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Laminarflame speedmeasurements are carried out for premixed iso-octane/air andn-heptane/airmixtures under

conditions of atmospheric pressure, equivalence ratios ranging from 0.7 to 1.4, and unburnedmixture temperatures

of 298, 360, 400, and 470 K using the counterflow flame technique. These experiments employ the digital particle

image velocimetry technique to characterize the two-dimensional flow field upstream of the flame. As such, the

reference stretch-affected flame speed and the imposed stretch rate can be simultaneously determined. By

systematically varying the imposed stretch rate, the corresponding laminar flame speed is obtained by linearly

extrapolating to zero stretch rate. In addition, the effect of nitrogen dilution level on the laminar flame speed is

investigated by varying the nitrogen molar percentage in the oxidizer mixture from 78.5 to 80.5%. These results are

further used for the determination of overall activation energies at different equivalence ratios. The experimental

laminar flame speeds are subsequently compared with the computed values using two iso-octane reaction

mechanisms and two n-heptane reaction mechanisms available in the literature, followed by discussion and

sensitivity analysis.

I. Introduction

L IQUID hydrocarbon fuels constitute a bulk of the present day
energy sources available for ground and air transportation

systems. Practical fuels consist of a wide array of hydrocarbons,
including straight chain paraffins such as n-heptane, and branched
paraffins such as iso-octane. Surrogate mixtures of pure hydro-
carbons are often used to model the intended physical and chemical
characteristics of practical fuels [1]. The choice of constituents in a
surrogate mixture is dependent on the aspects of the combustion
processes that are targeted for modeling. For practical combustion
devices these intended targets include performance criteria such as
combustion efficiency, ignition delays, and pollutant formation [2].
Iso-octane and n-heptane are the primary reference fuels for octane
rating and are widely used constituents of gasoline surrogates. Iso-
octane has also been used as a significant component (5 to 10% by
volume) to model surrogate blends for JP-8 [3,4]. These surrogate
blends are used both experimentally and computationally to simplify
the complex, naturally based mixtures while retaining the fuels’
essential properties. In developing surrogate kinetic models, the
reaction mechanisms of individual components typically provide the
basis for the surrogate model. This implies that the accuracy of the
surrogate model is directly dependent on the accuracy of the neat
component models.

Laminar flame speed is one of the fundamental properties
characterizing the global combustion of a fuel/oxidizer mixture.
Therefore, at the global level, laminar flame speed data have been
widely used to validate a proposed chemical reaction mechanism.
Recognizing that it is important to have experimental data of high
fidelity for validating the comprehensiveness of a kinetic
mechanism, the present experimental work aims to determine the
atmospheric pressure laminar flame speeds of iso-octane/air and n-
heptane/air mixtures over a wide range of equivalence ratios and
preheat temperatures. Preheating of air is one of the methods
frequently employed in practical combustion devices as a means of
waste heat recovery. Fuel preheating is also employed for heavier
oils to enable better atomization. Thus, in a majority of practical
combustion devices the reactants are in a state of preheat before
entering the combustion chamber. There is also interest in the use of
liquid hydrocarbon fuels as heat sinks in aeropropulsion devices.
This application of liquid hydrocarbon for thermal management
could lead to the production of cracked gaseous products from the
liquid hydrocarbon under certain conditions and the heating up
enhances fuel reactivity [5]. Recognizing the significance of
preheating, the effect of mixture preheating on laminar flame speed
without fuel cracking is studied and the overall reaction activation
energies of varying equivalence ratios are experimentally
determined.

In the last decade, the laminar flame speed data for iso-octane and
n-heptane are available from mainly two different experimental
techniques, namely the outwardly propagatingflame in a combustion
bomb and the counterflow or opposed-jet configuration. These two
prototypical flames are configurationally simple, and hence facilitate
detailed experimentation as well as computational simulation. In
addition, for both flame configurations the corresponding method-
ology of determining laminar flame speed through systematic
extrapolation to zero stretch rate is well established. Bradley et al. [6]
reported the experimental results on iso-octane/air flame speeds
using an optically accessible combustion bomb and high speed
Schlieren ciné-photography. Their experimental conditions ex-
tended over a pressure range of 1 to 10 bar and covered an
equivalence ratio range of 0.8 to 1.2 at an initial mixture temperature
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of 358 K. They also provided flame speed data at preheat
temperatures of 400 and 450K, for equivalence ratios of 0.8, 1.0, and
1.2. Kwon et al. [7] reported atmospheric flame speed data at a
mixture temperature of 298K and an equivalence ratio range of 0.8 to
1.6 for both iso-octane and n-heptane fuels by using the outwardly
propagating spherical flame configuration. Using the counterflow
flame configuration, atmospheric flame speeds of iso-octane/air and
n-heptane/air mixtures have been recently reported by Davis and
Law [8] andHuang et al. [9] at 298 Kmixture temperature and over a
range of equivalence ratios. These stretch-corrected data [6–9] for
laminar flame speeds of iso-octane/air and n-heptane/air flames will
be compared with our current work.

Among the aforementioned stretch-corrected flame speed
datasets, the work of Bradley et al. [6] is the only known source of
iso-octane/air laminar flame speeds under conditions of mixture
preheating. Using a counterflow facility, this investigation
complements the previous endeavors by determining the
atmospheric laminar flame speeds of iso-octane/air and n-heptane/
airmixtures over awider range of preheat temperatures, varying from
298 K to 470 K. In addition, the present study covers equivalence
ratios of �� 0:7 to 1.4 under preheated conditions.

There are several detailed kinetic mechanisms available for n-
heptane and iso-octane. A detailed review of such kinetic models,
along with many other hydrocarbons, has been recently discussed by
Simmie [10]. Specifically, we will compare the n-heptane
experimental data with the numerical results obtained using the
reaction mechanisms of Davis and Law [8] and Seiser et al. [11]. It is
noted that the reactionmechanismofDavis andLaw [8]was based on
the earlier work of Held et al. [12], with the addition of the iso-octane
oxidation steps taken from the more detailed model of Curran et al.
[13]. The n-heptane oxidation mechanism of Seiser et al. [11] was
developed based on the extinction and ignition of n-heptane in
strained laminar flows under nonpremixed conditions. For the
comparison of iso-octane flame speeds, calculations are conducted
using the reaction mechanisms of Davis and Law [8] and Hasse et al.
[14]. Furthermore, while the detailed n-heptane mechanism of
Curran et al. [15] (550 species and 2450 reactions) and the detailed
iso-octane mechanism of Curran et al. [13] (860 species and 3600
reactions) were validated for both high and low temperature
chemistry covering a broad set of equivalence ratios, temperatures,
pressures, and N2 dilution ratios, their large size imposes
computational constraints and prevents us from making a similar
comparison using these two detailed mechanisms.

In the following sections, we shall first detail the experimental
setup and the methodology for determining the laminar flame speed.
Subsequently, the experimental results will be presented and
compared with the computed results using different kinetic
mechanisms, followed by sensitivity analysis and discussion.

II. Experimental Methodology

A. Burner Setup

The counterflow configuration with two opposed burners is used
in the experiments for the determination of laminar flame speed. A
schematic of the flow system and the burners is shown inFig. 1.

The nozzle exit diameter is 13 mm and the separation distance
between the two nozzles is close to 1 diameter. Both burners are
supplied with an identical premixed mixture of vaporized fuel and
air. The desired amount of liquid fuel, delivered by a precalibrated
syringe pump, is first atomized into fine droplets with the aid of
heated nitrogen, and then vaporized in a preheat chamber. The
temperature of the preheat chamber is maintained in the range of
373–393 K. Subsequently, the mixture of the fuel vapor and the
heated nitrogen is mixed with O2 and/or additional N2 to form a
combustible mixture of desired composition. Gas flow rates are
regulated using calibrated sonic nozzles. To prevent condensation of
fuel vapor, the temperature of the entire flow system containing fuel
vapor is maintained at an appropriate temperature by means of
heating elements. The temperature control for the various flow
subsystems is achieved bymeans of four temperature controllers. It is
ensured that at any location in the flow system the partial pressure of

fuel vapor in the mixture is well below its saturation value
corresponding to the local gas temperature. The resulting unburned
mixture temperature is monitored using the thermocouples placed
along the nozzle axial centerline at a distance of 4 cm upstream of the
nozzle exit for minimal flow interference and yet accurate exit
temperature control. A confirmatory check on the mixture
temperature is performed manually using thermocouples at each
nozzle exit before ignition. Furthermore, because the highest
temperatures set in the vaporization chamber and the heated flow
system are less than 400 and 500 K, respectively, and the estimated
flow residence time in the gas line is less than 2 s, the extent of fuel
pyrolysis before fuel being delivered to the burner is expected to be
negligible.

A nebulizer is employed to generate seeding particles for the
velocity measurement using digital particle image velocimetry
(DPIV). Silicone fluid (polydimethylsiloxane) with a viscosity of
50 cS and a density of970 kg=m3 is used as a seeder. To eliminate the
problem of fuel vapor condensation within the nebulizer containing
silicone fluid of relatively lower temperature, a part (�48%) of the
oxidizer without any fuel vapors is diverted for seeding particle
generation. Subsequently, two separate flow streams comprising of
the seeded oxidizer and the unseeded fuel/oxidizermixture aremixed
together in a heated mixing chamber before proceeding to the twin
burners.A bypass valve just upstreamof the burner is used to vary the
flow rate of the combustible mixture through the burners, thereby
allowing for the variation of stretch rate while keeping the mixture
composition and the seeding density constant. A coflow of heated
nitrogen is provided as an inert coannular outer shroud to prevent any
interaction with the ambient air and stabilize the flame. For the tests
conducted at elevated preheat temperatures, active nozzle cooling is
not used. It is observed that the unburned mixture temperature does
not change appreciably (no more than 2 K increase) during a typical
experimental run time for preheat tests.

B. Mixture Preparation

The importance of proper premixing and accurate control over the
constituent components cannot be overemphasized. In the present
experiments, the combustible is a premixed charge of synthesized
oxidizer and vaporized fuel. The mixture preparation involves
mixing of individual components consisting of nitrogen, oxygen,
and the fuel vapor. Controlling the exact mixture composition is one
major cause of inaccuracy in the experiments. The situation is further
aggravated when a liquid component is introduced. An initial
transient in hydrocarbon concentration occurs, dictated purely by the
dynamics of the physical systems involved forflows andmixing in an
experimental setup. Previous works on the explosion bomb have
employed different techniques to ensure that their systems are
uniformly mixed, such as using mixing fans [7] or allowing for long
duration soaking at elevated temperatures [6].

To verify the composition of the mixture that is fed to the burners
in the current experiments, two separate tests are conducted. The first
test verifies the composition of the synthesized air and the second

Fig. 1 Schematic of the current experimental setup.
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confirms that there is no loss of fuel due to condensation. These tests
also help in determining the time duration required for the flow
system to reach steady state in terms of equivalence ratio, and hence
ruling out the possibility of any severe liquid flow rate oscillations
during experiments. Thefinal uncertainty in the quoted results for the
current experiments will be discussed in due course.

The “air” used in the experiments is a mixture of oxygen and
nitrogen in themolar ratio of 1:3:76. A gas chromatographic analysis
of this synthesized air is carried out and compared with that of
ambient air. Figure 2 shows a sample chromatogram obtained for the
synthesized air which is superposed on the chromatogram of ambient
air under identical test conditions. It is seen that argon is present in the
ambient air, but not in the synthesized air. The gas chromatographic
results also confirm the composition of the synthesized air employed
herein.

Further checks are conducted to examine the flow system transient
response for hydrocarbon buildup in the mixture to the final desired
composition. Samples are collected at the burner inlet and the
hydrocarbon detection is conducted by means of a heated flame
ionization detector (FID). Both methane and iso-octane are used as a
representative fuel component for comparison. Methane is used to
simulate the addition of gaseous fuel, whereas iso-octane represents
injection of a liquid fuel into the system. The detector is first zeroed
with nitrogen and then spanned with a known concentration of
methane in air. Because the premixed charge has a hydrocarbon
concentration well in excess of the full-scale range of the FID
detector under rich equivalence ratio conditions, sample dilution is
employed. The ratio of the amount of air in the diluted sample to the
undilutedmixture is 3.5 by volume. The response of the FID, ideally,
is linear on a per carbon atom basis. Hence, the response for C8 is
expected to be 8 times the methane response for the same molar
concentration. In practice, however, a correction factor needs to be
applied, which is obtained from the literature [16]. The experimental
responses are shown and compared with the predicted steady state
values in Fig. 3 for equivalence ratios of 0.8 and 1.4.

It can be seen from Fig. 3 that in the case of a gaseous fuel, steady
state is achieved almost instantaneously, whereas for the liquid fuel
there can be a transient time of more than 2 min before stable
conditions are achieved. The iso-octane data also shows that the
mean responses for equivalence ratios of 0.8 and 1.4 after reaching
steady state, in the time interval of 160–180 s, are, respectively, 97.96
and 97.78% of the predicted values based on the correction factor of
[16]. These tests nonetheless demonstrate the adequacy of the present
setup formixture preparation. Figure 3 also illustrates that it will take
a longer time for the fuel rich case to reach steady state. Taking note
of these response characteristics, the fuel/oxidizer mixture is vented
to an exhaust for time durations in excess of its transient time before
the flame is ignited for measurements so that experimental
repeatability can be assured.

C. Digital Particle Image Velocimetry Specifications

for Velocity Field Measurements

The velocity field of the counterflow configuration is obtained
using a planar DPIV system. The mixture flow is seeded using
submicron-size particles of silicone fluid, as described earlier. The
uniformly dispersed particles in the flow are illuminated by a light
sheet of 0.2 mm thickness in the vertical plane using a dual-laser
head, pulsed Nd:YAG laser. This laser system generates a
120 mJ=pulse light beam at 532 nm with 3–5 ns pulse width. The
light scattered by the seeding particles in the flow field is recorded by
a 12-bit, 1280 � 1024 pixels Dantec HiSense CCD camera with a
pixel pitch of 6:7 � 6:7 �m. The double frame mode of image
acquisition is used, and image pairs are acquired at the rate of 4.5 Hz.
An optical filter with a passband centered around 532 nm is used to
minimize the effects of luminous flame emission on the image. The
Dantec particle image velocimetry (PIV) 2100 system is used to
control and synchronize the image acquisition and firing of laser
pulses, and conduct the subsequent analysis of image pairs using the
cross-correlation technique. The field of view is 11:5 � 9:2 mm and
the magnification M is 0.745. The interrogation subregion size of
32 � 32 pixels with 50% overlap being used for cross correlation
among the image pairs.

The timing between pulses ��t� in these experiments is varied
between 50 to 180 �s. This range of �t is chosen such that for a
given equivalence ratio the maximum measurable velocity does not
exceed 1.4 times the average reference stretch-affected flame speed
over the entire experimental stretch rate range. Because the reference
stretch-affected flame speed is used for the subsequent extrapolation
to obtain the corresponding laminar flame speed, which will be
discussed in Sec. II.F, it is important to keep the accuracy of the
measured reference stretch-affected flame speed being close to the
full-scale accuracy of the present DPIV setup. In addition, Keane and
Adrian [17] have demonstrated that 6 to 10 particles per subregion
are required to obtain a high quality PIV correlation. The criteria
related to particle number density and particle displacement are
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ensured to be met in the experiments. The peak-height validation
method is applied to validate the instantaneous velocity vector map
and remove the spurious vectors. If the ratio of the highest peak to the
second highest peak in the correlation plane is less than 1.2, the
vector is rejected.

D. Seeding Particle Size Measurements

A TSI Model 3310A particle sizer is used to experimentally
quantify the size distribution of the silicone fluid seeding particles
generated by the nebulizer. Several representative flow rates and
compositions are analyzed to obtain a complete set of data. A sample
plot of the size distribution is shown in Fig. 4, along with the
cumulative percentile of the particles counted. It can be seen that 2

3
of

the particles are smaller than 1 �m in diameter and over 90% are
smaller than 2 �m. These relatively low density, micron-size
silicone particles are expected to follow the strained flows studied
here [18].

Since the seeding particles do not survive in the post flame zone, it
is important to determine how the measured flame speed is affected
by the seeding concentration. Using various flame conditions in our
earlier work [9], we have compared the raw data with three different
particle mass loadings, corresponding to 6, 10, and 17 particles per
subregion. Results show that the effect of particle concentration on
the measured flame speed is insignificant for the range of mass
loading investigated. In the present study, �10 particles per
subregion are used in the measurements.

E. Measurement Uncertainties

The unburned gas temperature is measured by means of an
unsheathed fine gage K-type thermocouple at the nozzle centerline
with a wire diameter of 0.25 mm and a bead diameter of 0.52 mm.
The maximum uncertainty estimated in the temperature measure-
ment is less than 5 K.

Sonic nozzles formetering gases, such asN2 andO2, are calibrated
by a wet test flowmeter. The upstream pressure of each sonic nozzle
is monitored by a pressure gage with a full-scale accuracy of
�0:25%. The uncertainty associated with the mass flow rate of the
liquid fuel using the present syringe pump is estimated to be within
1%.

Following [19], the full-scale accuracy in the velocity
measurement of the present DPIV is determined by
���t=T�2 � ��d=D�2	1=2, where �t is the discriminative minimum
period between pulses, T is the period between pulses, �d the
discriminative minimum displacement, and D the maximum
displacement determined by the 1

4
rule. As mentioned earlier, D is 8

for the subregion size of 32 � 32 pixels. For particle images
spanning 1 to 2 pixels, the discriminative correlation peak position is
approximately 0.1 pixels for the three-point Gaussian peak
estimators used, namely �d is 0.1 [20]. The timing error �t=T is

typically negligible using a Nd:YAG laser. For the common Nd:
YAG lasers, �t � 4 ns. If T is 50 �s, this yields a small value of the
timing error. Consequently, the full-scale accuracy in velocity
measurement is equal to (�d=D), which leads to an accuracy of
1.25% in the present setup.

F. Determination of Laminar Flame Speed

The vectormap obtained byDPIV is further analyzed to determine
the reference stretch-affected flame speed and the associated stretch
rate. By plotting the axial velocity along the centerline, as shown in
Fig. 5a, the minimum axial velocity upstream of the flame location is
taken as the reference stretch-affected flame speed Su;ref . Figure 5b
further shows that the radial velocity profile at this reference location
is linear. Hence, the radial velocity gradient a can be used to
unambiguously characterize the flame stretch rate. The stretch rateK
is conventionally defined using the axial velocity gradient and is
equal to twice the radial velocity gradient, that is K � 2a. Based on
the variation of Su;ref withK, the unstretched laminar flame speed Sou
can be determined by the methodology of either linear or nonlinear
extrapolation.

Figure 6 plots Su;ref as a function of Karlovitz numbers Ka for
various n-heptane/air and iso-octane/air flames, with the unburned
mixture temperature �Tu� of 360 K. The Karlovitz number is defined
as Ka� K�m=�Sou�2, where �m is the thermal diffusivity of the
unburned mixture. For each case, the linear extrapolation technique
is compared with a nonlinear extrapolation based on the theoretical
analysis of Tien and Matalon [21] obtained using a potential flow
field. In Fig. 6, the solid and dotted lines represent the linear and
nonlinear extrapolations, respectively. It is seen from Fig. 6 that for
most of the experimental conditions, Ka is kept to be less than 0.1.
Vagelopoulos et al. [22] and Chao et al. [23] have demonstrated that
when the Karlovitz numbers are kept to the order of O�0:1�, the
accuracy of linear extrapolation is improved and the overprediction
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by linear extrapolation can be reduced to be within the experimental
uncertainty. Figure 6 also shows that the linearly extrapolated
laminar flame speed is no more than 3 cm=s higher than the value
obtained by using a nonlinear extrapolation of Tien and Matalon
[21]. Therefore, in the subsequent sections all the laminar flame
speeds presented refer to the linearly extrapolated values.

It is also noted that the slope of the Su;ref 
 Ka plot reflects the
combined effect of stretch rate and nonequidiffusion on flame speed.
Figure 6 clearly shows that the flame response with stretch rate
variation differs for lean and rich mixtures. Specifically, as Ka is
increased, Su;ref increases for stoichiometric and rich mixtures, but
decreases for the mixture of �� 0:7. This is because the effective
Lewis numbers of lean n-heptane/air and lean iso-octane/air flames
are greater than unity, whereas those of rich n-heptane/air and rich
iso-octane/air flames are subunity.

III. Results and Discussion

A. Laminar Flame Speeds of iso-Octane/Air Mixtures

The laminar flame speeds of iso-octane/air mixtures as a function
of equivalence ratio for various preheat temperatures are shown in
Figs. 7–9. Figures 7 and 8 compare the present experimental data
with the literature data for the same or similar Tu, whereas Fig. 9
summarizes all the flame speeds of preheated iso-octane/air mixtures
obtained in the present study. The error bars presented in Fig. 9
indicate the 95% confidence interval estimate of the laminar flame
speed obtained by using linear extrapolation [9].

Figure 7 compares the present laminar flame speed data under
room temperature condition with those of Davis and Law [8] and
Kwon et al. [7]. In general, there is a good agreement between
different data sets. In addition, except for �� 1:4, the present
counterflow-based data follow closely with those of Davis and Law
[8].

A comparison with the preheated experimental data of Bradley
et al. [6] is provided in Fig. 8. It is noted that thework of Bradley et al.
[6] defines two burning velocities, one based on the rate of
disappearance of cold unburned gas and the second based on the rate

of appearance of burned gas. Both sets of their data are shown at each
equivalence ratio. It is seen from Fig. 8 that the current work is
consistent with the available literature data.

The experimental flame speeds are also compared with the
computed results using the PREMIX code [24] in conjunction with
the CHEMKIN [25] and TRANSPORT [26] packages, originally
developed by the Sandia National Laboratories. The computations
use windward differencing on the convective term and mixture
averaged formulation, and include the thermal diffusion of H andH2.
Figures 9a and 9b show the comparisons with the computed flame
speeds using the reaction mechanisms of Davis and Law [8] and
Hasse et al. [14], respectively. It is seen from Fig. 9 that the
mechanism of Davis and Law [8] significantly underpredicts the
laminar flame speeds under all conditions of equivalence ratios and
unburned mixture temperatures investigated. Such underpredictions
worsen as the unburned mixture temperature is increased. On the
other hand, the mechanism of Hasse et al. [14] shows a good
agreement with the current experimental dataset, especially for the
near-stoichiometric conditions at all unburned mixture temperatures
investigated. Under lean equivalence ratios, Fig. 9b shows that the
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mechanism ofHasse et al. [14] underpredict the experimental values.
This underprediction is seen to increase as Tu is increased.

B. Laminar Flame Speeds of n-Heptane/Air Mixtures

The laminar flame speeds of n-heptane/air mixtures as a function
of equivalence ratio are shown in Figs. 10 and 11. Figure 10
compares the present laminar flame speed data under room
temperature with those of Davis and Law [8] and Kwon et al. [7]. In
contrast to the iso-octane/air cases, the comparison of n-heptane/air
flame speeds among the three datasets is not as good. Specifically, the
mismatch is somewhat noticeable for the near-stoichiometric
conditions. The measured and computed laminar flame speeds as a
function of equivalence ratio for different preheat temperatures are
shown in Fig. 11. It is seen that the mechanism of Davis and Law [8]
underpredicts the n-heptane/air laminar flame speeds by a similar
extent as that for the iso-octane/air flames. On the other hand, the
mechanism of Seiser et al. [11] is found to overpredict the current
experimental data except for the conditions of �� 0:7 and �� 1:4.

C. Comparison of iso-Octane/Air and n-Heptane/Air Mixtures

Figure 12 summarizes and compares the measured laminar flame
speeds of iso-octane/air and n-heptane/air mixtures obtained in the
present investigation. It is seen that the flame speeds of n-heptane/air
mixtures can be 5–10 cm=s higher than those of iso-octane/air
mixtures. As discussed in [8,9], because the differences in the flame
temperature and transport properties for both fuel/air mixtures are
insignificant over the range of equivalence ratios investigated, the
difference in laminar flame speed is caused by differences in the
chemical kinetics. In particular, the oxidation of n-heptane produces
a large quantity of ethylene, whereas the main intermediates formed
during the iso-octane oxidation are propene, iso-butene, and methyl
radicals [8,9]. As a consequence, the flame speeds of n-heptane/air
mixtures are higher [8,9].

It is further noted that the mass burning flux mo � �uS
o
u is a

fundamental parameter in the laminar flame propagation, where �u is
the unburned mixture density. Figure 13 demonstrates the effect of
mixture preheat on the mass burning flux for the fuel lean and
stoichiometric cases. Significant enhancement of mass burning flux
is observed with increase in the preheat temperature for both iso-
octane/air and n-heptane/air mixtures. Again, for given equivalence
ratio and preheat temperature, the mass burning flux of n-heptane/air
mixture is higher than that of iso-octane/air mixture. Figure 13 also
shows that in the range of unburned mixture temperatures
investigated the mass burning flux increases linearly with Tu. As
such, the increase in Sou with increasing Tu is not only because of the
reduction of �u.

D. Effect of Nitrogen Dilution and Determination of Overall

Activation Energy

The effect of nitrogen concentration variation on laminar flame
speed is also experimentally studied at an unburned mixture
temperature of 360 K. Molar percentage of nitrogen in the oxidizer
composed of nitrogen and oxygen is varied from 78.5 to 80.5% for
three equivalence ratios: �� 0:8, 1.0, and 1.2. Figure 14 plots the
measured flame speeds for both iso-octane/oxidizer and n-heptane/
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oxidizer mixtures. As expected, the laminar flame speed decreases
with increasing level of nitrogen dilution.

Since this range of nitrogen contents, 78.5–80.5%, can be
considered as perturbations to that of normal air (79%N2), for a given
equivalence ratio the flame speed data at varying nitrogen dilution
levels can be employed to deduce the overall activation energy �Ea�
of the corresponding fuel/air mixture, following the methodology of
Egolfopoulos and Law [27]. Namely, the overall activation energy
can be determined by

Ea �
2R
�
@ ln mo

@�1=Tad�
�
p

(1)

where Tad is the adiabatic flame temperature and R is the universal
gas constant. Because the large scale computational fluid dynamics
(CFD) simulations often invoke simplifying kinetics as one-step
overall reaction, the extraction of such bulk flame parameter as
overall activation energy is especially useful when the CFD
calculation with detailed chemistry is not feasible. Based on the
experimental results of Fig. 14, the deduced overall activation
energies of the three equivalence ratios are shown in Fig. 15a. It is

seen that the variation of Ea with � is nonmonotonic and peaks near
the stoichiometric condition.

Recognizing that in Eq. (1) Tad can be perturbed by varying either
nitrogen dilution level or preheat temperature, it is of interest to
compare the deduced values ofEa using two different methods. Note
that the former method perturbs the reactant concentrations by
keeping Tu constant, whereas the latter method perturbs the
premixed flame system without changing the reactant concen-
trations. In addition, the linear variation ofmo with Tu demonstrated
in Fig. 13 implies the validity of the extraction method through the
changes in mixture preheat. Based on the experimentally determined
mo of iso-octane/air and n-heptane/air mixtures and Eq. (1), Fig. 15b
shows the deduced Ea by varying Tu.

Comparison of Figs. 15a and 15b demonstrates that despite the
quantitative differences in the deduced values, both extraction
methods yield a similar trend in the range of equivalence ratios
investigated. The overall activation energy is seen to peak close to the
stoichiometric condition and decrease on both the lean and rich sides.
In addition, the overall activation energy values for n-heptane/air
mixtures are observed to be lower compared with iso-octane/air
mixtures for all equivalence ratios under consideration. This
similarity of trend and the differences in absolute values using two
different extraction methods are also observed in numerical
computations with the available detailed reaction mechanisms. Such
a quantitative discrepancy possibly arises out of chemical
interactions that occur as a consequence of varyingN2 concentration
and hence the concentrations of fuel and O2. Since the extraction
method by varying Tu does not involve a change in reactant
composition, the values shown in Fig. 15b are likely to be a better
estimate of the overall activation energy.

E. Sensitivity Analysis on Mass Burning Flux

Sensitivity analysis on mass burning flux is further conducted
using the iso-octane mechanism of Hasse et al. [14] and the n-
heptane mechanism of Seiser et al. [11], because these two
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mechanisms appear to agree better with the present experimental
results. Figure 16 plots and compares the normalized sensitivity
coefficients of important reactions with respect to the mass burning
flux for stoichiometric iso-octane/air and n-heptane/air flames at two
different preheat temperatures. The normalized sensitivity
coefficient of the ith reaction is defined as �ki=mo��@mo=@ki�,
where ki is the reaction rate of the ith reaction.

The sensitivity analysis of Fig. 16 shows that themass burningflux
is not sensitive to any of the reactions involving the parent
hydrocarbon fuel. As expected, H� O2 ! O� OH is the most
sensitive reaction enhancing burning rate, and the mass burning flux
is also highly sensitive to the CO oxidation reaction, which has a
major contribution to the overall heat release. However, the chain
initiation reactions involving the breakage of carbon-carbon bonds
will always occur and are responsible for the formation of smaller
alkenes and hydrogen radicals, which subsequently lead to chain
branching reactions [28]. The subsequent hydrogen atom abstraction

from the fuel hydrocarbon due to the attacks of radicals leads to the
formation of alkyl radicals, which further decompose according to
the�-scission rule into smaller alkenes. Although the products of this
decomposition are greatly influenced by the structure of the fuel
molecule [28], Fig. 16 indicates the importance of the reactions
involving C2–C4 species.

Experimentally obtained profiles for stable species in the work of
Bakali et al. [29] for rich atmospheric flames show that the
concentrations of unsaturated stable C3 species, namely propene,
1,2-propadiene (allene), and propyne, are significantly higher in the
iso-octane flames when compared with the n-heptane flames, with
propyne being the major product. The same work also shows that the
major stable C2 specie is ethylene, whereas the relative amount of
ethylene is much larger for n-heptane flames [29]. It can thus be
concluded that the high temperature oxidation kinetics of these
unsaturated C2–C3 hydrocarbons along with their significantly
different concentrations in the two flames account for the differences
in the measured laminar flame speed values. Furthermore, the
discrepancies in the prediction of laminar flame speeds using
different reaction mechanisms require a better understanding of the
C2–C3 chemistry, as has already been pointed out by the previous
work of Davis and Law [8].

IV. Conclusions

Atmospheric laminar flame speeds of iso-octane/air and n-
heptane/air mixtures are experimentally determined over a range of
equivalence ratios and unburned mixture temperatures. The present
measured laminar flame speeds complement the existing literature
data on primary reference fuels and provide a benchmark database
for validating the detailed reaction mechanisms at the global level.
Under the same equivalence ratio, the flame speed of iso-octane/air
mixture can be 5–10 cm=s lower than that of n-heptane/air mixture
depending on the preheat level. The predicted flame speed data for
iso-octane/air flames using the mechanism of Hasse et al. [14] show
good agreement with the measured values. However, the computed
flame speeds for n-heptane/air mixtures using the reaction
mechanisms available in the literature do not agree favorably with
our experimental results. The effect of nitrogen dilution on laminar
flame speed is also experimentally investigated. In addition, the
overall activation energies at varying equivalence ratios are extracted
from the experimental data because their relevance to the CFD
simulations using one-step reaction. As with the previous findings,
the importance of C2–C3 chemistry in the flame propagation of iso-
octane/air and n-heptane/air mixtures is identified and emphasized
through sensitivity analysis.
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