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Abstract. Fuel direct injection (DI) is not a new technology, but its importance has been increasing in recent developments
of spark ignition (SI) internal combustion engines (ICE). The development of this and other ICE technologies is better
assisted with computational reactive fluid dynamics (CRFD) simulations. The present work assesses a CRFD DI-SI
ICE model for combustion and engine performance purposes, more specifically, analyzing the turbulence-combustion
interaction. The baseline simulation is one from AVL FIRE’s database. It takes into account combustion, species transport,
emissions, spray behavior, and wall-film models. The extended coherent flame model (ECFM-3Z) combustion model (3
zones) was used with the Discrete Droplet Model (DDM) spray model. The coherent flame model is based on a laminar
flamelet approach, in which flame velocity and thickness are mean values integrated along the flame front, only dependent
on the pressure, the temperature, and the stoichiometry of the unburned gases. As such, it decouples chemistry and
turbulence; however, the variation on the turbulence model is expected to promote some changes in flow and chemical
species fields, which influence the flamelet position and, therefore, the rate of heat release. To assess the influence of the
turbulence model, the baseline case is compared to modified cases, changing the turbulence model from k − ζ − f to
k − ε, for different engine rotations. This led to differences on tangible quantities of interest that evaluate the engine
performance and characterize combustion (torque, power, mass fraction burnt and combustion duration). Also, quantities
like pressure, temperature, rate of heat release and normalized turbulence intensity aid the comparisons.

Keywords: Combustion models, Direct-Injection Spark-Ignition Internal Combustion Engines, AVL-FIRE™ , Turbulence
models, Turbulence-Combustion Interaction

1. INTRODUCTION

Fuel direct injection (DI) is not a new technology, but its importance has been increasing in recent developments
of spark ignition (SI) internal combustion engines (ICE). The fuel is directly sprayed at high pressures in the cylinder,
promoting a cooling effect, a higher engine compression, and a consequent efficiency increase (Robert Bosch GmbH,
2022). In essence, with the same compression ratio as in manifold or port fuel injection (PFI), the compression temperature
and resultantly the knocking sensitivity would be reduced; however, this cooling effect is normally used to increase the
compression ratio with the same knocking sensitivity (Merker et al., 2012). In the automotive industry, the development
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of this and other ICE technologies is better assisted with computational reactive fluid dynamics (CRFD) simulations.
Combustion models are responsible for simulating species depletion and formation, ignition and combustion of fuel/air

mixtures and their exhaust gases. Besides, the mean chemical reaction rates are usually non-linear functions dependent
upon the local values of temperature and species concentrations and, therefore, are hard to determine (AVL List GmbH,
2021b). Detailed chemical kinetics mechanisms are currently computationally expensive due to the number of species
and the consequent number of transport equations. On the other hand, a single-step irreversible reaction is too simple to
represent hydrocarbon. Combustion models such as the Coherent Flame Models (CFM) balance much better this problem,
with a combination of more complex oxidation schemes, composed of some reaction steps and some equilibrium reactions
(AVL List GmbH, 2021b).

The CFM family assumes that the chemical time scales are much smaller than the turbulent ones, a plausible as-
sumption for reciprocating ICEs (AVL List GmbH, 2021b). Thus, it is possible to apply a laminar flamelet approach,
in which flame velocity and thickness are average values integrated along the flame front, only dependent on pressure,
temperature, and stoichiometry of the unburned gases (AVL List GmbH, 2021b). As such, it decouples chemistry and
turbulence; however, the variation on the turbulence model is expected to promote some changes in flow and chemical
species fields, which influence the flamelet prediction and, therefore, the rate of heat release. Thus, the present work
assesses a CRFD DI-SI ICE model for combustion and engine performance purposes, more specifically, analyzing the
turbulence-combustion numerical interaction.

2. THEORETICAL BACKGROUND ON COMPUTATIONAL MODELS

This section describes a brief review on the models that most affect the ICE simulation, namely, combustion, turbulence
and spray models. Other details of the simulation are more straightforwardly described in the next section, as the baseline
case is one from AVL FIRE’s database.

2.1 Combustion modeling

The Extended CFM (ECFM) has been mainly developed for DI-SI engines. While port fuel injection (PFI) SI engines
run under homogeneous conditions, DI-SI may run under very stratified conditions (Colin et al., 2003). This way, spark
ignition, combustion and pollutants effects need to account for both average flow quantities and their fluctuations. The
large scale stratification is described by local values of unburnt equivalence ratio, burnt and unburnt gases composition and
temperature. Additionally, the small scale stratification is included via a variance/scalar dissipation model in combination
with a presumed probability density function (PDF) for the fuel stratification (Colin et al., 2003).

The ECFM differs from CFM because the CFM developed by Duclos et al. (1996) does not consider exhaust-gas
recirculation (EGR) within the fresh gases composition. This way, the fresh gases temperature is estimated using a
polytropic compression law. To cope with stratification, Duclos and Zolver (1998) introduced the fuel and oxygen tracers
which allow to compute locally the fresh gases composition even in the presence of EGR. Conversely, their fresh gases
enthalpy equation computes precisely the fresh gases temperature (Colin et al., 2003).

Since the fresh gases state is more accurately predicted, the local laminar flame speed (LFS) is better predicted as
well. Furthermore, for the CFM-type models, the reaction rate is proportional to LFS. Hence, the ECFM is expected to
describe better the fresh gases and better account for large scale stratification effect on combustion (Colin et al., 2003).
With respect to small scale stratification, the average equivalence ratio used to calculate the LFS may lead to deviations.
In short, this problem is solved by applying a PDF for the fuel mass fraction and then substituted in the LFS integration
(or interpolation, for faster calculation) to yield a statistical average LFS.

To summarize, the ECFM couples combustion with spray modeling to allow stratified combustion, EGR and NO
modeling (AVL List GmbH, 2021b). On top of that, the 3-Zones Extended Coherent Flame Model (ECFM-3Z) is a
combustion model that works with all combustion modes (autoignition, propagation flame and diffusion flame) without
knowing which one might take place beforehand (Colin and Benkenida, 2004). This is particularly important as autoigni-
tion may occur in SI ICEs as the undesirable knock. In fact, some knock considerations were already present in the ECFM
formulation of Colin and Benkenida (2004), as they argue that the fresh gases state has to be defined accurately to yield a
correct estimation of the laminar flame characteristics and of the autoignition delay time for a correct prediction of knock
and detail this modeling.

The state of the gas mixture is described by a 2D space of mixture fraction and reaction progress (Z, c̃). Regarding
Z, it is described by a probability density function (PDF) and each computational cell is divided into three mixing zones:
the unmixed fuel zone, the mixed zone containing fuel, air and EGR, and the unmixed air plus EGR zone. Regarding c̃, it
is null for unburnt gases and unity for completely burnt gases (Colin and Benkenida, 2004). In essence, this combustion
model is based on a flame surface density transport equation and a mixing model that describes the three combustion
modes (AVL List GmbH, 2021b).
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2.2 Turbulence modeling

A near-wall turbulent flow can be divided into a inner region that scales on a viscous length and an outer region
that scales on a flow length. The wall-bounded turbulent shear flow ought to be correctly modelled to capture turbulent
quantities in this inner region. The blocking caused by a wall is governed by a elliptical partial differential equation;
hence, non-local effects in non-homogeneous turbulent flows should consider an elliptical model. Moreover, the damping
factors are artificial manoeuvres to represent the kinematic constraints caused by blocking (Durbin, 1991).

The v2 − f model proposed by Durbin (1991) eliminates empirical damping functions and accounts for some near-
wall anisotropic turbulent effects, modelled through the elliptic relaxation function f (note that this adds a differential
equation to the problem, however). This way, it is a better option than k − ε and similar models that only consider
isotropic turbulence and use damping terms. k − ε limitations are largely due to the turbulence being represented by its
kinetic energy (k), which is a scalar. As such, it may not reflect differences in the energy components (u2, v2, w2) that
are produced by external forces with different component magnitudes (Durbin and Reif, 2010). Yet, these models are still
inferior to second-moment (such as Reynolds Stress Models, RSM) and advanced non-linear eddy viscosity models when
used in three-dimensional flows, with strong secondary recirculation, rotation and swirl (Durbin, 1991), typical of ICE
CFD simulations.

However, the main computational inefficiency of the v2−f model is its f wall boundary condition (fw) sensitiveness,
proportional to y−4. Due to this exponent, it suffers with small y+, contrary to most near-wall models. The k−ζ−f model
proposed by Hanjalić et al. (2004) is an upgrade of the previous model and overcomes this problem by solving a transport
equation for ζ instead of v2. v2 is a wall-normal velocity scale; ζ is a normalization of this variable (ζ = v2/k), but also
regarded as the ratio of the two time scales: lateral v2/ε (anisotropic), and scalar k/ε (isotropic) (CFD Online, 2014).
Note that ζ is still a scalar (the problem of k) but this time it is a scalar measure of anisotropy. The main improvement
is that ε no longer appears on the v2 equation and its role is reproduced by the turbulent kinetic energy production (Pk)
in the ζ equation. Essentially, the problem switches from a calculation of a variable (ε) that is dependent upon near-wall
treatment to a variable (Pk) that is dependent upon the local turbulent stress and the mean velocity gradient capture, the
goal of turbulence closure models (Hanjalić et al., 2004). Moreover, the model formulates a more robust fw boundary
condition, this time proportional to y−2 and not y−4.

The k − ε model is by no means a weak model. It has been extensively tested, it is numerically robust and arguably
the most used turbulence model in CFD codes. The model may have its limitations but it is generally considered to
yield reasonable predictions of major mean-flow features. Thus, it is suitable for the current case, where modelling
other physical phenomena, such as chemical reactions, combustion, multiphase interactions, brings in uncertainties that
outweigh those inherent in the k − ε turbulence model (AVL List GmbH, 2021a). For this reason, it is the chosen model
for the variation case, to analyze the turbulence-combustion interaction.

Besides, more demanding models were tested and diverged, as they would require finer meshes. These models are the
AVL hybrid turbulence models (HTM 1 and HTM 2), which are a hybrid between k− ε and RSM, the RSM model itself,
and a low-Reynolds model, represented by k− ε with the near-wall approach as the wall treatment. Therefore, the chosen
turbulence models are the k − ζ − f and the k − ϵ models, both using the hybrid wall treatment, that is a generalized
treatment that ensures a gradual change between viscous sub-layer and the wall functions, where the integration of the
equations occur for small values of y+ and the standard wall function takes place for the large values of y+ (AVL List
GmbH, 2021a).

2.3 Spray modeling

The spray is modeled in a Lagrangian multiphase approach. More precisely, the Discrete Droplet Model (DDM)
treats the Lagrangian particles and the Eulerian flow in a two-way coupling manner with simultaneous and non-iterative
calculations (Dukowicz, 1980). It is two-way because the spray carries sufficient momentum to entrain and affect the flow
field and the particles are small enough to influence the surrounding gas.

The discrete phase is modeled statistically and not deterministically. This way, as a Lagrangian phase, the particles
avoid suffering from numerical diffusion and allow individual attributes to be statistically assigned for each particle. Since
the spray is limited to a small part of the domain’s mesh and the accuracy is reached with a moderate number of particles,
the computational cost is affordable. In addition, identical non-interactive droplets are grouped as parcels (AVL List
GmbH, 2021c). Nevertheless, the standard DDM treats the parcels as point sources for mass, momentum and enthalpy in
the frame of the Eulerian gas flow field.

The coupling affects momentum, mass and energy transport equations. The atomization also considers drag (arguably
the most important force that influences droplet flow), turbulence dispersion, evaporation and breakup. Most of these
submodels are additions to DDM’s original formulation proposed by Dukowicz (1980). For the current work, the drag
law is from Schiller and Naumann (1935), the evaporation model from Dukowicz (1979) and the WAVE breakup model.

The investigation of spray is not the focus of this research. However, it plays important roles in turbulence and
combustion too. In relation to turbulence-spray interaction, the individual turbulent eddies influence particle motion and,
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Figure 1: Spray layout. Note that it is located closer to the intake port.

conversely, the particles inertia affect the eddies (AVL List GmbH, 2021c). Due to the large number time and length scales,
this interaction is accounted stochastically through the so-called turbulent dispersion submodel. In relation to combustion-
spray interaction, the flame promotes evaporation, while spray leads to proper mixture formation. In addition, there are
competing effects of cooling due to spray evaporation and flame propagation (Zhou et al., 2021).

3. MATERIALS AND METHODS

The referred AVL FIRE case is a 3D DI-SI ICE transient simulation, composed of intake and exhaust ports, cylinder,
spark plug, and valves. That implies that there are moving boundaries and mesh for a complete four-stroke cycle (720
crank angle degrees). The engine has a bore of 81.97 mm, a stoke of 86 mm, and a connecting rod length of 144 mm. The
four-stoke cycle is simulated from 172 crank angle degrees (CA) to 892 CA, with the spark ignition occurring at 707 CA.
Gasoline is injected at 150 bar with a spray layout that resembles a hexagon with a nozzle hole on each vertex and one in
the center. The start of injection (SOI) happens at 430 CA and lasts for 41.8, 51.1 and 60.4 CA, for the 3250, 4000 and
4750 RPM simulations. Figure 1 shows the spray layout. Note that it is located closer to the intake port.

There are two intake and two exhaust valves. Table 1 summarizes important positions, that may be indicated in some
further plots. Note that the simulation starts exactly at exhaust valve opening (EVO). For meshing purposes, the valves
are considered closed at 0.2 mm of valve lift, to avoid skewed elements between valve and valve seat. The moving mesh
is generated using AVL FIRE FAME Engine Plus (FEP), with a volumetric mesh cell size of 1.4 mm, a boundary layer of
0.4 mm made of two layers of cells, and polyhedrical control volumes.

Table 1: Valve lift details
Position CA [deg]
Exhaust valve opening (EVO) 172.0
Exhaust valve closing (EVC) 396.0
Intake valve opening (IVO) 347.0
Intake valve closing (IVC) 566.0
Max. exhaust lift 280.0
Max. intake lift 454.0

The baseline simulation uses the k − ζ − f turbulence model, at 4000 RPM. The variations involve changing the
turbulence model to k − ε (keeping the hybrid wall treatment) and/or the rotation to 3250 and 4750 RPM. Concerning
the boundary conditions, inlet and outlet mass flow rates, total temperature and pressure were kept the same, only varying
the spray module according to the rotation speed. This way, different speeds yield different equivalence ratios. The
combustion model is the ECFM-3Z and the spray model is the DDM. Figure 2 shows the boundary conditions. Note that
they only affect the simulation between valve openings, and none of them happen from 566 to 892 CA. Besides, for mass
flow rate, the sign is relative to the normal of the interface, thus, negative values are entering the domain, while positive
values are leaving it.

The fluid in its initial state is taken as ideal-gas air at 1 bar and 1457 K, with a density of 1.19 kg/m3. The cylinder
starts at 1502 K and roughly 4.75 bar. The remaining models involved in the set-up are the laminar flame speed model
from Metghalchi and Keck (1982), knock shell model, spherical spark ignition model, NO extended Zeldovich model,
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and soot kinetics models. Each simulation ran for roughly 120 hours on a Dell Precision T7500 workstation, which has
48 GB of RAM, and a six-core Intel Xeon X5675 @ 3.07 GHz, running AVL FIRE 2021R1 on Windows 7.

(a) Mass flow rate.

(b) Temperature. (c) Total pressure.
Figure 2: Inlet and outlet boundary conditions.

4. RESULTS AND DISCUSSION

First of all, the intake/exhaust valves boundary conditions of mass flow, pressure and temperature were kept constant
for all simulations. Thus, the change in rotational speed implies a change in equivalence ratio, as a lower speed yields
a leaner mixture and a higher speed yields a richer mixture. More precisely, the maximum equivalence ratio (ϕ) for the
3250, 4000, 4750 RPM simulations are 0.87, 1.03, and 1.18, respectively. In addition, by keeping the same spark timing, it
is possible that the spark advancement changes its optimum with different speeds. Therefore, the cases should be analyzed
within each speed condition for a fairer comparison. Furthermore, the lack of experimental/reference values limits the
analysis to a numerical comparison, not being possible to say which model is in better agreement with bench tests.

Table 2 shows the key performance indicators (KPI) for each simulation. There are two parameters to characterize
the combustion and four others that are more tangible indicators. MFB stands for mass fraction burnt (in percentage),
CBD is the combustion duration/interval between MFBs, IMEP is the indicated mean effective pressure, and BSFC is the
brake-specific fuel consumption. The difference column refers to the relative difference (percentage) comparing k − ε
results to k − ζ − f results. Note that MFB is an instant in time and CBD is a time interval. For this reason, it makes
more sense to describe the MFB difference as crank-angle degrees instead of percentage. To aid these comparisons, Tab.
3 shows the mean in-cylinder values of temperature, pressure, heat release and laminar flame speed (LFS), with their
correspondent peak magnitudes, when they occurred, and the average value along the four-stroke cycle.

Overall, the higher CBDs in k − ε simulations show that the combustion takes longer to happen with this model. In
particular, the 3250 RPM cases have the largest differences (up to 37.3% in CBD10−50). However, this speed condition
should be treated carefully, as the FQ mass fraction (Curran et al. (2002) CnH2n species or structures), an intermediate
reaction variable that monitors knock, increased for the k − ζ − f case by approximately two orders of magnitude (Fig.
3a). This increase is not sufficient to produce oscillations in pressure (Fig. 3b), but it caused a notable peak (roughly 14
bar more than k− ε for the same speed). Therefore, this slight knock occurrence might be the reason for the earlier MFBs
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Table 2: Key performance indicators (KPI) calculated for a single four-stroke cycle.

KPI 3250 RPM 4000 RPM 4750 RPM
k − ζ − f k − ε Diff. k − ζ − f k − ε Diff. k − ζ − f k − ε Diff.

MFB2 [CA] 719.0 720.9 +1.9 720.6 719.7 -0.9 719.6 719.3 -0.3
MFB10 [CA] 724.0 727.2 +3.2 725.8 725.3 -0.5 725.2 724.8 -0.4
MFB50 [CA] 731.2 737.0 +5.8 733.4 734.0 +0.6 733.8 734.2 +0.4
MFB90 [CA] 739.9 746.8 +6.9 742.8 743.7 +0.9 744.4 745.6 +1.2
CBD2−90 [CA] 20.9 25.9 +23.9% 22.2 23.9 +7.9% 24.8 26.3 +6.0%
CBD10−50 [CA] 7.1 9.8 +37.3% 7.6 8.7 +15.0% 8.7 9.3 +7.8%
CBD10−90 [CA] 15.9 19.6 +23.0% 17.0 18.4 +8.0% 19.2 20.8 +8.1%
IMEP [bar] 12.9 12.5 -3.1% 11.1 11.2 +0.9% 10.1 10.0 -1.0%
Torque [Nm] 47.2 45.8 -3.0% 40.6 41.0 +1.0% 37.1 36.6 -1.3%
Power [kW] 16.1 15.6 -3.1% 17.0 17.2 +1.2% 18.4 18.2 -1.1%
BSFC [g/kWh] 195.4 201.6 +3.2% 227.3 225.0 -1.0% 248.7 252.0 +1.3%

Table 3: In-cylinder mean quantities.

KPI 3250 RPM 4000 RPM 4750 RPM
k − ζ − f k − ε Diff. k − ζ − f k − ε Diff. k − ζ − f k − ε Diff.

Peak T [K] 2376.2 2329.7 -2.0% 2347.7 2359.6 +0.5% 2400.6 2360.9 -1.7%
When [CA] 741.5 749.0 +7.5 745.0 746.0 +1.0 746.0 747.5 +1.5
Avg. T [K] 927.3 919.6 -0.8% 928.2 929.4 +0.1% 941.2 932.9 -0.9%
Peak p [bar] 72.9 59.0 -19.2% 58.3 56.9 -2.5% 52.3 50.1 -4.1%
When [CA] 736.0 742.0 +6.0 738.4 739.2 +0.8 738.8 739.2 +0.4
Avg. p [bar] 7.3 7.0 -4.6% 6.3 6.3 +0.4 5.8 5.7 -0.6%
Peak ROHR [J/deg] 101.2 75.4 -25.5% 74.8 66.4 -11.2% 63.1 54.8 -13.1%
When [CA] 731.2 738.0 +6.8 731.6 732.4 +0.8 731.8 731.0 -0.8
Accum. HR [J] 1373.8 1381.6 +0.6% 1225.7 1242.3 +1.4% 1118.2 1112.7 -0.5%
Peak LFS [cm/s] 69.6 69.4 -0.3% 77.4 78.8 1.8% 87.1 85.1 -2.3%
When [CA] 750.0 751.0 1.0 748.5 748.0 -0.5 745.5 746.0 0.5
Avg. LFS [cm/s] 21.6 21.8 +0.8% 23.0 23.5 +2.2% 25.4 24.9 -2.1%

and shorter CDBs in this case, possibly due to the increased time for turbulence scales to affect the combustion.
Moreover, the lengthier combustions influence the peak rate of heat release (ROHR), reducing the peak magnitude.

Yet, the large changes in peak rate [J/deg] did not reflect much in the accumulated heat release [J]. Figures 3c and 3d show
the ROHR and the accumulated heat release along the cycle. Since ROHR resembles a time derivative of heat release,
and accumulated heat release is the integration along the cycle, it is possible to see the early increase in accumulated heat
release for the 3250 RPM k− ζ− f case and a later catch-up of k− ε. Similarly, this is also reflected in temperature (Fig.
3e), with an earlier increase for 3250 RPM k − ζ − f and a delayed increase for k − ε.

As previously mentioned, the ECFM-3Z is a more robust method to predict laminar flame speeds (LFS) than the other
CFM models, as it accounts for EGR (Colin et al., 2003). Besides, as a laminar flamelet method, it decouples combustion
and chemistry in this respect. Figure 3f shows that there are no major differences in LFS between the turbulence models.
Moreover, Tab. 3 shows only slight changes and that, the richer the mixture, the higher the LFS.

Figure 3g shows a normalized turbulence variable that enables a fairer comparison among different engine speeds,
and it is the preferred quantity for displaying turbulence intensity (AVL List GmbH, 2021a). It is the average local
velocity component due to turbulent fluctuations (u′ =

√
2k/3) (Merker et al., 2012), normalized by mean piston velocity

(u′/Cm). Notable differences between the turbulence models start after IVO, when the domain is subjected to inflow, but
it seems especially affected by the spray, as fuel injection occurs from 430 CA onwards. The k − ε seems to overpredict
the normalized turbulence intensity within that range, with a peak almost matching the one presented nearly to the spark
occurrence. Regarding spray and turbulence, this difference might be due to multiphase turbulent mixing, associated to
interfacial momentum interaction (Battistoni and Grimaldi, 2012), and to the inherent two-way interaction of the DDM
formulation (Dukowicz, 1980). Since this is not the focus of the research, future works should focus on this interaction.

The coherent flame models calculate the flame surface density, which is affected by the turbulence. Besides, a higher
flame surface density increases the turbulent flame speed, reducing the burning interval. The results from Tab. 2 suggest
that k−ε produces less turbulence intensity, and therefore, a reduced flame surface density. Note that, even though u′/Cm

is higher for k − ε for most of the cycle, it becomes lower after the ignition (Figs. 3g and 3h).
This is also related to the IMEP, because the reduced flame surface density leads to a slower turbulent flame speed,

which alters the pressure peak in location relative to the top dead center (TDC). Note that the differences in the peak
location are higher for the lowest RPM (Fig. 3b).
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(a) Curran’s CnH2n species or structures. Plot in log-scale. (b) Pressure.

(c) Rate of heat release. (d) Accumulated heat release.

(e) Temperature. (f) Laminar flame speed.

(g) Normalized turbulence: u′ divided by piston velocity (Cm). (h) u′/Cm zoom near spark occurrence.
Figure 3: Mean in-cylinder quantities along crank angle.
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The same rationale may explain the slight knock at 3250 RPM for k − ζ − f . Since the normalized turbulence is
higher, the turbulent flame speed is expected to be higher, which leads to a higher compression of the unburnt mixture
prior to the TDC. For the lowest RPM, there is more time for this to happen, leading to ignition. For k − ε, the opposite
happens, and associated with lower temperature and pressure, the ignition delay time (IDT) is longer and the ignition that
leads to knock does not occur. Conversely, for higher RPMs, there is less time for knock onset.

At last, Fig. 4 shows the top view of MFB50 isosurfaces, representing the flame front. Note that it represents different
crank-angles but equivalent flame situations (same MFB) and qualitatively depicts the flame front advancement numeri-
cally, for visualization purposes. For further studies, it could be compared to experiments to see which model represents
best the flame front propagation.

(a) k − ζ − f at 3250 RPM, 731.2 CA. (b) k − ζ − f at 4000 RPM, 733.4 CA. (c) k − ζ − f at 4750 RPM, 733.8 CA.

(d) k − ε at 3250 RPM, 737.0 CA. (e) k − ε at 4000 RPM, 734.0 CA. (f) k − ε at 4750 RPM, 734.2 CA.
Figure 4: Top view of MFB50 isosurfaces representing the flame front.

5. CONCLUSION

This work presented a study of turbulence-combustion interactions in 3D computational reactive fluid dynamics
(CRFD) simulations of gasoline direct injection (GDI) engines. The cases were simulated in AVL FIRE 2021R1, us-
ing the 3-zone extended coherent flame model (ECFM-3Z) for combustion, and the k − ζ − f and the k − ε turbulence
models, with a hybrid wall formulation. The same mass flow, pressure and temperature intake/exhaust valve boundary
conditions with different engine speeds (3250, 4000, 4750 RPM) yielded different stoichiometries, meaning that the sim-
ulations should be compared within each speed condition. Furthermore, this might also have changed the optimum spark
advancement, as the spark occurrence was kept the same. Besides, the absence of experimental or reference values does
not allow to point which model is better, but allows only to point numerically their differences.

Concerning turbulence quantities, the velocity fluctuation normalized by mean piston velocity made the three speed
conditions comparable due to this normalization. It showed that k − ε produced more turbulence during fuel injection,
which means that there might be some spray-turbulence interactions as well. As the Discrete Droplet Model (DDM) has
a two-way coupling, further work should be done on turbulence-spray interaction. However, after spark, the opposite was
verified.

The relation between turbulence and combustion was observed especially for the lowest RPM. The coherent flame
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models calculate the flame surface density, which is affected by the turbulence. Besides, a higher flame surface density
increases the turbulent flame speed, reducing the burning interval. The results suggested that k−ε produced less turbulence
intensity, and therefore, a reduced flame surface density between the ignition and the top dead center. The unburnt mixture
became less compressed and, associated with reduced pressure and temperature led to a longer ignition delay time. On
the other hand, k − ζ − f had opposite results which led to a slight numerical knock detection.
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