the above analysis is qualitative, it is helpful
to understand the experimental results. In order to examine
the contribution from a single reaction, detailed discussion
based on dynamic simulation and sensitivity analysis will be
made later.

4 Conclusions

Experiments were conducted on the autoignition of China
RP-3 kerosene with and without water vapor or carbon diox-
ide addition in a shock tube over a wide temperature range
of 800–1 500 K, at a pressure of 0.3 MPa, with equivalence
ratios of 0.5 and 1, and oxygen concentration of 20%. Ex-
perimental results show that there exists a critical tempera-
ture for the effect of water vapor on the ignition delay time
of kerosene. It appears to accelerate the ignition process be-
low the critical temperature, but no effect above the critical
temperature under the experiment conditions. Carbon diox-
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ide produces an inhibiting effect on the ignition of kerosene
at low temperature (< 1 300 K), but no effect at high temper-
ature (> 1 300K) under fuel lean (φ = 0.5) conditions. The
ignition of kerosene is almost not affected by the presence
of CO2 under stoichiometric conditions. A minor inhibiting
effect is observed atφ = 0.5, while no effect is found at stoi-
chiometric conditions when both the water vapor and carbon
dioxide exist together.

This work explores some probable reasons for the ef-
fect of water vapor and carbon dioxide on the ignition de-
lay of China RP-3 kerosene from two aspects: H2O and
CO2 participate in chemical reactions and change the ther-
mophysics properties of the fuel mixtures. Water vapor can
accelerate the ignition due to H2O+O·=OH·+OH·. At the
same time, water vapor addition dramatically reduced the
production rate of O and OH, leading to the ignition accel-
eration. On the other hand, the high heat capacity of the
fuel mixture in the presence of water vapor will deceler-
ate the ignition, too. Although carbon dioxide can accel-
erate the ignition by participating in the chemical reaction
of CO2+H·=CO+OH·, however, the other factors such as
participating in other chemical reactions Reactions (6)–(8)
and changing the thermophysics properties of the fuel mix-
tures will decelerate the ignition.
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