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Abstract

High-speed digital imaging has been used in rapid compression facility (RCF) studies to investigate ignition
phenomena of iso-octane/air mixtures. Sequential images were captured for each experiment. The results indicate
the existence of two ignition regimes. In one domain, ignition is rapid, typically less than 76 µs, and ignition
occurs simultaneously throughout the test volume. In the other domain, reaction fronts form and propagate within
the test volume prior to volumetric ignition. The data span equivalence ratios from φ = 0.20 to 1.98, with inert/O2
gas ratios from 1.38 to 5.89, pressures from 8.7 to 16.6 atm, and temperatures from 903 to 1020 K. The transition
between the two regimes is discussed in the context of the mixture composition and experimental conditions.
The analysis shows that the fuel mole fraction is a key parameter dictating the boundary between the modes of
ignition. Below a critical mole fraction limit, volumetric ignition is observed; above the critical limit, reaction
fronts are consistently present prior to volumetric ignition. The ignition delay times for both ignition regimes are
well reproduced using a homogeneous simulation with detailed reaction chemistry, when the state conditions are
modified to account for the presence of the reaction fronts. The results are discussed in terms of proposed reaction
chemistry, ignition theory, and previous studies of iso-octane ignition.
© 2006 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Intermediate-temperature, premixed, lean fuel
conditions are of considerable importance in many
advanced combustion approaches that focus on simul-
taneously reducing pollutant emissions and increas-
ing combustion efficiencies, such as homogeneous
charge compression ignition (HCCI) engines [1] and
integrated gasification combined cycle (IGCC) power
plants [2]. The reaction kinetics often plays a sig-
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nificant role in the combustion characteristics that
control performance of the devices based on lean pre-
mixed technologies. As a consequence, there have
been significant efforts to investigate the chemical ki-
netics of fuel/air mixtures under conditions relevant
to these recent combustion applications (e.g., [3–9]).
The high-temperature, high-pressure conditions cre-
ated by shock tubes and rapid compression facilities
(RCF) make these apparatus ideal for isolating the
reaction chemistry and quantifying the ignition be-
havior of the fuel/air mixtures over a broad parametric
space, including equivalence ratio and dilution. Igni-
tion data are also useful as one means to validate and
Published by Elsevier Inc. All rights reserved.
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refine detailed, skeletal, and reduced chemical reac-
tion mechanisms.

Several RCF and shock tube ignition studies of hy-
drocarbon fuels [5–7,10–16] have observed the pres-
ence of complex preignition behavior, often spatially
resolved, under intermediate-temperature and high-
pressure conditions. For example, during recent RCF
ignition studies of iso-octane mixtures [3,4], the pres-
ence of reaction fronts prior to volumetric ignition
was observed under certain conditions through simul-
taneous imaging and pressure data, while volumetric
ignition with no spatially resolved features occurred
under other conditions. Studies of engines operating
in the HCCI mode have also indicated the presence of
reaction fronts under conditions below the lean flam-
mability limit, where flames are not considered self-
sustaining [17–20]. Additional analytical and numer-
ical studies have proposed the existence of multiple
ignition regimes that may be present prior to volumet-
ric ignition [21–24]. The presence of reaction fronts
at lean conditions can have critical effects on ignition
timing and pollutant emissions [17,18] and on safety
considerations.

Zeldovich [21] first proposed criteria delineat-
ing regimes of deflagration, spontaneous propagation,
and normal detonation. Gu et al. [22] built on that
theory and proposed five regimes of ignition or propa-
gation modes in computational ignition studies when
hot spots were introduced into otherwise homoge-
neous mixtures of hydrogen/air and hydrogen/carbon
monoxide/air. Gu et al. [22] suggested the regimes are
delineated by the local temperature gradient, the crit-
ical temperature gradient, and the acoustic velocity of
the test gas mixture. Similarly, Sankaran et al. [23]
identified two ignition regimes (spontaneous explo-
sion and flame-like deflagration) in their computa-
tional study of ignition of hydrogen/air mixtures in
turbulent scalar fields of temperature gradients. Un-
fortunately, there are few experimental data available
for quantitative evaluation of the ignition theories pro-
posed by these and other groups.

Based on the need to understand the effects of
reaction fronts on ignition properties, the objective
of the current work was to identify and quantify
the characteristics and modes of ignition of lean,
intermediate-temperature iso-octane/air mixtures and
to provide a quantitative understanding of the chemi-
cal and physical mechanisms that are important in dif-
ferentiating the ignition regimes observed. The tech-
nical approach used was to measure the ignition delay
times for iso-octane mixtures over a broad experi-
mental domain using a rapid compression facility and
simultaneously use high-speed digital imaging to cap-
ture the ignition phenomena. The results are discussed
in terms of proposed reaction chemistry, ignition the-
ory, and previous studies of iso-octane ignition.
2. Experimental approach

2.1. The rapid compression facility

All experiments were conducted in the well-
controlled and well-characterized environment of the
University of Michigan Rapid Compression Facil-
ity (UM RCF). The ignition behavior of iso-octane
mixtures was investigated in terms of several pa-
rameters, including equivalence ratio (φ), inert gas
to oxygen ratio (dilution), temperature, and pres-
sure. High-speed digital imaging and pressure and
emission time-histories were used to characterize the
ignition experiments. A detailed description of the
UM RCF, the operating procedure, and the results of
benchmark experimental studies characterizing per-
formance can be found in Donovan et al. [25], He
et al. [3,4], and Donovan [26].

Briefly, the UM RCF consists of five major com-
ponents: the driver section, the driven section, the test
manifold, the sabot (free piston), and the hydraulic
control valve assembly. The driver section (154 mm
i.d.) contains pressurized air and is separated from the
driven section (2.74 m long, 101.2 mm i.d.) by a fast-
acting hydraulic globe valve assembly and a scored
sheet of plastic (0.05 mm, Mylar). The driven sec-
tion is a long stainless steel tube with a honed and
chromed interior surface that is connected to the test
manifold. The sabot has a replaceable nosecone that
is made of ultra-high-molecular-weight polyethylene.
The body of the sabot is solid (Delrin) and contains a
copper counterweight to balance the nosecone. U-ring
seals (virgin Teflon with stainless steel radial springs)
eliminate gas blow-by past the sabot.

A schematic of the test manifold and imaging
system is shown in Fig. 1. The four main compo-
nents of the test manifold are the convergent section,
the extension section, the instrumented test section,
and a transparent end wall. The stainless steel con-
vergent section bridges the 101.2-mm bore of the
driven section to the 50.8-mm bore of the remainder
of the test manifold components. The total length of
the extension section is variable by design (through
combinations of subcomponents) to yield different
compression ratios. The test section has a length of
50.6 mm and is equipped with two optical ports for
laser access, a pressure transducer port, and two ad-
ditional instrumentation ports. For the current study,
the test section was instrumented with a piezoelectric
transducer (Kistler 6041AX4) and a charge amplifier
(Kistler 5010B) for pressure measurements. The end
wall seals the test manifold and allows optical access
to the test volume.

Two end walls, quartz or polycarbonate, were used
to provide optical access to the test manifold. The
quartz end wall (with a diameter of 78 mm and
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(a) Isometric cross-section view

(b) Cross-section view

Fig. 1. Experimental schematic of the test section of the UM RCF, demonstrating the camera perspective for high-speed imaging.
The sabot nosecone is shown in the final seated position.
a thickness of 45.25 mm) has a double-layer anti-
reflective coating on both faces. The coatings are
optimized for transmission of visible wavelengths
and the window has excellent reflection- and glare-
reduction properties. The polycarbonate (Lexan) end
walls are polished (140 × 140 mm square with a
thickness of 12.5 mm) and have no coatings. Peak
transmission for the polycarbonate end walls occurs
at visible wavelengths. When the polycarbonate win-
dows were used, the windows were replaced regu-
larly (every 5–10 experiments) to maintain high im-
age quality.

The test gas mixtures were made in a dedicated
mixing tank, and the mixture composition was de-
termined by measurement of the relative partial pres-
sures of the gas-phase reactants. The specific heats of
the mixtures were controlled through the balance of
argon, carbon dioxide, and nitrogen as inert gas dilu-
ents. The specific heat of the mixture, the experimen-
tal compression ratios, and the initial charge pressures
were varied to achieve the targeted temperatures and
pressures.

Prior to each experiment, the sabot is placed at the
upstream end of the driven section, downstream of
the hydraulic valve assembly and the scored plastic
sheet. The RCF is evacuated. Then the driven sec-
tion and test manifold are charged with the test gas
mixture, and the driver section is charged with high-
pressure air. The hydraulic valve is opened, breaking
the plastic sheet and launching the sabot down the
length of the driven section. The test gas mixture is
compressed ahead of the sabot. The sabot comes to
rest in the test manifold when the nosecone seals (via
an annular interference fit) with the extension section.
The core region of the test gases is sealed in the test
manifold, while the cooler gases near the walls are
sealed in the shoulder region of the convergent sec-
tion.
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2.2. High-speed imaging details

The large size of the quartz and polycarbonate
end walls allows the entire test volume to be im-
aged using a high-speed color digital video camera
(Vision Research, Phantom V7.1, 800 × 600 pixel
SR-CMOS 48-bit color array, capable of 160 kHz at
reduced spatial resolution). The camera array records
RGB signals using spectral filters. The red channel
uses a high-pass filter with approximately 95% trans-
mission above 615 nm. The green channel uses a
bandpass filter with approximately 82% peak trans-
mission at 530 nm. The blue channel uses a bandpass
filter with approximately 86% peak transmission at
460 nm. A fast 50-mm lens (f/0.95 Navitar TV Lens)
and c-mount extension tube were used with the cam-
era to optimize the capture of available light emission.
No additional spectral filtering was used.

The camera sensor array was calibrated for each
frame rate and spatial resolution setting using the fol-
lowing procedure. The camera was first aligned with
the test manifold approximately 40 cm from the end
wall, and the camera was focused on a plane inside
the test section, 2 cm from the end wall. To maximize
the capture of the emission from the test section and
limit the depth of field, the wide aperture lens was
used in the fully open position. The camera frame
rate and spatial resolution were set at this time. The
camera sensor was then calibrated using a black ref-
erence (where the camera lens was covered) and the
zero signal level of each pixel in the CMOS array was
assigned.

For this study, the high-speed digital camera was
used to acquire continuous full-frame color video se-
quences of visible emission from the ignition exper-
iments at speeds from 10,000 to 60,000 frames per
second (fps). The frame rate has an inverse relation to
the total spatial resolution, and at 26,000 fps (the typ-
ical frame rate used), the spatial resolution was main-
tained at the maximum allowable setting of 256×256
pixels. These settings resulted in each frame corre-
sponding to approximately 38 µs, and each pixel in
the CMOS array imaging focused light from a vol-
ume with a height × width × depth of approximately
198 µm × 198 µm × 2 mm.

The camera was triggered by a circuit designed
to output a pulse to the trigger input of the cam-
era. The signal to the triggering circuit was supplied
by a photodetector (Hamamatsu S1787-12) located
on the driven section of the RCF. Emission from
a laser diode (TIM-201-3, 3 mW, 650 nm) was di-
rected onto the active element of the photodetec-
tor so that the laser emission was orthogonal to the
path of the sabot. When the sabot passed the laser
diode, the change in signal from the photodetector
triggered the camera. Using this arrangement, images
were acquired throughout the compression and igni-
tion processes.

3. Results

Typical pressure and pressure derivative data for
RCF iso-octane ignition experiments are shown in
Figs. 2 and 3. At the end of compression, the pressure
reaches the first maximum. This time is set as t = 0 s
and is labeled Pmax in the figures. The pressure then
decreases slightly due to cooling losses to the test
Fig. 2. Typical pressure (—) and pressure derivative (- - -) time-histories for iso-octane ignition experiments where no indications
of reaction fronts are observed prior to volumetric ignition. Experimental conditions are φ = 0.30 and inert/O2 = 5.00. The
effective temperature based on the effective pressure, Peff = 9.0 atm, is Teff = 1020 K.
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Fig. 3. Typical pressure (—) and pressure derivative (- - -) time-histories for iso-octane ignition experiments where reaction front
propagation prior to volumetric ignition is observed. Experimental conditions are φ = 0.20 and inert/O2 = 1.38. The effective
temperature based on the effective pressure, Peff = 10.8 atm, is Teff = 917 K.

Fig. 4. Imaging sequence corresponding to the data of Fig. 2 and conditions of volumetric ignition where φ = 0.30, Teff =
1020 K, Peff = 9.0 atm, inert/O2 = 5.00, τign = 10.3 ms, 26,000 fps (color adjusted for clarity). Note that not all frames in the
imaging sequence are presented. The time interval spanned by these frames is shown in Fig. 2.
volume walls. After a delay period, the mixture auto-
ignites, resulting in a rapid increase in pressure for
both examples shown. However, the results demon-
strate the presence of two different ignition regimes.
Conditions exist where only volumetric ignition oc-
curred (Fig. 2), and also where reaction fronts pre-
ceded volumetric ignition (Fig. 3). In both data sets,
the initial pressure rise is due to compression of the
test gas mixture ahead of the sabot.

Fig. 4 presents a selection of the frames from the
imaging sequence corresponding to the volumetric ig-
nition data of Fig. 2. As seen in Fig. 4, blue emission
occurred uniformly throughout the test volume with
increasing intensity until maximum emission levels
were observed at t = 10.260 ms. No structures or spa-
tial nonuniformities were observed in the emission
images for this condition, and ignition occurred si-
multaneously throughout the test volume. The peak
in the emission intensity occurred at the same time as
the peak in the pressure derivative. For all conditions
where only volumetric ignition was observed, ignition
exhibited the same general features as seen in Fig. 4,
i.e., intense homogeneous blue emission that typically
spanned less than two frames (76 µs).

Frames from the imaging sequence corresponding
to the pressure data of Fig. 3 are shown in Fig. 5.
The images show the presence of discrete regions of
reaction in the test volume. The reaction fronts are
observed early in the image sequence (t = 6.098 ms)
and they propagate throughout the test volume un-
til volumetric ignition is recorded at t = 22.534 ms.
Note the small bright spots in the images are from
particles occasionally present in the test section. As
the particles pass in and out of the focal plane, halos
appear in the images.

Figs. 6 and 7 provide additional examples of still
frame image sequences acquired from other experi-
ments where reaction fronts were present. The general
features are the same. When reaction fronts were ob-
served, more than one reaction front was typically
present. Reaction fronts did not consistently initiate in
the same location of the test volume; in some cases the
fronts started in the center or top of the test volume,
as compared to the data of Fig. 5. When volumetric
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Fig. 5. Imaging sequence corresponding to the data of Fig. 3, where reaction fronts are present prior to volumetric ignition and
φ = 0.20, Teff = 917 K, Peff = 10.8 atm, inert/O2 = 1.38, τign = 22.5 ms, 26,000 fps (color adjusted for clarity). Note that not
all frames in the imaging sequence are presented. The time interval spanned by these frames is shown in Fig. 3.

Fig. 6. Imaging sequence of reaction fronts prior to volumetric ignition for conditions of φ = 0.57, Teff = 988 K, Peff = 8.7 atm,
inert/O2 = 4.99, τign = 13.1 ms, 26,000 fps (color adjusted for clarity). Note that not all frames in the imaging sequence are
presented.

Fig. 7. Imaging sequence of reaction fronts prior to volumetric ignition for conditions of φ = 0.77, Teff = 999 K, Peff = 9.1 atm,
inert/O2 = 5.00, τign = 9.0 ms, 26,000 fps (color adjusted for clarity). Note that not all frames in the imaging sequence are
presented.

Fig. 8. Example of the image analysis used to determine the reaction front propagation rates. The images are presented in binary
form to enhance clarity. The vector indicates the direction used to determine the speed and is set orthogonal to the surface
of the propagating reaction front. The images are from the data set shown (in part) in Fig. 5, where φ = 0.20, Teff = 917 K,
Peff = 10.8 atm, inert/O2 = 1.38, τign = 22.5 ms, 26,000 fps.
ignition occurs, the region of the test section where
the reactants were previously consumed by the reac-
tion fronts exhibits lower emission intensity (e.g., the
half-moon-shaped areas in Figs. 5 and 6) as a result
of the lower remaining unburned reactant fraction. In
some experiments the reaction fronts appear to origi-
nate from the hot particles (e.g., Fig. 7).

For each experiment where reaction fronts were
observed, the rate of propagation of the reaction
fronts, U [m/s], was determined from the image se-
quences, as shown schematically in Fig. 8. Note that
in order to make the presence and propagation of the
reaction fronts clearer, Fig. 8 presents data from the
same imaging file as that of Fig. 5, where a threshold
filter has been applied to create binary images. The
propagation rates were determined by tracking fea-
tures on the reaction surface through time. The result
is an estimate for the propagation rate in the direction
normal to the surface of the reaction front. The image
analysis indicated that the highest propagation rates
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of the reaction fronts were associated with propaga-
tion into the unconstrained environment toward the
center of the test volume (as opposed to propagation
into gases bounded by the test chamber walls). Only
the maximum velocities are reported here.

The effect of the propagation of the discrete zones
of reaction is apparent in the pressure time history.
The pressure data show a slow increase at times con-
sistent with the formation and propagation of the re-
action fronts, prior to the rapid increase in pressure
associated with volumetric ignition (see Fig. 3). The
expansion of the reaction fronts serves to further com-
press the unignited test gas mixture and consequently
the pressure and temperature in the test section grad-
ually increase prior to volumetric ignition. On the
contrary, the pressure data corresponding to (only)
volumetric ignition (Fig. 2) show little pressure rise
during the delay period prior to the ignition.

The effective pressure (Peff) for each experiment
was defined as the time-integrated average pressure
from the maximum pressure (Pmax) due to compres-
sion to the point of maximum rate of pressure rise
(dP/dtmax), or

(1)Peff = 1

(tdP/dtmax − tPmax )

tdP/dtmax∫
tPmax

P dt.

The effective temperature for each experiment was
determined as in previous UM RCF studies [3] using
the effective pressure and by numerical integration of
the isentropic relation

(2)

Teff∫
T0

γ

γ − 1
d lnT = ln

(
Peff

P0

)
,

where P0 is the charge pressure, T0 is the initial tem-
perature (typically 298 K), and γ is the temperature-
dependent ratio of the specific heats of the unreacted
test gas mixture, which is determined using the NASA
thermodynamic data base [27].

For each experiment, the ignition delay time (τign)
was determined using the pressure time history. A dif-
ferent definition for τign has been used in this work
than in to previous UM-RCF studies [3,4]. In this
work the ignition delay time was defined as the time
between Pmax and dP/dtmax. This definition for τign
is illustrated in Figs. 2 and 3. When compared with
the previous data for τign [3,4], this definition for τign
yields an average difference of less than 2%.

A summary of the iso-octane ignition data, includ-
ing the measured ignition delay time and maximum
propagation rate for each experiment, is presented in
Table 1. In the table, the equivalence ratio φ is de-
fined as the actual iso-octane to oxygen ratio divided
by the stoichiometric iso-octane to oxygen ratio. The
inert gas to O2 molar ratio is also provided in Ta-
ble 1 as an indication of the dilution of the mixture.
The inert gases studied include nitrogen, argon, and
carbon dioxide. The mixture components are each
provided on a mole fraction basis (e.g., χfuel is the
mole fraction of iso-octane in the mixture on a per-
centage basis). The range of conditions and mixture
compositions spanned φ = 0.2–1.98, inert gas/O2 ra-
tios of 1.38–5.89, pressures of Peff = 8.7–16.6 atm,
and temperatures of Teff = 903–1020 K. The imag-
ing and pressure data for each experiment were des-
ignated as one of the two categories of ignition de-
scribed above: volumetric ignition or reaction front
propagation/volumetric ignition. The volumetric ig-
nition data are identified by a “V” designation in the
table.

Regression analysis can be used to identify trends
in the τign data and to isolate the effects of each para-
meter of interest, e.g., temperature. Regression analy-
sis was conducted on the complete τign data set of
Table 1. Multiple forms to the expression were con-
sidered yielding similar qualities of fit. For consis-
tency, the same form as was used previously [3] is
used here, with a best-fit R2 value of 0.92:

τign = 2.8 × 10−3P−1.25φ−0.79χ−1.14
O2

(3)× exp(27,300/R[cal/mol/K]T ).

In Eq. (3), τign is the ignition delay time [ms], P is
the pressure [atm], φ is the equivalence ratio, χO2 is
the oxygen mole percentage, R is the universal gas
constant, and T is the temperature [K]. Although the
fit parameters differ from those determined by He et
al. [3], the new correlation yields only slight changes
in the predicted values for τign, as seen in Figs. 9–12.

Summaries of the effects of temperature, pressure,
equivalence ratio, and oxygen mole fraction on τign
are presented in Figs. 9–12, respectively, where the
data have been normalized as necessary using Eq. (3).
Equation (3) is provided for reference in each of the
figures as the solid line. The recommended uncer-
tainty in the ignition delay time measurements (pre-
sented as the error bars in Fig. 9) is ±13% and is
based on the standard deviation of τign relative to the
correlation provided in Eq. (3).

Trends in the rate of propagation of the reaction
fronts, U , as a function of the state conditions and
the mixture properties were also investigated. The
analysis indicated no strong direct correlation with
temperature, pressure, equivalence ratio, or oxygen
mole fraction, and even extremely fuel lean mixtures
were capable of sustaining a reaction front. How-
ever, there was a strong dependence of U on fuel
mole fraction (χfuel), as seen in Fig. 13, where U in-
creases nearly linearly with increasing χfuel. When
compared with conditions where only volumetric ig-
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Table 1
Summary of experimental conditions and results

φ Inert/O2 Test gas composition Peff
a

[atm]
Teff
[K]

U

[m/s]
ab

[m/s]
Ignition delay time [ms]

χi-C8H18
[%]

χO2
[%]

χN2
[%]

χAr
[%]

τign τreg
c τpred

d

0.20 1.38 0.7 41.8 57.5 0.0 10.8 917 1.1 578 22.5 23.2 26.2
0.30 1.39 1.0 41.4 51.2 6.4 12.1 936 3.3 576 8.3 10.9 11.7
0.30 3.65 0.5 21.4 75.2 2.8 10.8 947 0.5 596 23.9 22.5 20.3
0.30 4.00 0.5 19.9 70.8 8.8 10.7 958 0.5 597 21.6 21.0 17.8
0.40 3.01 0.8 24.8 62.7 11.7 10.9 945 2.7 585 17.3 15.5 13.9
0.40 3.76 0.7 20.9 71.2 7.3 11.0 951 1.9 593 17.9 17.0 15.0
0.40 2.28 1.0 30.2 51.0 17.8 11.8 964 3.6 582 14.2 8.4 7.4
0.40 3.01 0.8 24.8 62.7 11.7 11.8 971 3.0 592 9.9 9.5 8.1
0.50 3.76 0.8 20.8 66.1 12.3 10.3 944 2.7 586 20.8 17.3 14.8
0.50 2.50 1.1 28.2 48.3 22.4 11.2 947 4.7 572 10.1 10.5 9.4
0.50 3.76 0.8 20.8 66.1 12.3 11.0 955 2.8 589 14.5 13.4 11.5
0.50 2.50 1.1 28.2 48.3 22.4 12.1 969 7.5 579 5.1 6.9 5.9
0.51 5.01 0.7 16.5 69.0 13.8 11.3 970 0.9 596 13.9 13.3 11.0
0.51 5.01 0.7 16.5 69.0 13.8 11.7 979 2.3 599 12.4 11.2 9.2
0.57 4.99 0.8 16.6 64.9 17.8 8.7 988 3.6 597 13.1 13.0 8.8
0.58 5.03 0.8 16.5 65.1 17.7 12.0 989 2.7 598 9.1 8.5 7.0
0.60 4.95 0.8 16.7 71.9 10.6 11.1 945 4.3 589 18.5 17.2 15.1
0.60 4.95 0.8 16.7 71.9 10.6 11.4 952 3.9 591 16.1 15.0 13.0
0.77 5.00 1.0 16.5 56.8 25.7 9.1 999 4.4 592 9.0 8.4 6.7
0.80 3.76 1.3 20.7 50.8 27.2 11.4 961 3.9 574 8.3 8.2 6.8
0.80 4.94 1.1 16.7 63.7 18.6 11.9 961 5.4 585 10.4 9.9 8.4
0.80 3.76 1.3 20.7 50.9 27.1 11.6 962 5.8 574 6.0 7.9 6.5
0.80 3.76 1.3 20.7 50.8 27.2 12.8 983 7.8 580 4.7 5.1 4.3
0.99 4.92 1.3 16.7 55.5 26.5 12.3 970 6.6 579 6.5 7.0 6.1
1.98 3.75 3.2 20.4 19.1 57.3 16.6 903 3.3 515 6.2 6.3 4.4
1.98 3.75 3.2 20.4 19.1 57.3 13.5 918 6.5 519 6.4 6.4 4.4
0.20 3.78 0.3 20.9 78.8 0.0 10.3 940 V 598 37.8 37.7 35.4
0.20 3.78 0.3 20.9 78.8 0.0 9.7 928 V 595 50.8 49.1 47.4
0.25 5.00 0.3 16.6 79.2 3.9 15.4 987 V 612 13.4 12.4 11.4
0.25 5.00 0.3 16.6 79.2 3.9 14.0 965 V 605 21.2 19.2 18.3
0.30 3.76 0.5 20.9 76.3 2.3 10.9 945 V 596 24.0 23.6 21.4
0.30 3.76 0.5 20.9 76.3 2.3 10.5 937 V 594 29.8 28.0 25.8
0.30 5.00 0.4 16.6 77.2 5.8 9.0 1020 V 619 10.3 13.4 8.1
0.32 4.99 0.4 16.6 77.1 5.8 9.2 981 V 608 19.1 21.1 15.9
0.35 5.89 0.4 14.5 80.0 0.0e 11.1 932 V 589 27.6 37.9 34.7
0.35 5.89 0.4 14.5 80.0 0.0e 11.0 930 V 589 29.4 39.6 36.6
0.40 4.29 0.6 18.9 75.4 5.4 11.3 955 V 598 19.1 17.3 15.0
0.40 4.29 0.6 18.9 75.4 5.4 11.0 949 V 596 21.0 19.6 17.3
0.40 5.01 0.5 16.6 72.9 10.0 11.3 972 V 601 14.5 15.6 12.9
0.40 5.01 0.5 16.6 72.9 10.0 9.3 927 V 588 43.6 39.5 34.7
0.50 5.00 0.7 16.6 76.4 6.4 10.8 946 V 594 25.0 20.4 17.9
0.50 5.00 0.7 16.6 76.4 6.4 10.1 931 V 589 33.0 28.0 24.7

Note. The mixture composition is provided on a mole basis. The equivalence ratio is based on iso-octane to O2 molar ratios.
Experiments where only volumetric ignition was observed are denoted V.

a Peff determined using Eq. (1).
b Speed of sound based on Teff and the unreacted mixture composition.
c Predicted value for ignition delay time using Eq. (3).
d Predicted value for ignition delay time using the single-zone model and the reaction mechanism of Curran et al. [28].
e Balance CO2.
nition was observed, the data of Fig. 13 imply the ex-
istence of a critical fuel mole fraction limit, χfuel,crit,
above which reaction fronts are self-sustaining, and
below which only volumetric ignition is observed.
Using a linear fit to the U data and extrapolating to
U = 0 m/s, yields a value for χfuel,crit of 0.4.
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Fig. 9. Summary of reaction front and volumetric ignition data for iso-octane ignition delay time as a function of inverse tem-
perature. The experimental data have been normalized to P = 15 atm, φ = 0.4, and χO2 = 21% using Eq. (3). Equation (3), the
correlation developed by He et al. [3], and the results of model predictions for τign based on the reaction mechanism of Cur-
ran et al. [28] are provided for comparison. The error bars represent the uncertainty in the measurements based on the standard
deviation in the data.
4. Discussion

4.1. Reaction kinetics

The experimental data for τign were compared
with predictions using a single-zone model and the
detailed chemical reaction mechanism developed for
iso-octane by Curran et al. [28]. For the modeling,
the Aurora/Chemkin 4.0.1 suite of programs [29] was
used, assuming a homogeneous, adiabatic, constant-
volume system. The compression process and the ini-
tial heat losses to the test volume walls were not sim-
ulated, as previous modeling studies [3] have shown
that little reaction occurs during compression for the
iso-octane mixtures and conditions studied in this
work, and ignition delay times were typically within
5% of the values determined when these effects were
considered. Consequently, the effective state condi-
tions (Peff and Teff) and the composition of the un-
reacted mixture were used in the calculations as the
initial conditions, assuming no heat losses.

The effects of changing the diluent composition
in the test gas mixture were also explored using the
model. Simulations were conducted under conditions
of P = 15 atm, T = 980 K, φ = 0.4, and χO2 = 21%.
The balance of diluent in the mixture was then set at
the limits explored experimentally. A gas composition
of 100% N2 resulted in τign = 6.92 ms; 6% CO2, bal-
ance N2 resulted in τign = 6.93 ms; 75% Ar, balance
N2 resulted in τign = 6.18 ms. These results indicate
that the chemical kinetic effects of changing the com-
position of the inert gas in the mixture are small for
the nominal conditions used in the experiments. The
effects of the inert gas composition and concentration
on the thermophysical properties of the mixture are
discussed further below.

A summary of the model predictions for ignition
delay time are provided in Table 1 as τ pred. The
trends based on the mechanism of Curran et al. are
also provided for comparison in Figs. 9–12. As seen
in Table 1 and Figs. 9–12, the predictions for τign
are in excellent agreement with the experimental data
(within an average of 11% for the volumetric ignition
data, and within an average of 15% for the reaction
front data). The ability to accurately reproduce τign
in the UM RCF using Peff and Teff for the conditions
where reaction fronts were observed using a homoge-
neous model is an important finding, which supports
the hypothesis that the primary effects of the reac-
tion fronts on the unignited reactants is volumetric
by means of an increase in pressure. Transport ef-
fects, which are localized and are not captured by the
single-zone model used, do not appear to significantly
influence τign.

Negative-temperature coefficient (NTC) chem-
istry has been proposed to lead to faster ignition
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Fig. 10. Summary of reaction front and homogeneous ignition data for iso-octane ignition delay time as a function of pressure.
The experimental data have been normalized to T = 980 K, φ = 0.4, and χO2 = 21% using Eq. (3). Equation (3), the correlation
developed by He et al. [3], and the results of model predictions for τign based on the reaction mechanism of Curran et al. [28]
are provided for comparison.

Fig. 11. Summary of reaction front and homogeneous ignition data for iso-octane ignition delay time as a function of equivalence
ratio. The experimental data have been normalized to T = 980 K, P = 15 atm, and χO2 = 21% using Eq. (3). Equation (3), the
correlation developed by He et al. [3], and the results of model predictions for τign based on the reaction mechanism of Curran
et al. [28] are provided for comparison.
of cooler regions of test gas mixtures in some low-
temperature ignition studies of iso-octane [11]. How-
ever, the formation of the reaction fronts observed
in this work is not attributed to NTC chemistry. Iso-
octane does not exhibit NTC behavior at the pressures
and temperatures considered here [4]. Additionally,
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Fig. 12. Summary of reaction front and homogeneous ignition data for iso-octane ignition delay time as a function of oxygen
mole fraction. The experimental data have been normalized to T = 980 K, P = 15 atm, and φ = 0.4 using Eq. (3). Equation (3),
the correlation developed by He et al. [3], and the results of model predictions for τign based on the reaction mechanism of
Curran et al. [28] are provided for comparison.
modeling studies using the iso-octane reaction mech-
anism of Curran et al. [28] indicate that ignition is not
accelerated at the lower temperatures expected in the
near-wall region of the test section.

4.2. Ignition theory

Several studies of ignition theory propose the exis-
tence of regimes where reaction fronts can form prior
to volumetric ignition [21–24]. The classification of
ignition regimes between the limits of thermal explo-
sion and detonation in the presence of nonuniform
initial conditions, such as temperature gradients, was
first proposed by Zeldovich [21]. He describes the
regimes based on the relative values of the laminar
flame speed (ul), the rate of spontaneous propagation
of the reaction fronts (usp), the speed of sound (a),
and the rate of normal detonation (uJ).

The maximum propagation rate for each experi-
ment where reaction fronts were present is provided
in Table 1. Calculated reaction front velocities ranged
from 0.5 to 7.8 m/s and were far below the speed
of sound for the mixtures, which is also provided in
Table 1 (a, based on the unreacted gas composition
at Teff and Peff). The propagation rates are generally
faster than laminar flame speeds for iso-octane. For
example, Bradley et al. [30] experimentally measured
burning velocities for iso-octane for a range of condi-
tions. They found burning velocities decreasing from
approximately 0.5 m/s at P = 1 atm to approximately
0.27 m/s at P = 10 atm for T = 450 K and φ = 0.8.
Johnston and Farrell [31] measured similar values at
comparable temperatures and pressures with a maxi-
mum laminar burning velocity of 0.5 m/s at φ = 1.1
for T = 450 K and 3 atm.

Based on the values provided in Table 1, the re-
sults of the current work are in the regime of spon-
taneous propagation or the third category described
by Zeldovich, where ul < U � a < uJ. Zeldovich
stated that in this regime, the propagation of reaction
fronts is slow, so that “the pressure has sufficient time
to equalize,” and the speed of the reaction fronts “is
determined by initial conditions,” which is consistent
with the observations made here. Zeldovich proposed
that in the regime of spontaneous propagation, the re-
action fronts propagate at a rate of

(4)usp =
(

∂τign

∂x

)−1
,

where the gradient of the ignition delay time is related
to the local temperature gradient by

(5)usp =
[(

∂τign

∂T

)(
∂T

∂x

)]−1

.

The rates measured for U can be compared with esti-
mates for usp to determine if there is a relationship be-
tween the observed speeds and the theory proposed by
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Fig. 13. Experimental results for reaction front propagation rates for lean iso-octane mixtures as a function of fuel mole fraction
in the test gas mixture. The critical limit based on linear extrapolation of the experimental data for reaction fronts is presented
as the dashed line.
Zeldovich. Characterization studies of the UM RCF
conducted earlier [25] indicate that the variability in
the temperature field in the core region (∼40 mm in
diameter) is typically less than 10 K after compres-
sion of inert gas mixtures to nominal temperatures be-
tween 920 and 970 K. However, it is known that react-
ing mixtures can create changes in the RCF temper-
ature field that differ from inert gas conditions [12].
Thus, a reasonable estimate for the temperature gra-
dient in the core region of the test section prior to the
formation of the reaction fronts is ∂T /∂x ∼= 3 K/mm.
Values for ∂τign/∂T are found using the conditions
listed in Table 1 and the relation

(6)

∣∣∣∣∣
(

∂τign

∂T

)∣∣∣∣∣ = τign
27,300

R[cal/mol/K]T 2
,

which is based on the correlation provided in Eq. (3).
The calculations for ∂τign/∂T and usp are provided
in Table 2. A comparison of usp and U indicates
good agreement between the predicted rates of spon-
taneous propagation based on the temperature gradi-
ents induced by compression and the front velocities
observed experimentally, as seen in Fig. 14. Alterna-
tively, the speed of the measured reaction fronts can
be compared to ∂τign/∂T as shown in Fig. 15. In
semi-log co-ordinates, there appears to be a linear re-
lationship between U and ∂τign/∂T , as was observed
by Chen et al. [24] for plots of instantaneous displace-
ment speed, sd, versus |∇T |.

The extent of the thermal inhomogeneities in the
UM RCF is primarily determined by the motion of
the fluid off the nosecone of the sabot and the mix-
ing of the cooler fluid near the wall. Consequently,
the temperature gradients that exist initially in each
experiment are expected to be of the same magnitude
when the sabot velocity profiles are similar, as they
were in this study. But the reaction fronts are observed
only at certain conditions that appear to correlate well
with fuel mole fraction. The role of fuel mole fraction
suggests a dependence on the reactant thermophysical
properties. Specifically, the rate at which the temper-
ature gradients dissipate is determined by the thermal
diffusivity α = k/ρCp of the test gas mixture. The
larger the thermal diffusivity, the faster the thermal
gradients are dissipated. Table 2 provides a summary
of the thermal diffusivities of the test gas mixtures
based on the state conditions and mixtures provided
in Table 1. Comparing the mixture thermal diffusivi-
ties and reaction front velocities shown in Table 2, it is
seen that experiments with high thermal conductivity
demonstrate volumetric ignition, while experiments
with low thermal conductivity exhibit reaction fronts.
This highlights the tendency for mixtures with great
ability to dissipate thermal gradients into a resulting
homogeneous temperature field, which then will ex-
hibit volumetric ignition.

In an effort to determine a priori if sponta-
neous propagation of reaction fronts will occur, Gu
et al. [22] proposed the dimensionless temperature
gradient,

(7)ξ = a(∂T /∂x)(∂τign/∂T ) = a/usp,
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Table 2
Summary of thermophysical properties of mixtures and conditions studied in this work and estimates for rates of spontaneous
propagation, usp, based on Eq. (5) and an assumed temperature gradient of 3 K/mm

φ Test gas composition P

[atm]
T

[K]
U

[m/s]
∂τing/∂T

[ms/K]
usp
[m/s]

α × 105

[m2/s]χi−C8H18
[%]

χO2
[%]

χN2
[%]

χAr
[%]

0.20 0.7 41.8 57.5 0.0 10.8 917 1.1 0.37 0.91 1.28
0.30 0.5 21.4 75.2 2.8 10.8 947 0.5 0.37 0.91 1.37
0.30 1.0 41.4 51.2 6.4 12.1 936 3.3 0.13 2.57 1.14
0.30 0.5 19.9 70.8 8.8 10.7 958 0.5 0.32 1.03 1.40
0.40 1.0 30.2 51.0 17.8 11.8 964 3.6 0.21 1.59 1.22
0.40 0.8 24.8 62.7 11.7 10.9 945 2.7 0.27 1.25 1.31
0.40 0.8 24.8 62.7 11.7 11.8 971 3.0 0.14 2.31 1.26
0.40 0.7 20.9 71.2 7.3 11.0 951 1.9 0.27 1.22 1.32
0.50 1.1 28.2 48.3 22.4 11.2 947 4.7 0.15 2.15 1.22
0.50 1.1 28.2 48.3 22.4 12.1 969 7.5 0.08 4.44 1.18
0.50 0.8 20.8 66.1 12.3 10.3 944 2.7 0.32 1.04 1.37
0.50 0.8 20.8 66.1 12.3 11.0 955 2.8 0.22 1.53 1.30
0.51 0.7 16.5 69.0 13.8 11.3 970 0.9 0.20 1.64 1.32
0.51 0.7 16.5 69.0 13.8 11.7 979 2.3 0.18 1.87 1.30
0.57 0.8 16.6 64.9 17.8 8.7 988 3.6 0.18 1.81 1.75
0.58 0.8 16.5 65.1 17.7 12.0 989 2.7 0.13 2.62 1.27
0.60 0.8 16.7 71.9 10.6 11.1 945 4.3 0.28 1.17 1.28
0.60 0.8 16.7 71.9 10.6 11.4 952 3.9 0.24 1.36 1.26
0.77 1.0 16.5 56.8 25.7 9.1 999 4.4 0.12 2.69 1.65
0.80 1.3 20.7 50.9 27.1 11.6 962 5.8 0.09 3.73 1.18
0.80 1.1 16.7 63.7 18.6 11.9 961 5.4 0.15 2.16 1.18
0.80 1.3 20.7 50.8 27.2 11.4 961 3.9 0.12 2.69 1.20
0.80 1.3 20.7 50.8 27.2 12.8 983 7.8 0.07 4.96 1.11
0.99 1.3 16.7 55.5 26.5 12.3 970 6.6 0.09 3.53 1.13
1.98 3.2 20.4 19.1 57.3 16.6 903 3.3 0.10 3.19 0.60
1.98 3.2 20.4 19.1 57.3 13.5 918 6.5 0.10 3.21 0.75
0.20 0.3 20.9 78.8 0.0 9.7 928 V 0.81 0.41 1.50
0.20 0.3 20.9 78.8 0.0 10.3 940 V 0.59 0.57 1.45
0.25 0.3 16.6 79.2 3.9 14.0 965 V 0.31 1.07 1.10
0.25 0.3 16.6 79.2 3.9 15.4 987 V 0.19 1.76 1.04
0.30 0.5 20.9 76.3 2.3 10.5 937 V 0.47 0.71 1.38
0.30 0.5 20.9 76.3 2.3 10.9 945 V 0.37 0.90 1.35
0.30 0.4 16.6 77.2 5.8 9.0 1020 V 0.14 2.46 1.87
0.32 0.4 16.6 77.1 5.8 9.2 981 V 0.27 1.22 1.71
0.35 0.4 14.5 80.0 0.0a 11.0 930 V 0.47 0.71 1.27
0.35 0.4 14.5 80.0 0.0a 11.1 932 V 0.44 0.76 1.26
0.40 0.5 16.6 72.9 10.0 9.3 927 V 0.70 0.48 1.52
0.40 0.5 16.6 72.9 10.0 11.3 972 V 0.21 1.59 1.36
0.40 0.6 18.9 75.4 5.4 11.0 949 V 0.32 1.04 1.32
0.40 0.6 18.9 75.4 5.4 11.3 955 V 0.29 1.16 1.30
0.50 0.7 16.6 76.4 6.4 10.1 931 V 0.52 0.64 1.38
0.50 0.7 16.6 76.4 6.4 10.8 946 V 0.38 0.87 1.33

a Balance CO2.
as a means of quantifying the boundaries between ig-
nition regimes. Here, we compare the dimensionless
ratio of the speed of sound to the measured max-
imum rate of propagation (a/U ). Fig. 16 presents
the results as a function of χfuel for the experi-
ments where reaction fronts were observed. The re-
sults indicate a clear trend delineating the ignition
regimes. At low values of χfuel, the ratio exponen-
tially approaches a limit consistent with the value
χfuel,crit = 0.4.

4.3. Comparison with previous experimental studies

It is well known that localized regions of higher
reactivity can occur in RCF, engines, and shock tubes
due to heat transfer effects, fluid motion, particles,
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Fig. 14. Comparison of measured maximum rates of propagation, U , with estimates based on ignition theory for propagation
rates of spontaneous ignition, usp, assuming a temperature gradient of 3 K/mm. The dashed line, x = y, is provided for reference.

Fig. 15. Maximum rate of propagation as a function of ∂τign/∂T .
and preignition reactions [7,10,12,13,15,22,32–34].
The regions of higher reactivity can be due to gra-
dients in temperature and/or composition. Several
studies have documented the temporal variations in
the temperature fields developed in RCF experiments
and the effects on ignition studies [11–14,35,36]. Al-
though RCF devices generally have unique geome-
tries, and therefore unique flow fields, some trends
can be broadly applied. Thermal inhomogeneities are
created by the roll-up of the cooler gases in the ther-
mal boundary layer along the wall of the cylinder (or
driven section) during the travel of the piston. Vor-
tex roll-up is generally suppressed through the use of
creviced piston designs or other gas-trapping meth-
ods [25,35,36], leading to an adiabatic core region of
the test gases that is considered homogeneous in com-
position and temperature. In some cases, cooler gases
have been observed to “push” off the face of the pis-
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Fig. 16. Speed of sound normalized by the measured maximum rate of reaction front propagation as a function of fuel mole
fraction. The critical fuel mole fraction limit based on the experimental data for U is presented as the dashed line.
ton, and after a period of time, to penetrate into the
core region of the test gases [11,14]. Thus, conditions
can arise in an RCF where hotter gases are located in
a toroidal region near the walls of the test chamber
with cooler gases located in the center of the test sec-
tion. For fuels which exhibit NTC behavior, reaction
can accelerate in the cooler regions as was observed in
the numerical simulations by Griffiths et al. [11]. Such
behavior was suggested to suppress the effects of ther-
mal gradients in the RCF study of iso-octane ignition
by Desgroux et al. [12] when the studies were con-
ducted under conditions where NTC chemistry is im-
portant. The sensitivity of the ignition phenomena to
thermal inhomogeneities depends on the type of fuel
considered, the mixture composition, and the state
conditions. Several studies of iso-octane ignition have
observed preignition behavior consistent with that ob-
served in the current work.

Vermeer et al. [32] studied ignition of highly dilute
(70% argon) stoichiometric iso-octane/air mixtures in
shock tube experiments. The authors monitored igni-
tion in the test volume using pressure transducers and
high-speed Schlieren photography and identified two
distinct ignition regimes: mild and strong. The transi-
tion from mild ignition to strong ignition occurred for
temperatures above 1400 K. For the cases of strong
ignition, highly uniform images of volumetric igni-
tion were obtained. For the cases of mild ignition,
many distinct reaction centers were formed through-
out the test volume. For the shock tube study, a fixed
mixture composition with χi-C8H18 = 2.2% was used,
which is higher than the critical limit determined
in the current work. However, the shock tube study
was conducted at higher temperatures (1250–1740 K)
and lower pressures (1.71–4.8 atm) than the current
work. When the thermal diffusivities of the mixtures
used by Vermeer et al. are considered, the trends are
in good agreement with this study, where increas-
ing thermal diffusivity led to homogeneous ignition
behavior. Specifically, for the imaging example of
mild ignition provided in [32] α = 9.5 × 10−5 m2/s
(T = 1280 K, P = 1.96 atm) and for the imaging
example of strong ignition α = 15.4 × 10−5 m2/s
(T = 1560 K, P = 1.71 atm).

Fieweger et al. [7] conducted a shock tube study
of iso-octane ignition where they also used Schlieren
imaging and pressure measurements to characterize
the ignition regimes. In their study, Fieweger et al. [7]
used fixed mixture compositions of stoichiometric
amounts of iso-octane and air where χi-C8H18 =
1.65%. The authors confirmed that several distinct
areas of reaction often appeared prior to volumet-
ric ignition for many conditions, with homogeneous
ignition occurring at the highest temperatures con-
sidered. The authors describe the regions of discrete
reaction as deflagrations and refer to the time period
prior to volumetric ignition as the inhomogeneous de-
flagrative phase of the process. A general summary of
the conditions and corresponding observations made
by Fieweger et al. [7] is provided in Table 3. Note
that the pressures and temperatures considered in this
shock tube study (P ∼= 13 atm, T = 970–1330 K) are
comparable to the current work. In agreement with
trends observed in the current work, strong (homoge-
neous) ignition is exhibited by mixtures with higher
thermal conductivity, while mild ignition (with ap-
parent reaction fronts) is observed for mixtures with
lower thermal conductivity.
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Table 3
Summary of conditions and general observations made in the shock tube study of iso-octane ignition by Fieweger et al. [7]

P [atm] T [K] Test gas composition α × 105 [m2/s] Observations

χi-C8H18 [%] χO2 [%] χN2 [%]

39.5 770 1.65 20.7 77.7 0.24 mild ignition + deflagration +
secondary explosion

12.5 973 1.65 20.7 77.7 1.09 mild ignition + deflagration

13.3 1028 1.65 20.7 77.7 1.12 deflagration + secondary
explosion

13.2 1029 1.65 20.7 77.7 1.13 deflagration + secondary
explosion

13.4 1105 1.65 20.7 77.7 1.25 mild ignition + secondary
explosion

13.4 1328 1.65 20.7 77.7 1.68 strong ignition
As a final comparison with previous studies, it is
interesting to consider the results of the current work
in the context of the observations made by Kaiser
et al. [17] in their study of a research engine oper-
ated in HCCI mode using gasoline fuel. Kaiser et al.
observed a dramatic change in the engine-out emis-
sions as the air-to-fuel ratio increased above 70–75
(corresponding to a decrease in fuel mole fraction
below approximately 0.3%). Specifically, the carbon
monoxide emissions increased dramatically, while the
carbon dioxide emissions simultaneously decreased
dramatically at high air-to-fuel ratios. The authors
proposed that the shift in emissions was an indication
of a change in the form of combustion from a high-
temperature flame process (predominant at low air-to-
fuel ratios) to a low-temperature autoignition mecha-
nism (predominant at high air-to-fuel ratios). The re-
sults of the current work demonstrate the significance
of the local heat dissipation rates and thermal gra-
dients under these low-temperature, low-fuel-mole-
fraction conditions. The shift in emissions observed
by Kaiser et al. [17] may be directly related to the
decrease in the thermal diffusivity of the fuel/air mix-
tures, thus affecting the presence of reaction fronts at
low load conditions.

5. Conclusions

The current work has demonstrated the existence
of two distinct ignition regimes for iso-octane at high
pressures and intermediate temperatures. The regimes
are consistent with ignition theory and the results
serve as the first experimental data to capture and
quantify the characteristics of the modes of ignition.
For the range of conditions studied, the regimes are
delineated by a critical fuel mole fraction. The re-
action fronts propagate at a rate proportional to a
characteristic temperature gradient and their presence
appears to be a function of the thermal diffusivity of
the test gas mixture. The results for ignition delay
time indicate that the primary effect of the reaction
fronts is to increase the pressure in the test chamber
and thereby accelerate volumetric ignition. A homo-
geneous model and the reaction mechanism for iso-
octane by Curran et al. [28] yield predictions for τign
that are in excellent agreement with the experimental
data. As many advanced combustion methods utilize
lean, low-temperature premixed strategies under con-
ditions similar to those studied in the current work,
the data provide both valuable insight into anticipated
ignition performance and quantitative data critical to
validating and refining ignition theory.
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