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Abstract 

Experimental and computational investigations are carried out to elucidate the fundamental mechanisms 
of autoignition of surrogates of jet-fuels at elevated pressures up to 6 bar. The jet-fuels tested are JP-8, 
Jet-A, and JP-5, and the surrogates tested are the Aachen Surrogate made up of 80 % n- decane and 20 % 

1,3,5-trimethylbenzene by mass, Surrogate C made up of 60 % n- dodecane, 20 % methylcyclohexane and 

20 % o- xylene by volume, and the 2nd generation Princeton Surrogate made up of 40.4 % n- dodecane, 
29.5 % 2,2,4-trimethylpentane, 7.3 % 1,3,5-trimethylbenzene and 22.8 % n- propylbenzene by mole. Using 
the counterflow configuration, an axisymmetric flow of a gaseous oxidizer stream, made up of a mixture 
of oxygen and nitrogen, is directed over the surface of an evaporating pool of a liquid fuel. The exper- 
iments are conducted at a fixed value of mass fraction of oxygen in the oxidizer stream and at a fixed 

value of the strain rate. The temperature of the oxidizer stream at autoignition, T ig , is measured as a func- 
tion of pressure, p . Experimental results show that the critical conditions, of autoignition of the surro- 
gates are close to that of the jet-fuels. Overall the critical conditions of autoignition of Surrogate C agree 
best with those of the jet-fuels. Computations were performed using skeletal mechanisms constructed from 

a detailed mechanism. Predictions of the critical conditions of autoignition of the surrogates are found 

to agree well with measurements. Computations show that low-temperature chemistry plays a significant 
role in promoting autoignition for all surrogates. The low-temperature chemistry, of the component of the 
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surrogate with the greatest volatility, was found to have  

autoignition. 
© 2018 The Authors. Published by Elsevier Inc. on behalf
This is an open access article under the CC BY license. ( h
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. Introduction 

Improved understanding of the combustion
f jet-fuels at elevated pressures is essential for
ccurate predictions of chemical processes tak-
ng place in air-breathing propulsion systems. Jet-
uels are mixtures of numerous aliphatic and aro-
atic compounds. It has been established that
 useful approach to obtain fundamental under-
tanding of combustion of jet-fuels is to first de-
elop surrogates that reproduce selected aspects of 
ombustion of these fuels [1] . Numerous experi-
ental, computational and analytical studies have

ddressed combustion of jet-fuels, surrogates of 
et-fuels, and high-molecular weight hydrocarbon
uels at elevated pressures [2–8] . These studies in-
lude measurements and prediction of combus-
ion processes in homogeneous systems at normal
nd elevated pressures [2–5] , extinction of coun-
erflow nonpremixed flames [7] , autoignition in
onpremixed flows [6,9–11] , and laminar premixed
ames [12] . There are, however, very limited stud-

es on autoignition of jet-fuels in nonuniform flows
nd at elevated pressures. The present study ad-
resses this deficiency, and is focused on elucidating
he mechanisms of autoignition of surrogates of 
et-fuels at elevated pressures up to 6 bar. Autoigni-
ion is an important property that has a significant
nfluence on performance of compression-ignition
ngines. The present studies are carried out in
onpremixed systems because it best describes au-
oignition and combustion in compression-ignition
ngines. 

Experimental and computational investigations
ere carried out recently to elucidate the funda-
ental mechanism of autoignition of n- heptane,

- decane, and n- dodecane in nonpremixed flows
t elevated pressures up to 6 bar [8] . The results
howed that n- dodecane is most easy to ignite fol-
owed by n- decane and n- heptane. This was in
greement with previous experimental and com-
utational studies at 1 atm where a similar or-
er of reactivities for these fuels were observed
t low strain rates [11,13] . A noteworthy find-
ng was that low-temperature chemistry played
 dominant role in promoting autoignition [8] .
he influence of low-temperature chemistry was

ound to increase with increasing pressure [8] .
he present study extends this to jet-fuels and its

urrogates. 

 

 the most influence on the critical conditions of

 of The Combustion Institute. 
ttp://creativecommons.org/licenses/by/4.0/ ) 

ture chemistry; Kinetic modeling 

2. Experiment 

Experimental and computational studies are
carried out employing the counterflow configura-
tion wherein a cylindrical duct is placed 12 mm
above an evaporating pool of a liquid fuel. From
this duct an axisymmetric flow of a gaseous oxi-
dizer stream, made up of a mixture of oxygen (O 2 )
and nitrogen (N 2 ), is directed toward the surface of 
the liquid fuel. At the exit of the duct, the magni-
tude of the injection velocity is V 2 , the temperature
T 2 , the density ρ2 , and the mass fraction of oxy-
gen Y O 2 , 2 . Here subscript 2 represents conditions
at the oxidizer-boundary. The temperature at the
liquid-gas interface is T s , and the mass averaged
velocity on the gas side of the liquid-gas interface,
as a result of evaporation of the liquid fuel, is V s .
Here subscript s represents conditions on the gas
side of the liquid-gas interface. A stagnation plane
is formed near the liquid-gas interface. It has been
shown previously [11] that the radial component of 
the flow velocity at the liquid-gas interface is small
and can be presumed to be equal to zero. A thin
boundary-layer is established at the liquid-gas in-
terface in the asymptotic limit of large Reynolds
number, calculated using V 2 , the kinematic viscos-
ity of the oxidizer stream at the exit of the duct,
and the distance, L , between the exit of the duct
and the liquid-gas interface. The inviscid flow out-
side this boundary-layer is rotational, and the local
strain rate, a 2 , in the inviscid region evaluated at the
stagnation plane, obtained from integration of Eu-
ler’s equations, is a 2 = 2 V 2 /L [11,14] . 

All gaseous streams are controlled by computer
regulated analog mass flow controllers. A Pt-Pt
13 % Rh thermocouple with a wire diameter of 
0.127 mm and a junction diameter of 0.21 mm is
used to measure the temperature of the oxidizer
stream, T 2 . The measured temperatures are cor-
rected to account for heat losses by radiation from
the theromocouple wires [15] . Fuel is supplied to a
fuel cup by a syringe pump with a volumetric flow
accuracy of ± 0.01 mL/min. The temperature of 
the fuel entering the cup, T c , is measured by a ther-
mocouple. Further details of the burner including
the procedure employed to maintain the level of the
liquid fuel in the cup are described in detail else-
where [7,8] . Experiments are conducted with the
counterflow burner placed inside the High Pres-
sure Combustion Experimental Facility (HPCEF)

http://creativecommons.org/licenses/by/4.0/
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Fig. 1. High speed photograph of a typical autoignition event at p = 4 bar, Y O 2 , 2 = 0 . 15 , a 2 = 138 s −1 , and T 2 = 1101 K. 
The fuel is Jet-A. 
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described elsewhere [7,16,17] . The reactive flow
field is characterized by the values of Y O 2 , 2 , T 2 , a 2 ,
and pressure, p . The experiments were conducted
with Y O 2 , 2 = 0 . 15 and a 2 = 138 −1 s. The tempera-
ture of the oxidizer stream at autoignition, T ig ,
was measured as a function of p . The values of 
 O 2 , 2 and a 2 were selected to minimize rates of soot

formation. 
The procedure for measuring critical conditions

of autoignition is as follows. First the desired cham-
ber pressure is established by introducing nitrogen
into the chamber. Water cooling systems are acti-
vated. The flowfield is established at the selected
values of Y O 2 , and a 2 and at a value of T 2 that is less
than T ig . Liquid fuel is introduced into the fuel-cup
and the syringe pump is used to control its level.
The temperature of the oxidizer stream is gradu-
ally increased in small increments, allowing suffi-
cient time for the system to reach steady-state, until
autoignition takes place. The onset of autoignition
is recorded using a high speed video camera oper-
ating at 1000 frames per second. Figure 1 shows the
progression of the autoignition event at successive
values of the time, t , recorded by the high speed
camera. The first image is the start after the critical
conditions have been reached, the second image, at
3.0 ms, shows a faint glow where the flame is seen
as a small circular disc around the axis of symme-
try. In the subsequent images the diameter of the
flame increases. The repeatability of the measure-
ments of T ig is ± 5 K. The accuracy is estimated to 

be 15 K and is attributed to uncertainties in eval- 
uating the correction that must be applied to the 
measured temperature due to heat losses from ra- 
diation from the thermocouple. Only those experi- 
mental data where autoignition is observed to take 
place close to the axis of symmetry is included in 

the data set. These measurements are performed for 
different values of p . 

3. Fuels tested 

The jet-fuels tested are JP-8, Jet-A, and JP-5, 
and the surrogates tested are the Aachen Surro- 
gate, Surrogate C, and the 2nd generation Prince- 
ton Surrogate. The Aachen Surrogate is made up 

of 80 % n- decane and 20 % 1,3,5-trimethylbenzene 
by mass (H/C 2.00). This surrogate has been used 

in studies described in Ref. [7,9,10,18–20] . It accu- 
rately reproduced critical conditions of autoigni- 
tion of JP-8 at nonpremixed conditions at at- 
mospheric pressure [9,10] , critical conditions of 
extinction of JP-8 at premixed and nonpremixed 

conditions at atmospheric pressure [9,10,20] , and 

soot formation at nonpremixed conditions at at- 
mospheric pressure [9] . Kinetic modelling stud- 
ies have been carried using detailed chemical- 
kinetic mechanisms [9,10,20] . Surrogate C is made 
up of 60 % n- dodecane, 20 % methylcyclohexane 
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nd 20 % o- xylene by volume (H/C 1.92). This
urrogate has been used in studies described in
10,19–21] . It has been found to accurately repro-
uce at atmospheric pressure, critical conditions
f autoignition of JP-8 at nonpremixed condi-
ions [10,21] , and critical conditions of extinction
f JP-8 at nonpremixed and premixed conditions

10,20,21] . The 2nd generation Princeton Surrogate
s made up of 40.4 % n- dodecane, 29.5 % 2,2,4-
rimethylpentane, 7.3 % 1,3,5-trimethylbenzene
nd 22.8 % n- propylbenzene by mole (H/C = 1.96).
t has been used in studies described in [2,3,7] .
t has been found to accurately reproduce vari-
us aspects of combustion of jet fuels that include

gnition delay times measured employing shock
ubes and rapid compression machines [2,3] , lami-
ar burning velocities of premixed flames and crit-

cal conditions of extinction of diffusion flame at
tmospheric pressure [2] , and critical conditions of 
xtinction of JP-8 at moderate pressure [7] . 

. Formulation 

Kinetic modelling described here is carried out
sing a skeletal mechanism made up of kinetic
teps selected from the POLIMI detailed chemical-
inetic mechanism [22] that describes pyrolysis,
artial oxidation and combustion of kerosene and
viation fuels. This skeletal mechanism is made up
f 231 species and has been employed previously
o characterize combustion of many surrogate mix-
ures proposed for kerosene [22] . Reference com-
ounds in kerosene surrogates typically include n -
lkanes, iso -alkanes, methylcyclohexane, aromatics
from toluene up to C 9 aromatics), decalin and
etralin. The kinetic steps for these compounds are
ncluded in the kinetic mechanism, and have been
ested [22] . The kinetic subset for methylcyclohex-
ne was updated from that in [23] in view of re-
ent experimental measurements of ignition delay
imes in rapid compression machines at high pres-
ure and low to intermediate temperatures [24] . De-
ails of the revision and tests of the predictions of 
he updated kinetic mechanism for methylcyclohex-
ne are provided a supplementary material. 

The computations were performed with the
penSMOKE ++ code [25] . The structure of the

eactive flow-field is obtained by solving the con-
ervation equations of mass, momentum and en-
rgy, and the species balance equations. At the exit
f the duct, the values of V 2 , and the mass flux
f O 2 and N 2 are specified, and the radial compo-
ent of the flow velocity is presumed to be equal to
ero. At the liquid-gas interface, mixed boundary
onditions are applied for the species balance equa-
ions, and the energy conservation equation [8,13] .
he temperature at the liquid-gas interface is ob-

ained using Raoult’s Law [26] . Empirical coeffi-
ients for calculating the vapor pressure, and the
eat of vaporization, for these fuels are given in
[27] . Simulations are performed, with Y O 2 = 0 . 15 ,
a 2 = 138 s −1 , and for p between 3 bar and 6 bar,
using a computational grid with more than 400
grid points to ensure grid insensitive results. A
converged non-reactive (cold) solution is first ob-
tained for T 2 = 300 K. The temperature of the ox-
idizer stream is increased at a rate of 10 K/s until
autoignition takes place and a hot flame is estab-
lished. Numerical analyses showed that the pre-
dicted T ig is not affected by the rate of tempera-
ture increase if it does not exceed 100 K/s. For the
given value of p , autoignition is defined to take
place at the value of T 2 = T ig , where an abrupt tran-
sition takes place from a weakly reactive region to
a flame. 

5. Results 

Figure 2 shows the measured temperature of 
the oxidizer stream at autoignition, T ig , as a func-
tion of p , for JP-8, Jet-A, JP-5, the Aachen Sur-
rogate, Surrogate C, and the Princeton Surrogate.
For all fuels, T ig decreases with increasing pressure.
The values of T ig for Surrogate C and the Prince-
ton Surrogate agree best with those for the jet-fuels
at pressures around 3 bar while at pressures close
6 bar, the values of T ig for Surrogate C and the
Aachen Surrogate agree well with those for the jet-
fuels. Overall the critical conditions of autoigni-
tion of Surrogate C agree best with those for the
jet-fuels. 

Figures 3 , and 4 show the predicted axial tem-
perature distribution in the flow-field as a conse-
quence of gradual increase in the value of T 2 . In
these figures results are shown at p = 6 bar, be-
cause at this pressure the role of low-temperature
chemistry and the negative temperature regime
are displayed best. Moreover at this pressure the
values of T ig for the surrogates differ the most.
Figure 3 shows that for T 2 around 700 K, there
is a small, but sudden, increase in the value of 
the temperature of the flow-field near the surface
of the liquid pool, especially for the Aachen Sur-
rogate (marked as LT in Fig. 3 ), indicating that
low-temperature ignition has taken place. This is
followed by the negative-temperature coefficient re-
gion (NTC) and “hot”-ignition. 

Figure 4 shows the temperature increment �T
[K] and temperature at the liquid-gas interface, T s ,
as a function of T 2 for the surrogates. The quan-
tity �T is the difference between the peak value of 
the temperature in the mixing layer and T 2 . For the
Aachen Surrogate, as T 2 is increased, a weakly reac-
tive region appears in the vicinity of 700 K, that is
marked by an increase in the value of �T followed
by a decrease. Further increase in T 2 leads to a rapid
rise in �T . This behavior is similar to that shown in
Fig. 3 . The temperature rise in the weakly reacting
region is indicative of low-temperature ignition fol-
lowed by the NTC region and finally “hot”-ignition



G. Mairinger et al. / Proceedings of the Combustion Institute 37 (2019) 1605–1614 1609 

Fig. 2. The measured temperature of the oxidizer stream at autoignition, T ig as a function of pressure, p , at a 2 = 138 s −1 , 

and Y O 2 , 2 = 0 . 15 . The symbols represent experimental data and the lines best fit to the experimental data. The error bar 
shown on one experimental data applies to all. 

Fig. 3. Predicted axial temperature distribution in the flow-field of the surrogates, as a consequence of a gradually increas- 
ing the temperature of the oxidizer stream. The calculations were made at p = 6 bar, Y O 2 , 2 = 0 . 15 , and a 2 = 138 s −1 . 

 

 

 

 

 

 

 

 

 

 

 

 

marked by large increase of �T . The higher reac-
tivity of the Aachen Surrogate when compared to
the other surrogates tested here is a consequence
of its large paraffinic content namely n- decane that
was found in previous studies [8] to exhibit signifi-
cant low-temperature chemistry and NTC behav-
ior. Figure 4 shows that T s for all surrogates in-
creases with increasing T 2 and its value is less than
their respective boiling point temperature, about
30 K lower at the onset of low-temperature igni-
tion and 20 K at the onset of “hot” ignition. The
increase in the value of T s with increasing temper-
ature of the oxidizer stream is a consequence of 
the balance between the vapor-pressure and rates 
of vaporization. Raising the temperature of the ox- 
idizer stream enhances the heat flux to the liquid 

pool that leads to higher values of T s and the rates 
of evaporation. The boiling points for the Aachen 

Surrogate, Surrogate C, and the Princeton Surro- 
gate at pressure of 1 bar is 446 K, 411 K, and 412 K, 
respectively and at a pressure of 6 bar, it is 532 K, 
501 K, and 502 K, respectively. For the jet fuels JP- 
8 and Jet-A the value of the boiling point at 1 bar is 
roughly 500 K. The presence of cool flames, NTC 

behavior and two-stage ignition was also observed 

in previous experimental and computational stud- 
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Fig. 4. Temperature increment �T [K], temperature at the liquid-gas interface, T s , as a function of the temperature of the 
oxidizer stream, T 2 , for p = 6 bar, Y O 2 , 2 = 0 . 15 , and a 2 = 138 s −1 . 

Fig. 5. Mole-fraction of hydrogen peroxide (H 2 O 2 ), X H 2 O 2 , and mole-fraction of keto-hydroperoxide (KET), X KET , as 
functions of the temperature of the oxidizer stream, T 2 , for p = 6 bar, Y O 2 , 2 = 0 . 15 , and a 2 = 138 s −1 . KET is marked as 
OQOOH. 
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es of autoignition of n- heptane, n- decane, and n-
odecane in counterflow configuration and isolated
uel droplets [8,28,29] . 

Figure 5 shows the mole-fraction of hydrogen
eroxide (H 2 O 2 ), X H 2 O 2 , and mole-fraction of keto-
ydroperoxide (KET), X KET , as functions of T 2 .
or all surrogates, H 2 O 2 and KET are formed at the
nset of low-temperature ignition and their con-
entration becomes negligible at the onset of “hot”
gnition. Thus, for all surrogates ‘hot’-ignition is
receded by low-temperature ignition. For pur-
oses of illustration, computations were also done

or Surrogate C, with kinetic steps characterizing
ow-temperature chemistry for methylcyclohexane
emoved. Figure 5 shows that as a consequence of 
his removal, the formation of H 2 O 2 at low tem-
erature is suppressed and H 2 O 2 is formed in lower
mounts only prior to the “hot”-ignition. Thus
ow-temperature ignition of Surrogate C comes
primarily from methylcyclohexane in Surrogate C.
Computations show that for the surrogates, the
exothermic reaction zone that leads to autoignition
is on the oxidizer side of the stagnation plane. The
fuel diffuses through the stagnation plane to a zone
where low-temperature reactions take place and
form H 2 O 2 , peroxides and keto-hydroperoxides as
well as heptenes and heterocycle compounds. These
species, especially H 2 O 2 diffuse further upstream
towards the oxidizer boundary and facilitate the
“hot”-ignition. 

Figure 6 compares predicted values of criti-
cal conditions of autoignition for the surrogates
with experimental data. In general the predictions
agree well with measurements. At a given value
of p, T ig for the Aachen Surrogate is the low-
est followed by Surrogate C and the Princeton
Surrogate. The relative order of reactivity can be
explained by consideration of the volatility and
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Fig. 6. The temperature of the oxidizer stream at autoignition, T ig as a function of pressure, p , at a 2 = 138 s −1 , and 
Y O 2 , 2 = 0 . 15 . The symbols represent experimental data for the surrogates (same as those shown in Fig. 2 ) and the lines 
are predictions. The figure also shows predictions for Surrogate C obtained after removing reactions that characterize 
low-temperature chemistry of methylcyclohexane (Marked as calc-No LT MCYC6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

low-temperature reactivity of the components of 
the surrogates. A previous work has shown that for
high-molecular weight hydrocarbon fuels autoigni-
tion is influenced by low-temperature chemistry at
low strain rates while at high strain rates it is in-
fluenced by molecular transport [13] , and the influ-
ence of low-temperature chemistry increases with
increasing pressure [8] . The present work is at rela-
tively low strain rates and elevated pressure, there-
fore autoignition can be expected to be influenced
by low-temperature chemistry. The Aachen Surro-
gate is easiest to ignite because the value of T s is
highest among the surrogates tested. As a conse-
quence large amounts of n- decane, that is known to
have significant low-temperature reactivity [8,13] ,
vaporizes from the surface leading to ignition. Sur-
rogate C and the Princeton Surrogate have similar
volatility but the components have different low-
temperature reactivities. In particular, the presence
of 2,2,4-trimethylpentane in the Princeton Surro-
gate (instead of methylcyclohexane as in Surrogate
C) and of a larger amount of aromatics are re-
sponsible for its lower reactivity. Figure 6 shows
that the reactivity of Surrogate C decreases if reac-
tions that characterize low-temperature chemistry
of methylcyclohexane are removed, and for a given
p the difference between the predicted values of T ig
with and without low-temperature chemistry for
methylcyclohexane increases with increasing pres-
sure. This further highlights the influence of low-
temperature reactivity of methylcyclohexane on
autoignition. 
Figures 7 –9 show the sensitivity coefficients 
for the Aachen Surrogate, Surrogate C, and the 
Princeton Surrogate just before onset of “hot”- 
ignition. They show that autoignition is sensitive 
to reactions that characterize low and intermedi- 
ate temperature chemistry [30] of the more volatile 
component in the surrogate. For example, the con- 
centration of n- dodecane in the gas phase above 
the liquid pool of Surrogate C is about eight times 
smaller than that of methylcyclohexane, although 

n- dodecane is the largest constituent of this surro- 
gate. As a consequence, autoignition of Surrogate 
C is mainly influenced by low-temperature chem- 
istry of methylcyclohexane, and not that of the 
more reactive n- dodecane. The effect of o- xylene, 
which has a vapor pressure between those of the 
other two components, is also highlighted in the 
sensitivity analysis shown in Fig. 8 . The influence 
of HO 2 is also evident from the sensitivities of its 
reactions shown in Figs. 7 and 8 . It is formed in 

the NTC region, and the opposing influences of 
its termination step which forms H 2 O 2 , and its re- 
actions with the benzylic type radicals of o- xylene 
and 1,3,5-trimethylbenzene that convert it into the 
more reactive OH, play major roles in determining 
ignition propensity [31] . Moreover, the decompo- 
sition of H 2 O 2 is also a key reaction control- 
ling the transition from NTC to high tempera- 
ture ignition. For the same reasons, Fig. 7 shows 
that autoignition of Aachen Surrogate is primarily 
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Fig. 7. Sensitivity coefficient for the Aachen Surrogate just before onset of “hot”-ignition at p = 6 bar, Y O 2 , 2 = 0 . 15 , and 
a 2 = 138 s −1 . 

Fig. 8. Sensitivity coefficient for Surrogate C just before onset of “hot”-ignition at p = 6 bar, Y O 2 , 2 = 0 . 15 , and a 2 = 

138 s −1 . 
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Fig. 9. Sensitivity coefficient for Princeton Surrogate just before onset of “hot”-ignition at p = 6 bar, Y O 2 , 2 = 0 . 15 , and 
a 2 = 138 s −1 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

influenced by low-temperature reactivity of n-
decane. Beside being the main constituent of this
surrogate, because its vapor pressure is close to that
of 1,3,5-trimethylbenzene, its concentration is rel-
atively high in the gas phase. Figure 9 shows that
the critical condition of autoignition of the Prince-
ton Surrogate is primarily influenced by 2,2,4-
trimethylpentane as it is the most volatile compo-
nent of this surrogate, despite the larger presence
of the more reactive n- dodecane. 

6. Concluding remarks 

Experimental and computational studies de-
scribed here show that the Aachen Surrogate,
Surrogate C, and the 2nd generation Princeton
Surrogate reproduce the critical conditions of au-
toignition of the jet fuels JP-8, and Jet-A reason-
ably well. The predictions of critical conditions of 
autoignition of the kinetic model are reasonably ac-
curate. The computational study shows the domi-
nant role played by low-temperature chemistry in
promoting autoignition, and a noteworthy find-
ing is that autoignition is promoted by the low-
temperature chemistry of the most volatile com-
ponent in the surrogate mixture. The investigation
described here was restricted to low values of the
strain rates and low values of Y O 2 , 2 . It would be
of interest to test the influence of low-temperature
chemistry on autoignition at higher values of strain
rates, oxygen mass fraction, and pressure. 
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