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a b s t r a c t

Recent modifications to the University of Michigan rapid compression facility (UM RCF) were made to
allow direct imaging of flame/autoignition interactions using compression to initiate autoignition chem-
istry and a spark plug to initiate simultaneous flame development. The experimental data in this study
quantify the effects of spark-initiated flame propagation on autoignition of iso-octane/O2/inert gas mix-
tures at well-defined initial conditions. The work leveraged the controlled environment of the UM RCF, in
which temperature, pressure, and composition are nominally uniform and well-known at the end of com-
pression. Flame initiation by the spark plasma, flame propagation, and autoignition were monitored using
high-speed optical imaging of chemiluminescence and in situ pressure time histories. End-of-compres-
sion temperatures from TEOC = 942–1012 K were considered, while the end-of-compression pressures
were nominally constant within the range of PEOC = 7.8–9.5 atm. The fuel-to-O2 molar equivalence ratio
was varied from / = 0.20–0.99 and dilution, defined as the molar ratio of inert gases to O2 in the reactant
mixture, was varied from inert:O2 = 3.76–7.47 to determine the effects on flame/autoignition interactions
as well as to identify the lean flammability limit of the mixtures as a function of dilution. Flame propa-
gation is generally expected to decrease autoignition delay times by compression heating the unburned
portion of the mixture. The effect of flame propagation was maximized in these experiments by igniting
the mixtures early during the autoignition process. Later spark timings had small to negligible effect on
the autoignition delay time. Dilution had significant effect on the lean flammability limits, increasing
from a lean limit of / = 0.35 at air levels of dilution to / = 0.65 at inert:O2 dilution of 7.5. The flammability
limit was well correlated with the theoretical adiabatic flame temperature of each experiment. The prop-
agation rates of flames successfully initiated by the spark plasma were determined from the imaging data
and were �1 to 12 m/s. The magnitude of the propagation rates and the effect on the time integrated
temperature scaled with the energy content of the mixtures as indicated by the theoretical adiabatic
flame temperature.

� 2014 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction

Advanced modes of internal combustion (IC) engine operation
have potential to dramatically improve IC engine efficiencies while
simultaneously lowering engine emissions [1–5]. Advanced engine
operating strategies include low temperature and fuel lean condi-
tions, which enable higher compression ratios and may reduce the
need for exhaust gas after-treatment [2–5]. Homogeneous charge
compression ignition (HCCI) is a low temperature combustion
strategy that has been the focus of numerous experimental and
computational studies in the past decade. Several excellent articles
review research progress on HCCI and other advanced engine strat-
egies including discussions of important limitations of current sci-
entific understanding [2,5], demonstration of operating modes
[2,4,5], and advances (existing and required) in related engine
technology [2,4,5].

Methods of advanced combustion in IC engines often encom-
pass mixed modes of combustion, in which flames and autoignition
processes are simultaneously contributing to combustion and heat
release rates. For example, during spark-assisted compression igni-
tion (SACI), a spark plug is used to initiate a flame into the nomi-
nally homogeneous or partially stratified fuel/air charge in an
internal combustion engine. SACI has been demonstrated to
expand high and low load operation beyond HCCI boundaries
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[6–8]. However, methods to optimize SACI and other mixed modes
of combustion are limited by the lack of fundamental understand-
ing of flame propagation and autoignition interactions at condi-
tions relevant to advanced engine strategies. Moreover, advanced
combustion strategies like HCCI, SACI and gasoline direct injection
(GDI) often consider highly dilute operation as a means to achieve
high efficiency goals and meet emerging and more strict emissions
requirements. These strategies typically target either (globally)
fuel lean or stoichiometric conditions. The combination of high
levels of dilution and fuel lean reactant mixtures is particularly
challenging, as flame propagation and heat release rates decrease
dramatically compared to undiluted stoichiometric conditions.

There is also a significant lack of fundamental combustion data,
such as flame speeds and flammability limits at the state and reac-
tant mixture conditions important to advanced combustion in IC
engines. This gap complicates optimizing engine operation, espe-
cially the development and validation of theory and models which
accurately describe mixed modes of combustion like SACI.
Consequently, the objective of the current study is to experimen-
tally characterize flame and autoignition interactions of iso-octane
(an important reference fuel) and air mixtures at premixed, moder-
ate temperature (925–1000 K) and pressure (>7.5 atm) conditions
relevant to advanced engine strategies. The technical approach of
this study leverages the well-defined mixture and state conditions
that can be created using a rapid compression facility (RCF). Previ-
ous studies have demonstrated the value of RCFs as experimental
platforms for providing important insights into the effects of mix-
ture stratification on spark ignited flames during direct injection of
the fuel [9–13]. Much has been learned from these previous RCF
studies, including the effects of spark and fuel timing on mixture
stratification and the resulting flame propagation [9–13]. The focus
in the current work differs fundamentally from these previous
studies as the focus is on flame/autoignition interactions at condi-
tions with nominally homogeneous initial conditions, where ther-
mal and mixture stratification have been minimized prior to spark
igniting the mixture. Specifically, the effects of flame propagation
on the autoignition delay time are determined in this study and
the flammability limit for lean, dilute, premixed iso-octane air
mixtures is determined. Measurements of flame propagation rates
were also made for mixtures in which flames were successfully ini-
tiated and sustained in the test gas mixture.
2. Experimental approach

All experiments were conducted using the University of
Michigan rapid compression facility (UM RCF) which has been used
for numerous autoignition studies, including extensive character-
ization of iso-octane autoignition [14–17]. The UM RCF is essen-
tially a chemical reactor that creates nominally uniform
temperature and pressure conditions using a free piston to com-
press a test gas mixture. The test section of the UM RCF provides
excellent optical and physical access to interrogate the gases dur-
ing autoignition. The technical approach used in this study com-
pared autoignition data with and without the use of a spark plug
to initiate flames during the ignition delay time. The autoignition
characteristics of the mixtures were determined using the pressure
time history, and the characteristics of flame propagation were
determined using high-speed imaging. The spark/autoignition
experiments were also used to identify flammability limits as a
function of dilution for fuel lean iso-octane air mixtures.
2.1. Rapid compression facility details

Details of the dimensions, operating procedure, and results of
RCF characterization studies have been described previously and
can be found in Donovan et al. [18] and He et al. [15]. The key fea-
tures are highlighted here: the UM RCF consists of a driver section,
driven section, test section, a sabot or free piston, a globe valve,
and a mixing manifold. The driver section is separated from the
driven section by a fast acting hydraulic globe valve assembly.
Due to the high pressure differential across the globe valve assem-
bly, a thin (0.05 mm thick) and scored plastic (Mylar) sheet is
placed between the vacuum side of the valve assembly and the dri-
ven section to prevent air leaking into the evacuated driven sec-
tion. The RCF achieves desired thermodynamic conditions
through compression heating of the test-gas mixture by the sabot.
The sabot consists of a solid plastic (Delrin) body with a brass
counterweight located in the posterior and a detachable disposable
nosecone made of deformable ultra-high molecular weight poly-
ethylene. The sabot design includes two u-ring seals to minimize
blow-by of the driver gases into the driven section during com-
pression of the test-gas mixture.

As shown in Fig. 1, downstream of the driven section is the test
manifold, which consists of the converging, extension, and test sec-
tions. The converging section traps the cold boundary layer gases
outside the test section to maximize test times at high tempera-
tures and pressures, by minimizing fluid mixing and heat losses.
The critical dimensions of the extension section are the internal
diameter of 5.08 cm and the axial length of 8.05 cm.

A new test section was fabricated from 316L stainless steel for
this study to allow a spark plug to be mounted in the test section.
The critical dimensions of the test section are the internal diameter
of 5.08 cm and the axial length of 5.88 cm. For each experiment,
the sealed test volume consists of the test section volume and part
of the extension section volume. The nosecone seals the test sec-
tion by an annular interference fit in the extension section, result-
ing in a nominal test volume of 186.1 cm3. The test section is
sealed using a polycarbonate endwall, 12.7 mm thick, and a load
distribution plate that allows optical access for end-view imaging.
Polycarbonate is more durable than quartz and polycarbonate pro-
vides comparable transmission efficiency to quartz in the visible
spectrum, where the transmission efficiency of quartz is �90%
and of polycarbonate is 85–90% in the wavelength range 390–
700 nm.

The pressure time histories for each experiment were measured
using an amplified high-speed transient piezoelectric pressure
transducer (Kistler 6045A transducer and Kistler 5010B charge
amplifier). As shown in Fig. 1, the pressure transducer was
mounted on the bottom of the test section (i.e. at the piston or
end view 6 o’clock position), and the spark plug was mounted at
the 11 o’clock position. The orientation of the transducer and spark
plug are not expected to effect the results of this study. The infor-
mation is provided to orient the imaging data. All data except the
camera imaging results were recorded using a 32 bit data acquisi-
tion system (National Instruments cDAQ-9172) operating at
100 kHz and collected using a custom data acquisition program
(LabView, 2011).

2.2. Spark ignition system details

The spark ignition system used in this study is similar to tradi-
tional electronic ignition systems used in automotive applications.
The spark plug is a production flat seat iridium tip model (NGK IX
BKR6EIX-11) set with a 1.1 mm gap between the central and
ground electrodes. The central electrode sits 5 mm proud relative
to the wall of the test section. An ignition module (Wells DR178)
was used to signal an ignition coil (Accel 140024) with a maximum
discharge voltage of 48,000 V. The ignition coil was powered by a
regulated power supply capable of 12 A output (Pyramid PS-
14KX 13.8 V) and connected to the spark plug using a spiral
wound, silicone-sleeved, low resistance conducting spark plug
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Fig. 1. Schematics of the UM RCF showing the driven section, the test manifold, and the high-speed camera. The sabot location corresponds to the end of compression in the
test section.
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wire. The amount of spark discharge energy was not changed
throughout the experimental study. Thus, within the tolerance
expected for a typical production automotive ignition system, the
spark discharge energy remained constant for every experiment.
The minimum ignition energy for each mixture composition will
vary to some degree. The results may therefore be sensitive, to
some extent, to the amount of ignition energy introduced to the
test-chamber.

The ignition module was triggered by the falling edge of a 2.5 V,
2 ms square wave produced by a digital delay/pulse generator
(Stanford Research, Inc. DG535). The combined resistance of the
secondary coil, insulated connecting wire, and the spark plug
was measured to be 14.25 kO. The timing of the spark discharge
was targeted to occur at the end of the first quartile of the pre-
dicted ignition delay time as determined by evaluating the Walton
et al. [14] iso-octane correlation at the targeted experimental con-
ditions. This methodology ensured the spark discharge occurred
after the end of compression by the sabot and during the early por-
tion of the autoignition delay period, to allow the maximum time
for a potential flame to propagate.

2.3. High-speed imaging system details

A high-speed color digital video camera (Vision Research Phan-
tom v711) was located downstream of the transparent end wall
along the axis of the test section to record end-view imaging dur-
ing the experiments. The high-speed camera featured a 1280 � 800
pixel CMOS sensor (Vision Research) with a 7 gigapixel/s through-
put capable of recording from 7530 frames per second (fps) at a
maximum resolution of 1280 � 800 pixels to 680,000 fps at a
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maximum resolution of 128 � 8 pixels. The CMOS sensor used a
combination of four filters to achieve particular spectral response
resulting in red, green, and blue output signals. The blue signal
was acquired using a bandpass filter with peak transmittance at
455 nm and half-power transmittance at wavelengths of 406 nm
and 508 nm. The green signal was acquired using a bandpass filter
with a peak transmittance at 540 nm and half-power transmit-
tance at wavelengths of 478 nm and 596 nm. The red signal was
acquired using a bandpass filter with peak transmittance at
636 nm and half-power transmittance at wavelengths of 579 nm
and 660 nm. A low-pass filter with a cutoff frequency of approxi-
mately 715 nm was used to attenuate infrared emission. The cam-
era lens assembly included a 50 mm high-speed lens (Navitar DO-
5095 f/0.95), a 62 mm magnification lens (Hoya +4) to decrease the
depth of field, and a 62 mm lens filter (Hoya Pro1 Digital) to reduce
internal light scattering and reflections in the lens assembly. The
front lens element (Navitar DO5095) is made of single anti-reflec-
tive coating glass that can reflect up to 4–5% of incoming light. The
lens filter is a multi-coated filter that features three layers of anti-
reflective coating, thus reducing the reflected light to just 1–2% of
incoming light. Internal light scatter, caused by stray reflected
light, should be reduced because stray light can hit the CMOS sen-
sor and create non-physical effects such as flares or ghosting. The
camera was triggered using a digital delay/pulse generator (Stan-
ford Research, Inc. DG535). The recording time was centered on
the end of compression (i.e. the nosecone seating event) by apply-
ing a delay of 6.5 ms from when the digital delay/pulse generator
was initially triggered by the sabot.

Camera software (Vision Research Phantom Software PCC
2.0.717.0) was used to set-up, calibrate, and capture all relevant
videos. The camera was focused on the plane of the spark plug
electrode prior to every experiment using a high exposure setting
and corresponding low frame rate setting. A digital white-balance
was performed as necessary using a white calibrating sheet of
paper to ensure the red, green, and blue signals were balanced in
magnitude. The exposure was decreased until the sensor did not
detect any pixel saturation; at this point, the digital white balance
was performed through the software. The camera settings were
then adjusted to the appropriate resolution (512 � 512 pixels),
frame rate (10,000 fps), and exposure (99.64 ls) settings for the
experiments. For the settings applied in this study, one pixel is
equal to approximately 0.1 � 0.1 mm. The zero signal level for
the CMOS array was calibrated with the lens cap on the camera
using the current session reference function of the camera control
software.

The high-speed videos were analyzed frame-by-frame using a
combination of the camera specific software (Phantom SDK
12.0.705.0) and algorithms developed for this work and imple-
mented in Matlab (R2012a). The image analysis was used to deter-
mine the location of the flame front in each image, for experiments
where a flame was successfully initiated. For each experiment, a
threshold was applied to convert the color images to binary scale,
and an origin was defined as the centroid of the spark discharge.
Vectors originating from the centroid were used to determine the
location of the flame front in each frame. As will be shown later,
the flames were often irregular in shape, and apparent flame prop-
agation rates were determined along the measurement vectors
from the time histories of the flame front location.

2.4. Experimental procedure

The test gas mixtures were made in a stirred mixing tank exter-
nal to the RCF. A manifold was used to prepare the test gas mix-
tures using ultra high-purity components. The purity and source
of the reactants are provided in the supplemental material. The
partial pressures of the gases (0–100 torr and 0–1000 torr) were
measured using two capacitance diaphragm pressure gauges,
respectively (Varian CeramiCel VCMT12TFA and VCMT13TFA).
The partial pressures were varied in different mixtures to achieve
the targeted molar fuel to oxygen equivalence ratio, /, and inert
gas to oxygen, I:O2, molar ratio. Each test gas mixture was stirred
at 500 rpm for a minimum of 20 min to ensure mixture
homogeneity.

After the test gas mixture was prepared, each ignition experi-
ment used the following process. The sabot was placed at the
upstream end of the driven section. The driven section was evacu-
ated and then filled with the test gas mixture to an initial pressure
of Po = 63.6–67.3 ± 0.3 torr. The hydraulic globe valve was actuated,
launching the sabot down the length of the driven section until the
nosecone of the sabot seated via an interference fit in the extension
section. The RCF was disassembled, cleaned, and re-assembled
between each experiment.

A laser diode (50 mW, 532 nm) paired with a photodetector
(Hamamatsu S1787-12) were located slightly upstream of the test
section (aligned orthogonal to the axis of the RCF) and used to
determine the time the sabot passed the laser diode/photodetector
location. When the sabot passed the measurement port (and
blocked the laser beam), a signal was sent from the photodetector
to trigger two digital delay/pulse generators (Stanford Research,
Inc. DG535) that in turn triggered the spark and data acquisition
systems. The effect of changing the spark timing on the lean flam-
mability was investigated for certain experiments. The time of the
spark discharge was varied from the end of the first, second, and
third quartiles of the predicted autoignition delay time. No effect
of spark timing was observed on the lean flammability limit. For
the majority of the experiments, the spark timing was set for the
end of the first quartile of the predicted ignition delay time, in
order to maximize the time for flame propagation and therefore
maximize the effects of flame propagation on autoignition.
3. Results

3.1. Flame effects on test gas conditions

Experiments were conducted over a range of mixture composi-
tions, targeted temperatures and pressures, and with and without
the use of the spark plug to initiate flames. Figure 2 shows typical
pressure time history and imaging results for an experiment in
which the spark system was applied. The results are for a mixture
with an inert gas to oxygen ratio of I:O2 = 4.99 (mole basis) and a
fuel to oxygen equivalence ratio of / = 0.99 (mole basis). The pres-
sure and pressure derivative time histories are shown in the upper
panel. Select frames from the imaging sequence are shown in the
lower panel. The images in the figure are color enhanced for clarity,
and not all frames in the video file are presented. The end of com-
pression (EOC) pressure for the experiment is PEOC = 8.4 atm and
the EOC temperature is TEOC = 976 K, as determined by numerical
integration of the isentropic compression relation Eq. (1)

Z TEOC

To

c
c� 1

d lnðTÞ ¼ ln
PEOC

Po

� �
; ð1Þ

where Po is the initial charge pressure, To is the initial charge tem-
perature (typically 298 K), and c is the temperature dependent ratio
of the specific heats of the unreacted mixture, which is determined
using the NASA polynomial fits to their thermodynamic properties
[19].

In Fig. 2, EOC is set as time t = 0, and volumetric autoignition
of the mixture is indicated by the maximum rate of pressure
rise after the EOC, dP/dtmax. Volumetric autoignition also
corresponds with the high intensity chemiluminescence that fills
the imaging window in the last frame of the sequence presented



Fig. 2. The top panel presents the pressure and pressure derivative time histories
for a typical iso-octane autoignition/flame interaction experiment (I:O2 = 4.99, /
= 0.99, TEOC = 976 K, and PEOC = 8.4 atm). The lower panel presents selected frames
from the video sequence. The spark triggering signal (arbitrary units) is included for
reference as the dotted line.
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in the lower panel of Fig. 2. The autoignition delay time, sign, is
determined from the pressure and pressure derivative time his-
tories as the elapsed time between the PEOC and maximum rate
of pressure rise, dP/dtmax, as shown in Fig. 2.

The effects of the spark are evident in the pressure time history
and the imaging sequence. The compression process prior to the
EOC is smooth. Immediately following EOC, there is a slight obser-
vable decrease in the test section pressure caused by cooling of the
test gases due to the colder test section walls. The decaying oscil-
latory behavior in the pressure signal, observed temporarily after
the EOC, is an artifact of the fast Fourier transform filter used to
reduce the noise recorded by the pressure transducer which origi-
nates from the impact of the nosecone seating. The spark trigger
signal is included for reference in the upper panel of Fig. 2 as the
dotted line (arbitrary units). The falling edge of the spark trigger
signal occurs at t = 3.63 ms, and the spark plasma appears within
approximately 110 ls of the trigger signal in this experiment. A
flame kernel is initiated by the spark discharge, and a flame prop-
agates outward from the spark electrode. Within approximately
1 ms of the falling edge of the spark signal, the pressure in the test
section starts to increase. The rate of pressure rise steadily
increases prior to volumetric ignition, and as seen in the imaging
data, the pressure rise correlates with the progress of the flame
propagation through the test gas mixture. The increase in pressure
prior to volumetric autoignition is primarily associated with com-
pression heating of the remaining unburned mixture by the spark
initiated flame. Pressure rise can also occur due to exothermic
reactions during the autoignition delay time. As will be shown
below, the chemical contribution can be small relative to the
effects of compression heating; however, the relative contributions
will be a function of the volume of the test section and the energy
content of the mixture.

EOC conditions are appropriate initial conditions for each
experiment and a summary of the EOC conditions is provided in
Table 1. Additionally, in previous UM RCF autoignition studies
[14,20], time-integrated values for pressure and temperature were
found to represent the test conditions quite well, in terms of
correlating sign data with the average state conditions experienced
by the unburned mixture throughout the autoignition delay time
period. In this study, the time integrated conditions are outcomes
of the flame and autoignition interactions for a specific set of mix-
ture composition, spark timing, and EOC conditions. As seen in
Fig. 2, using the EOC conditions to define the state conditions of
the experiment would improperly estimate the pressure (and con-
sequently the temperature) of the gases in the test section at the
time of volumetric autoignition. For these experiments, the time-
integrated values capture the effects of heat losses as well as the
(potentially offsetting) effects of compression heating due to flame
propagation. Thus, the effective state conditions reported in the
current work are results of each flame/autoignition interaction
experiment, and the effective conditions reflect the extent to which
the EOC conditions have been affected by flame propagation and
heat losses.

As in previous UM RCF studies [14,20], the effective pressure,
Peff, for each experiment is defined as the time-integrated average
pressure from the maximum pressure due to compression (PEOC) to
the time of maximum rate of pressure rise, dP/dtmax, or

Peff ¼
1

ðtdP=dt max � tPEOC Þ

Z tdP=dt max

PEOC

Pdt ð2Þ

The corresponding effective temperature, Teff, for each experiment is
determined using the same form as Eqn. (1), in which the end of
compression parameters are replaced with the effective pressure
and temperature:
Z Teff

To

c
c� 1

d lnðTÞ ¼ ln
Peff

Po

� �
ð3Þ

For reference, the effective conditions for the results presented in
Fig. 2 were Peff = 8.8 atm, and Teff = 985 K, and the EOC conditions
were PEOC = 8.4 atm, and TEOC = 976 K.

The effects of flame propagation on pressure time history and
resulting autoignition delay time are directly compared in Figs. 3
and 4. Pressure and corresponding imaging data for a spark-
initiated flame/autoignition experiment and a non-sparking
autoignition experiment are presented in Figs. 3 and 4, respec-
tively. The end of compression conditions for the two experiments
are virtually identical (spark-initiated experiment: PEOC = 8.1 atm,
TEOC = 942 K; autoignition experiment: PEOC = 8.2 atm, TEOC = 945
K). As seen in Fig. 3, the two pressure time-histories remain within
<1.5% until approximately 5 ms after the spark has been dis-
charged or about 16 ms after the end of compression. The effects
of compression heating by flame propagation lead to higher effec-
tive conditions for the spark-initiated experiment of Peff = 8.2 atm
and Teff = 945 K, compared to the autoignition experiment condi-
tions of Peff = 7.5 atm and Teff = 926 K. Note that the non-sparking
experiment shows effects of chemical exothermicity during the
ignition delay time. However, comparison of the two pressure time
histories immediately prior to autoignition shows the contribution
from compression heating to the increase in pressure is signifi-
cantly higher than the contribution from chemical reactions for
these particular experiments. The autoignition of the spark-
initiated experiment is accelerated by 31% compared to the base-
line autoignition delay time (spark-initiated experiment:
sign = 26.9 ms; autoignition experiment: sign = 39.0 ms). The imag-
ing data of Fig. 4 show the uniform and rapid chemiluminescence
associated with autoignition of the non-sparking autoignition
experiments; note the compressed time scale of the images of
the upper panel compared to the lower panel. For the upper panel,
the peak illumination intensity corresponding to the autoignition
event occurred between the fourth and fifth frames. The imaging
data of the spark-initiated experiment show a complex and irreg-
ular flame surface is formed by the spark plasma, and the flame



Table 1
Summary of experimental conditions and results for autoignition/flame interaction experiments. The mixture composition is provided on a mole basis. The equivalence ratio is based on iso-octane to O2 molar ratios. Experiments in
which flames were successfully initiated by the spark discharge include the average propagation rate of the flames, Uavg. Experiments in which flames were not successfully initiated by the spark are denoted as below the flammability
limit, BFL. Experiments in which flames were successfully initiated but apparent flame speed measurements were not performed are denoted as above the flammability limit, AFL.

/ Inert :O2 Test gas compositiona TEOC (K) PEOC (atm) Teff (K) Peff (atm) sign (ms) sspark
b (ms) Uavg (m/s) Tad

c (K) Density ratiod (qB/qU) Cv
e (J/mol-K)

vi-C8H18 (%) vO2 (%) vN2 (%) vAr (%)

0.20 3.76 0.33 75.14 20.94 0.01 988 8.9 966 8.1 30.5 11.9 BFL 1600 0.61 26.9
0.30 4.98 0.40 80.72 16.66 2.23 998 8.3 983 7.8 23.8 7.3 BFL 1743 0.56 26.2
0.30 3.76 0.50 77.90 20.90 0.00 977 8.4 959 7.8 26.1 9.0 BFL 1879 0.51 27.0
0.30 3.76 0.50 77.90 20.90 0.01 988 8.8 968 8.1 20.9 8.8 BFL 1888 0.51 27.0
0.40 3.76 0.66 74.71 20.87 3.76 978 8.6 965 8.1 20.5 7.0 1.4 2152 0.44 27.0
0.40 4.99 0.53 82.51 16.60 0.00 985 8.7 964 8.0 26.0 9.9 BFL 1934 0.50 27.0
0.49 4.98 0.66 79.31 16.61 3.43 976 8.4 965 8.0 22.9 9.4 1.5 2144 0.44 27.0
0.49 7.46 0.47 83.88 11.77 3.88 1000 8.4 986 7.9 26.3 9.2 BFL 1870 0.53 26.1
0.50 3.76 0.83 68.83 20.84 9.51 978 8.4 980 8.5 13.8 4.9 3.1 2415 0.39 27.0
0.50 3.76 0.83 68.83 20.84 9.50 986 8.8 978 8.4 14.9 4.6 2.7 2420 0.40 27.1
0.50 4.98 0.66 79.31 16.60 3.43 976 8.5 959 7.9 27.1 10.1 0.9 2146 0.44 27.0
0.50 4.99 0.66 81.31 16.58 0.00 953 8.5 933 7.8 38.2 14.1 1.3 2098 0.44 27.5
0.50 4.99 0.66 81.31 16.58 0.01 954 8.6 936 7.9 35.7 13.6 1.5 2098 0.44 27.5
0.50 4.99 0.66 78.60 16.58 4.16 957 7.8 954 7.7 27.4 5.1 1.5 2135 0.44 26.8
0.50 4.99 0.66 72.50 16.58 10.26 996 8.2 985 7.8 18.1 6.2 2.2 2198 0.44 26.3
0.50 7.47 0.47 86.64 11.76 0.00 978 8.4 960 7.7 38.2 12.3 BFL 1828 0.53 26.7
0.59 7.47 0.56 87.22 11.74 0.01 979 8.4 956 7.7 37.2 9.9 BFL 1977 0.49 27.0
0.60 4.99 0.79 75.81 16.56 6.84 990 8.9 972 8.3 18.9 6.3 2.1 2360 0.41 27.2
0.69 4.99 0.92 71.14 16.54 11.40 983 8.8 979 8.6 14.6 5.0 3.1 2541 0.37 27.2
0.69 7.45 0.65 84.65 11.76 2.94 974 8.3 954 7.7 37.8 11.3 1.6 2132 0.45 26.9
0.69 7.47 0.65 85.01 11.74 0.01 950 8.5 930 7.8 52.2 14.8 0.9 2077 0.45 27.6
0.70 4.99 0.92 76.87 16.54 5.68 942 8.1 945 8.2 26.9 11.1 2.7 2480 0.37 27.5
0.73 7.41 0.69 83.12 11.80 4.38 986 9.0 974 8.6 24.3 6.4 AFL 2212 0.43 26.9
0.73 7.42 0.69 83.13 11.79 4.38 977 8.7 974 8.5 23.2 6.0 AFL 2206 0.43 26.9
0.73 7.42 0.69 78.34 11.80 9.17 1012 9.2 1005 9.0 14.7 4.1 AFL 2259 0.44 26.5
0.74 7.43 0.69 83.13 11.78 4.39 985 8.9 969 8.3 27.1 17.7 AFL 2214 0.43 26.9
0.74 7.43 0.69 83.13 11.79 4.39 998 9.5 980 8.8 22.0 6.2 AFL 2225 0.44 27.0
0.74 7.43 0.69 78.34 11.78 9.19 1012 9.2 1005 8.9 15.0 8.0 AFL 2262 0.44 26.5
0.74 7.44 0.69 83.14 11.77 4.39 984 8.9 968 8.3 29.4 12.1 AFL 2213 0.43 26.9
0.79 7.46 0.74 82.84 11.73 4.68 978 8.4 966 8.1 27.5 7.3 1.7 2280 0.42 27.1
0.99 3.76 1.64 44.18 20.66 33.52 972 8.3 1002 9.5 5.0 1.3 11.7 3119 0.28 27.6
0.99 4.99 1.31 59.11 16.47 23.11 976 8.4 985 8.8 10.0 3.6 6.1 2892 0.32 27.4
0.99 7.46 0.93 77.10 11.71 10.26 974 8.3 974 8.4 21.5 4.9 2.1 2509 0.37 27.2

a Balance CO2.
b Time from the end of compression to the falling edge of the spark trigger signal. See text for details on how spark timing was selected.
c Adiabatic flame temperatures were calculated assuming a constant volume using the initial reactant composition and the end of compression temperature and pressure for each experiment.
d The density ratio was calculated based on the initial reactant mixture and effective conditions of the unburned gases (qU) and the theoretical mixture composition and effective conditions of the burned gases (qB).
e The mixture heat capacity was calculated based on the initial reactant mixture and the end of compression temperature (TEOC).
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Fig. 3. Comparison of the effects of spark ignition on the pressure and pressure
derivative time histories for iso-octane/O2 mixtures with the same mixture
composition and virtually identical end of compression conditions (spark experi-
ment: TEOC = 942 K, and PEOC = 8.1 atm, no-spark experiment: TEOC = 945 K,
PEOC = 8.2 atm).
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propagates outward from the spark plug electrode. Autoignition for
the sparking experiments occurs in the volume of the unburned
gases after the flame has propagated nearly halfway across the
diameter of the test section.

Non-sparking experiments were conducted to ensure the new
test section reproduced previous UM RCF measurements of autoig-
nition delay times for iso-octane. A summary of these baseline
autoignition experiments is provided in the supplementary mate-
rial in Table A1 which includes the mixture composition, end of
compression pressure and temperature, effective pressure and
temperature, and autoignition delay time data. The results of the
current work for baseline autoignition delay times agree well with
previous UM RCF iso-octane autoignition data from Walton et al.
[14] as seen in Fig. A1 of the supplementary material. The cumula-
tive experimental uncertainty of the autoignition delay time for
the experiments in this study was ±15%.

The experiments in this work considered a broad range of
compositions with equivalence ratios of / = 0.20–0.99 and inert
Fig. 4. High-speed imaging data (selected frames) corresponding to the two ignition expe
experiment and the lower panel presents frames from the sparking experiment. Time s
to oxygen dilution ratios of I:O2 = 3.76–7.47 (mole basis); however,
the pressures and temperatures intentionally spanned a narrow
range to facilitate the determination of lean flammability limits
and to minimize the effects of state conditions on flame propaga-
tion. Consequently, the end of compression pressures spanned
PEOC = 7.8–9.5 atm, and the end of compression temperatures
spanned the range TEOC = 942–1012 K. Table 1 provides a summary
of the results of the experiments in which the spark discharge sys-
tem was applied. The results include the mixture composition,
state conditions, autoignition delay time data and information on
whether a flame was successfully initiated for each experiment.
The experiments in which flames were not successfully initiated
are identified as below the flammability limit (BFL) in Table 1
and were used to identify the lean flammability limits for the
mixtures.

In the current work, and with RCM studies in general, buffer gas
composition was varied to control the end-of-compression tem-
perature and pressure of the experiments. While the composition
of the buffer gases can affect autoignition delay times in the nega-
tive-temperature-coefficient region via chemical interactions and
through the heat capacity of the mixture [21], the chemical and
thermal effects are expected to be negligible (<5%) at the condi-
tions studied here, which are outside the NTC region. Additionally,
the heat capacity of each reactant mixture was calculated using the
mixture composition and the end of compression temperature. The
average mixture heat capacity for all mixtures was 26.9 J/mol K
with a standard deviation of 1.4%. Consequently, thermal effects
due to compression heating (and endothermic and exothermic
chemical reactions) are expected to be comparable for all
experiments.

For some experiments, the effects of spark timing were consid-
ered and compared with baseline experiments with identical end
of compression conditions and mixture compositions, but where
the spark system was not used. All these experiments were con-
ducted at conditions above the flammability limit, and flames were
successfully initiated and sustained in each of these sparking
experiments. The pressure time histories for these data are pro-
vided in the Appendix. Experiments where the spark was triggered
in the second (Q2) and third (Q3) quartile showed negligible
impact on the autoignition delay time (within the experimental
uncertainty). Significant effect on the autoignition delay time
was only observed when the flame was initiated early (during
riments presented in Fig. 3. The upper panel presents frames from the non-sparking
= 0 corresponds to the end of compression for both image sequences.



Fig. 6. Summary of the experimental results for lean flammability limits as a
function of dilution.
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the first quartile), e.g. the results presented in Fig. 3; however, not
all Q1 sparking experiments affected the autoignition delay time.
Figure 5 presents the change in the measured autoignition delay
time relative to each corresponding baseline non-sparking mea-
surement for the four end-of-compression temperatures consid-
ered in these experiments. When a decrease in autoignition delay
time was observed, the pressure time history also showed a pres-
sure rise above the baseline prior to the rapid pressure rise of
autoignition, as seen in Fig. 3. As discussed earlier, this pressure
rise is attributed to compression heating of the unburned mixture
by the flame and results in an increase in the effective or time-
averaged temperature of the experiment. Therefore the change in
Teff relative to the baseline non-sparking experiment is also a met-
ric of the impact of flame propagation on autoignition and is pro-
vided in Fig. 5. The data show �2% to 31% decrease in the
ignition delay time due to flame propagation with corresponding
changes in average temperatures of �1 to 19 K. The magnitude of
compression heating is a function of the test gas mixture composi-
tion, spark timing, state conditions, and volume of the test cham-
ber. While the data in Fig. 5 are presented as a function of TEOC,
the energy content of the mixture may be a more appropriate
parameter, as is discussed further below.
3.2. Lean flammability limits

The lean flammability limits defined by the fuel-to-oxygen
equivalence ratio were determined at three levels of dilution for
nominal end of compression conditions of PEOC = 8.6 ± 0.9 atm
and TEOC = 977 ± 35 K. For each dilution level, spark initiated exper-
iments were conducted over a range of equivalence ratios from /
= 0.20–0.99. For each experiment, the spark was triggered and the
imaging data were used to determine if a flame was successfully
initiated and sustained. The effects of flame propagation were also
observable in the pressure time history as a pressure rise prior to
autoignition, as seen in Figs. 2 and 3. For experiments in which
flames were not successfully initiated by the spark discharge, no
additional pressure rise was observed in the pressure time histo-
ries prior to autoignition.

The results of the flammability limit study are presented in
Fig. 6 as a function of mixture dilution. Conditions in which flames
were successfully initiated and sustained in the chamber are pre-
sented as circles, while conditions in which a flame was not suc-
cessfully initiated or the flame quenched before autoignition are
presented as squares. The flammability limit is defined as the mid-
Fig. 5. The effects of flame propagation on the measured ignition delay time and
effective temperature relative to identical baseline autoignition experiments. The
error bars represent the uncertainty in measurements of sign.
point between the conditions in which flames were observed and
conditions in which they were not. Multiple experiments were per-
formed near the lean limit to ensure repeatability and using higher
exposure settings of the camera, to maximize detection of the
chemiluminescence from the flames. Furthermore, the image anal-
ysis code was applied to verify the classification of the experiments
performed near the flammability limit, as the chemiluminescence
could be relatively weak at those conditions. The results show
the lean flammability limit for / increased significantly, by 86%,
from air levels of dilution (I:O2 = 3.76) to the most dilute condition
of I:O2 = 7.47.

3.3. Imaging results of flame propagation rates

For experiments in which flames were successfully initiated by
spark discharge and sustained, the imaging data were used to
determine the propagation rate of the flames. Not all the imaging
data could be analyzed to determine propagation rates, as some
images had high uncertainty in the flame position due to overlap-
ping flame fronts or weak chemiluminescence. However, for imag-
ing data where the flame front was well defined, the location of the
flame front along selected trajectories was determined as a func-
tion of time relative to an origin that was set as the centroid of
the spark discharge. The position of the flame front was deter-
mined along trajectories at 0.0� (horizontal), 26.6�, 45.0� (diago-
nal), 63.4�, and 90.0� (vertical) orientations as shown by the inset
in Fig. 7. For reference, the experimental results presented in
Fig. 7 are from the experimental results presented in Fig. 2 (/
= 0.99, inert to O2 ratio = 4.99, PEOC = 8.4 atm, Peff = 8.8 atm,
TEOC = 976 K, and Teff = 985 K). Results for the position of the flame
along the measurement trajectories are presented in Fig. 7, where
time t = 0 is now defined as the first time the spark plasma was
observed. The time histories of the flame positions were smoothed
using a two-point moving average filter. At early times, the posi-
tion of the flame front was convolved with the spark plasma. After
the flame was successfully initiated, the position data show the
flame grew at similar rates of expansion along the different mea-
surement trajectories for these experimental conditions, i.e. the
flame development was generally uniform. The rapid increase in
the position of the reaction front at t � 5.5 ms was the result of vol-
umetric autoignition.

The propagation rates of the flame front(s) along the trajectories
were determined by differentiating the smoothed flame position



Fig. 7. Time histories of the flame position as determined from the high-speed
imaging data of the experimental results of Fig. 2 (/ = 0.99, inert to O2 ratio = 4.99,
TEOC = 976 K, and PEOC = 8.4 atm). The pressure time history and spark plug trigger
signals are provided for reference. Time t = 0 ms corresponds to the first observation
of the spark plasma. Measurements were made along five vectors with a common
origin (set as the center of the spark plasma) as shown in the inset.

Fig. 9. Time history of the flame position as determined from the high-speed
imaging data of the experimental results of Fig. 3 (/ = 0.7, inert to O2 ratio = 4.99,
TEOC = 942 K, and PEOC = 8.1 atm). The corresponding pressure time history and spark
trigger signal are shown for reference.
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data with respect to time. The results based on the data of Fig. 7 are
presented in Fig. 8. The average rate of propagation of the five tra-
jectories is provided in Table 1 for each experiment where flame
location was well identified. The propagation rate data were not
corrected for stretch, density changes, or the effects of the proxim-
ity of and ignition energy of the spark discharge, and the results are
not flame speed measurements. The propagation rate data describe
the apparent or observed expansion rate of the flame surface. Lam-
inar flame speed measurements cannot be accurately determined
from these experiments for a variety of reasons. Flame stretch cor-
rection theory typically assumes spherical flames [22] and the
flame surfaces observed in this study were irregular in many cases
(see Fig. 4). In addition, there was significant pressure rise during
the time of flame propagation in the current experiments, which
was beyond even the most generous corrections for stretch in a
confined vessel with weak pressure rise [23]. Down-selecting the
data within each experiment to meet the weak pressure rise crite-
rion does not allow for enough usable time history to determine
meaningful flame speed data. As seen in Fig. 8, the deceleration
Fig. 8. Results for apparent flame speed calculated using the derivative of the
corresponding radial position data presented in Fig. 7. Time t = 0.0 ms corresponds
to the first observation of the spark plasma. The measurements are for the five
trajectories presented in Fig. 7.
of the flame front as pressure in the test section increased was sig-
nificant, with speeds decreasing by over 30% from the maximum
rates of �6 m/s to less than 4 m/s immediately prior to autoigni-
tion for this experiment. The variability in the flame speed data
at early times is due to convolution of the flame initiation with
the spark plasma. A minimum flame radius of 6 mm is recom-
mended for flame speed measurements in order to ignore the
effects of the ignition source [24], which would lead to an even
greater down-selection of the data from these experiments. Fur-
ther complicating the assignment of a laminar flame speed deter-
mination is that the flames were propagating into a mixture
which was reacting, and consequently the unburned mixture com-
position was changing as a function of time. For reference, calcu-
lated density ratios of the burned to unburned gases are
provided in Table 1, but the propagation rates reported in the fig-
ures were not corrected for density.

Figure 9 presents another set of flame position data correspond-
ing to the spark-initiated experiment results presented in Figs. 3
and 4. For reference, the experimental conditions for the results
presented in Fig. 9 were / = 0.70, inert to O2 ratio = 4.99,
PEOC = 8.1 atm, Peff = 8.2 atm, TEOC = 942 K, and Teff = 945 K. As in
Fig. 7, t = 0.0 ms corresponds to the first observation of the spark
plasma, and the origin for the measurements was the center of
the spark plasma. Measurements were made along the five trajec-
tories shown in Fig. 7. Unlike in the data of Fig. 7, the expansion of
the flame fronts along the measurement trajectories in this exper-
iment were not uniform spatially or temporally. As seen in the
flame imaging (Fig. 4), the flame surface created by the spark
plasma in this experiment was more irregular in shape with multi-
ple overlapping surfaces. As the flame surfaces interact and merge
over time, abrupt changes in the flame surface along the measure-
ment trajectories are recorded, as seen in Fig. 9, and for this exper-
iment, the flame development was not spatially or temporally
uniform.

The propagation rates derived from the flame position data of
Fig. 9 are presented in Fig. 10. The apparent flame speeds were sig-
nificantly slower (�2 to 3 m/s) when compared to the equivalent
dilution condition of Fig. 8, in which propagation rates of �4 to
6 m/s are observed. Deceleration of the flame surface as pressure
increased in the test section is evident in the data, although not
to the same extent as observed for the higher equivalence ratio
example presented in Fig. 8. The two experiments had similar
effective pressures (Peff = 8.8 and 8.2 atm) with slightly higher



Fig. 10. Results for apparent flame speed calculated using the derivative of the
corresponding radial position data presented in Fig. 9.

Fig. 11. Experimental measurements of the average flame propagation rates as a
function of the theoretical adiabatic flame temperature. The open symbols are the
average propagation rates along each of the measurement vectors shown in the
inset of Fig. 7. The solid symbols are the overall averages for each experiment.
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effective temperature for the data of Fig. 8 (Teff = 985 K) compared
to Fig. 10 (Teff = 945 K). The lower propagation rates of Fig. 10 are
attributed to the slightly lower temperature and the lower equiv-
alence ratio of / = 0.7 compared to / = 0.99.

As described above, average propagation rates were determined
for some of the experiments in which the spark plasma success-
fully initiated a flame. The results were evaluated to determine if
a correlation could be identified between the flame propagation
rates and the ignition experimental conditions, including the reac-
tant composition. The propagation rates were expected to be a
function of the end of compression temperature and pressure,
equivalence ratio, and dilution based on laminar flame theory.
The cumulative effects of these parameters were determined by
calculating the theoretical adiabatic flame temperature for each
experimental condition using the thermochemistry for iso-octane
and other reactants from the iso-octane mechanism (version 3)
of Mehl et al. [25]. The initial reactant composition, temperature,
and pressure were specified from each experimental condition.
The computed results included the effects of dissociation on the
adiabatic flame temperature. The results for the average flame
propagation rates and the individual rates along each measure-
ment vector are presented in Fig. 11 as a function of the theoretical
adiabatic flame temperature. Also included in the data are the con-
ditions in which the spark plasma did not successfully initiate a
flame.

The data show a strong correlation between the observed prop-
agation rates and the energy content of the mixture as represented
by the adiabatic flame temperature. Conditions with low energy
content could not sustain flames and increasing the mixture
strength, increased the propagation rate of the flames. Based on
these results, the effects of flame propagation on autoignition can
be anticipated to be more significant for mixtures with higher
energy content, and the data of Fig. 11 support that there may be
an energy threshold, e.g. Tad > 2000 K, for the conditions studied
here. It would be valuable to develop a quantitative and predictive
measure of the impact of flame propagation on autoignition delay
time. The data presented in the current work provide a valuable
basis for developing such metrics; however, a larger range of pres-
sures and temperatures must be considered for a more complete
understanding of the range of effects that can be observed during
flame/autoignition interactions.
4. Conclusions

The current work presents new data on the initiation and prop-
agation of flames into premixed fuel/air mixtures at well-defined
initial state conditions. The results of the study showed the effects
of flame propagation were maximized when the flame was initi-
ated during the early portion of the autoignition delay period
(e.g. during the first quartile). Later ignition timing (e.g. during
the second or third quartile of the autoignition delay period)
reduced the impact of flame propagation even when flames were
successfully initiated and sustained. When the effects of flame
propagation were apparent on autoignition delay time, the impact
was to accelerate ignition by approximately 2 to 31%. Image anal-
ysis allowed apparent propagation rates of the flames to be deter-
mined. The high-speed imaging data also allowed flammability
limits to be identified at conditions directly relevant to advanced
engine strategies. Dilution had significant effect on the lean flam-
mability limits, increasing from a lean limit of / = 0.35 at air levels
of dilution to / = 0.65 at inert:O2 dilution of 7.5. The flammability
limit was also well correlated with the theoretical adiabatic flame
temperature. These results provide unique, vital, and quantitative
new information for development and validation of theory and
models of flame/autoignition interaction, as well as providing fun-
damental understanding of the physical and chemical interactions
important to multi-mode combustion strategies like spark-assisted
compression ignition. While the data encompass a relatively nar-
row range of pressures and temperatures, the results provide sev-
eral quantitative benchmarks of the impact of flame propagation
on auto-ignition at well-controlled mixture and initial state condi-
tions. Consequently, the data can be the basis for model validation
as well as the development of broader fundamental combustion
criteria to quantify the conditions where spark initiated flame
propagation can impact auto-ignition both adversely (e.g. as in
the case of end knock) and productively (e.g. SACI).
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Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.combustflame.
2014.10.012.
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