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Abstract: A better understanding of turbulent premixed flame propagation is the key for improving
the efficiency of fuel consumption and reducing the emissions of spark ignition gasoline engines.
In this study, we measure turbulent burning velocities (ST) of pre-vaporized iso-octane/air mixtures
over wide ranges of the equivalence ratio (φ = 0.9–1.25, Le ≈ 2.94–0.93), the root-mean-square (r.m.s.)
turbulent fluctuating velocity (u′ = 0–4.2 m/s), pressure p = 1–5 atm at T = 358 K and p = 0.5–3 atm
at T = 373 K, where Le is the effective Lewis number. Results show that at any fixed p, T and u′,
Le < 1 flames propagate faster than Le > 1 flames, of which the normalized iso-octane ST/SL data
versus u′/SL are very scattering, where SL is the laminar burning velocity. But when the effect of Le is
properly considered in some scaling parameters used in previous correlations, these large scattering
iso-octane ST/SL data can be collapsed onto single curves by several modified general correlations,
regardless of different φ, Le, T, p, and u′, showing self-similar propagation of turbulent spherical
flames. The uncertainty analysis of these modified general correlations is also discussed.

Keywords: iso-octane; high-pressure turbulent burning velocity; Lewis number; general correlations;
self-similar spherical flame propagation

1. Introduction

Designing a better spark ignition (SI) gasoline engine with higher thermal efficiency and lower
engine emissions necessitates a thorough understanding of flame kernel initiation and its subsequent
flame propagation that take place under high pressure (p), high temperature (T), high r.m.s. turbulent
fluctuating velocity (u′) and other complex conditions. For example, the mixture characteristics in
the vicinity of an engine top dead center are frequently changed from lean to stoichiometry or even
rich when the loads vary from low to high [1]. Besides, the mixture characteristics and values of
u′ change from cylinder to cylinder, resulting in the difference of flame initiation and subsequent
flame propagation speed. Therefore, the turbulent burning velocity (ST) has been introduced for
further understanding of turbulent premixed flame propagation [2]. However, ST data for liquid
fuels (e.g., iso-octane, the major component of gasoline surrogate) under SI engine relevant conditions
are rare, since most studies applied gaseous fuels (e.g., methane, propane, hydrogen at atmospheric
condition [2–7] or at elevated pressure and room temperature conditions [8–16]). Whether these
gaseous ST data could be applicable to SI gasoline engines is still an open issue. To the best knowledge
of the authors, the only available iso-octane ST data which satisfied high-T, -p and -u′ conditions were
that reported by Lawes et al. [17] and Nguyen et al. [18] using turbulent spherical expanding flame at
T = 360 K [17] and 423 K [18]. Clearly, more lean and rich iso-octane ST data under high-T, -p, and -u′

conditions are needed in order to make a detailed comparison with previous gaseous ST data and thus
address the question of similarity and difference between liquid iso-octane and gaseous data, as the
first objective of this study.
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Lean and rich iso-octane/air mixtures have very different Lewis number (Le). For instance, the lean
iso-octane/air mixture at the equivalence ratio φ = 0.9 has Le ≈ 2.94 >> 1, while the rich iso-octane/air
mixture at φ = 1.25 has Le ≈ 0.93 < 1. Note that Le is the effective Lewis number which is estimated by
the ratio between thermal diffusivity and mass diffusivity with the mass diffusivity being that of the
deficient reactants and the abundant inert, i.e., Le ≈ Lefuel for lean mixture and Le ≈ Leoxygen for the rich
mixture [17]. Hence, the second objective of this paper is to seek possible general correlations of ST

with the consideration of the Le effect to represent the liquid iso-octane/air mixture at lean and rich
conditions in attempt to enhance our understanding of high-pressure/temperature turbulent flame
propagation that may be relevant to SI gasoline engines.

Seeking a general correlation of iso-octane ST data is of high interest for SI engines using liquid
fuels, and it is still an unresolved problem. Due to the complexity of turbulence-chemistry interactions,
the different configuration of experimental facilities, and the uncertainty of measurement techniques,
a general correlation to predict ST is not always clear despite many ST correlations available in
literatures (e.g., [2–4,8–10,12–24], among others). Thus, in this work we make our efforts to analyze the
scaling parameters in some selected correlations by taking the effect of Le into consideration based
on the present measured ST data using a single liquid fuel (iso-octane). Therefore, proper scaling
parameters including the effect of Le and better modified general correlations using the same liquid
iso-octane ST data may be obtained. In this study, five general correlations, all including the effect
of Le, are considered and tested by using the current measured iso-octane ST data. Further, a mean
absolute percentage error (MAPE) [23] is used to assess the accuracy of these five correlations. The first
correlation is the Bradley’s correlation [3]:

ST,c = 0.5/u′ ∼ (KLe)−0.3 (1)

c is the mean progress variable, i.e., c = 0 and c = 1 represent reactant and product, respectively.
The stretch factor K ≈ 0.25(u′/SL)2(ReT)−0.5 [25], where the turbulent flow Reynolds number ReT = u′LI/ν,
LI is the integral length scale, and ν is the kinematic viscosity of reactant. Second, by grouping the scaling
parameters in correlations proposed by Kobayashi et al. [19], Chaudhuri et al. [12], and Shy et al. [16]
with Le−1, three modified correlations have been reported in Reference [18], respectively as shown below:

ST,c = 0.5/SL ∼ [(u′/SL)(p/p0)Le−1]
0.42

, where p0 = 1 atm (2)

ST,c = 0.5/SL ∼ (ReT,flameLe−1)
0.5

, where ReT,flame = (u′〈R〉)/α = (u′〈R〉)/(δLSL) (3)

ST,c = 0.5/u′ ∼ (DaLe−1)
0.5

, where Da = (LI/u′)(SL/δL) (4)

〈R〉 is the mean turbulent spherical flame radius, δL is the laminar flame thickness, and α = δLSL

is the thermal diffusivity. In Equation (3), the commonly-used integral length scale of turbulence is
replaced by the average flame radius 〈R〉 and the kinematic viscosity (ν) is replaced by the thermal
diffusivity (α ≈ δLSL), as proposed by Chaudhuri et al. [12,13]. Finally, the fifth correlation is that
reported by Ritzinger [20]:

ST,c = 0.5/SL = 1 + (0.46/Le0.85)(u′/SL)
0.5Le0.25

(ReT)
0.25(p/0.1MPa)0.1 (5)

Equation (5) has been tested against methane/air ST data at high-pressure gas engine conditions [26],
while Equations (1)–(4) have not yet done so. To see how well these five correlations, Equations (1)–(5),
could be applicable to SI engines for ST prediction, an uncertainty comparison is performed by accessing
the accuracy of these correlations based on the MAPE value which is calculated using the following
equation [23].

MAPE(%) =

∑n
i = 1

∣∣∣∣ xexp,i−xcorr,i
xexp,i

∣∣∣∣
n

× 100 (6)
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xexp,i is the experimental value, xcorr,i is the value predicted by the correlation, and n is the number
of the data group under examination.

In short, this work measures ST data of lean, stoichiometric, and rich iso-octane/air mixtures with
Le > 1 and Le < 1 using a large dual-chamber, constant pressure/temperature, fan-stirred cruciform
explosion facility, capable of generating near-isotropic turbulence. It will be shown in due course
that all the scattering ST data of iso-octane/air mixtures can be collapsed onto single curves using
Equations (1)–(5). Further, the current iso-octane data are also compared with previous data proposed
by Lawes et al. [17]. Finally, the uncertainty of these correlations based on the MAPE is discussed.

2. Experimental Method

Experiments are conducted in a large dual-chamber, constant-temperature, constant-pressure,
fan-stirred cruciform explosion facility for SL and ST measurements of expanding spherical iso-octane/air
flames. The reader is directed to [18,21] and references therein for detail treatment on the facility and
its associated turbulence properties. For completeness, a simplified sketch of the 3D cruciform burner
resided in a large pressure vessel with optical accesses is added, as shown in Figure 1, alongside the
Schlieren imaging arrangement. Below are the descriptions of the experimental procedures.
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Figure 1. The high-pressure/temperature, double-chamber explosion facility for premixed turbulent 
combustion studies [27]. 

Before a run, we first vacuum the heated 3D cruciform burner (Figure 1) and then inject the 
appropriate mole fractions of pre-vaporized iso-octane and air into the burner to the desired initial 
pressure and temperature conditions. Two counter-rotating fans at a frequency of 30 Hz are turned 
on to well mix the iso-octane/air mixture for 4 minutes and reach a uniform temperature distribution 
with less than 1 °C variation in the domain of experimentation. The temperature uniformity is 
achieved by using effective turbulent heat convection through a pair of heated perforated plates 
(please see [18,21] for details). The domain of experimentation is set at 0.17 ≤ R/Rmin ≤ 0.30 to avoid 
the ignition influence at the early stage of kernel development and the wall effects at the later stage 
of flame propagation, where the minimum wall confinement radius of the 3D cruciform bomb Rmin is 
about 150 mm. For laminar flame speed measurements, we ignite the mixtures shortly (about 10 s) 
after the fan turn-off to allow for the decay of turbulence to quiescence, while keeping a uniform 
temperature distribution in the experimental domain [21]. Centrally-ignited flame initiation and its 
subsequent flame propagation are recorded by the high-speed Schlieren imaging to obtain the time 
evolution of the average flame radii R(t) = [A(t)/π]0.5, where A(t) is the area enclosed by the 
laminar/turbulent flame front. The flame speed dR/dt is obtained by the central differentiation of 
R vs. t data. 

Figure 1. The high-pressure/temperature, double-chamber explosion facility for premixed turbulent
combustion studies [27].

Before a run, we first vacuum the heated 3D cruciform burner (Figure 1) and then inject the
appropriate mole fractions of pre-vaporized iso-octane and air into the burner to the desired initial
pressure and temperature conditions. Two counter-rotating fans at a frequency of 30 Hz are turned on
to well mix the iso-octane/air mixture for 4 minutes and reach a uniform temperature distribution with
less than 1 ◦C variation in the domain of experimentation. The temperature uniformity is achieved by
using effective turbulent heat convection through a pair of heated perforated plates (please see [18,21]
for details). The domain of experimentation is set at 0.17 ≤ 〈R〉/Rmin ≤ 0.30 to avoid the ignition
influence at the early stage of kernel development and the wall effects at the later stage of flame
propagation, where the minimum wall confinement radius of the 3D cruciform bomb Rmin is about
150 mm. For laminar flame speed measurements, we ignite the mixtures shortly (about 10 s) after the
fan turn-off to allow for the decay of turbulence to quiescence, while keeping a uniform temperature
distribution in the experimental domain [21]. Centrally-ignited flame initiation and its subsequent
flame propagation are recorded by the high-speed Schlieren imaging to obtain the time evolution of
the average flame radii 〈R〉(t) = [A(t)/π]0.5, where A(t) is the area enclosed by the laminar/turbulent
flame front. The flame speed d〈R〉/dt is obtained by the central differentiation of 〈R〉 vs. t data.
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A typical refined gasoline consists of hundreds of different components that may vary batch by
batch depending on the source of crude oil and the refinery processes, making the benchmark of ST for
gasoline difficult to measure accurately. For simplicity, iso-octane, a major surrogate component for
gasoline, is used to gain insight and understanding of the underlying physical mechanism of turbulent
premixed flame propagation. As such, this work measures values of ST for iso-octane/air mixtures as a
function of φ, u′, p, T, and Le. Table 1 lists laminar properties of the iso-octane/air mixture at various
conditions including T, φ, Le, p and corresponding laminar burning velocities (SL). It should be noted
that the selected mixtures, i.e., φ = 0.9 & 1.25 at T = 358K at p = 1 atm and φ = 1.0 & 1.2 at T = 373 K at
p = 1 atm, have closely matched values of SL (see Table 1) but with different Le (Le > 1 and Le < 1).
As such, the effect of Le on ST of iso-octane/air mixtures can be studied.

Table 1. Conditions and properties of iso-octane/air mixtures.

T (K) φ Le p (atm) SL (cm/s)

358 0.9/1.0/1.25 2.94/1.43/0.93 1, 3, 5 41.0, 26.2, 24.8/45.0, 31.2,
27.6/40.2, 32.9, 28.2

373 1.0/1.2 1.43/ 0.93 0.5, 1, 3 49.0, 44.9, 31.0/47.0, 44.6, 36.0
423 1 1.0 1.43 1, 3, 5 55.0, 42.0, 36.0

1 Previous data at 423 K [18].

3. High-Speed Schlieren Imaging of Turbulent Spherical Flame and Their ST Determination

Figure 2 shows the effects of Le and p on the emergence of small scale structures and the increase
of average flame propagation rate at fixed u′ with increasing p for both (a) laminar and (b) turbulent
cases, where all images have the same 〈R〉 ≈ 35 mm. At any fixed p, the elapsed instants after ignition
show that Le < 1 flames (2nd and 4th columns) propagate much faster than Le > 1 flames (1st and 3rd
columns). SL decreases with increasing p even though the flame at 5 atm appears more wrinkling
due to the emergence of cellular structures allover the flame surface especially for the case at 5 atm
and Le ≈ 0.93 < 1 (see the 4th column of the first row images in Figure 2a). For the turbulent case
at constant u′ = 1.4 m/s (Figure 2b), the turbulent flame propagates faster with increasing p under
both Le > 1 and Le < 1 conditions, where the turbulent wrinkled flame at 5 atm are full of very small
scale structures. These fine structures are mainly due to the reduction of the thickness of the laminar
flamelet at high pressure that promotes the hydrodynamic instability and thus increases the wrinkled
flame front surface, but they contribute only a small part for the increase of ST. This is because when
the flow turbulent Reynolds number (ReT,flow = u′LI/ν) is kept constant for gaseous fuels (e.g., methane
and syngas), ST actually decreases with increasing pressure, similar to SL, showing a global response of
burning velocities to the increase of pressure (please see Reference [11] for detail information). As such,
the increase of ST with increasing p at fixed u′ is probably mainly due to the increase of ReT,flow at
elevated pressure because ν ~ ρ−1 ~ p−1.

Figure 3a shows the averaged flame radii of iso-octane/air turbulent premixed flames versus time
for Le > 1 (φ = 0.9 and 1.0) and Le < 1 (φ = 1.25) at the same p = 3 atm, u′ = 1.4 m/s, and T = 358
K conditions. Flame speeds, d〈R〉(t)/dt and SF or ST, can be estimated from the raw data of 〈R〉(t)
within the range of 25 mm ≤ 〈R〉 ≤ 45 mm. d〈R〉/dt is directly taking the time differentiation on
〈R〉(t), while SF is determined as the slope of the best linear-fit of 〈R〉(t) within 25 mm ≤ 〈R〉 ≤ 45
mm. Within this experimentation domain, SF is just the average value of the linear increase d〈R〉/dt
data (SF = dR/dt), as substantiated in Figure 3b. Note that these iso-octane data of 〈R〉 vs. t and
d〈R〉/dt vs. t or 〈R〉 in Figure 3 are very similar to previous data obtained from the Leeds fan-stirred
explosion bomb [17,28]. It has been shown in Reference [11] that the modified SF using the density
correction and Bradley’s mean progress variable c converting factor for Schlieren spherical flames
at c = 0.5 [25], i.e., ST,c=0.5 ≈ (ρb/ρu)SF(〈R〉c=0.1/〈R〉c=0.5)2 = (ρb/ρu)dR/dt(〈R〉c=0.1/〈R〉c=0.5)2, show
good agreements between Bunsen-type and spherical flames, suggesting that ST determined at the
flame surface contour of c = 0.5 may be a better representative of itself regardless of different flame
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geometries. The subscripts b and u indicate burned and unburned gases. For Schlieren expanding
spherical turbulent premixed flames, 〈R〉c=0.1/〈R〉c=0.5 ≈ 1.4 [22,28]. In this work, all measured SF data
are converted to turbulent burning velocities at c = 0.5 (ST,c = 0.5).
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Figure 2. High-speed Schlieren images of lean and rich iso-octane/air expanding spherical premixed 
flames, i.e. φ = 0.9 with Le ≈ 2.94 > 1 and φ = 1.25 with Le ≈ 0.93 < 1 at 358 K, showing effects of Lewis 
number and pressure on the emergence of small scale structures and the increase in average flame 
propagation rate at fixed u′ = 1.4 m/s where the flow turbulent Reynolds number (ReT,flow = u′LI/ν) 

Figure 2. High-speed Schlieren images of lean and rich iso-octane/air expanding spherical premixed
flames, i.e., φ = 0.9 with Le ≈ 2.94 > 1 and φ = 1.25 with Le ≈ 0.93 < 1 at 358 K, showing effects of Lewis
number and pressure on the emergence of small scale structures and the increase in average flame
propagation rate at fixed u′ = 1.4 m/s where the flow turbulent Reynolds number (ReT,flow = u′LI/ν)
increases with pressure because ν ~ ρ−1 ~ p−1. All images in both (a) laminar and (b) turbulent cases
have the same 〈R〉 ≈ 35mm in the same view field of 110 mm × 110 mm for comparison.
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Figure 3. (a) Typical averaged flame radii of turbulent iso-octane/air premixed flames as a function
of time at three different values of φ with Le > 1 (φ = 0.9 and 1.0) and Le < 1 (φ = 1.25) under the
same p = 3 atm, u′ = 1.4 m/s and T = 358 K conditions. (b) Two turbulent flame speeds versus time,
d〈R〉/dt and SF (the slope of 〈R〉(t)) as indicated in (a), which are almost equal to each other within
25 mm ≤ 〈R(t)〉 ≤ 45 mm.

4. Results and Discussion

Figure 4a presents laminar and turbulent burning velocities of iso-octane/air mixtures as a function
of p for three different values of φwith different Le varying from 0.93 to 2.94. As increase p, values of
SL decrease in a minus power law manner of the form SL ~ p−nL , where the exponent nL increases with
increasing Le from nL = 0.14 at Le ≈ 0.93 and nL = 0.31 at Le ≈ 1.43 to nL = 0.33 at Le ≈ 2.94. This suggests
that Le < 1 flames are less sensitive to pressure elevation than Le > 1 flames. On the other hand, values
of ST,c = 0.5 increase with increasing p in a positive power law form, i.e., ST ~ p+nT , where nT decreases
with increasing Le from nT = 0.14 at Le ≈ 0.93 and nT = 0.1 at Le ≈ 1.43 to nT = 0.03 at Le ≈ 2.94. The latter
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case for the lean iso-octane/air mixture at φ = 0.9 shows that ST ~ p0.03 when u′ = 1.4 m/s. In other
words, at large Le ≈ 2.94 >> 1 and u′ = 1.4 m/s, the fine structures allover the flame front surface
(Figure 2b) induced by the hydrodynamic instability at high pressure as well as the increase of ReT,flow

due to the decrease of kinematic viscosity at elevated pressure only have a rather small influence on ST.
The reason for this tiny impact on ST due to the increase of p when u′ = 1.4 m/s is not yet clear, which
deserves further studies. Figure 4b presents laminar and turbulent burning velocities as a function
of temperature at four different values of u′ for the stoichiometric iso-octane/air mixture at 1 atm. In
general, values of SL and ST,c = 0.5 increase with increasing T. ST,c = 0.5 ~ (T/T0)

mT , where T0 = 298 K.
The exponent constant mT = 0.07 is small at small u′ = 1.4 m/s, while the value of mT increases to 1.07
when u′ = 4.2 m/s. This suggests that ST,c = 0.5 is not-so-sensitive to the increase of temperature at
u′ = 1.4 m/s in line with previous studies by Lipatnikov et al. [29] and Fogla et al. [30] who studied the
effect of density ratio on the turbulent flame speed. Note that changing the temperature is equivalent
to changing the density ratio between the burned and unburned gases that has insignificant effect on ST

at low-to-moderate turbulent intensities [29,30]. However, such temperature enhancement sensitivity
increases with increasing u′.
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Figure 4. (a) Laminar burning velocities and turbulent burning velocities at 𝑐̅  = 0.5 of the 
iso-octane/air mixtures at three different φ with Le < 1 and Le > 1 as a function of pressure, where T = 
358 K and u′ = 1.4 m/s. (b) Effect of temperature on SL and ST at 𝑐̅ = 0.5 having four different u′ 
varying from 0 to 4.2 m/s. 

The current ST data obtained at 373 K and 5 atm may not be sufficiently high, since much higher 
temperatures and pressures are typically observed in SI engines. However, the available ST data of 
pre-vaporized iso-octane fuel (the major component of gasoline surrogate) even at 373 K and 5 atm 
are still very rare, which may be important as the first order approximation towards the practical SI 
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improve current models for the predication of turbulent flame speeds of pre-vaporized iso-octane 
fuel at high p and high T. 
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Figure 4. (a) Laminar burning velocities and turbulent burning velocities at c = 0.5 of the iso-octane/air
mixtures at three different φ with Le < 1 and Le > 1 as a function of pressure, where T = 358 K and
u′ = 1.4 m/s. (b) Effect of temperature on SL and ST at c = 0.5 having four different u′ varying from 0 to
4.2 m/s.

The current ST data obtained at 373 K and 5 atm may not be sufficiently high, since much higher
temperatures and pressures are typically observed in SI engines. However, the available ST data of
pre-vaporized iso-octane fuel (the major component of gasoline surrogate) even at 373 K and 5 atm
are still very rare, which may be important as the first order approximation towards the practical
SI engine conditions. Moreover, these experimental results are useful because they can be used to
improve current models for the predication of turbulent flame speeds of pre-vaporized iso-octane fuel
at high p and high T.

All present ST,c=0.5/SL of iso-octane/air mixtures at φ = 0.9–1.25 at T = 358 K and/or 373 K together
with previous data at φ = 1.0 and at T = 423 K [18] are grouped onto two data sets having Le < 1 and
Le > 1 and plotted against turbulent intensities (u′/SL), as shown in Figure 5. Results show that Le <

1 flames with ST,c=0.5/SL = 2.54(u′/SL)0.53 having a poor goodness R2 = 0.58 propagates faster than
Le > 1 flames with ST,c=0.5/SL = 1.76(u′/SL)0.64 and R2 = 0.65, revealing large data scattering. Note
that the increase of ST,c=0.5/SL with u′/SL is not linear. There is a bending effect of ST,c=0.5/SL at higher
u′/SL for both Le < 1 and Le > 1 flames. Such bending effect has been discussed by many studies
(e.g., [2,4,11,19,22,25] among others), which is mainly attributed to the turbulent flame stretch effect.



Energies 2019, 12, 1848 7 of 13

At higher u′/SL, the two fitting curves are getting closer to each other, suggesting that the effect of Le is
getting weaker in intense turbulence. Nevertheless, it is obvious that the Le effect should be considered
in any scaling correlations.Energies 2019, 12 FOR PEER REVIEW  7 
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Figures 7a–c show the normalized ST,𝑐̅=0.5 data by their corresponding values of SL and/or u′ for 
iso-octane/air mixtures with Le > 1 and Le < 1 using the earlier versions of Equations (2)–(4) without 
the consideration of Le. These three earlier versions of scaling parameters are respectively: (a) 
(u′/SL)(p/p0) proposed by Kobayashi et al. [8,19], (b) (ReT,flame)0.5 by Chaudhuri et al. [12], and (c) (Da)0.5 
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Figure 5. Normalized turbulent burning velocities at c = 0.5 plotted against turbulent intensities (u′/SL)
at different pressure p = 0.5–3 atm at 373 K and p = 1–5 atm at 358 K and/or 423 K.

First, we discuss the correlation of Equation (1) proposed by Bradley et al. [3] which is used to fit
all data from Figure 5. The result is presented in Figure 6, suggesting that the Bradley’s correlation can
be used to fit all scattering ST data for Le > 1 and Le < 1 flames with a better goodness of R2 = 0.77
than that in Figure 5. In [3], Bradley et al. noted that Equation (1) was limited within the range of
KLe between 0.01 and 0.63 and, if outside that range, the logarithmic plots of ut/u′k (or ST/u′) against
KLe has large data scattering (please see Reference [3]). Also plotted in Figure 6 for comparison is
the original version of Equation (1): ST,c=0.5/u′ = 0.88 (KLe)−0.3 based on various gaseous mixtures [3].
The present pre-factor 0.55 is 62.5% of the previous pre-factor of 0.88 as in [3], probably due to different
liquid and gaseous fuels applied.
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Figure 6. Normalized turbulent burning velocities of iso-octane/air mixtures using the Bradley’s
correlation [3]: ST,c=0.5/u′ = 0.55(KLe)−0.3. The dashed line was the original version of previous data
obtained by Bradley et al. [3], where ST,c=0.5/u′ = 0.88(KLe)−0.3.
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Figure 7a–c show the normalized ST,c=0.5 data by their corresponding values of SL and/or u′

for iso-octane/air mixtures with Le > 1 and Le < 1 using the earlier versions of Equations (2)–(4)
without the consideration of Le. These three earlier versions of scaling parameters are respectively: (a)
(u′/SL)(p/p0) proposed by Kobayashi et al. [8,19], (b) (ReT,flame)0.5 by Chaudhuri et al. [12], and (c) (Da)0.5

by Shy et al. [10,11,16]. The results clearly show two distinct data sets with Le < 1 flames (dark grey
symbols) propagating faster than Le > 1 flames (white and light grey symbols) for all three correlations
as shown in Figure 7a–c. Clearly, the effect of Le must be taken into the consideration to obtain possible
general correlations. When the aforesaid three scaling parameters are grouped with Le−1, all present
iso-octane ST,c=0.5 data can be collapsed onto single curves, as shown in Figure 7d–f, suggesting that
the propagation of iso-octane turbulent premixed spherical flames is self-similar, regardless of different
Le, φ, p, and u’ applied. The goodness between these three modified correlations varies from R2

≈ 0.89
using Equation (2) and R2

≈ 0.84 using Equation (3) to R2
≈ 0.7 using Equation (3), all based on the

same iso-octane/air ST,c=0.5 data.
The final ST,c=0.5/SL correlation to be discussed is Equation (5) proposed by Ritzinger [20]

based on a complicated empirical relation in the form of ST,c = 0.5/SL = 1 +

(0.46/Le0.85)(u′/SL)
0.5Le0.25

(ReT)
0.25(p/0.1MPa)0.1. Results are presented in Figure 8, where all the

present iso-octane ST,c=0.5 data can be well collapsed onto a single curve with R2 = 0.89. In general,
Equations (1)–(5) can be used as general correlations for both present liquid iso-octane/air and preveous
gaseous turbulent burning velocities with reasonably good R2, regardless of different fuel, φ, Le, u’, T
and p applied.

Here we apply Equation (6) to estimate MAPE and the results are shown in Figure 9. MAPE is a
better statistical variable than the goodness R2, because the latter depends strongly on the available
data volume to estimate the uncertainty of these five general correlations (Equations (1)–(5)). Note that
the lower the MAPE is, the more accuracy of the correlation is. All MAPE percentages for the aforesaid
five general correlations are less than 13%, showing that these general correlations are reasonably good.
Among them, the best is Equation (5) proposed by Ritzinger [20] with a lowest MAPE of 8.5% and the
second best is Equation (2) proposed by Kobayashi et al. [8,19] with a MAPE of 9.6%. The other three
general correlations (Equations (1), (3), (4)) have roughly the same MAPE (11.9%–12.9%). It should be
noted that Equation (2) is probably the most convenient one to use, because it does not require any
length scales of turbulence and flame.

We now discuss the iso-octane comparison between the present data and previous data obtained
by Lawes et al. [17] using Equation (4). The comparison results are presented in Figure 10. The main
reason that we use Equation (4) for comparison is because the Damköhler number (Da) to the one half
power has been extensively used by Peters [31]. Besides, Da = (LI/u′)(SL/δL) includes the important
integral length scale of turbulence (LI), but Equation (2) and Equation (3) do not include LI. A good
agreement between present and previous data is found. Both present and previous iso-octane ST,c=0.5

data can be represented by a scaling relation of ST,c=0.5/u′ = 0.082 (DaLe−1)0.5 with a reasonable goodness
of R2 = 0.78.
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Figure 7. Left column: Normalized turbulent burning velocities for iso-octane/air mixtures plotted 
against three different scaling parameters: (a) (u′/SL)(p/p0) [8,19]; (b) (ReT,flame)0.5 [12]; (c) (Da)0.5 
[10,11,16], all showing that Le < 1 flames propagate faster than Le > 1 flames having considerable data 
scattering. Right column: Same data from (a)–(c), but plotted against three modified scaling 
parameters grouped with Le–1: (d) (u′/SL)(p/p0)Le–1 (Equation (2)); (e) (ReT,flameLe–1)0.5 (Equation (3)); (f) 
(DaLe–1)0.5 (Equation (4)), in which both Le < 1 and Le > 1 data sets are collapsed onto single curves. 

Figure 7. Left column: Normalized turbulent burning velocities for iso-octane/air mixtures plotted
against three different scaling parameters: (a) (u′/SL)(p/p0) [8,19]; (b) (ReT,flame)0.5 [12]; (c) (Da)0.5 [10,
11,16], all showing that Le < 1 flames propagate faster than Le > 1 flames having considerable data
scattering. Right column: Same data from (a)–(c), but plotted against three modified scaling parameters
grouped with Le−1: (d) (u′/SL)(p/p0)Le−1 (Equation (2)); (e) (ReT,flameLe−1)0.5 (Equation (3)); (f) (DaLe−1)0.5

(Equation (4)), in which both Le < 1 and Le > 1 data sets are collapsed onto single curves.
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5. Conclusions

Turbulent burning velocities of lean, stoichiometric and rich iso-octane/air mixtures having Le < 1
and Le > 1 are measured under elevated pressures and temperatures relevant to SI gasoline engine or
micro gas turbine conditions. These measurements reveal the following points:

(1) Turbulent burning velocities increase with increasing pressure and temperature at any given
r.m.s turbulent fluctuating velocities. However, the increase of turbulent burning velocities is
quite small at modest u′ = 1.4 m/s, which is much less sensitive with the increase of pressure and
temperature as compared to that at higher values of u′.

(2) The bending effect of ST,c=0.5/SL vs. u′/SL curves is observed at higher u′/SL.
(3) Le < 1 flames (the rich iso-octane/air mixture) propagate faster than Le > 1 flames (lean and/or

stoichiometric iso-octane/air mixtures) at any given conditions.
(4) All present iso-octane ST,c = 0.5 data with Le < 1 and Le > 1 can be collapsed onto single curves

regardless of different T, p, u′, φ, and Le used, which can be represented by five general
correlations (Equations (1)–(5)), suggesting that turbulent premixed spherical flames have a
self-similar propagation nature. These five general correlations have reasonable good accuracy
due to their low values of MAPE (MAPE < 13%).

The fundamental understanding of flame initiation and propagation of lean iso-octane/air mixtures
through the interactions of centrally-ignited outwardly-propagating premixed flame and intense
turbulence at high pressure and high temperature is of importance for the future development of
high-thermal-efficiency SI gasoline engines operated at fuel lean conditions. This is because premixed
lean-burn technology can increase the mixture specific heat ratio and decrease the net heat loss to the
engine cylinder through low temperature combustion, resulting in higher thermal efficiency and lower
NOx emissions [32]. As pointed out by Nakata et al. [32], super lean-burn combustion with a very
strong tumble flow (very high u′) in a long stroke cylinder is crucial to further enhance the maximum
engine thermal efficiency up to 50% [33]. Hence, for the future research direction, the ST information
of iso-octane (the major component of gasoline surrogate) at extreme conditions, e.g., leaner mixtures
(φ = 0.6–0.8), higher u′ > 4.2 m/s and higher p > 5 atm, are needed.
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