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0D modeling aspects of flame stretch in spark ignition engines and comparison with
experimental results

Sokratis Demesoukas?, Pierre Brequigny?”, Christian Caillol?, Fabien Halter®, Christine Mounaim-Rousselle?

L aboratoire PRISME, Université d’Orléans, 8 rue Léonard de Vinci, 45072 Orléans Cedex 2, France

Abstract

With the different kinds of fuel now available, modern spark ignition engines have to be adapted,
owing not only to the difference between the characteristic heat of combustion of the different
fuels, but also to the response of the flame to stretch. As the burning rate is a function of the laminar
burning speed which is a function of the flame stretch, this parameter has to be taken into account

by combustion models.

In this study, a zero-dimensional combustion model, based on the Flame Surface Density equation,
is enhanced with a model for the stretched laminar burning speed. Numerical results are compared
with the experimental results of three lean air-fuel mixtures with isooctane, propane and methane
as fuels, that have similar unstretched laminar burning speeds but different Lewis numbers.
Laminar burning speed, flame radius, burnt mass fraction, and turbulent flame wrinkling are
compared with experimental results. The simulation trends are similar to those of experimental
results. Methane and propane (Lewis number 0.99 and 1.80 respectively) show similar wrinkling
rates, while isooctane (Lewis number 2.90) has a lower wrinkling rate. The observed difference

between computed burnt mass fraction with stretched and unstretched flame speed models reveals
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that the impact of stretch and Lewis number needs to be taken into account and that a stretched

laminar burning speed must be used for modeling, especially for mixtures with a Lewis number

much greater than unity.

Keywords

Spark ignition engine, 0D combustion modeling, flame stretch, Lewis number, fuel effect

Nomenclature
Latin Greek
A surface (m?) r efficiency function (-)
B pressure constant (10° Pa) o; Blint’s laminar flame thickness(m)
D Destruction term (m?/s) 5P laminar flame thickness (m)
Dm  Mass (Species) diffusivity (m%/s) K flame curvature (m™)
Dtn Thermal diffusivity (m?/s) = wrinkling factor (-)
Da Damkéhler number p density (kg/m?)
E temperature constant (K) o fresh to burnt density ratio (-)
H specific enthalpy (J/kg) Subscripts
K Mean kinetic energy (J) 0 standard or unstretched
k Turbulent kinetic energy (J) b burnt gases
Ka Karlovitz number (-) C consumption speed
Le Lewis number (-) comb combustion
M molar mass (g/mol) equ equilibrium
m mass (kg) L laminar flame
Ma Markstein number (-) R propagation speed
P Production term (J/s) u fresh (unburnt) gases
p pressure (Pa) Acronyms
Rf flame radius (m) CAD Crank Angle Degrees
S laminar burning speed (m/s) CFD Computational Fluid Dynamics
T temperature (K) EGR Exhaust Gas Recirculation
u’ turbulent intensity (m/s) IvC Inlet Valve Closing
% volume (m?) RBG Residual Burnt Gas
X mole fraction (-) TDC Top Dead Center
Y mass fraction (-) SI Spark Ignition
Ze Zeldovich number (-)




1. Introduction

Nowadays, due to the increasingly restrictive standards on pollutants and CO. emissions, the car
industry is developing new technologies which require fuel adaptation. Moreover, in order to
compensate for the depletion of fossil energy resources, oil companies have introduced biofuels
for Spark-Ignition (SI) engines. These fuels can be used either pure or blended with gasoline. As

a result, the automotive and oil industries are facing a context of fuel diversification.

However, the use of various fuels in a SI engine can be responsible for a different combustion
behavior and could therefore impact the pollutant emissions [1], auto-ignition delays [2] but also
the engine efficiency. For SI engines, the heat release rate is linked to the flame propagation speed
of the expanding flame kernel. In addition, while aiming at improving efficiency, oil companies
have sought to develop fuels that burn faster than typical gasoline. However, in a SI engine, the
kernel expansion flame speed depends not only on the fuel but also on several additional
phenomena such as turbulence [3], flame stretch [4] and type of ignition system [5]. As a first step
to evaluate potential substitutes for gasoline, the fundamental laminar burning speed is mainly
investigated [6—10]. Moreover, it is a key parameter for combustion modeling [11]. This burning
speed corresponds to the speed of a one-dimensional planar adiabatic flame in laminar conditions
without any instability and it is a function of pressure, temperature, fuel, dilution and fuel/air
equivalence ratio. The fundamental laminar burning speed cannot be considered as the
consumption speed of an expanding flame, however, since the flame speed of expanding flames is
submitted to stretch, which contains two contributions: curvature and strain rate [12]. Flame
stretch, which can be defined as the relative growth rate of the flame surface, is related to the

thermo-diffusive characteristics of the fuel [13—15].

Therefore, depending on the fuel used, the different responses to flame stretch will impact the

flame propagation differently. While this effect has been fully investigated in laminar conditions
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[16—18], only a few recent studies have presented the effect of flame stretch in SI engines [19-22].
Besides, only a few Computational Fluid Dynamics (CFD) models for spark ignition consider the
laminar burning speed dependence on the flame stretch [23—25] and many models are mainly based
on the unstretched laminar burning speed. It is still an open question, however, how to take flame

stretch phenomena into account.

In a previous study [19], the impact of the engine speed and of the air/fuel mixture (air with
isooctane, propane and methane at different fuel/air equivalence ratios) on the flame stretch rate
was studied. It was shown that the flame stretch sensitivities observed in the laminar regime
directly impact the combustion process inside the engine. In order to validate the results, an
accurate study of flame visualization was performed and the results can be found in [21]. Different
lean mixtures presenting almost the same unstretched laminar burning speed were selected. The
mixtures also had different Lewis numbers which is a relevant parameter to describe thermo-
diffusive instabilities as well as flame stretch interactions. Global flame wrinkling and local flame

curvature were also studied.
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Figure 1: Schematic representation of the combustion model



Recently 0D models have shown great interest for reproducing engine performances with a
computational cost that is competitive compared to CFD codes. Even though 0D modeling is less
detailed in the description of the physics than the LES technique, it is able to reproduce complex
phenomena such as pollutant emissions for SI engines [26], blow-by leakage, fuel injection and
engine deformations for direct injection Diesel engines [27]. A 0D model was developed [28] by
the authors on the basis of the zero dimensional (0D) Flame Surface Density equation [29] and in
the present work, it is enhanced with a sub-model for laminar flame stretch. The mean flame
surface is considered to be a sphere, which intersects with the chamber wall. The model calculates
a flame radius as well as a flame wrinkling factor and is coupled with a two-zone thermodynamic
model. A schematic representation of the model is shown in Figure 1. This paper focuses on
reproducing the previously reported experimental results [21] through OD modeling, to clarify at
which combustion stage flame stretch is important to consider and why the stretched laminar

burning speed must be taken into account in SI combustion models.
The main objectives of this paper are:

- To propose a new 0D model that takes into account the effect of stretch on flame
propagation for a Spark-Ignition engine

- To better understand the role of wrinkling and stretch in the flame speed evolution.

- To address new comparisons with experimental results obtained from an optical engine to
validate the model. In particular, the calculated burnt mass fraction and in-cylinder

pressure, which are key parameters when calibrating a new engine, are compared to

experimental data.

This study finally demonstrates the importance of taking stretch into account, especially curvature

in the laminar flame speed formulation, to better predict the burnt mass fraction. With such a



modification, the overall model is not only able to satisfactorily predict the end of the combustion
phase as developed in previous studies [30,31] but it is also relevant for the early flame propagation
phases when flame stretch is high. It is thus a powerful tool for predicting the performances of a

new SI engine design with different kinds of fuel and in a wide range of conditions.
2. Model

In this section the combustion model is briefly presented. Some sub-models were described in a
previous study [28] and are briefly covered here. In order to simulate the compression and
combustion stages in a SI engine, a two-zone thermodynamic model was used. This kind of
modeling takes into account two zones, one for the unburnt (fresh) gases and one for the burnt
gases. The equations of this model are the results of the energy conservation inside the combustion
chamber. For the heat transfer (Q) modeling, a classical Woschni [32] approach was used. This
model is connected with the combustion model and it calculates cylinder pressure (p), fresh and
burnt gas temperatures and densities (T, T, py, Pp) as well as fresh and burnt gas compositions.

The detailed derivation of the thermodynamic model can be found in [33].

The heat release rate of combustion (Q.,m,p) can be estimated from the simulated cylinder pressure
(p) as a function of the crank angle () (y is the ratio of heat capacities under constant pressure

and constant volume and V is the cylinder volume):

d av 1 d d
Qcomb= Y p— 4 V—p-l-—Q
de y—1d6 y—1 d6 db

(1)

Under the flamelet assumption, the combustion reaction is assumed to be fast enough for the
dominant effect of turbulence on the flame to be to wrinkle the flame surface, while the inner flame
structure is not significantly altered by the turbulent flow field. The rate of burnt mass (111,) is

written:

My = pySLALE 2)



It contains the fresh gas density (p,,), the laminar burning speed (s;,), the mean flame surface (4;)
and the wrinkling factor (Z). The flame starts as a kernel of burnt gases in the vicinity of the spark
plug and propagates towards the walls, while being wrinkled by turbulence. A basic assumption
of 0D SI combustion modeling is that the flame starts as a sphere between the electrodes of the
spark plug. While the flame propagates inside the cylinder, its mean surface (A;) as well as its
volume (V) remain spherical. A numerical tool of a simplified but realistic chamber geometry was
developed. It takes into account the chamber geometry through its bore, stroke, and spark plug
position and it represents properly enough the complex geometry of the cylinder head. It gives as
an output the mean surface and the volume as a function of the piston height and of the flame
radius (Ry). Details about the model can be found in the work by Demesoukas [34]. The starting
point of the flame radius is fixed between the spark plug electrodes. For each crank angle step,
flame radius is calculated using an iterative process, so that the geometrical volume (V}) of burnt
gases is equal to the burnt gas volume (V,) computed from the thermodynamic model. This
calculation ensures consistency of the flame propagation. The temporal evolution of the flame

radius is used to calculate a flame propagation speed (sg):
_ 4Ry

T odt

2.1. Laminar burning speed and flame thickness

)

SR

Laminar burning speed is one of the fundamental characteristics for modeling flame propagation.
It is known that various correlations exist in the literature to calculate the laminar burning speed
of typical fuels. The correlation can then be used in CFD simulation or 0D modeling, as done by

Fanelli et al. with H2/CO mixtures [35] .The choice of correlation (see

Table 1 for references) for each fuel was based on its validity under high pressure and temperature

conditions, as is the case in SI engines. Empirical correlations of the form of eq. (4) which take



into account the dependence of the fuel-air equivalence ratio (¢), cylinder pressure (p) and fresh
gas temperature (T,) were used in the present study to determine the unstretched laminar burning
speed s?. In this work, experiments and simulations were carried out with no RBG, so this
dependence was omitted in the unstretched laminar burning speed correlations. During the
experiments the engine was fired every 6 cycles in order to avoid the presence of RBG. However,
modern SI engine design strategies include the recirculation of burnt gas [36,37] and its impact on
laminar burning speed has to be taken into account in the correlations to simulate the standard
operation of a SI engine. The values of pressure and temperature exponents (a, 8) as well as the

mixture laminar flame speed (s?°) are given in

Table 1. Reference pressure and temperature conditions(pre 7> Ture f) are also provided.

a B
14 Ty
sP = sP%( )< ) ( ) 4)
k LA pref Tu,ref

Table 1: Constants for laminar flame correlation of isooctane, propane and methane

Isooctane [38] | Propane [39] | Methane [40]
o(=) 0.80 0.72 0.85
s2%(p)(m/s) 0.45 0.22 0.32
Pres(10°Pa) 1.0 1.0 1.0
Tyrer (K) 423 300 300
a(-) 1.93 1.63 1.81
B(=) -0.3129 -0.18 -0.44

The laminar flame thickness (57) can be defined as the ratio between the thermal diffusivity (Dy,)

and the unstretched laminar burning speed (s?). It is also called ‘diffusive thickness’.

Dyp,
5 =—5 (%)
Sy

As explained in [41], in practice the diffusive thickness is smaller than the actual values of laminar

flame thickness. An alternative correlation, proposed by Blint in [42], takes into account the ratio
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of the burnt gas and fresh gas temperature. This correlation is used in the present study.

0.7

T
5, =260 (3) ©)
Ty

The fresh gas mixture diffusion coefficient for species &, Dy, was computed as described in [43].
The binary diffusion coefficients Dj; for the fresh gas species (fuel, CO2, H20, O2, N2, H> and CO
with j, k = 1...7) were calculated at a temperature equal to the fresh gas temperature (T;,), with
the use of coefficients obtained after running the CHEMKIN Transport Package [44] for the fresh
gas species. M is the mean molar weight of the fresh gases. Y and X represent mass and mole
fractions of species respectively.

D, — Z;;:k Xij
k = =
" MY Xi/Djx

(7)
The Lewis number (Le) is defined as the ratio of thermal diffusivity of the mixture to the deficient

species mass diffusivity, which is the fuel in lean mixture conditions so that k=fuel in equation (7),

thus giving:

D
Le = th
Dfuelm

3
2.2. Turbulence

As is well known, turbulence wrinkles the flame and increases its surface by changing its stretch
and strain characteristics. Calculation of the wrinkling factor (Z') needs an estimation of turbulence
intensity (u') and, in most models, of the integral length scale (Ly). In this work a 0D turbulence
model was used. It contains one equation for the global kinetic energy (K) and one for the turbulent
kinetic energy (k) as described by the work of Bozza et al. [45]. The following equations describe
the rate of change of the kinetic energy of the mean flow field and of the kinetic energy of the

turbulent field. The mean kinetic energy, which enters the chamber, is transformed into turbulent



kinetic energy (production term P) and also changes due to the mass flow into the exhaust and due
to the density variation. The turbulent kinetic energy is produced by the transfer of the kinetic
energy of the mean flow field, is destroyed by viscous dissipation and changes due to the variation
in the density and in the flow at the exhaust valve. The production and the dissipation terms are
modeled with the aid of characteristic times (tp, tp) and coefficients (cp, cp). Mean flow velocity

(Uy) and integral length scale (L) are used to calculate the production term.

dK 1. 1. m o)
E=Cinzminuizn+Cout§moutu(2)ut_P+K ex"'KE
dk m )
Zop-prrleEy gl ©)
dt m p
p= KD— k't —Uf-t _u’
_CPtp' _CDtD' P_LTr D_LT

The crucial assumption is that turbulence is homogenous and isotropic throughout the combustion
chamber. An experimental assessment [46] of the turbulent intensity of the engine used in this
work was performed. The results were used to calibrate the OD turbulent model. A thorough

explanation of this model can be found in [47,48].
2.3. Flame Wrinkling

In this work, the Flame Surface Density Model (FSD) was used. In the FSD model, the wrinkling

factor is calculated by a 0D differential equation [49]:

ol ’ AYa~ —_

1dz p(“_ L_T>“_<M> _ 2 Puig g0

—= - 0’ = —_ - L

Zdt s, 6,) Ly Eequ—1 Rf Pb (19)
Wrinkling Turbulent Stretch Mean Stretch

This equation is obtained by the reduction of a 3D CFD equation of the flame surface density as
described in detail in [25]. The first RHS term represents the wrinkling of the flame by all turbulent
scales, while the second term represents the mean stretch due to the thermal expansion of the

spherical flame which diminishes the turbulent wrinkling of the flame front [25]. This formulation
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makes it possible to compare the total stretch term of equation (10) with stretch calculated by
experimental flame visualizations, as described in [14]. The turbulent term contains the efficiency

function of the turbulent flow (") and the equilibrium wrinkling factor (Z.4,,).

Eequ=1+2_ _C (11)

The presence of the efficiency function in this model takes into account the laminar flame speed
(s) and the laminar flame thickness (§;) as well as the impact of all turbulent scales. The strain
rate of the flame front, caused by a pair of counter-rotating vortices, is integrated for all turbulent
scales, assuming that each scale wrinkles the flame front independently. A fitting is performed in
order to find the final expression of I". The expression used in the present study can be found in

[41,50].

!

exp(—s —0.4) + [1 — exp(—s + 0.4)][o; (:—0) s —0.11] (12)
L

logo(IN) = _s 104

1

S = 10810(%% 01 = g{l - %EXP[_ (:_2,)5]}
The equilibrium wrinkling factor (Z,4,,) is the result of the analytical solution of the steady one-
dimensional flame density equation [51]. It contains the calibrating coefficient (C) of the
combustion model and it is fuel dependent through the Schmidt number (Sc). The calibrating
coefficient is changed to ensure that the simulated cylinder pressure matches the experimental one.
A more detailed discussion about the implementation of this combustion model and the reasons
for its selection in this work can be found in [28]. This model was also enhanced for near wall
combustion phenomena [30,31]. However, this modeling was omitted in the present study, since

those phenomena are weak during the first combustion stage.
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2.4. Stretched laminar burning speed

The stretched laminar burning speed can be calculated as a function of the Markstein (M a) number,

of the flame curvature (k) and of the dimensional laminar flame thickness (8), as proposed in

[24].
2

K= R_f (13)

s, =s(1—Ma- 8 k) (14)

The strain rate is reported to make a minor contribution to the modification of burning speed in
comparison with the mean curvature [24] during the early propagation stages. According to

Bechtold and Matalon [52], the Markstein number (Ma) can be calculated as follows (o = p,,/pp):

—a—(o—DA
Ma=a—-(c—1) > (15)
a=y;+05Ze(Le — 1)y, (16)
—— 17
V2 = %{\/_— 1-1In[0.5(Vo + 1)]} (18)

The Zeldovich number Ze is calculated following [53], with T; defined in [54]

Ze =4 1

e T, =T, (19)
E

To=——= 20
4 (20)
lnB
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The constants (E and B) were taken from [53] and their values are shown in

Table 2.
Table 2: Constants [53] for the calculation of T, temperature for all three fuels
Isooctane | Propane Methane
E(K) 20906 17223.5 23873
B(10° Pa) | 3.8-107 |2.2501-10° | 3.1557-10®
3. Experimental setup

Table 3. Test Engine characteristics

Displaced volume (cm?)

500

Bore (mm)

88

Stroke (mm)

82

Connecting rod length (mm)

137

Geometric compression ratio

9.5

Number of valves

4

Engine speed (rpm)

1200, 1600

Spark advance (crank angle
degrees before Top Dead Center)

30

Intake pressure (bar)

0.7

Intake temperature (°C)

100

The results obtained from the 0D model were compared to the experimental results obtained in

[21]. The experimental set-up has been fully described in several references [19,21,46,55]. The

optical engine specifications are summarized in Table 3. In [21], experimental results were

deduced from images obtained with Mie-Scattering Tomography. As previously said, no residual

burnt gases were present in the cylinder during the experiment since the engine was fired only

once every 6 cycles. The experimental results obtained from images are averaged results of 50

consecutive firing cycles. The uncertainty on the averaged flame radius was estimated to be around

+ 7% [22].
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4. Results and discussion
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Figure 2: Lewis number during the combustion phase for Figure 3: Markstein number during the combustion
all three fuels. phase for all three fuels.

A basic validation of the simulations consists in calculating the characteristic non-dimensional
combustion numbers, checking whether they agree with already published results and exploring
their evolution during the engine cycle, during which pressure and temperature evolve. In Figure
2, the Lewis numbers (calculated with equation (8)) for all three fuels are plotted during the
combustion cycle. They remain almost constant during combustion and their values match with
the ones calculated by CHEMKIN at 6.1-10° Pa and 565.5 K (mean values of the measured engine
cycle: 0.99, 1.82 and 2.85 for methane, propane and isooctane respectively) [21]. The Markstein
number results for all three fuels are shown in Figure 3. Following the trend for the Lewis number,
the Markstein number remains quasi-constant during the combustion process. The Markstein
numbers for all three fuels are in agreement with the derived values in [21] (0.65, 3.25 and 12.80
for methane, propane and isooctane respectively). The consistency of the calculated Markstein and

Lewis numbers as well as the fact that they remain quasi constant during the cycle means that the
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thermodiffusive and stretch characteristics can be connected with the stretched laminar burning

speed.
Stretched — = = Unstretched Stretched — = = Unstretched Stretched = = = Unstretched
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Figure 4: Stretched (s;) and unstretched (s?) laminar burning speeds after spark ignition for the experimental pressure
and temperature conditions: (a) Isooctane, (b) Propane, (c) Methane.
The results of the model for the laminar burning speeds of the three fuels (equation (14)) are
presented in Figure 4. The unstretched laminar burning speeds were calculated with the
correlations adopted in section 2.1 (dashed line). The unstretched laminar burning speed is almost

identical for all three fuels. It varies from 0.40 to 0.50 m/s for the Crank Angle Degrees (CAD)

between -30 and 0.

The stretched laminar burning speed for the three fuels is smaller than the unstretched laminar
burning speed. This observation was expected since the Markstein numbers for all fuels are
positive. At spark ignition, the stretched laminar burning speed is diminished by 40% for isooctane,
13% for propane and 1% for methane. Therefore, isooctane is much more sensitive to flame

stretching than propane and methane.

Another important observation is that for all fuels the impact of flame stretch is dominant at the

beginning of combustion. The fact that the flame stretch is preponderant during the beginning of
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a premixed expanding spherical flame is expected, since it is inversely proportional to the flame
radius, as shown in [41] for laminar premixed spherically expanding flames. As a consequence of
the laminar and highly stretched flame, the modeling of the stretched laminar burning speed is

important to predict the beginning of combustion more accurately.

Tracing the combustion regime of the turbulent flame of each fuel mixture will provide valuable
insight into flame wrinkling and stretch. Turbulence characteristics (turbulent intensity u’ and
integral length scale L) are the same for all three fuels. This assumption is based on the fact that
the turbulent charge motion is fuel independent and it depends rather on the geometrical
characteristics of the combustion chamber and of the intake duct [56]. The laminar burning speed,
used for the determination of the combustion regime, is the unstretched laminar burning speed.

Examples of its use can be found in [23,57].
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Figure 5: Dimensional (or diffusive) laminar flame Figure 6: Laminar flame thickness calculated with Blint’s
thickness. correlation [42].

As already mentioned, the mixtures were intentionally selected so as to ensure an identical
unstretched laminar burning speed for all three fuels. Therefore, the laminar flame thickness is the

only laminar flame characteristic which changes among the three mixtures. The laminar flame
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thickness for all three fuels is shown in Figure 5 (equation (5)) and Figure 6 (equation (6)). The
main conclusion that can be drawn from these figures is that propane and methane have almost the
same laminar flame thickness. This is explained by the fact that the thermal diffusivities of the two
fuels are extremely close, whereas the flame thickness of isooctane is 40% greater than that of the
other two fuels. This difference will have an impact on the efficiency function and on flame
wrinkling. However, the laminar flame thickness is sufficiently small for all the turbulent scales
to wrinkle the flame front. Consequently, it is expected that the flame thickness difference of

isooctane will have a minor effect on flame wrinkling.
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Figure 7: Borghi-Peters diagram showing the combustion regimes for all three fuels. The black arrow shows the
direction of the combustion process. The unstretched laminar burning speed and Blint’s [42] laminar flame thickness
were used to calculate the combustion regime.

The Borghi-Peters diagram of premixed combustion can provide qualitative information about the
flame during the simulation. In order to assess the phenomenology of the structure of premixed

flames as determined by their interaction with the turbulent flow field, the flames were positioned
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on the regime diagram of premixed turbulent combustion modes (Figure 7). In this diagram,
initially postulated by Borghi [57] and later extended by Peters [23], the various modes of
premixed turbulent combustion are identified by comparing turbulence and chemical characteristic
time scales. Through chemical and flow phenomena, the nature and characteristics of combustion
are revealed. All three fuel mixtures are found in the same combustion regimes of ‘thin reactions’
(flames) and ‘corrugated flames’. Propane and methane mixtures show an almost identical

combustion regime and it can be expected that their wrinkling behavior will also be similar.

The efficiency function, used in this 0D model (equation in [50]), was calculated by the Meneveau
and Poinsot equation [50] with an one-step chemistry of an Arrhenius law for the description of
the combustion process (Lewis number of 1.2). Notwithstanding the effect of the constant Lewis
number upon the calculation of the efficiency function, fuel dependence exists through the use of
the laminar flame thickness. An updated version of the efficiency function was proposed by
Bougrine et al. in [25]. It contains a 4-step kinetic scheme dedicated to the combustion of methane-
hydrogen and propane-hydrogen fuel blends. Subsequently, the same authors proposed a new
efficiency function which contains a correction term as a function of the Lewis number. In the
discussion of the results shown on Figure 4 (stretched and unstretched speed), it was shown that
the Lewis number has a significant impact on the beginning of combustion. This impact of fuel
composition on the early flame development is not taken into account by the updated efficiency
function, since the efficiency function describes the turbulence-flame interaction of a fully
turbulent flame rather than the flame after ignition (as explained in [58]). Hence, it is necessary to
model the stretched laminar burning speed even if a turbulence-flame interaction model takes into

account fuel composition effects through the Lewis number.

The flame radius evolution for all three fuels along with the experimental measurements (acquired
from [21]) are plotted in Figure 8. The simulation curves are close to the experimental points and
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they have the same ranking: methane flame propagates more rapidly, followed by propane while
1sooctane has the slowest propagation. The same trend was observed in [19,20]. The simulation
radii are always lower than the experimental ones. This divergence is probably due to the different
way in which the flame front radius is calculated in the model and in the experiment. In the
experimental study, the flame radius is deduced from tomographic images. This means that the
flame radius is obtained from a surface and does not take into account the three-dimensional shape
of the flame, unlike the model. The simulation radius is calculated so that the thermodynamic burnt

gas volume V), is equal to the volume V;, which is enclosed by the mean flame surface.
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Figure 8: Flame Radius (Ry) during the first stage of Figure 9: Equivalent propagation speed (sg) during the
combustion for all three fuels along with the experimental first stage of combustion for all three fuels along with the
values (+) from [21]. experimental values (+) from [21].

The flame propagation speed as defined by equation (3) is shown in Figure 9, as a function of
flame radius. In accordance with the slow evolution of the isooctane radius already identified, the
propagation speed of the isooctane mixture is the lowest in both modeling and experimental results.
The methane flame propagates faster than the propane flame in the experiments, while they seem
to have the same propagation speed in modeling results. An inflexion point on all three modeling

curves appears between 0.009 and 0.010 m of flame radius. At this point the spherical flame
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surface touches the piston and continues to expand towards the cylinder wall. This inflexion point
is not visible on experimental data, again due to the optical diagnostic used in [4]. As the
tomographic image was taken with a laser sheet parallel to the piston plane, the moment when the
flame reaches the piston is not visible. In spite of the fact that the simulated flame radii are close
to experimental data (Figure 10), the simulated propagation speed results do not show the same
behavior as the experimental values. This is due to the derivation of the simulated radius values

(see equation (3)).
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Figure 11: Simulated wrinkling factor (£) during the first
stage of combustion for all three fuels along with the
experimental values (+) from [21].
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Figure 10: Turbulent flame stretch and curvature during
the first stage of combustion for all three fuels along with
the experimental values (+) from [21].

Turbulent flame stretch, calculated by equation (10) (first RHS term), as well as flame curvature
multiplied by flame speed, which is the definition used for flame stretch in the experiments, are
plotted for all three fuel mixtures in Figure 10. Numerical and experimental results are in the same
order of magnitude and for both of them, the three fuels have almost the same stretch. Experimental
results show a decrease of flame stretch during combustion, which is expected due to the
diminishing curvature term (see equation (13)), as it is inversely proportional to the flame radius

(Rf). The modeling approach of flame stretch for both curvature and turbulent term gives values
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of the same order of magnitude as the experimental ones. It can be seen that the turbulent stretch
obtained from the first RHS term of equation (10) is quite constant whereas the curvature
contribution to stretch shows a decrease, as do the experimental values, from -20 to -10 CAD.
After -10 CAD, the flame reaches the piston head and the flame curvature increases so that it
cannot be investigated anymore. However, the decrease of the flame curvature term observed with
the model appears to be in good agreement with the experimental results thus highlighting the fact
that the decrease of the flame kernel stretch is mainly driven by the curvature. The importance of

taking into account the flame curvature effect on the flame propagation is here shown.
From experiments, the flame wrinkling was also calculated by the use of flame radius: & =

(Rp / RS)Z, where R), is the radius deduced from the perimeter of the flame contour and R, the

radius deduced from the burnt gas surface [19] as follows:

Aimage
Ry = 1)
A;
Ry = | @)

with Ajmage, the flame surface obtained from tomographic images in [21].

The global wrinkling of the three mixtures from modeling is shown along with the experimental
results in Figure 11. Both numerical and experimental results exhibit an increase in flame
wrinkling during the first part of combustion. In the model, the wrinkling factor starts at the spark
advance timing with a value equal to one in order to simulate the laminar nature of the flame kernel
[59] and during 10 CAD the simulated wrinkling value is similar for all models. This is expected
since the flame front starts to be affected by turbulence when the flame kernel becomes larger than
the integral length scale (L = 1.9 mm at spark advance in all computations) [14]. Both simulated

and numerical results give similar wrinkling for propane and methane mixtures and a lower one
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for isooctane. As explained in [21] and observed in Figure 10, the most stretch-sensitive mixture,
1.e. isooctane, has the least wrinkled flame front. The Lewis number, being equal to or larger than
unity, ensures thermodiffusive stability for all three fuels. Moreover, hydrodynamic (Darrieus—
Landau) instabilities have a minor impact since the Lewis numbers are so high that the impact of
the highly turbulent flow on flame wrinkling is preponderant. These considerations lead to the
conclusion that the lower wrinkling for isooctane is due to local flow-flame interactions. These
local interactions, which are different for each mixture, are not identified by the 0D wrinkling
model used in this study. Nevertheless, they are globally taken into account and a correct flame
wrinkling is calculated. At -10 CAD, the simulated wrinkling of all three fuel mixtures reaches 60-
67% of the experimental value. From the observation of experimental and simulation flame
wrinkling results, it can be noted that the derivation of the wrinkling factor from tomographic
images by the use of radii gives higher wrinkling than the simulated values, since it was not
obtained using the same approach for experiments and simulation. Another possible explanation
for the discrepancy between the simulated and experimentally derived wrinkling is the difference
in flame stretch between experiment and simulation, as explained in the previous paragraph. In
fact, the higher stretch for experimental results at the beginning of combustion leads to a lower
stretched laminar burning speed compared to the numerical ones. By considering that the flame
wrinkling can be defined as the ratio of the turbulent flame speed to the laminar flame, the lower
flame speed for the experiments leads to a higher wrinkling for experiments than for simulation.
Although the wrinkling modeling can be improved, the agreement between experiment and
simulation shows that the calculation of a global wrinkling factor is relevant and that the use of
the curvature dependence is needed for modeling purposes. However, instead of considering the
unstretched laminar burning speed for wrinkling in equation (10), a stretched burning speed

depending on the flame stretch should be considered as was done by Richard et al. [29]. Besides,
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since the flame is considered laminar in the early stage of combustion in the model, flame
wrinkling is equal to one. Consequently, the flame stretch impact on consumption speed needs to

be taken into account in the laminar flame speed formulation from the beginning of the simulation.
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Figure 12: Simulated (with stretched and unstretched laminar burning speeds) burnt mass fractions compared with the
experimental ones [21] for all three fuels: (a)Isooctane, (b)Propane, (c)Methane.
Figure 12 shows the burnt mass fraction (calculated by integrating equation (1)) up to 0.50 for all
three mixtures. As already discussed in [21], mixtures do not burn with the same speed, with the
isooctane mixture being the slowest and the methane mixture the fastest. With the help of the
simulation results, the impact of stretch, through the Lewis number, on the laminar burning speed
is visible. Indeed for lean hydrocarbon-air mixtures, since the Markstein number is positive, the
effective laminar burning speed is lower than the unstretched laminar burning speed because of
flame stretch. This leads to a slower flame propagation than the one predicted without taking flame
stretch into account. The slower flame propagation due to flame stretch is then responsible for a
slower increase in the burnt mass fraction. Consequently the trace of the burnt mass fraction is

shifted to later in the engine cycle. For methane the two burnt mass fraction traces are almost

identical, since the stretched and unstretched laminar burning speeds are similar. The Lewis
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— — - Stretched

Pressure (bar)

number effect starts to be visible for propane (the unstretched trace is 2.5 degrees ahead of the
stretched one at 50%). The greatest impact is found for the isooctane mixture, where the
unstretched trace is 7.5 CAD ahead of the stretched trace at 50%. When the stretched laminar

burning speeds are used, the burnt mass fraction curves almost coincide with the experimental

ones, thus validating the model.

Figure 13 displays the in-cylinder pressure traces at 1200 rpm for all three fuels. As can be seen,
the model shows good agreement with the experimental results. Besides, the importance of taking
flame stretch into account is visible for propane and even more so for isooctane. For these fuels,
the “Unstretched” curve displays a faster evolution and higher pressure values. This is due to the
fact that the laminar flame speed is higher when not considering flame stretch and it is then
responsible for a faster flame propagation and pressure increase. As previously said, for methane

there is no difference with or without stretch since the fuel is not stretch sensitive.
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Figure 13: Simulated in-cylinder pressure traces at 1200 RPM compared with the experimental ones [21] for all three
fuels: (a) Isooctane, (b) Propane, (c) Methane.

To ensure the model validation, another engine speed (1600 rpm) was simulated using the stretched

laminar burning speed model and compared to experimental results. Increasing the engine speed

is responsible for a turbulent intensity increase [56] which leads to higher stretch levels in the early
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stages of flame propagation as shown in a previous study [19]. Figure 14 shows the burnt mass

fraction at 1600 rpm up to 50% for isooctane and methane which are the fuels having the greatest

difference in terms of stretch sensitivity in this study. The model appears to be in excellent

agreement with the experiments, thus validating the use of the model in taking account of the

stretch effect.
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Figure 14: Simulated burnt mass fractions at 1600 rpm compared to the experimental ones for (a) Isooctane, (b) Methane

In-cylinder pressure traces at 1600 rpm for isooctane and methane mixtures are also plotted in

Figure 15. Results again show a very good agreement between experiments and simulation.
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Figure 15: Simulated in-cylinder pressure traces at 1600 rpm compared with experimental ones for (a) Isooctane and (b)
Methane
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5. Conclusion

A 0D Spark Ignition combustion model was developed on the basis of the 0D Flame Surface
Density equation, enhanced with a sub-model for laminar flame stretching. Simulation results were
compared against previously published experimental results of different lean mixtures (isooctane,
propane and methane) presenting almost the same unstretched laminar burning speed during the

beginning of combustion.

The Lewis and Markstein numbers remain almost constant during the combustion cycle. Their
values are in accordance with already published values for the same fuel/air equivalence ratio,
pressure and temperature conditions. The correlation used for the unstretched laminar burning
speed preserves the equality of the unstretched flame speeds of each mixture. The stretched speeds
are ranked from low to high as follows: Isooctane (Le: 2.9), Propane (Le: 1.80) and Methane (Le:

0.99).

The model adopted for the stretched laminar burning speed is an indispensable addition in a
physical combustion model because it adapts the laminar burning speed to the high stretch rate at
the beginning of combustion, while during this stage flame wrinkling is low. The turbulent
efficiency function takes the fuel composition partially into account through the laminar flame
thickness but does not incorporate the effect of stretch even if it is corrected by the Lewis number.
As aresult, taking the effect of flame stretch into account is not only needed for the flame wrinkling
equation as done by Richard et al. [29] but also for flame propagation especially during the early

flame development where the flame stretch decrease is driven by the curvature.

Flame radius simulations show almost the same trends as the experimental results. The methane
mixture propagates faster than propane in the experiments, while they seem to have the same
propagation speed in modeling results. The differences in the simulated and experimental flame

radius and propagation speeds are due to the different way in which flame radius is calculated:
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through two-dimensional tomographic images in the experiments, and by spherical surfaces in the
model. The flame wrinkling trend is also reproduced by the model with propane and methane
having almost identical wrinkling, while isooctane has lower values. The absolute values of the
experiments are greater than those of simulations, due to the greater flame radii in experiments.
Flame stretch is of the same order of magnitude for all three mixtures for simulations and

experiments.

Finally, the impact of the stretched flame speed, through the Lewis number, is visible in the burnt
mass fraction and in-cylinder pressure. The difference in combustion speed is not visible for
methane, since its stretched speed is close to the unstretched one. Stretch impact becomes visible
for propane, while it is dominant in the case of isooctane. As an increase in engine speed is
responsible for higher stretch levels at the beginning of the kernel development, the model was
also validated by comparing simulated in-cylinder pressure and burnt mass fraction traces to
experimental ones at a higher engine speed. This conclusion underlines the need for flame stretch
modeling for the first stage of combustion and offers insight for a future study on the various
parameters which affect flame stretch, such as RBG fraction, engine speed, engine load and spark
timing. If a more detailed flame stretch model becomes available, the impact of strain on the total

flame stretch may also be reconsidered.
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