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Abstract. Downsized spark ignition engines coupled with a direct injection strategy are more and more attrac-
tive for car manufacturers in order to reduce pollutant emissions and increase efficiency. However, the combus-
tion process may be affected by local heterogeneities caused by the interaction between the spray and
turbulence. The aim for car manufacturers of such engine strategy is to create, for mid-to-high speeds and
mid-up-high loads, a mixture which is as homogeneous as possible. However, although injection occurs during
the intake phase, which favors homogeneous mixing, local heterogeneities of the equivalence ratio are still
observed at the ignition time. The analysis of the mixture preparation is difficult to perform experimentally
because of limited optical accesses. In this context, numerical simulation, and in particular Large Eddy Simu-
lation (LES) are complementary tools for the understanding and analysis of unsteady phenomena. The paper
presents the LES study of the impact of direct injection on the mixture preparation and combustion in a spark
ignition engine. Numerical simulations are validated by comparing LES results with experimental data previ-
ously obtained at IFPEN. Two main analyses are performed. The first one focuses on the fuel mixing and the
second one concerns the effect of the liquid phase on the combustion process. To highlight these phenomena,

simulations with and without liquid injection are performed and compared.

1 Introduction

In the last decade, downsized Direct Injection Spark
Ignition (DISI) engines have been developed by the major-
ity of automotive manufacturers for their potential to
significantly reduce the fuel consumption and pollutant
emissions. However, they raise a number of technical
challenges such as abnormal combustion phenomena (i.e.,
pre-ignition or knock [1]), and particulate emissions espe-
cially during engine transient operation and cold-start.
The use of direct injection allows to cool the air inside the
combustion chamber and reduce the risk of abnormal com-
bustion. Nevertheless, direct injection, even taking place
early in the cycle, can create equivalence ratio and temper-
ature stratifications in the combustion chamber and there-
fore affect ignition and combustion for mid-to-high speeds
and mid-up-high loads [2]. A detailed analysis of these strat-
ifications close to the Spark Timing (ST) is experimentally
complex [3]. While RANS approach is limited to the
description of the mean cycle and consequently is not able
to reproduce cycle-to-cycle variation, Large-Eddy Simula-
tion (LES) can provide a detailed insight of the coupling
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between injection, turbulence and combustion, thanks to
its unique capability to reproduce highly transient and tur-
bulent phenomena [4].

For several years, many numerical studies have been
investigated the occurence and causes for variability of spark
ignition engines by LES, such as in-cylinder mixture compo-
sition or internal aerodynamics. Fontanesi et al. [5, 6] used
several LES cycles to better understand the knock phe-
nomenon. Liquid injection modeling increases understand-
ing of cyclic combustion variability. For example, a study
of aerodynamics/spray interactions is proposed in the work
of Adomeit et al. [7] showing the need to take into account
the liquid injection. The authors showed that there is a sig-
nificant increase in kinetic energy of the cyclic fluctuations
with fuel injection and it also provided different equivalence
ratio fields around the spark plug. Another study of Forte
et al. [8] showed that the combustion is much more sensitive
to small perturbations of the equivalence ratio near the park
plug which impact the laminar flame speed.

The present study adresses a LES study of the influence
of liquid injection in a DISI engine. Beyond the comparison
with the exprimental data, analysis of the stratifications
due to the liquid injection is performed in the whole com-
bustion chamber and around the spark plug. Comparisons
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with previous calculations, assuming a fully homoge-
neous mixing, are also done in order to highlight which
quantities are impacted by the stratifications during the
combustion.

2 Numerical models

Large Eddy Simulations (LES) are conducted with the
AVBP solver [9, 10], co-developed and co-owned by
CERFACS and IFPEN. AVBP solves the multi-species,
compressible, reactive Navier-Stokes equations on unstruc-
tured and moving meshes. It includes a Lagrangian solver
for the description of spray dynamics [11]. In this section,
the models used for liquid injection, ignition and turbulent
combustion are recalled.

2.1 Injection modeling

In the Lagrangian formalism applied here, the point-source
approximation is used which implies a dilute spray and dro-
plets smaller than flow characteristic scales. In engine flow
conditions, the only force acting on droplets is drag [12].
In the present work, the sub-grid scale contribution to drag
is not taken into account.

Liquid injection is described with the GDI-model
(Gaussian Disk Injection model [13]) which assumes that
liquid at the nozzle exit is already in the form of a spray,
omitting the dense region of the liquid jet [14, 15]. With this
assumption, droplets are injected at random positions over
a disk surface S;,; located at the nozzle exit. The droplet size
distribution at injection follows a Rosin-Rammler [16]
distribution, with a Sauter mean diameter equal to 8 um
and a standard deviation of 2.2. The mean droplet injection
velocity V(r) follows a Gaussian radial profile [17] of the
form:

V(r) = Vinax exp <—0;—Z> (1)

where R is the radius of the injection disk and o the thick-
ness of the Gaussian profile. As the droplet size distribution
does not depend on 7, the maximum velocity V.. is related
to the mean injection velocity Vi, as:

g Vinj

Vinax = (2)

1 —exp(—0a)
where Viy; is defined from the injection volumic liquid flow

rate (Jy; as:

Qinj
O(IS inj

Vinj = ( 3)

where o is the cavitation coefficient, evaluated from a prior
in-nozzle calculation as 0.68. Note that the liquid flow rate
evolves with time as illustrated in Figure 1a.

The parameter ¢ is determined so as to limit the maxi-
mum velocity Vi.x to the Bernoulli velocity where
Vi = 1/2p,AP is the liquid fuel density and p) is the pres-
sure drop in the injector.
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Fig. 1. a. Normalized injection rate with time; b. injection
velocity profiles at 4 instants marked with corresponding
symbols on the plot in (a).

Finally, turbulent velocity fluctuations are introduced
at injection by adding a random velocity contribution to
the liquid velocity V(r):

V(r) = V()1 + 2RV ) (4)

with £ and V., a random number and a dimensionless tur-
bulence intensity, set here at 20%.

This model has been validated for two kind of injectors
by [13] with experimental comparisons. Figure 1b shows the
temporal evolution of the injection velocity profile along the
injector disk diameter.

2.2 Turbulent combustion and ignition modeling

The turbulent sub-grid scale stress tensor is modeled with
the Sigma model [18] while the ESO2 hybrid numerical
strategy [19] is used for space and time discretization. The
fuel is represented by iso-octane. The choice of a single-com-
ponent fuel in this study (for experiments and calculations)
has been done to have well-known thermodynamic and
chemical properties for calculations. To account for turbu-
lent combustion in Spark Ignition (SI) engines, the flame
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Table 1. Main engine specifications.

Parameter Unity Value
Bore [mm] 7
Stroke [mm] 85.8
Speed [RPM] 1800
IMEP [bar] 19
Fuel [ Isooctane

front propagation is described using the ECFM-LES pre-
mixed combustion model [20, 21], without auto-ignition
model. To represent physical phenomena describing igni-
tion in DISI engine, the ISSIM-LES model [22] is used.
The numerical model is divided in two parts: after an initial
burned gases deposit, the flame kernel growth is modeled
thanks to a modified flame surface density equation.

3 Experimental configuration and numerical
set-up

The experimental configuration consists of a four-valve
downsized single cylinder of 400 cm® described in Table 1.

The injector is a 6-holes asymmetric injector that mini-
mizes fuel impingement on the valves and the combustion
chamber walls (Fig. 2). Due to the spray targetting, no
liquid film model is used in the simulations (which was
not widely validated in engine conditions).

The injection operating conditions are reported in
Table 2.

Figure 3 represents the computational domain of the
LES. It includes the combustion chamber and the intake pipe
in order to correctly capture the internal aerodynamics [23].

Due to the valves motion, 40 tetrahedral meshes are
needed to simulate a full cycle. They contain from 3.0 to
12.4 million cells depending on the Crank Angle Degree
(CAD). The mesh is refined around the valves to correctly
describe the flow admitted or discharged. Cell size in the
chamber is around 0.5 mm during the combustion phase
and around 0.2 mm in the vicinity of the spark plug during
ignition.

4 Methodology

As computing large numbers of consecutive cycles with LES
is extremely costly, the present study benefited from a pre-
vious work by Robert et al. [1, 24, 25] where 30 consecutive
cycles of a single cylinder DISI engine were computed.
These computations however did not include direct liquid
fuel injection, replaced by a perfectly premixed gaseous
injection at the mean equivalence ratio of 1.

In order to study the impact of liquid fuel injection at a
reduced computational cost, only 5 different non-consecu-
tive engine cycles (C1-C5) of the 30 were computed with
the spray. The methodology is summarized in Figure 4:
for each selected cycle, the solution of the gaseous case

—

O

@ K I Intake
Iy &

Fig. 2. 3D virtual representation of the 6-holes asymmetric
injector.

Table 2. Injection operating conditions.

Parameter Unity Value
Start Of Injection(SOT) [CAD] 7
Injected mass [mg] 51.2s
Injection duration [ms] 3.8
Injection pressure [bar] 200

previously calculated is taken during the air admission
phase (i.e., just before fuel injection) and used as the initial
condition for the present calculation including liquid fuel
injection. Then the LES is run with the liquid fuel injection
to simulate the intake, compression and combustion phases.
The aim of the method is to ensure the same pressure and
air trapped mass, thereby the fresh gases temperature is
decreased.

The 5 non-consecutive simulated cycles have be chosen
so as to be statistically independent. With this methodol-
ogy, it is now possible to directly compare cycles with and
without liquid injection. Note that the present methodology
is valid only if liquid fuel injection does not introduce any
dependency between consecutive cycles. This is justified in
the present case by the early injection timing.

5 Results and discussions

Figure 5 shows the evolution of the liquid mass in the cham-
ber during the intake and compression phases. The liquid
fuel is totally evaporated before the Top Dead Center
(TDC, corresponding to a crank angle), and in particular
at sparking time which occurs at 6.5 CAD After the Top
Dead Center (ATDC). Therefore the spray does not
directly interact with ignition or combustion, and its effect
is only due to induced temperature and fuel vapor
heterogeneities.

In this section, the impact of liquid injection on the
temperature and equivalence ratio distribution of the
unburnt gas is first analyzed. Then the influence of this
modified fresh gas state on the turbulent flame propagation
is studied.

5.1 Impact of liquid injection on the fresh gases state

Droplet evaporation introduces local heat and mass trans-
fers that have however different impacts on the mixture.
These are studied in the next sections.
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Fig. 3. LES computation domain and a mesh of the combustion
chamber.
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(with injection)
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Fig. 4. LES methodology to compute intake, compression and
combustion with liquid fuel injection: each cycle is restarted
from the previous gaseous calculation of Robert et al. [1, 24, 25].

5.1.1 Effect on the fresh gases temperature

One major effect of liquid injection in DISI engines is air
cooling inside the combustion chamber as a result of evap-
oration of the liquid fuel. This reduces the risk of abnormal
combustion, and could allow higher compression ratios. The
global effect of fuel evaporation on the mixture temperature
can be estimated by an average temperature variation AT,
neglecting heat losses, as:

L,
AT =~ il

(5)

myC,

where my and m, are the liquid and gas mass in the combus-
tion chamber, L, is the latent heat of fuel vaporization, and
C, is the specific heat at constant volume of the gaseous
mixture. For the simulated conditions, the above expression
yields a temperature decrease of AT = 25.7 K, which is
moderate in comparison with the temperatures reached
during ignition and combustion.

Figure 6 shows the time evolution of the volume aver-
aged in-cylinder temperature until sparking for the 5 cycles.
Both simulations, with and without liquid injection are
shown. No cyclic variability of this integral quantity is
observed, leading to exactly superposed curves for all
cycles. Liquid injection leads to a decrease of 25 K of the
mean gas temperature, i.e., very close to the estimation of
equation (5).

To further highlight the impact of liquid fuel evapora-
tion on the mixture temperature, Figures 7 and 8 show
the Probability Density Function (PDF) of the fresh gases
temperature in the combustion chamber respectively at the
end of liquid evaporation (—50 CAD) and before sparking

Liquid Mass [mg]
= N
LA

iy
o
T

w
T

—200 -150 -100 -50 0
Crank Angle [°]

S00 250

Fig. 5. Liquid fuel evolution during the intake and compression
phases for the 5 cycles. The red and blue dashed lines represent
respectively the end of injection and the spark timing.

800

@@ with injection
= without injection

700t

600+

500t

400}

Mean cylinder temperature [K]

30950 -140-120-100 —80 =60 —40 —20 0
Crank Angle [°]

Fig. 6. Mean cylinder temperature evolution for the 5 cycles
with and without injection. All 5 curves merge in one as no
variability is observed for this quantity.

(5 CAD) for cycles C2. Similar distributions were obtained
for all cycles, therefore results for only one cycle are
presented.

It appears clearly that liquid injection leads to a much
wider statistical distribution of the fresh gases temperature,
i.e., a higher stratification. In the gaseous case, wall heat
losses are the only source of temperature stratification,
which stays very limited. At —50 CAD, corresponding to
the end of liquid fuel evaporation in the liquid injection
case, the width of the PDF is around 40 K in the gaseous
case while it reaches 100 K with liquid injection. Before
sparking, the width of the PDF has increased in both cases
because of mixing, but the PDF of the gaseous case still
exhibits a very marked peak at 750 K, contrary to the liquid
injection case where no peak is visible.

The temperature stratification resulting from fuel evap-
oration is directly linked to the equivalence ratio hetero-
geneities, as rich regions correspond to higher evaporation
and therefore colder temperature. This is confirmed in
Figures 9 and 10 also showing the PDF of the mixture
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Fig. 7. PDF of gases temperature at the end of liquid
evaporation (—50 CAD) in the combustion chamber for cycle
C2. Black: without liquid injection; Red: with liquid injection.
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Fig. 8. PDF of gases temperature before sparking (5 CAD) in
the combustion chamber for cycle C2. Black: without liquid
injection; Red: with liquid injection.

temperature conditioned on the equivalence ratio ¢ being in
the range 0.95 < ¢ < 1.05 for the case with liquid injection.
The conditioned PDF is much narrower than the uncondi-
tioned one, and comparable to the PDF observed without
liquid injection. Note also the difference of 25 K between
the peak temperatures of the conditioned PDF with liquid
injection and the PDF without liquid injection, i.e., the
same difference between the average temperatures of
Figure 6. This confirms that evaporation is the main
responsible for the increased temperature stratification of
the liquid injection case. The temperature stratification,
due to evaporation, remains moderate compared to the
igniting and burning temperatures and its effect on the
cycle evolution will be merely visible. However it may
locally modify the flame speed as will be shown later.

Evaporation is also associated to a stratification of the
equivalence ratio, which is critical for ignition and combus-
tion and is studied in the next section.

260 480 500 520 540 560 580 600
Temperature [K]

Fig. 9. PDF of gases temperature at the end of liquid
evaporation (—50 CAD) in the combustion chamber for cycle
C2. Black: without liquid injection; Red: with liquid injection;
Blue: with liquid injection, conditioned on 0.95 < ¢ < 1.05.

0.30}

0.25¢
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0.15¢

PDF [-]
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Fig. 10. PDF of gases temperature before sparking (5 CAD) in
the combustion chamber for cycle C2. Black: without injection;
Red: with liquid injection; Blue: with liquid injection, condi-
tioned on 0.95 < ¢ < 1.05

5.1.2 Effect on the equivalence ratio

Figures 11 and 12 show the PDF's of the equivalence ratio in
the combustion chamber for cycles C2 and C4 with liquid
injection at three instants: End Of Injection (EOI), End
Of liquid Evaporation (EOE) and at Sparking Time (ST).
For both cycles, heterogeneities are very important at the
end of injection because the injected spray is not yet fully
evaporated and the evaporated fuel is not yet well mixed
with air. This leads to high local values of equivalence ratio
inside the spray which is clearly visible on Figure 13 show-
ing the fuel vapor concentration during the injection phase:
mixing with the surrounding air is limited, leading to the
observed high local equivalence ratios.

At the end of evaporation (i.e. 190 CAD after EOI) the
tumble motion enhanced mixing, decreasing heterogeneities
in the combustion chamber which reflects on the PDFs
of Figures 11 and 12 by a width reduction down to around
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0.10

Equivalence Ratio [-]

Fig. 11. PDF of the equivalence ratio in the combustion
chamber for cycle C2 with liquid injection at 3 instants: end of
injection (Black); end of evaporation (Red); sparking time
(Blue).

0 1 2 3 4 5
Equivalence Ratio [-]

Fig. 12. PDF of the equivalence ratio in the combustion
chamber for cycle C4 with liquid injection at 3 instants: end of
injection (Black); end of evaporation (Red); sparking time
(Blue).

3 in equivalence ratio. At that time, note that fuel vapor is
present in the whole chamber. At ST, the mixing process
has further homogenized the mixture and PDFs are now
centered at 1. However heterogeneities are still present, as
demonstrated by the PDF widths around 2.5, i.e., not
much reduced in comparison to the PDFs at the end of
evaporation. Cycle C4 (Fig. 12) seems better mixed, as
the PDF exhibits only one peak at this time, while for
cycle C2 (Fig. 11) the multiple peaks of the PDF, in partic-
ular on rich values, indicate more stratification.

To focus more about stratification at ignition, a similar
analysis is performed in the volume defined by a 2 cm
diameter sphere around the spark plug position. Results
are shown in Figures 14 and 15 for cycles C2 and C4
respectively. Overall the same comments made above
for the whole combustion chamber still hold and the mix-
ture is clearly heterogeneous even in such a small volume.

D U U

C8H18
T —
000 015 030

Fig. 13. Instantaneous field of fuel vapor mass fraction in a
central vertical plane of the chamber for cycle C2, at 21 and 26
CAD after SOI.

0.20t

0.05f

0'000 1 2 3 4 5

Equivalence Ratio [-]

Fig. 14. PDF of equivalence ratio around the spark plug for
cycle C2 at 3 instants: end of injection (Black); end of
evaporation (Red); sparking time (Blue).

Important differences are also observed between the two
cycles: at the sparking time, the PDF of cycle C4 is centered
on 1, whereas the PDF of cycle C2 is centered on 0.8. These
differences already appeared earlier at the end of liquid
evaporation, where the PDF for cycle C4 is quite broad
with a most probable value of equivalence ratio around
2.2, while for cycle C2 less stratification and a leaner peak
value around 1.8 are observed.

As will be shown later, such mixture heterogeneities
around the spark position lead to different flame ignition
and propagation behaviors compared to cases without
liquid injection, and to a quite high variability between
cycles as the C2 and C4 discussed here. The corresponding
spatial distributions of ¢ are illustrated on Figure 16 where
instantaneous snapshots of the equivalence ratio field is
shown in a horizontal cut plane at three different instants.
The high grid resolution of the LES allows an accurate
description of mixing, which results from the interactions
of vortices of different sizes, generated by both the spray
and the intake tumble motion. The visualizations of
Figure 16 also confirm the strong heterogeneities still pre-
sent close to ST for both cycles, even if cycle C2 appears
slightly leaner and more homogeneous than cycle C4 in this
plane of the combustion chamber.
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Equivalence Ratio [-]

Fig. 15. PDF of equivalence ratio around the spark plug for
cycle C4 at 3 instants: end of injection (Black); end of
evaporation (Red); sparking time (Blue).

Equivalence ratio

[T

0.6 1.2

Fig. 16. Fields of equivalence ratio in a central horizontal cut
plane through the cylinder below the spark plug at 10 (top), 20
(middle) and 30 (bottom) CAD after TDC for cycle C2 (left) and
C4 (right).

Finally, Figure 17 displays the PDF of equivalence ratio
conditioned on fresh gases in the whole combustion chamber
for cycle C2 with liquid injection, at two crank angles during
the burning phase. Similar qualitative observations have

0.12

0.10t

0.02¢

0'08.2 04 06 08 1.0 1.2 1.4 1.'6 1.8 2.0
Equivalence Ratio [-]

Fig. 17. PDF of equivalence ratio, conditioned on fresh gases,
in the combustion chamber for cycle C2 at 20 CAD (black) and
80 CAD (red) after TDC.

been obtained for all simulated cycles. At these times, the
PDF peaks at the global equivalence ratio of 1 indicating
that the whole chamber has been filled with fuel vapor in
the same conditions, i.e., leading to uniform statistics. The
equivalence ratio heterogeneity has reduced compared to
the state at ignition, but is still there: the width of the
PDF is now of the order of 1.4 and 1, respectively for the
two instants 20 and 80 CAD after TDC. This indicates a less
efficient mixing after TDC, where the turbulence created
during compression wvia the tumble motion gradually
decreases in the absence of a turbulence source. Indeed the
flame itself does not promote turbulence and mixing.

5.2 Impact of direct liquid injection on combustion

In this section the impact of the previously observed tem-
perature and fuel stratification on the flame initiation and
propagation is studied by comparison with results of LES
without liquid injection. To ensure a reliable comparison,
the exact same numerical parameters have been used in
cases with and without liquid injection.

Figure 18 shows the mean cylinder pressure predicted
by LES with and without liquid injection for the 5 selected
cycles. Both series appear to be in the experimental envel-
ope, even if cycle-to-cycle variation is slightly reduced with
liquid injection. However, only 5 cycles are not sufficient to
yield statistically reliable results and the cycle-to-cycle vari-
ation should be confirmed with more simulations. Despite
the high heterogeneity of fresh gases temperature and
equivalence ratio induced by liquid injection, it is noticeable
that the global heat release rates and thus cylinder pres-
sures are quite similar to cases without liquid injection.

Figures 19-21 illustrate the flame propagation for cycle
C4 with and without liquid injection at respectively 10, 15
and 20 CAD after TDC. While the overall turbulent flame
propagation is qualitatively similar for both cases, liquid
injection leads to a more wrinkled flame surface, material-
ized by an iso-surface of the heat release rate. This suggests
that the impact of stratification on the flame propagation
may be compensated by the modified flame stretch induced
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Fig. 18. Mean in-cylinder pressure comparison between LES
(a) with and (b) without liquid injection (black) and experiment
(brown).

by turbulence, leading to the similar global heat release
rates of Figure 18. This mechanism is discussed below.

In the present LES, the ECFM-LES model [21, 22] is
used to describe turbulent combustion. It is based on a
Flame Surface Density approach, where the filtered reac-
tion rate @; for species 7 is modeled as follows:

poi = p"V|, ST (6)

where p" is the fresh gases density, X the filtered flame sur-
face density, computed with a dedicated transport equation
[21], Y¥|, the resolved mass fraction of the species i in the
fresh gases and S the local laminar flame speed calculated
using the Metghalchi and Keck correlation [26]:

T.\" (P.\"
S =82 (= 7
e (T 0) (P 0) "
where S? is the unstretched laminar flame speed at reference
thermodynamic conditions (7p = 298 K, Py = 1 atm) [9].
The coefficients oo and B are defined as a function of the local

equivalence ratio, taking values of respectively 2.18 and
—0.16 at stoichiometry. Figure 22 shows the laminar flame

Fig. 19. Local heat release rate iso-surface for cycle C4 at 10
CAD after TDC — Left: without liquid injection; Right: with
liquid injection.

Fig. 20. Local heat release rate iso-surface for cycle C4 at 15
CAD after TDC — Left: without liquid injection; Right: with
liquid injection.

speed evolution as a function of equivalence ratio for 3 differ-
ent values of temperature, at a fixed pressure of 40 bar
following the Metghalchi and Keck correlation [26].

The use of the Metghalchi and Keck correlation [26]
allows to be consistent with the previous study of
Robert et al. [1, 24, 25]. Others most precise methods can
be found in the literature to estimate the laminar flame
speed [27, 28].

The following sections address separately the impact of
liquid injection on the local flame speed and the turbulent
flame area.

5.2.1 Impact on laminar flame speed

The impact on the laminar flame speed of the fresh gas tem-
perature can be estimated by introducing the temperature
deviation AT, leading to the flame speed deviation AS;:

A AT
2 g )

— =
Sl Tu

Taking as reference the fresh gas temperature at TDC with
liquid injection T, = 725 K (Fig. 6), and a temperature
deviation of 25 K, equation (8) leads to a laminar flame
speed deviation of 7.5%. The laminar flame speed can be
compared to the mean consumption flame speed of the
turbulent flame, defined as the ratio of the total fuel con-
sumption to the total flame surface area in the chamber.
Consumption speeds obtained with and without liquid
injection are compared in Figure 23 for cycles C2 and C4.

The presence of a fuel spray leads to a smaller mean
consumption speed, decreased by around 25% compared
to gaseous simulation. This is much higher than the 7.5%
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Fig. 21. Local heat release rate iso-surface for cycle C4 at 20
CAD after TDC — Left: without liquid injection; Right: with
liquid injection.
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— T=750K |
— T=700K
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Fig. 22. Evolution of the laminar flame speed for three
temperature (P = 40 bar).

estimation for the impact of fresh gas temperature fluctua-
tion, and indicates a much stronger effect of equivalence
ratio stratification. Moreover the slower consumption speed
of cycle C2 is linked to the leaner mixture at the spark plug
(Fig. 14), which is also consistent with the previous
assessment.

Figure 24 shows the PDF of the local laminar flame
speed computed with equation (7) in the combustion cham-
ber at sparking time, taking the temperature, pressure and
equivalence ratio from cycle C2 with and without liquid
injection. To confirm the link between equivalence ratio
stratification and flame speed, a third PDF is shown
corresponding to the laminar flame speed computed with
equation (7) taking now a constant equivalence ratio. The
global impact of liquid injection on the local flame speed
is clearly evidenced, leading to a wide range of values from
0.3 m/s to 1.0 m/s, i.e., below the stoichiometric value,
while the case with a fully homogeneous mixture exhibits
a narrow peak at the stoichiometric value of 1.05 m/s.
Ignoring the fluctuations of equivalence ratio and keeping
only the temperature stratification leads to a narrowed
PDF ranging from 0.5 m/s to 1.1 m/s, i.e., slightly shifted
toward stoichiometry.

This shows that the temperature and equivalence ratio
stratifications caused by liquid injection have a comparable
effect on the local consumption speed of the flame.
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Fig. 23. Mean (averaged over the flame surface front) con-
sumption speed for cycles C2 and C4 with and without liquid
injection.

5.2.2 Impact on flame surface

A major factor impacting the local reaction rate of
turbulent flame is the flame surface wrinkling. Figure 25
compares the total resolved flame surface with and without
liquid injection for cycles C2 and C4. In contrast with pre-
vious findings on the laminar flame speed, liquid injection
increases the flame area by up to 22%. This is consistent
with the more wrinkled flames observed in Figures 19-21.
This increased wrinkling is a direct consequence of the vari-
ability of the flame consumption speed along the flame
front, which propagates some parts of the flame faster than
others. This leads to a deformation of the flame front, and
eventually to increased wrinkling and flame area. Further-
more, the smaller mean laminar flame speed due to liquid
injection increases the ratio /.S [29], which implies that
turbulence is more effective in wrinkling the flame front.
The two above mechanisms, i.e., local flame speed
decrease and flame surface increase by liquid injection,
therefore exhibit two opposite trends. Remembering that
the reaction rate is proportional to the product of these
two quantities (Eq. (6)), the impact of liquid injection on
the total heat release rate and the subsequent cylinder
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Fig. 24. PDF of the local laminar flame speed at sparking time
for cycle C2 — Black: without liquid injection; Red: with liquid

injection; Blue: with liquid injection, assuming uniform ¢ = 1.
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Fig. 25. Total resolved flame area for cycles C2 and C4 with
and without liquid injection.

pressure is difficult to assess a priori. In the present case,
it was shown in Figure 18 that the impact was in fact
negligible, which means that both mechanisms tend to

25
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Fig. 26. Total heat release rate for cycles C2 and C4 with and
without liquid injection.

compensate. To confirm this trend, Figure 26 shows the
evolution of the total heat release rate during combustion
for cycles C2 and C4 with and without liquid injection.
The shape and levels of both curves are indeed very close
for the two cycles.

The effect of the spray on mixing and the flame front
appears to be significant and may moderate the sole effect
of turbulence, which induces a high cycle-to-cycle variation
linked to the tumble motion, explaining the lower variabil-
ity observed in Figure 18.

6 Conclusion

This paper addresses an analysis of the impact of liquid
injection on mixing and combustion in spark ignition
engines. By comparing cycles with and without liquid
injection computed with LES; it has been found that direct
fuel injection not only cools down the fresh charge due to
liquid evaporation, but also leads to very important inho-
mogeneities in temperature and equivalence ratio, that
are kept until sparking and afterwards during the whole
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combustion phase. Despite this important fresh gases
stratification, the overall combustion rate is surprisingly
not much affected. This was explained by the counteracting
effects of the spray on the local consumption speed, which is
decreased, on one hand, and on the flame area, which is
increased, on the other hand. In other words, the flame
overall burns more slowly but over an extended front.
Both opposite effects result in the present case to compara-
ble total heat release rates with and without liquid injec-
tion. This conclusion may be however valid only for the
present case and could be different in other conditions.
The local flame structure itself is clearly modified by the
spray, leading to locally stronger and weaker flame parts.
This may have a strong impact on ignition and pollutant
emissions.
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