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Abstract

In a context of decreasing pollutant emissions, the transport sector is having to tackle improvements
to the engine concept as well as fuel diversification. The use of these different fuels often has an
impact on the combustion performance itself. In the case of Spark Ignition (SI) engines, efficiency
is a function of the combustion speed, i.e. the speed at which the fresh air-fuel mixture is consumed
by the flame front. Every expanding flame is subject to flame curvature and strain rate, which both
contribute to flame stretch. As each air-fuel mixture responds differently to flame stretch, this paper
focuses on understanding the impact of flame stretch on fuel performances in SI engines. Different
air-fuel mixtures (different fuels or equivalence ratios) with similar unstretched laminar burning
speeds and thermodynamic properties but different responses to stretch were selected. The mixtures
were studied in a turbulent spherical vessel and in an optical engine using Mie-Scattering
tomography. The combustion phasing was also investigated in both optical and all-metal single
cylinder engines. Results show that flame stretch sensitivity properties such as Markstein length
and Lewis number, determined in laminar combustion conditions, are relevant parameters that need
to be taken into consideration to predict the global performance of fuels, either experimentally or

for modeling simulation.
Keywords: flame stretch; premixed combustion; Spark-Ignition engine.
Introduction

Nowadays, the automotive industry is facing a context of fuel diversification. Due to the
increasingly restrictive standards on pollutants and CO2 emissions, the car industry is developing
new technologies that impact fuel development. Moreover to compensate for the depletion of fossil
energy resources, oil companies have introduced Biofuels, used either pure or blended. The use of
these fuels in a Spark-Ignition (SI) engine may induce a different combustion behavior and could
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therefore impact engine efficiency. To improve their products, oil companies seek to develop fuels
that burn fast, evaporate easily, and have a high resistance to knock. For SI engines, the efficiency
can be directly improved by increasing the area of the high-pressure loop on the P-V diagram and
therefore by increasing the flame speed. The fundamental laminar burning speed S;’ is hence
usually investigated as the first step in evaluating potential alternative fuels for SI engines [1—4].
Moreover it is a key parameter for combustion modeling in SI engines since the S’ value is
required in most existing models [5—10]. This burning speed corresponds to the speed of a one-
dimensional planar adiabatic flame in laminar conditions without any instability and is a function
of pressure, temperature, fuel and equivalence ratio. Nevertheless, S;’ cannot be considered as the
speed of an expanding flame since expanding flames are subject to flame stretch, which is a
compound of strain rate and flame curvature [11]. The flame stretch can be defined as the relative
growth rate of the flame surface 4 [12]:
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Initially presented in the work of Karlovitz et al. [13] and Markstein [14], flame stretch is usually
linearly linked [15] to the laminar flame speed S» as below, with L, the Markstein length and S5’

the unstretched laminar flame speed:

In some recent studies, a more realistic nonlinear relationship between flame speed and flame

stretch has been used [16—18]:
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Under certain assumptions the unstretched laminar flame speed, S’ is directly related to S;” by
using the expansion ratio p;, /p,,, where p, and p, are respectively the burnt and fresh gas densities:

§0==2g0 4
L= o0 4)

In equations (2) and (3), the Markstein length L, is a key parameter because it represents the flame
stretch sensitivity of an air-fuel mixture. It is a function of the Zeldovich number, the flame
thickness and particularly of the Lewis number Le (i.e. the ratio of the thermal diffusivity to the
mass diffusivity). As the two parameters L, and Le are strongly dependent on the fuel, the different
responses of fuels to flame stretch will impact the flame propagation differently. While this effect
has been fully investigated in laminar conditions [19-21] and even in turbulent conditions [22—24],
only a few recent studies have addressed the effect of flame stretch in an SI engine [25-27].
Aleiferis et al. [25] compared methane, ethanol, butanol, iso-octane and gasoline flame propagation
in an optical SI engine. Their results showed different flame radius evolutions and a ranking of the
four mixtures in terms of Markstein lengths. The mixtures with the lowest Markstein lengths
appeared to be those with the highest flame growth speed. However since the mixtures were studied
at the same equivalence ratio, they present different unstretched laminar flame speeds. It could not
be concluded from this study therefore whether the propagation differences were due to the flame
stretch response rather than to a laminar flame speed ranking. Most CFD models require the
unstretched laminar burning speed S;” [5, 7, 8, 28], often calculated by using correlations such as
those of Metghalchi and Keck [29] or Giilder [30]. However, only a few models take into account
the laminar flame speed dependence on the flame stretch with respect to the Markstein length or
the Lewis number of the fuel-air mixture and use a stretched burning speed [6, 7, 9, 10, 31]. For

instance, Dahms et al. [9, 10] recently developed the SparkCIMM model. This model is based on



the G-equation developments by Peters [7] in which the turbulent flame speed needs to be modeled.
Dahms et al. proposed a model where the turbulent flame speed is computed from the stretched
laminar burning speed calculated with a linear relation expressed by equation (2) and the model of

Clavin [15].

To gain a better understanding of the impact of flame stretch on fuel combustion performance in
SIengines and to assess how the different flame stretch responses of the mixtures can impact engine
performance, an original experimental approach has been used here, covering numerous
configurations from the simplest, a laminar spherical combustion vessel, to the most complicated,

an all-metal single cylinder SI Engine. The objectives of this study are then:

- to assess what is the consequence of the various flame stretch responses, i.e. the Markstein
lengths of different mixtures on the flame propagation in a turbulent vessel at atmospheric
pressure;

- to verify if the behaviors observed in the turbulent vessel are relevant to describe what
happens in the engine by studying flame propagation in an optical engine;

- to see if some operating parameters of the engine such as the engine regime have an effect
on the response to the flame stretch and if those effects can be linked to the observations
made in the turbulent vessel;

- to assess the impact of the various flame stretch responses on the global combustion
characteristics especially the combustion phasing which is directly linked to the engine
yield;

- to check if the optical engine results can then be extrapolated to other kinds of engines by

using an all-metal engine;



- and finally to determine whether flame stretch sensitivity should be considered as a key
factor when developing and classifying a new fuel, and whether it should therefore be
integrated in a CFD modeling approach.

1. Selection of different air-fuel mixtures

In order to focus on the impact of the different responses of the air/fuel mixtures to flame stretch,
several mixtures were selected using the following criterion: mixtures with similar unstretched
laminar flame speeds but different flame stretch sensitivities, i.e. different Markstein lengths and
Lewis numbers. To measure these properties the classical method of spherical propagation was
used. Three different fuels in lean conditions were used: iso-octane, close to gasoline, propane and
methane. Lean mixtures of three different hydrocarbons were preferred in order to cover a large
range of Lewis numbers [32,33] and because they are more suitable than rich ones for Spark-

Ignition engine operations.

1.1 Experimental Set-up

To select the mixtures by measuring unstretched laminar flame speeds and Markstein lengths, a
spherical vessel fully described by Galmiche et al.[34] was used (Figure 1). The combustion
chamber is a spherical stainless steel vessel with an inner diameter of 200 mm, equipped with four
quartz windows with an inner diameter of 70 mm. Full details of the gas and liquid introduction
and ignition procedure can be found in Galmiche et al. [35] and Broustail et al. [36,37]. 6 fans are
used for the mixing process and the air/fuel mixture is ignited 5s after stopping the fans to avoid

any turbulence. Experiments were carried out at 1 bar and 400 K.



four-blade fan

Figure 1. Schematic view of the spherical vessel

The flame speed and Markstein length were measured with Mie-scattering Tomography. The laser
sheet was created in the XOY plane (Figure 1) at the center of the chamber using a Nd:YAG Dual
Hawk HP laser coupled with a spherical lens (focal length 300 mm) and a cylindrical lens (focal
length 25 mm). The laser sheet was about 0.5 mm thick and laser pulses were synchronized with a
high speed Phantom v1610 camera. The acquisition rate was fixed at 8000 fps with a frame
resolution of 768x768 pixels®. The magnification ratio was set at 101.8 pm/pixel. Silicon oil
droplets were used as seeding and the seeder, a perfume diffuser system, was heated up to 70°C in
order to decrease the silicon oil viscosity, thus producing smaller and more abundant particles. The
temporal flame front radius evolutions were obtained from the image processing. Measurements
were limited to flames with a radius greater than 5 mm and lower than 20 mm which corresponds
to a burnt gas volume that is less than 1% of the sphere volume. Afterwards only images
corresponding to a radius greater than 5 mm were kept for the processing using the nonlinear model.
This makes it possible to overcome the ignition effect. Indeed, in previous work, Bradley et al.
[19,38] studied the impact of the ignition energy on the laminar flame speed and Markstein length
measurements. They showed that the ignition energy has no impact on the measurement of the
laminar flame speed and the Markstein length as long as the post-processing starts with a radius

around 5-6 mm. Moreover, since the burnt gas volume does not exceed 1% of the sphere volume



the pressure can therefore be considered constant. The laminar flame speed S, was calculated from
the derivative of the radius. The nonlinear model proposed by Kelley and Law [16] and the
methodology proposed by Halter et al.[ 18] were then used to obtain the unstretched laminar flame
speed S»? and the Markstein length Ls. An analysis of the different errors linked to the experimental
procedure in a previous work [39] showed that the maximum uncertainty in the determination of

the laminar flame speed was less than 5%.
1.2 Selected Mixtures

Three lean mixtures of methane, propane and iso-octane were selected, as summarized in Table 1.
The mixtures present very similar unstretched laminar flame speeds (2.35 m/s + 4%) and similar
thermodynamic properties (adiabatic flame temperature 7.4, specific heat ratio cp, Lower Heating
Value LHYV) but very different Markstein lengths and Lewis numbers, leading to different flame
stretch sensitivities as expected. S,” and L, are averages of three identical experiments for each
mixture while ¢p, Tuq and Le were calculated using a CHEMKIN routine [40] and different kinetic
schemes. The Lewis numbers were calculated as the ratio of the thermal diffusivity of the mixture
to the mass diffusivity of the deficient species, in this case the fuel. The unstretched laminar burning
speed S.” was obtained by multiplying S’ by the expansion ratio ps/p, calculated with CHEMKIN.
Figure 2 shows the laminar propagation speed versus flame stretch measured on the vessel for each
fuel during one run. The solid lines represent the nonlinear extrapolation fit presented in equation
(3) and they were obtained using the method described by Halter et al. [ 18] and Tahtouh et al. [39].
It can be seen that the steepness of each curve differs completely whereas the intercept with the y-
axis is similar for the three mixtures, which leads to similar unstretched flame speeds and different
Markstein lengths. The values obtained for the Markstein lengths and S;.” were compared to the

literature. For methane at 1 bar, 400 K and an equivalence ratio of 0.8, Gu et al. [41] measured a



S1? of 48.7 cm/s and a Markstein length of 0.48 which is a little different from the results in Table
1 but this is mainly due to use of the linear extrapolation technique by Gu et al. which overestimates
the unstretched laminar flame speed. For Propane, at 1 bar, 370 K and an equivalence ratio of 0.8,
Tang et al. [42] measured a S.” of about 47 cm/s and a Markstein length of about 1.1 mm but again
with the linear extrapolation technique. Finally for iso-octane, Broustail et al. [36] found a S.? of
about 46 cm/s and a Markstein length of about 1 mm at 1bar, 423 K with an equivalence ratio of
0.8 and by using the nonlinear extrapolation technique. The results presented in Table 1 seem then

to be in good agreement with the literature.

Fuel Methane [43] | Propane [44] | [so-octane [45]
Equivalence Ratio 0.85 0.72 0.8
Sp? (m/s) 2.45 2.35 2.28
S1? (em/s) 45.8 45.6 40.6
Ly (mm) 0.3 0.76 1.1
Le 0.99 1.88 3.05
Tud (K) 2130 2000 2140
cp (kJ.kg 'K 0.79 0.79 0.80
LHV (k) kg™ 50000 45750 44100

Table 1. Properties of the selected mixtures at 1 bar, 400K.
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Figure 2. Laminar flame speed versus flame stretch for the three mixtures.

In view of their properties, these mixtures enable the flame stretch response effect to be
investigated. The question is then how these mixtures will behave in turbulent conditions. To
answer this question, further experiments were carried out in a turbulent spherical vessel in order

to investigate flame propagation and structure and the impact of flame stretch sensitivity.

2. Impact of turbulence on flame propagation for selected mixtures

2.1 Experimental Set-up

In this case, the fans were also used to generate a homogeneous and isotropic turbulence. As shown
by Galmiche et al. [34], the six fans of the device generate a homogeneous and isotropic turbulence
in a spherical zone of 20 mm radius around the center of the sphere. Three different fan speeds
were used: 5000, 6000 and 7000 rpm corresponding to the following turbulent intensities: 0.86,
1.04 and 1.21 m/s with a constant integral length scale of 3.4 mm. The initial pressure and

temperature were kept identical: 1 bar and 400 K and 10 runs per condition of mixture and turbulent
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intensity were carried out in order to obtain statistical information. The settings for the images and
camera were the same as in the laminar regime: the acquisition rate was fixed at 8000 fps with a
frame resolution of 768x768 pixels? and the magnification ratio was set to 101.8 um/pixel. The
spatial resolution for the flame contour was estimated at 0.8 mm by considering a cut-off frequency
of 0.16 pixel™! for the contour filtering. Some turbulent properties were deduced from the work of

Galmiche et al. [34] and are summarized in Table 2.

. Integral length Taylor length scale Kolmogorov length scale:
Fan speed u scale N
[rpm] [m.s] Lt N
- [mm] [um]
5000 0.86 3.4 1.44 134
6000 1.04 3.4 1.36 129
7000 1.21 3.4 1.28 123

Table 2. Turbulent properties at 1 bar, 400 K deduced from the work of Galmiche et al. [34]

2.2 Image processing

Flame contours, identified as the interface between black and white areas, were obtained from the
Mie scattering images after thresholding and binarization. In order to decrease noise and smooth
the contour, a low pass filter was applied. Numerous geometrical data can be extracted from the
flame contour. Assuming a spherical flame, R, and R, the equivalent radii respectively of the burnt

gas area and the perimeter were determined as follows:

Ry = F (5)
'

Ry = o= (©)
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where A4 and P are respectively the flame area and perimeter deduced from the tomographic images.

The wrinkling ratio W as defined by Renou and Boukhalfa [33] was also calculated:

2
w="r ™)
R,

A flame propagation speed was then derived from the radius equivalent to the flame area R;:

dR
Srs = - 8)

A global flame stretch Kgiopa along the flame surface area Ay, obtained from the contour evolution
was estimated using the classical expression of equation (1). It is clear that the definition used here
for the flame stretch is not complete since it does not take into account the velocity gradient parallel
to the flame front, i.e. the strain rate. However it is assumed here that the flame stretch is mainly
driven by the curvature for different reasons. First, the flame globally keeps a spherical/cylindrical
or ellipsoidal shape indicating a strong contribution of curvature to the flame stretch. Secondly,
Renou et al. measured the fresh gas flow field using the PIV technique for turbulent premixed
expanding flames [46] but with a lower turbulent intensity than for the present study. However
they showed that due to the flame expansion the velocity vectors in the fresh gases in the
neighborhood of the flame front are normal to this flame front, thus implying a low strain rate.
Besides Chaudhuri et al. [47] recently showed with turbulent intensities of 1.29 and 2.57 m/s that
the geometry of the flame edges remains correlated with the evolution in time and that the stretch
due to pure curvature is a more persistent quantity than the tangential strain rate. For those reasons,
it can be assumed then that while the definition of the flame stretch given here may not be complete,
it nonetheless gives a good overview of the evolution of the true flame stretch as the flame

propagates.
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The flame stretch calculated from a 2D tomography image is underestimated compared to 3D, as
the flame growth in the 3™ component is not considered. However as it is a comparative study, we
assume that the trends given by the stretch curves will not be changed when considering 3D.
Moreover, previous and recent studies [48—50] evaluated how 2D tomographic measurement is
relevant compared to 3D by regarding the flame surface density. Consequently, a link between the
2D stretch estimation and the 3D flame stretch can be established even if the 2D measurement

underestimates it.
2.3 Results
Flame radius and Wrinkling

The radii obtained from the flame surface for the three fuels and the three fan speeds are presented
in Figure 3 with a relative error of 6%, estimated by assuming an overestimation of +/- 0.5 pixel
around the contour location. By considering the standard deviations, uncertainties were estimated
by using the method described in [51]. Radii are then given with an uncertainty of +/- 5.5% and
7.5%, respectively for methane and propane. For isooctane, the uncertainty increases with the fan
speed from +/- 7.5% at 5000 rpm to +/- 18 % at 7000 rpm. Methane ignites first and has the fastest
developing flame whereas propane and iso-octane burn more slowly. This trend is strengthened
when the turbulence intensity is increased. Moreover the scatter from one run to another appears
to be different depending on the fuel. The three mixtures can be ranked from the least to the most
scattered as follows: methane, propane, and iso-octane. This ranking is the same as the Markstein
length ranking. It can be seen that the radius value range of iso-octane at 7000 rpm is lower those
of the other mixtures. This can be explained by the fact that the flame is convected and exits the
isotropic homogeneous turbulence zone. When this is the case, the data cannot be taken into

consideration.
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The evolution of the mean surface radius as a function of the number of samples used was checked
for the three mixtures. In the case of propane and methane, statistical convergence was obtained
for all turbulent intensities and for iso-octane for the lowest turbulent intensity (5000 rpm). For
higher turbulent intensities, due to the response of iso-octane to flame stretch, as the turbulent
intensity increases, the flame will experience higher stretch and the variation in the flow field from
one run to another has a greater effect. Therefore even with a higher number of samples statistical
convergence is not guaranteed for iso-octane. Moreover, for some conditions, the number of
samples can be lower than 10 due to convection of the flame kernel either from the gap of the
electrodes in the laser sheet plane or outside the laser sheet plane. For example at 7000 rpm, only

6 samples were available for isooctane which makes the analysis more precautious in this case.
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Figure 3. Mean flame radius evolution for the three mixtures: a) 5000, b) 6000 and ¢) 7000 rpm.
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The flame wrinkling ratio defined by equation (7) is plotted versus the flame radius for all mixtures
in Figure 4. Results show similar values especially for methane and propane at 5000 rpm, thus
suggesting flame contours with similar wrinkling. Concerning iso-octane, the strong standard
deviation observed makes the analysis harder. When increasing the turbulence intensity, the
standard deviation increases especially for propane and iso-octane. The uncertainty on wrinkling
in the case of iso-octane is about +/- 44% in the worst case (6000 rpm) whereas for both methane
and propane it remains below +/- 15 % at 5000 and 6000 rpm and below +/-25% at 7000 rpm.
Even if flame wrinkling seems to be constant with the radius for iso-octane, it is difficult to draw
any conclusion because of these high uncertainty values. However it can be seen in Figure 4 that
flame wrinkling slightly increases with the radius for propane and methane, and its evolution with
the radius is less flat when the turbulence intensity increases. Galmiche et al. [34,52] showed that
increasing the turbulence intensity results in decreasing the smallest turbulence scales which will
then wrinkle the flame even more. Indeed, as shown in Table 2, at 1 bar, 400 K, the Taylor length
scale decreases from 1.44 to 1.28 mm when increasing the fan speed from 5000 to 7000 rpm.
Meanwhile the length scale that equals the Kolmogorov length scale decreases from 134 to 123

pm.
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Flame speed and stretch

The flame propagation speeds were calculated as the time derivative of the surface radius.
They are plotted versus the flame radius for each turbulence intensity in Figure 5. The mixtures are
ranked from the slowest to the fastest as follows: iso-octane, propane, methane, even if the
unstretched laminar flame speed is of the same order for all the mixtures. The flame speed increases
with the radius for all the mixtures for three reasons. First, the positive value of the Markstein
length for the three mixtures implies that the flame speed increases as the flame stretch decreases
with propagation. The increasing flame wrinkling shown in Figure 4 may also contribute to
increasing the flame speed. Lastly, the interaction between the flame front and the turbulence is
not instantaneous. For instance, in case of a turbulence intensity of 1 m/s in our device, the turnover
timescale for the largest eddies is about 3.4 ms [34]. Meanwhile the flame can grow by several
millimeters and therefore the response time of the flame to the turbulence cannot be neglected
compared to the flame propagation time. In other words, flame wrinkling and turbulence are not
balanced. As the flame does not reach a steady propagation regime, the flame speed increases

continuously.
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The three mixtures react differently to an increase in the turbulence intensity. The radius and
flame speed evolutions (Figure 3 and Figure 5 respectively) show that the mean flame speed of
methane and propane increases with the turbulence intensity which is consistent with the results of
Bradley et al. [23] for lean propane-air at 1 bar, 300 K. As the turbulence intensity increases, the
largest eddies become more energetic and Kolmogorov and Taylor length scales become smaller,
thus creating higher curvature levels. Flame wrinkling then increases for all the mixtures except
iso-octane, as can be seen on Figure 4. This leads to an increase in the flame surface and then to an
increase in flame speed for methane and propane. For iso-octane, neither flame speed nor flame
wrinkling increase with the turbulence intensity. Lawes et al. [53] measured turbulent burning
velocities of an iso-octane-mixture with an equivalence ratio of 0.8 at 1 bar, 360 K. For u’=1 m/s,
their results seem to be comparable with those of Figure 5.b). However, it appears that Lawes et
al. did not succeed in igniting the mixture for a higher u’ (4m/s). This can probably be explained
by the fact that the mixture is close to its lean inflammability limit and that the flame faces high
stretch levels. Indeed Lawes et al. showed that increasing the turbulence intensity leads to a
turbulent burning velocity increase for a stoichiometric iso-octane-air mixture. This behavior is not
seen for the lean mixture of iso-octane in Figure 5. With its high Lewis number, the lean iso-octane-
air mixture is more resistant than methane to flame wrinkling and moreover the high stretch levels
can be responsible for quenching at some point. As a result, there is competition between the
positive effect of turbulence in speeding up the flame and the negative effect of both the Lewis
number on flame wrinkling and the lean inflammability limit. Also, the low number of samples for

iso-octane at 7000 rpm makes the analysis more precautious from a statistical point of view.

The global flame stretch evolution is presented versus the flame radius in Figure 6. As expected

the flame stretch decreases as the flame grows. Some differences in flame stretch levels can be
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observed between the different mixtures. This is probably due to the difference in the flame
propagation speed which is used to calculate flame stretch in equation (1). It can also be seen that

the increase in turbulence intensity increases flame stretch, particularly for small flame radii.
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Flame stretch sensitivity

As in laminar combustion measurements, the flame propagation speed is plotted as a function
of the global flame stretch in Figure 7 in order to compare the flame stretch sensitivities. The
averaged plots can then be linearly extrapolated to obtain a non-stretched flame speed as well as

an “arbitrary” stretch sensitivity corresponding to the slope of the extrapolation line.

The slope values deduced from Figure 7 are presented in Table 3. While the mixtures have the
same stretch sensitivity ranking as the one observed in Table 1, the stretch sensitivities are higher
than the Markstein lengths measured in laminar combustion. This can be explained by the fact that
the flame speed increase due to flame wrinkling is added to the flame speed increase due to the
decrease in flame stretch. This is clearly visible on the methane mixture since its flame stretch
sensitivity increases with the turbulent intensity, as does the flame wrinkling acceleration. It can
also be seen that the flame stretch sensitivities are constant from u’=0.86 to 1.04 m/s. This may be
due to flame wrinkling that remains unmodified by turbulence. The flame stretch sensitivity
obtained at 7000 rpm for propane and iso-octane should be considered with caution due to the

strong deviation in this configuration.
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Figure 7. Mean flame speed versus mean flame stretch for the three mixtures: a) 5000 rpm, b)

6000 rpm, c) 7000 rpm.
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Fuel Methane Propane Iso-octane

u’=0.86 m.s! 0.9 24 5.5
u' =1.04m.s’ 1.9 2.7 5.7
u' =121 ms! 2.1 5.0 8.1

Table 3. Arbitrary Flame stretch sensitivities [mm] deduced from the extrapolation fits of Figure

7.

The differences observed in terms of flame speed response to stretch in the laminar regime are
therefore also visible in turbulent conditions. These differences may also be visible in a Spark-
Ignition engine and may impact engine performance. To check this, experiments in optical and all-

metal engines were carried out.
3. Combustion Behavior in an Optical Spark-Ignition Engine

The objective here is to verify if the different behaviors observed in the turbulent vessel are
also reproduced with an engine despite the high pressure and temperature conditions in the cylinder

and the convective velocity.
3.1 Experimental Set-up

The experiments were performed in an optical 0.5 L 4-valve pent-roof chamber single-cylinder
engine (Figure 8). Engine specifications are given in Table 4. Optical access was provided by two
lateral fused silica windows and a fused silica window set up at the top of an elongated piston. An
optical encoder mounted on the crankshaft provides a 0.1 Crank Angle Degree (CAD) resolution
for pressure acquisition. The intake pressure was fixed to 0.7 Bar. In order to avoid pressure

oscillations, the air passed through a plenum before the intake pipe. The intake air was heated to
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allow the evaporation of liquid fuels and the fuels were injected inside the intake pipe to have an
homogeneous mixture. In the case of gaseous fuels, a gas diffuser was used. In the case of liquid
fuels, a single-hole swirling injector was used and 4 injections per cycle were done to ensure a
good premixed mixture in the intake pipe. The fuel air mixture was ignited every 6 cycles thus

implying no burnt gas residuals.
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Lamal/ [] Optical \Lamal II
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Figure 8. Schematic view of the optical engine for laser tomography imaging configuration.
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J4S Renault, EP6, PSA

Engine optical engine all-metal engine
(see part 4)

Displaced Volume | 0.5L 04L
Valves 4 4
Compression ratio | 9.5 10.5
Stroke 82 mm 85.8 mm
Bore 88 mm 77 mm
Connecting Rod 127 mm 138.5 mm
Intake Pressure 0.7 bar 0.7 bar
Intake Temperature | 100 °C 127°C
Ignition Timing 30 CAD BTDC 30 CAD BTDC
Firing Frequency 1/6 cycles Every cycle
Tumble Ratio ~1[54] ~2.4 [55]

Table 4. Specifications of the optical and all metallic engines

In the literature, two different studies were performed on the optical engine:

- First, [27] focused on the flame structure using Mie-Scattering tomography with the engine
running at 1200 rpm. The estimated turbulence intensity was about 0.95 m/s with a
maximum mean velocity of 2.5 m/s at 1200 rpm and 1 Bar intake pressure at 14.4 CAD
BTDC [41]. The frame resolution was 512 x 512 pixels? with a magnification ratio similar
to that of the vessel experiments: 0.111 mm/pixel. 50 consecutive firing cycles were

acquired for the analysis.
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- Second, [26] focused on the engine speed effect on flame propagation using direct
visualization of the flame with the engine running at 1400, 1600, 1800 and 2000 rpm. The
frame resolution was 256 x 256 pixels? with a magnification ratio of 0.196 mm/pixel. 100

consecutive firing cycles were acquired for each engine speed.

The change in the optical technique is mainly due to the laser pulse frequency limitation. Indeed
the laser used for tomography has a fixed frequency: 12.5 kHz. This frequency corresponds to
one image taken every 0.6 crank angle at 1200 rpm. To maintain the same crank angle
resolution for the images at 2000 rpm, a 20 kHz frequency is needed. Direct visualization was

therefore chosen to study the engine regime effect.

Obviously using direct visualization does not make it possible to calculate the flame wrinkling
and to analyze the flame structure. Yet, the flame growth can still be investigated. Besides in a
previous study [26], it was shown, using two planes of visualization, that the flame mainly
propagates in the horizontal direction especially after reaching the piston. Moreover, the work
of Tahtouh et al. [56,57] in the same optical engine showed that both direct visualization and
tomography give the same trends regarding flame growth. Therefore, comparing the flame
growth behavior for different air-fuel mixtures seems to be possible even if the two techniques

will not give the same absolute values.

Further details about the experimental configuration and optical diagnostics can be found in [26]

and [27].
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3.2 Flame propagation

Using the same technique and methodology as in the experiments in the spherical vessel, the
parameters deduced from the radius evolution described in equations (1), (5) and (6) were also
estimated, and averaged on 50 cycles. The local flame curvature was also studied as described in
[27]. The mean surface equivalent flame radius R, evolution is plotted for all mixtures in Figure 9
with a relative error of 6%. Standard deviation bars are also displayed on the plot representing the
cycle-to-cycle variability. They are quite similar for all the fuels, leading to a similar uncertainty
of about +/- 7%. The radius values of the propane and iso-octane mixtures are similar, particularly
at the end of the acquisition. Methane has higher radius values than propane and iso-octane for the
same CAD. The trends seem to be in good agreement with those obtained in the turbulent vessel
(Figure 3) and with the work of Aleiferis et al. in [25] at 1500 rpm even if the standard deviation
in Figure 9 is up to 20%. It can also be seen that the mixtures can be ranked according to the slope
of the radius evolution, i.e. flame speed, as follows: iso-octane, propane, methane. Flame

development for iso-octane and propane is delayed compared to methane.
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Figure 9. Flame radius evolution versus Crank Angle Degree for the three mixtures [27].

Before analyzing the flame images in greater detail, it was first checked that the mixture
selection criterion was still valid in the engine conditions, i.e. at high pressure and temperature.
The Lewis number and unstretched laminar burning speed were therefore estimated from
CHEMKIN routines using the following kinetic schemes: GRI-Mech 3.0 for methane [43], USC
Mech II for propane [44] and Hasse et al. [45] for iso-octane. In-cylinder pressure and temperature
were used as input for the CHEMKIN simulation. The in-cylinder temperature was obtained by
using a classical thermodynamic analysis based on the cylinder pressure evolution without
considering a two-zone model. However this temperature corresponds to a mean “thermodynamic”
temperature inside the cylinder and overestimates the fresh gas temperature. The burning speed
will therefore be overestimated as well. But for small flame radii (below 10 mm), the part of burnt
gases can be neglected and the laminar burning speed will not be so overestimated.

As shown in [27] with the CHEMKIN calculations, the Lewis numbers remain quite constant

at different values for each mixture during flame propagation while the unstretched laminar burning
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speed is similar for all the mixtures during the onset of combustion. The selected mixtures thus

enable the impact of flame stretch sensitivity on flame development in the engine to be studied.
Flame structure: Wrinkling

Since the selected mixtures have different Lewis numbers, their flame wrinkling should be
different. Figure 10 shows the evolution of the wrinkling ratio versus the surface equivalent flame
radius Rs. It can be seen that flame wrinkling increases for all the mixtures. Moreover iso-octane,
which has the highest Lewis number, has the lowest wrinkling ratio. This indicates that the most
stretch-sensitive mixture has the least wrinkled flame front. Indeed, a high Lewis number tends to
decrease thermo-diffusive instabilities, leading to a stabilizing effect on the flame front and thus
decreasing wrinkling as well as flame speed. Similar behavior was observed by Renou et al. [33]
with methane, propane, and hydrogen as fuels. The figure shows that the wrinkling ratio versus Rs
increases only slightly for methane and propane whereas the increase for iso-octane is more
pronounced. Pajot [58] measured similar levels of flame wrinkling ratios for lean propane-air
mixtures (¢=0.9) in the same engine, and found a value of 8 for a radius of 7.5 mm. Since methane
and propane wrinkling increases only slightly, they appear to have almost reached their steady-

state propagation regime.
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Figure 10. Mean Flame wrinkling evolution versus mean flame radius for the three mixtures

[27].

As the wrinkling of iso-octane increases strongly, it takes longer to reach its steady-state
propagation regime. A high Lewis number may therefore be responsible for delaying the
stabilization of flame propagation. Unlike in the turbulent vessel, the ranking observed in flame
wrinkling values seems to be consistent with the Lewis number of the mixtures. Nevertheless,
considering the standard deviations observed on Rp (up to 25%) in the engine and on flame
wrinkling in the vessel, it is difficult to conclude on that point. Concerning the flame curvature, no
difference in the averages or in the standard deviation was observed [27], thus suggesting a similar

flame structure statistically.
Flame stretch sensitivity

As previously done in laminar and turbulent combustion in the spherical vessel, the equivalent
flame speed is plotted versus the flame stretch in Figure 11. For all mixtures, flame speed can be
linked to flame stretch using a linear model such as Clavin’s model [15]. The flame stretch
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sensitivity of each mixture can then be measured as the slope of each curve. The mixtures are
ranked from the most to the least stretch-sensitive as follows: iso-octane (1.7 mm), propane (0.74
mm), methane (0.55mm), which corresponds to the inverse ranking of the Lewis number. The
tendencies are therefore in good agreement with turbulent combustion measurements in the vessel

(Figure 7) but also with Markstein lengths in the laminar combustion regime.
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Figure 11. Mean flame speed versus mean flame stretch for the three mixtures at 1200 rpm.

Laminar/Turbulent/Engine Comparison

To compare the results obtained in laminar and turbulent conditions and in the optical engine,
a dimensionless flame speed, defined as the time derivative of the radius divided by its value at
zero stretch is plotted versus a dimensionless flame stretch, K.52/S? (Fig. 12). First, from laminar
to turbulent conditions, the slopes of the curves increase due to the increase in flame wrinkling
with turbulence. Second, from turbulent conditions to engine data, the slopes of the curves

decrease. This can be explained by the lower Markstein lengths in engine conditions because of
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the higher pressure and temperature. Whatever the experimental set-up and the conditions, the
flame stretch sensitivity ranking remains the same, as can be seen from the values of dimensionless
flame stretch sensitivities in Table 5. The stretch sensitivities are defined here as the slopes
displayed by the linear extrapolation of the curves in Figure 12. Consequently, the measurement of

Markstein lengths in laminar combustion is a key parameter to compare turbulent and engine

combustion behavior for different fuels.
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Figure 12. Dimensionless speed versus dimensionless stretch for the three experimental setups

Fuel Methane Propane Iso-octane
Vessel (Laminar, 1bar, 400 K) 1.2 2.7 3.8
Vessel (Turbulent, u’=1.04 m/s, 1 bar, 400K) 3.8 4.6 6.2
Optical Engine (u’=0.95 m/s, 6.1 bar and 565 K at IT) 1.1 1.8 2.7

Table 5. Dimensionless flame stretch sensitivities for three experimental set-ups.
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3.3 Effect of engine speed

The effect of engine speed on the flame propagation was investigated with the same engine as
that used in [26] by direct visualization of the flame. The engine speeds studied were 1400, 1600,
1800 and 2000 rpm. As can be seen from the Heywood equation [59] (equation 9), increasing the

engine speed and therefore the piston speed increases the turbulence intensity:

u' =C*S, )
with #’ the turbulence intensity, C a constant value and 3; the piston speed.

A lean butanol-air mixture was added to have a fuel with a Lewis number between that of
propane and iso-octane. The equivalence ratio for the air-propane mixture was modified slightly in
order to fit the properties of the butanol mixture better. The properties of the different mixtures at
ignition timing conditions (6 bar, 600 K) are summarized in Table 6. The selection criterion, i.e.
the same unstretched speed but a different stretch sensitivity, is still valid at least for methane and

iso-octane, and propane and butanol.
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Propane
Methane Butanol Iso-octane
Fuel USC-Mech II
GRI-Mech [43] Sarathy et al. [60] Hasse et al.[45]
[44]
ER 0.85 0.8 0.75 0.80
S? (cm/s) 56.40 66.93 69.40 56.70
Lewis 0.99 1.76 2.12 2.85
T iy (K) 2277 2255 2190 2275
cp (k1 kg! K1 0.86 0.86 0.87 0.87
LHV (kl.kg™h) 50000 45750 33075 44100
Lean operating | 0.7 at 10 atm, 298 K 0.7 at 5 bar, 0.7 at 5 bar, 0.8 at 5 bar,
limit (ER) [61] 298K [62] 423K [36] 423 K [36]

Table 6. Properties of the selected mixtures at 6 bar, 600 K calculated with different kinetic

schemes in CHEMKIN.

Flame radius evolution

The effect of engine speed on flame radius evolution is presented for all mixtures at 1400 rpm
and 2000 rpm in Figures 13 a) and b) respectively and for each mixture at all the engine speeds in
Figures 14 (a), (b), (c), (d). Due to the sufficient number of cycles acquired here, uncertainty is

quite low and remains at +/- 5% for all fuels and conditions.

The evolution of the flame radius obtained with direct visualization is in good agreement with
the results from tomographic experiments (parts 2 and 3) and with the work of Aleiferis et al. [25].
All the mixtures have similar radius evolutions except for iso-octane which ignites later and burns

more slowly. At 2000 rpm, butanol combustion also begins to be delayed compared to that of
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methane and propane. Figure 14 shows that the increase in the engine speed, i.e. the turbulent
intensity, increases the flame speed more in the case of methane than iso-octane. While the flame
speed increase with turbulence intensity was already observed in Figure 6 for methane, no trend
can be extracted for iso-octane which even appears to slow down, judging from its radius evolution
with turbulence intensity in Figure 3. In Figure 14, the engine speed increase and therefore the
turbulence increase appears to be responsible for a small increase in the flame speed even for the
iso-octane mixture. It is important to recall here that the high pressure in the engine may have an
effect on flame wrinkling, thus explaining the different effect of turbulence intensity on the radius
evolution between the vessel and the engine for iso-octane. For methane, the strong flame speed
increase can be explained by a positive effect of turbulence on flame wrinkling and the fact that
the mixture is not really affected by stretch. To be more precise, in the vessel, when increasing the
turbulence intensity the flame speed for iso-octane is not increased because of the flame stretch
that prevents the flame from expanding in the beginning. In the engine, the flame speed of the iso-
octane flame seems to increase when increasing the engine regime. This can be due to the high
pressure of the engine that helps the flame to wrinkle and to high temperature that speeds up the
propagation, thus compensating the stretch effect. The increase in turbulent flame speed when
increasing the pressure has been indeed already shown by Lawes et al. [53]. For the other fuels,
since they are less sensitive to stretch, the positive effect of the turbulence increase seen in the
vessel is combined with the high pressure and temperature that help the flame to wrinkle and speed
up. Therefore these two effects are responsible for a stronger flame speed increase for methane
than for iso-octane. To sum up, even if the stretch increases with engine speed [26], it has no effect
on the flame propagation itself for the methane-air mixture. On the contrary, the iso-octane mixture
is much more sensitive to stretch and its high Lewis number makes it resistant to wrinkling, thus

explaining the low speed increase with engine speed for this mixture. A similar observation and
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comparison can be made for butanol and propane even if it is less noticeable in Figure 14. The

increase in engine speed is responsible for a higher increase in the flame speed for propane than

for butanol.
20
1 1
= 1400 rpm 1 !
faH— —&—— Methane | :_ ______ : 2
—E—— Propane 1
- | —3—— Butanol 1
16 — —@&— Isooctane | _ _ _ ' _ _ _ _ _ _ e 2

-
-

Equivalent Flame Radius [mm]
s =

@

1.2

1.6
Time [ms]

20

18 —

-
(=)

-
'S

-
=)

=

2000 rpm
——— Methane
—— Propane
—3¢— Butanol

Equivalent Flame Radius [mm]
IS

Isooctane | _

1.6
Time [ms]

24

Figure 13. Mean flame radius evolution for all the mixtures at a) 1400 rpm and b) 2000 rpm [26].
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Figure 14. Flame radius (filled symbols) and in-cylinder pressure (empty symbols) evolutions at

all the engine speeds for a) Methane, b) Iso-octane, c¢) Propane, d) Butanol.

Flame Stretch Sensitivity

Concerning the effect of engine speed on flame stretch sensitivity, the values of the slopes

obtained from plots representing the flame propagation speed as a function of the global flame

stretch in [26] are presented in Table 7. It can be seen that the flame stretch sensitivity ranking is
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the same as the Lewis number ranking and it is conserved whatever the engine speed or turbulence

intensity except at 1800 rpm where propane presents the highest stretch sensitivity.

When comparing the values obtained here to those obtained in the turbulent vessel, the
sensitivities in the engine are lower probably because of the higher pressure in the engine which
decreases the Markstein length. Then when looking at the differences between the tomographic
results at 1200 rpm and those from direct visualization at 1400 rpm, the stretch sensitivities are
higher at 1400 rpm than at 1200 rpm which is at first sight consistent with u’ effect on stretch
sensitivities observed in the vessel with Table 3. However, as described in section 3.1, mie-
scattering tomography measurements are planar whereas with direct visualization the three-
dimensional flame is projected in the plane of the piston. This implies a measurement bias on the

flame area that leads to different values measured with the two optical techniques.

Besides when increasing the engine speed, this trend due to the u’ effect is no longer so obvious
with direct visualization and the effect of the engine speed on flame stretch sensitivity is not so
clear-cut. If the values of Table 7 at 1400 rpm are compared to those at 2000 rpm, the stretch
sensitivity seems to globally decrease with the engine speed and this could be explained by the in-
cylinder pressure increase with the engine speed as shown in Fig. 14. The pressure effect on the
Markstein length may then be predominant compared to the turbulent intensity effect on the stretch
sensitivity. Nonetheless, it is important to underline that no matter what the optical technique or

the engine speed, the stretch sensitivity ranking between mixtures is maintained.
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Enoine speed w Methane Propane Butanol Iso-octane

gine sp Le =0.99 Le =1.76 Le=2.12 | Le=2.85
1400 rpm 1.1 m/s 1.8 3.1 34 3.7
1600 rpm 1.3 m/s 0.7 3.1 3.5 4.4
1800 rpm 1.4 m/s 1.3 3.9 1.5 2.5
2000 rpm 1.6 m/s 0.4 1.9 2.2 2.1

Table 7. Arbitrary Flame stretch sensitivities [mm] [26].

3.4 Conclusion on optical engine measurements

The selection of mixtures based on laminar combustion at 1 bar and 400 K made it possible to
focus on the stretch effect inside a Spark-Ignition engine. Different flame propagation behaviors
were observed depending on the mixture used, mainly due to the different stretch sensitivities and
degree of resistance to wrinkling. Finally it seems that the more stretch-sensitive (and/or difficult
to wrinkle) the mixture is, the more delayed the combustion development is. The major result of
this study is that by comparing the Markstein length measurements in laminar regime, trends

concerning the combustion behavior of the mixture in the engine can be deduced.
4. Engine Global Combustion Characteristics
4.1 Experimental set-up

For each experiment on the optical engine, the in-cylinder pressure traces were acquired in
order to calculate combustion duration by thermodynamic analysis. This made it possible to focus
on the combustion phasing, which is a more global combustion characteristic directly linked to
efficiency. To complete the study and obtain measurements in more realistic conditions,
experiments were carried out in an all-metal single-cylinder engine whose operating specifications

(intake pressure and temperature, ignition properties) are similar to those of the optical engine, as
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shown in Table 4. The two engines used for the experiments present similar running conditions but
different geometrical properties such as displaced volume, compression ratio, stroke and bore.
Moreover due to the different piston geometries (for the optical engine the piston is flat whereas
for the all-metallic engine the piston has a bowl shape), the internal flow fields in the two engines
are different and especially the tumble ratio, estimated close to 1 [52] for the optical engine and
about 2.4 [53] for the all-metal one. For the all-metal engine as well as in the optical engine for the
direct visualization study 100 consecutive firing cycles were processed. For the tomographic study
in the optical engine, only 50 cycles were processed because of the dirt generated on the windows
by the silicon seeding. As described in Table 4, both engines present the same ignition timing as
well as similar intake pressure and temperature conditions thus enabling some comparisons
regarding the combustion phasing. Regarding the injection system of the all-metal engine, fuel and
air are injected in the intake pipe before the plenum. In the case of liquid fuels in the all-metal
engine, the fuel passes through an evaporator before the plenum so that a homogeneous mixture is
already obtained in the plenum. For both engines, the homogeneous mixture is then prepared in the
intake.

Concerning the stability, the COV of the IMEP (covariance of the Indicated Mean Effective
Pressure) was estimated for all the cases in both the optical and the metallic engine. The COV was
globally less than 3% in all cases, indicating a good stability of the engines and low cycle-to-cycle

variations.

4.2 Lewis effect on combustion phasing

The CAO0S5 corresponding to the crank angle at which 5% of the mixture mass has burned was
estimated for each condition (mixture and engine speed) and is shown versus the Lewis number in

Figure 15 with an uncertainty of +/- 0.4 CAD for all the fuels. It can be seen that the CAOQS is
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linearly linked to the Lewis number. As the Lewis number increases, the combustion delay
increases: for a Lewis number increase from 0.99 to 2.85, there 5 CAD of difference. Consequently,
flame stretch sensitivity has an impact on the global combustion phasing and development,
confirmed also by the plot of CA10 and CA50 which verify the same linear evolution with Le
number.
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Figure 15. CAXX versus Lewis number for all cases.

Concerning the burnt gas residuals that can appear in the all-metal engine, they should not alter
the comparison and the trends observed, since even if a small quantity of burnt gas residuals
(maximum 5%) can be considered in the all-metal engine, a previous study in laminar regime

showed that dilution has little influence on the Markstein length [35].
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4.3 Engine speed effect on combustion phasing

The effect of increasing the engine speed on the combustion phasing was also studied. Figure
16 plots CAO5 as a function of engine regimes for all the mixtures. The ranking of the different
mixtures in terms of CA0S is in agreement with the flame radius evolutions observed in Figure 14
and with the results of Aleiferis et al. [25]. When increasing the regime, the CA0S5 increases but

depending on the fuel:

- There is a strong increase in the CA0S5 for iso-octane and butanol which are stretch-sensitive
mixtures. This can be explained by their flame speed increase with the regime (Fig. 14. (b))
which is too low to compensate for the piston speed effect. The flame has less time to
propagate and the combustion phasing cannot be maintained.

- For methane and propane flames which are less stretch-sensitive and easier to wrinkle, the
CAOS increase with the engine speed is lower. The flame speed increase for those two
mixtures (Fig. 14. (a)) seems to be sufficient to compensate for the piston speed effect and

thereby maintain the phasing.
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Figure 16. CAOS5 versus engine speed for a) in the optical engine (Renault J4S) and b) in the all-

metal engine (PSA, EP6).

It is interesting to note that a similar CAOS5 evolution with the regime is obtained in a single
cylinder all-metal engine with very different internal flow motion and specificities than the optical
one (see characteristics in Table 8). It can therefore be concluded that the flame stretch sensitivity
has an impact on the combustion phasing regardless of the engine, the compression ratio, or the
internal aerodynamics and that the flame stretch response of the mixture affects the efficiency. This
observation provides evidence for taking flame stretch sensitivity into account in combustion

models for SI engines.

Conclusion

In this paper, the impact of flame stretch on flame propagation was investigated using
various experimental devices: a spherical vessel in laminar and turbulent conditions, and both
optical and all-metal Spark-Ignition engines. The study focused on how the fuel properties related

to flame stretch sensitivity can impact the engine performance.

45



Different lean mixtures were selected from laminar flame propagations (at 1 bar, 400 K), with
the following criterion: similar unstretched flame speeds but different responses to stretch,
indicated by different Markstein lengths and Lewis numbers. The selected mixtures can be ranked

from the most to the least stretch-sensitive as follows: iso-octane, propane, butanol, methane.

The combustions of the mixtures were then studied in turbulent conditions at 1 bar, 400 K in
the spherical vessel by using Mie-scattering tomography. Different flame radius evolutions were
observed depending on the mixture, leading to different flame speeds. Iso-octane was the slowest
mixture while methane was the fastest. Moreover the flame speed increased continuously for all
the mixtures due to several phenomena: the decrease in flame stretch with propagation combined
with the positive Markstein lengths of the three mixtures and the response time of the flame to
turbulence. Regarding the stretch response of the mixtures, different behaviors were shown on the
flame speed versus flame stretch plots. These differences seem to be mainly due to the Markstein

length of the mixtures and the ability of their flame to wrinkle, indicated by their Lewis numbers.

Experiments were then carried out in an optical S.I. engine. The different flame propagation
behaviors depending on the mixtures were also visible despite the high in-cylinder pressure and
temperature and their increase during combustion itself. The slope ranking of the flame speed
versus flame stretch curves is also the same regardless of the experimental set-up or the conditions
(pressure, temperature, turbulence). This means that the flame stretch sensitivity ranking is
maintained from laminar combustion to engine combustion. This is an important result because it
reveals that the Markstein length measurements, obtained in laminar combustion conditions even
at lower pressure and temperature than an engine can help to predict comparatively fuel behavior
in terms of combustion performance in the engine. The engine speed affects the flame development

depending on the mixture used itself and its flame stretch sensitivity. However, the stretch
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sensitivity ranking of the mixtures is again maintained regardless of the engine speed or the
turbulence intensity as was observed in the spherical vessel. Finally a linear relationship was found
to link the combustion phasing and the stretch sensitivity of the mixtures represented by the Lewis

number, for different mixtures and engine regimes.

The effect of Markstein length on both laminar and turbulent flame speeds is already well
covered by the literature. However its impact inside a Spark-Ignition engine on the combustion
phasing which is linked to the yield of the engine has never been studied until now. The study has
attempted to cover all the aspects of the flame stretch sensitivity effects by increasing gradually the
complexity of the experiments thus enabling the effects of turbulence, of pressure and temperature,
of the engine aerodynamics and of the cycle-to-cycle variations to be included step by step. The
results obtained in the all-metal engine are then strengthened by the analysis done in the vessel and
in the optical engine. To conclude, this study reveals the impact of the Markstein lengths in Spark-

Ignition engines thanks to:

- amixture selection that enables to focus on the effect of the various flame stretch responses
of different mixtures;

- adetailed analysis of the behavior of those mixtures in a turbulent vessel where the effect
of the turbulent intensity was investigated and is in agreement with the literature;

- astudy in an optical engine showing that the effect of flame stretch responses on the flame
propagation observed in the turbulent vessel is also visible in the engine combustion
chamber even with the higher pressure and temperature;

- a depth analysis of the engine speed effect on the flame stretch responses of the mixtures
that brings out the effects of pressure and turbulent intensity increases on the turbulent

flame speed;
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- the measurements of the combustion phasing in both optical and all-metal engines that
enables the results observed to be extrapolated to other kinds of Spark-ignition engines. The
conclusions drawn for the all-metal engine are also validated by the results obtained with

all the experimental devices and diagnostics used in this study.

Finally, this study has demonstrated that the unstretched laminar burning speed is not sufficient
when evaluating a fuel for engine use. The flame stretch sensitivity of the mixtures has also to be
considered. The integration of the laminar flame speed dependence on flame stretch in CFD models
has to be considered as a future issue and not only the unstretched values as in most current models,

based on the use of a stretch factor and the unstretched laminar burning speed.

In future work, it will be important to determine whether the flame stretch sensitivity effect is
still visible when the engine runs in optimal conditions to provide the highest efficiency (optimal
ignition timing, higher intake pressure, etc.) but also in the case of a Stratified GDI mode and with

EGR.
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