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Abstract In this work the flow field evolution, mixture formation and combustion
process in an engine with methane Direct Injection (DI) is investigated using Large Eddy
Simulations. The supersonic methane injection is modeled according to Müller et al. (2013)
and combustion by a level set approach. The flame propagation showed to be dependent
on the grid resolution. Higher grid resolutions have two opposing effects: first the frac-
tion of unresolved turbulence is reduced, which decrease the flame speed and second flame
wrinkling is increased resulting in faster flame propagation. For the observed setup the
wrinkling effect was stronger. The average in-cylinder pressure traces as well as the cyclic
variability thereof were compared to experimental data and very good agreement was found.
During the supersonic gaseous injection the turbulence level in the cylinder is significantly
increased, which dissipates quickly and thus has only a minor effect on the flame propa-
gation. The introduced momentum showed a larger impact, since it enhances the tumble
motion resulting in increased turbulence levels as the tumble decays shortly before ignition.
During DI the cyclic differences in the tumble motion are preserved, but the impact on the
average tumble level results in changing relative differences of the cyclic turbulence levels
at ignition timing. Thus an injection direction supporting the tumble flows is expected to
reduce the Cycle-to-Cycle Variations (CCV), while a reduction of the tumble strength could
increase the CCV level. Compared to the fluctuations in the turbulence levels, the cyclic
variability of the equivalence ratio at the injection location with DI showed a minor effect
on the simulated CCVs.
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http://crossmark.crossref.org/dialog/?doi=10.1186/10.1007/s10494-015-9625-1-x&domain=pdf
mailto:martin.schmitt@lav.mavt.ethz.ch


646 Flow Turbulence Combust (2015) 95:645–668

Keywords Large eddy simulation · Engine · G-equation · Multiple cycle simulation ·
Gaseous direct injection

1 Introduction

The reduction of CO2 emissions of internal combustion engines can be achieved by either
increasing the efficiency, or by replacing the conventional crude-oil based fuels by alter-
natives with higher hydrogen to carbon ratios. A direct injection (DI) methane engine
offers the possibility to combine both ways to lower CO2 emissions. Methane offers not
only higher hydrogen content compared to conventional fuels, but also a higher knocking
resistance which allows higher compression ratios and therefore increased efficiencies [2].

Simulations based on Reynolds Averaged Navier Stokes (RANS) approach are the most
commonly used approach to simulate internal combustion engines. In particular direct injec-
tion gas engines have been investigated using RANS models in [3–6]. Gerke [4, 7] used a
high resolution mesh to resolve the underexpanded jet and analyzed the mixture formation
for different injection timings and RANS turbulence models. The results were validated
against Planar Laser Induced Fluorescence (PLIF) measurements in a transparent engine.
In [6], the jet is initialized downstream the Mach disk and the boundary conditions are
derived from previous two dimensional simulations which fully resolve the jet. In general
RANS provided very useful contributions towards understanding of gaseous direct injec-
tion engines, but also showed difficulties in predicting the physics for variable operating
conditions or geometries. In addition the behavior of individual engine cycles cannot be
investigated, since the RANS approach solves for ensemble averages [8].

In the last decade, Large Eddy Simulations (LES) are increasingly used to study the flow
field in engines [8–10, 12]. A recent review of engine-related LES works can be found in
Rutland [8], which gives a broad overview about pros and cons of different LES turbu-
lence and combustion models. It is concluded that the grid requirements strongly depend
on the chosen subgrid turbulence model. One of the first works using LES in a valve/piston
assembly was published by Haworth [12]. The results were compared with Laser Doppler
Anemometry (LDA) measurements and showed good agreement for the mean and the rms
velocities. For a specifically designed optically accessible research engine, the groups of
Poinsot and Angelberger published several papers which analyze flow and combustion in
an homogeneous premixed engine (see, for example, [9, 10]). The flame propagation is
modeled based on an artificially thickened flame model. The simulation setup showed to
be able to predict the cycle-to-cycle variations for two different operation points and the
maximum pressure was found to correlate with the tumble center. Compared to Particle
Image Velocimetry (PIV) measurements good agreement for the mean velocities was found,
while small differences were observed in the fluctuation velocities. In the works [13, 14] the
Extended Coherent Flame Model (ECFM-LES) was used to study the effect of local cyclic
flow variations around the spark plug on the global cycle-to-cycle variations of the pressure
traces. Further studies in the fields of cycle-to-cycle variations (CCV) by using LES have
been conducted by Koch et al. [15]. In this work the subgrid turbulence is modeled by the
k− l model and combustion is simulated using G-equation. Up to 40 consecutive simulation
cycles have been performed in order to analyze the CCV behavior in a perfectly premixed
SI engine. Local dependencies around the spark plug region, which influence the early
combustion stage and hence the CCV have been evaluated. It has been shown that the com-
bination of the LES turbulence and G-equation combustion model is capable of accurately
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reproducing the experimentally measured CCV within a CFD simulation framework.
According to Granet et al. [16] and Goryntsev et al. [11], up to 25 calculated cycles
are required for the mean flow and 50 cycles for the cyclic fluctuations in order to get
meaningful statistical results.

Studying gaseous DI numerically via LES, the direct injection process asks for a careful
consideration of the complex physical phenomena during a supersonic gas expansion. At a
certain pressure ratio between nozzle and combustion chamber downstream the nozzle ori-
fice a sudden expansion of the injected gas can be observed. The thereby created expansion
waves are reflected as compression waves leading to a vertical shock at defined distance
from the nozzle. Experimentally [17] and analytically [18] it was shown that the shock posi-
tion is mainly defined by the pressure ratio over the nozzle. Besides the location of the Mach
disk also other structures of the underexpanded flow are well known. Most important struc-
tures beside the Mach disk are jet boundaries, barrel shocks and reflected shocks. A detailed
description about the steady state, transient and mixing behavior of underexpanded jets at
different pressure ratios is given in Vuorinen et al. [19]. The simulation of underexpanded
jets in constant geometries is very challenging and an appropriate numerical treatment is
required to accurately simulate the processes (e.g. shock capturing and specific turbulence
model constants). If the underexpansion needs to be simulated in a full 3D engine setup the
complexity is significantly increased, since some of the requirements for the simulation of
underexpanded jets are in conflict which settings for a 3D-CFD engine calculations (e.g.
locally extremely refined meshes and turbulence model settings).

In order to reduce this complexity Müller et al. [1] proposed a modeling methodology
for gaseous direct injection systems. To incorporate the gas injection into full 3D Internal
Combustion Engine (ICE) setups in an accurate and yet cost-efficient way, artificial inlet
boundary (AIB) conditions have been developed. The AIB showed to be capable of accu-
rately reproducing velocities, turbulence fields as well as methane concentrations after the
Mach disk location. Compared to a detailed simulation the computational time has been
decreased by a factor of 78 and the method showed to be especially suited for multiple cycle
LES simulations.

In this work for the first time the injection model by [1] is introduced into a LES simu-
lation setup of a four stroke gaseous direct injection engine described later. In the first part
of this work the dependence of the subgrid turbulence model and the combustion model on
grid resolution and discretization scheme is assessed. Based on these findings a method is
proposed to readily derive combustion model constants for LES based on cheaper RANS
simulations. The main aim of this paper is to investigate the influence of the gaseous injec-
tion on the engine performance. Thus, in the second part the influence of the direct injection
on the global flow field in the cylinder is analyzed by comparing one cycle with and one
without direct injection. After the comparison of the CCV with the experiment in the third
part the influence of gaseous DI on the cycle to cycle variations is assessed in detail.

2 Mathematical Formulation

2.1 Solver

The flow field solver Star-CD v4.20 was employed to solve the compressible Navier-Stokes
equations in a state of the art direct injection methane engine. The PISO algorithm is used
for the pressure velocity coupling.
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2.2 Turbulence models

The RANS model is based on the standard k −ε model, while in the LES model the subgrid
turbulence is modeled with a one-equation k−l model. According to [8] this LES turbulence
model was found to incorporate more physical processes, such as the convection, production
and dissipation of the subgrid kinetic energy, in comparison to the standard Smagorinsky
turbulence model. Good results were also reported by Liu and Haworth [12] who compared
the results of LES k − l simulations with Laser Doppler Anemometry (LDA) measurements
in a valve-piston assembly. The subgrid-scale stress tensor τSGS,ij = −νT Sij + δij

2
3kSGS

is computed using the turbulent viscosity approach νT = Ckρ̄�k
1/2
SGS , where Ck is a model

constant, Sij the strain rate tensor, ρ̄ the filtered density and kSGS is the subgrid-scale turbu-
lent kinetic energy. Contrary to the more commonly used constant Smagorinsky approach
where the kSGS is calculated from the strain rate tensor, the k − l model employs a transport
equation for kSGS .

∂ρkSGS

∂t
+ ∂ρũj kSGS

∂xj
= −τSGS,ij

˜Sij

−C1ρ
−k

3/2
SGS

�
+ ∂

∂xj

[

Ckρ̄�k
1/2
SGS

∂kSGS

∂xj

]

.
(1)

In the near-wall region a low Reynolds damping approach is used. For the RANS calcula-
tions an eddy viscosity model with a high Reynolds k − ε formulation is used to simulate
the turbulence and the near wall flow is modeled by a wall function, which is based on the
law of the wall approach [20].

2.3 Combustion model

DI engines operate in the partially premixed combustion regime, where the extent of homo-
geneity depends strongly on the injection timing, duration and on the flow field. Two
approaches are mainly used for turbulent and partially or fully premixed combustion in LES:
In the artificially thickened flame model [21], the flame thickness is artificially increased
in order to resolve the flame front by the mesh, while the flame propagation speed is left
unchanged. The method has been successfully applied in several studies (see, e.g. [10, 22]),
but has the drawback that the underlying physical process of flame propagation changes
from a transport-controlled to a chemistry-controlled combustion mode [23]. The second
option is the level-set approach, which is based on the G-equation proposed by Williams
[24]. This model describes the flame front as an interface between burnt and unburnt gases,
and a function G in introduced, whose G = G0 isovalue represents the thin flame front, with
G < G0 in the unburnt gases and G > G0 the burnt mixture. A transport equation for G in
the LES context was derived by Peters [25], were sT is the turbulent flame speed defined
as a function of the turbulence intensity u

′
and the laminar flame speed sL. The laminar

flame speed is calculated based on the equation of Gülder [26]. The previously described
equations are:

∂

∂t
ρ̄G̃ + ∂

∂xi
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sT (	) = sL(	)

⎡

⎣1 + A

(

u
′

sL(	)

)5/6
⎤

⎦ (4)

sT =
∫ 1

0
sT (	)P (Z)dZ (5)

where W , η, ξ , α, ff and β are fuel dependent model constants and YEGR is the mass frac-
tion of the residual (burnt) gases. The values for methane are given in [27] and the subscripts
0 and u denote reference and unburnt gas properties. The fluctuation velocities u′ are com-

puted from the turbulent kinetic energy u′ =
(

2
3k

)1/2
, and is therefore dependent on the

unresolved scales and thus on mesh resolution. In RANS, k represents all turbulent scales,
while in LES the contribution of resolved scales is accurately captured and the subgrid part
kSGS is modeled. The constant A has to be defined by the user to adjust the turbulent flame
speed according to experimental data and φ represents the equivalence ratio. For P(Z) the
Beta PDF has been parameterized by its first two moments, namely the mixture fraction
and its variance which are determined by solving the two corresponding transport equations
[27].

In this work ignition is initiated by modifying the value of G within a specified radius
around the spark plug at spark advance. Similar approaches have been successfully adopted
also in other multi-cycle LES studies (see e.g. [10, 15, 28]) and therefore used here as well.
More sophisticated approaches have been proposed in the LES context in conjunction with
Flame Surface Density combustion models [29, 30] and for level sets in a RANS context in
[31]. Despite the simplicity of the ignition treatment used in this study, using an appropriate
flame kernel radius and sparking duration, good agreement in the pressure rise of the mean
cycle can be achieved after ignition, i.e. up to 700 ◦CA. Following this calibration, using an
unchanged ignition treatment for all cycles, the variation in the pressure evolutions can then
be predicted, in good agreement with the experimental data; as was also found in [15] for a
completely different engine.

3 Engine Setup and Numerical Model

3.1 Engine configuration and operating point

The engine under consideration is a state of the art boosted gasoline direct injection (DI)
engine which is modified for DI of gaseous fuels by means of custom-made injectors. It has
four cylinders, a total displacement of 1.4l and a compression ratio of 9.6. The fuel used
is pure methane stored in high-pressure cylinders and provided, using a 34 bar pressure
regulator, via a gas rail to the injectors [32]. Figure 1 shows a photograph of the engine’s
air-side as it was mounted at the test bench. The full engine geometry at BDC as well as the
position of the multi-hole injection system is indicated in Fig. 2. The fuel enters the cylinder
through six nozzle orifices, each with a diameter of 0.75 mm. The studied operating point
is in the part load range at an engine speed of 2000 rpm and a mean effective pressure
(BMEP) of 2 bar. The fuel is injected from 540 ◦CA to 547 ◦CA. At this time the inlet
valve is still open, resulting in a backflow of fuel into the intake channel for the observed
operating point. The spark ignition occurs shortly before reaching TDC at 699.8 ◦CA. The
main characteristics of the experimental setup are summarized in Table 1.
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Fig. 1 Air-side of the engine at the test bench with dismounted intake manifold and dismounted injectors

3.2 Mesh models

Two meshing methods and cell types are applied to construct the computational grid. For
the cylinder, the exhaust and valve area, the Star-CD plugin es-ice is used to create a hex-
ahedral mesh that accounts for the complex geometry movement of the piston and valves.
For the inlet channel, a polyhedral grid including prism layer was created using the meshing
software Star-CCM+. Furthermore, the injector mesh region has been refined in Star-CCM+
according to the mesh settings proposed by Müller et al. [1] in order to correctly reproduce
the flow field quantities of the gas injection (Fig. 3). This approach allows fast geometry
changes, which can be used for parameter variations in order to optimize the injector and
inlet geometry.

The full compuational mesh is shown in Fig. 2. The engine mesh consists of approxi-
mately 1.53 million cells at BDC, which results in an average cell size of 0.65 mm. Mesh
resolutions from comparable studies, where multiple cycle [10, 15] and spray behavior [33]
in internal combustion engines are analyzed provided a mean grid size of approximately
0.8 and 1.2 mm, respectively. Further mesh details are shown in Table 2. A single cycle
simulation running on 128 CPUs takes about 48h of computational time. The calculation
time within a cycle is distributed as follows: intake and exhaust = 31 %, injection = 34 %,
compression = 9 %, combustion = 26 %.

In the first part of this study a grid sensitivity analysis has been conducted. Based on
the basic mesh described before, two refined grids with mean average cell sizes of 0.55 and
0.45 mm have been created. In order to reduce the computational time, the meshes in the
resolution study are employed as half cylinder meshes. According to Koch et al. [15], the
effect of the symmetry boundary condition is limited, since in this setup the tumble around
the x-axis and the swirl are negligible small. In addition, the half cylinder meshes are only
used for the LES and G-equation model analysis in Section 4.1.1.

For the assessment of the jet influence, the comparison with experimental data and the
multiple cycle analysis the previously described full engine mesh is used.
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Fig. 2 Four valve passenger car engine with central spark plug and multi-hole injector with highlighted
boundary conditions for intake and injector (orange) as well as exhaust

3.3 Boundary and intitial conditions

Pressure and temperature boundary conditions were imposed at the inlet and outlet surfaces
(as highlighted in Fig. 2) using tabulated data obtained from a separate 1D GT-Power sim-
ulation (Fig. 4) validated by experimental measurements. Fontanesi et al. [34] investigated
the effect of boundary condition on the CCVs of a turbocharged GDI engine using LES.
They compared the influence of a cycle-independent pressure condition derived from a 1D

Table 1 Main characteristics of the experimental setup

Engine Operation point

bore 76.5 mm speed 2000 rpm

stroke 75.6 mm BMEP 2 bar

compression ratio 9.6 SOI / EOI 540 / 547 ◦CA
fuel injection CH4 DI spark ignition 699.8 ◦CA
nozzle diameter 0.75 mm pinj 34 bar

number of nozzles 6 Fuel-air ratio φ 1

Test bench Pressure indication

type Horiba Dynas LI250 Crank angle sensor Kistler, resolution 0.1 ◦CA
automation SRH STARS pressure sensor Kistler 6061B

air conditioning 23 ◦C, 50 %RH charge amplifier Kistler 5064
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Fig. 3 Adaptation of the simple box mesh structure (left) within the full engine mesh model (right)

engine model and cycle-dependent experimental pressure traces. Since no significant dif-
ferences between both approaches could be observed, it was concluded that LES is capable
of capturing the port fluctuations when using a mean pressure boundary formulation.

The methane injection through the six nozzle orifices is modeled by the artificial inlet
boundary condition (AIB). In order to prevent initial high gradients when opening or closing
the AIBs, an exponential ramp function has been used to gradually decrease or increase the
incoming methane mass flow representing the opening/closing event of the real injector.

The simulation is initialized shortly before the charge exchange top dead center at
340 ◦CA in order to simulate the full intake process to derive reasonable initial conditions
for the compression and combustion for the single cycle analysis. In case of the multi-cycle
calculation, the influence of the initial conditions becomes small after two cycles according
to Koch et al. [15]. The cylinder is initialized with a temperature of 1143 K and a pressure
of 1.077 bar, the intake port with 333 K and 0.464 bar and the exhaust port with 1058 K
and 1.071 bar. The initial pressure and temperature values are estimated based on the 1D
GT-Power Simulation. The intake port is initialized with pure air whereas the cylinder and
outlet channel consist of fully burnt exhaust gases.

At the isothermal wall boundaries fixed temperatures based on the 1D GT-Power Simu-
lation are imposed. The temperatures of the cylinder liner, the piston face and the cylinder
head are set to 523 K, at the intake region to 380 K and the exhaust port to 475 K. In terms
of the half cylinder model, a symmetry boundary condition has been used at the mid plane
section. The near-wall region is refined by a single layer of prism cells and the wall heat
losses are calculated through the Angelberger correlation [27].

3.4 Numerical settings

A second order monotone advection and reconstruction discretization scheme (MARS) has
been used for the momentum, energy and turbulence equations in the context of cold flow
simulations. The reactive calculations used a first order scheme to discretize the energy
and turbulence equations, to avoid numerical instabilities occurring at the inlet and exhaust

Table 2 Mesh specifications

Mesh Intake Cells Injector Cells Cells at TDC Cells at BDC CPUh per cycle

Full Cylinder 411.000 67.000 954.000 1.533.000 6144
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Fig. 4 Pressure and temperature boundary conditions in the inlet and outlet channel

valve opening or closing. The basic time step of 0.2 ◦CA is reduced during combustion and
injection to 0.02 ◦CA and 0.0025 ◦CA, respectively.

4 Results

The first part focuses on the LES and G-equation model analysis using different mesh con-
figurations and discretization schemes. Furthermore, the influence of the gaseous direct
injection on the mean and fluctuating flow field are illustrated. The second part shows the
comparison of experimental and calculated results such as pressure traces or coefficient of
variation.

4.1 Single-cycle simulations

In a first step initial cold-flow and reactive simulations have been conducted on the half
cylinder model to investigate the interaction of the LES turbulence and G-equation com-
bustion model in terms of grid sensitivity as well as influence of discretization schemes.
The second Section 4.1.2 discusses the influence of the newly implemented gaseous direct
injection on the overall in-cylinder flow field.

4.1.1 Assessment of the LES and the combustion model

Cold-flow and reactive cases have been calculated on three different meshes to investigate
the influence of the mesh resolution on the results. In addition the influence of discretiza-
tion schemes is assessed and a comparison between RANS and LES has been carried
out. Figure 5a shows a comparison of the simulated volume averaged subgrid-scale turbu-
lent kinetic energy (kSGS) in non-reactive cases computed with the three mesh resolutions.
Before the inlet valve opening at 375 ◦CA, all meshes show very low and similar kSGS val-
ues. After the opening of the inlet valve air flows into the cylinder resulting in the increasing
kSGS values. With up to 40 m2/s2 the coarse grid shows the highest values compared to
other meshes, which can be explained due to the lower amount of kinetic energy resolved
by the grid. In contrast to this, the difference between the middle and the fine mesh is very
small, although the fine mesh is able to resolve more turbulent scales. In order to understand
this behavior Fig. 5b shows the total kinetic energy (kSGS + 0.5 ∗ (̃u2 + ṽ2 + w̃2)). In gen-
eral all investigated meshes show a similar temporal evolution. Interesting is the increased
total kinetic energy in the fine grid at 390 ◦CA which is 7 % higher compared to the lower
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Fig. 5 Comparison of the cylinder averaged subgrid-scale turbulent kinetic energy (a) and total kinetic
energy (b) between three mesh resolutions

resolution meshes. Since the kSGS values between the middle and the fine mesh are nearly
the same, the simulation in the fine mesh calculates a higher amount of turbulent energy.

To get a better understanding of why the cylinder averaged kSGS between the medium
and the fine mesh are very similar and the fine mesh has a higher total kinetic energy, Fig. 6
shows the velocity magnitude on a slice of all three calculated meshes during the inlet phase.
At 450 ◦CA the inlet valve is open and air enters the combustion chamber. Between coarse
and middle mesh the scales of the velocity field look very similar. In contrast to this, the
fine mesh is able to resolve much smaller flow structures. The jet breakup is much stronger
and responsible for the creation of small turbulent scales. This behavior explains also the
similar kSGS shown in Fig. 5a. Smaller scales lead to higher velocity gradients and since the
production term in Eq. 1 is dependent on Sij , more kSGS is produced.

Figure 7 shows the kSGS during the inlet phase computed on the coarse grid by differ-
ent discretization schemes. The lower kSGS values obtained with lower discretization order
methods can be attributed to the smoothing effect of the lower order schemes. Figure 7a
shows the spatial kSGS separation on the calculation with first order solved turbulence and
energy equation. Compared to Fig. 7b, where all equations are solved second order, the
magnitude is smaller and the local structures appear much smoother. For the global flow
field, the influence of the differences is quite small but they could have a strong effect on
the calculation of the turbulence-flame interaction, since kSGS is directly connected to the
turbulent flame speed sT (see Eq. 4).

Fig. 6 Velocity magnitude distributions on a slice through the valves for different mesh resolutions at
450 ◦CA
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(a)

(b)

Fig. 7 Influence of the discretization scheme on the modeled kSGS volume averaged in the cylinder on the
coarse grid. a shows the spatial separation of kSGS on a plane through the valves at 400 ◦CA with 1st order
solved turbulence and energy equation and b with fully 2nd order solved equations

Figure 8 compares the averaged pressure curves of the RANS and LES calculations on
the coarse grid using different A factors in Eq. 4. For the same value of A, the pressure
curve predicted by the RANS is much higher than the value obtained by the LES.

This is due to the different definitions of the turbulent kinetic energy k in RANS and
LES. It was found by trial and error that by using a factor A = 7.5 in the LES, comparable
pressure curves as for the RANS can be obtained. The LES simulation was adapted to the
RANS calculation because the G-equation model is commonly used in an RANS context
and for this A = 2.8 is a typical value for the constant in Eq. 4. In contrast to this LES

Fig. 8 Pressure curves from RANS and LES calculations on the coarse grid with different A factors
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Fig. 9 Comparison of the turbulent kinetic energy (k) in RANS and the subgrid-scale turbulent kinetic
energy (kSGS ) in LES on the coarse grid volume averaged in the cylinder for different values of the
Damköhler constant A

in combination with G-equation has to our knowledge not been documented in the open
literature for internal combustion engine calculations and therefore A is a priori unknown,
since kSGS represents only the fraction of the k which cannot be resolved. A better way to
derive the correction factor for LES is shown in Fig. 9, comparing k with kSGS . The dotted
red line (kSGS scaled by 16) overall agrees with the turbulent kinetic energy of the RANS
calculation reasonably well.

If the ratio of k and kSGS is known, Eq. 4 can be used to compute the scaling fac-
tor between ARANS and ALES , which in this case is 2.68. Thus, the factor A for the
turbulent flame speed can be computed directly from the comparison of the turbulent
kinetic energy in the cylinder. The ratio of k and kSGS can be derived by a single cycle
RANS and LES calculation, which greatly reduces the CPU time in terms of tuning com-
pared to a trial and error approach where several calculation are needed. The described
approach does not aim at deriving an A factor for the LES calculation which results
in the same turbulent flame speed value compared to the RANS calculation. This can
be seen in Fig. 9 showing at ignition timing (700 ◦CA) a kSGS *16 value, which is
around 42 % smaller than the corresponding turbulent kinetic energy of the RANS cal-
culation. This results in a slower turbulent flame speed of the LES calculation. But as
will be shown in Fig. 11 the flame area of the LES is significantly larger (also around
40 %) compared to the RANS calculation, resulting as shown in Fig. 8 in a similar over-
all flame propagation of the RANS and the LES calculation. Thus when determining the
A factor based on the RANS calculation, based on the given information on the ratio of
the flame area as function of the grid size the A factor for the LES calculation can be
estimated.

The mean and instantaneous temperature fields computed by RANS and LES plotted in
Fig. 10 show again the ability of LES to provide additional details of the wrinkled propa-
gating flame compared to the smooth averaged front. At higher mesh resolution, the flame
front area is also found to increase, because of the higher amount of resolved turbulence.
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Fig. 10 Temperature field of the coarse mesh with RANS (top left) and LES (top right) and of the fine mesh
with LES (bottom left) at 710 ◦CA. The section planes are orthogonal to the cylinder axis

In order to quantify the differences between the simulations of the flame front wrinkling,
the flame area, defined by the temperature iso-surface at 1500 K, from the different simula-
tions is shown in Fig. 11. As expected, the smallest flame area is computed by RANS. The
flame area calculated in the LES simulations is higher and increases with resolution since
the finer turbulence structures that can be accommodated result in additional wrinkling of
the propagating front.

The larger flame area also affects the turbulent flame speed, because sT is defined nor-
mal to the flame front. For this reason, the A-factor in the fine mesh is 5 and therefore
smaller compared to the coarse mesh. One interesting observation of the interaction between

crank angle [°CA]

fl
am

e 
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ea
 [

m
m

2
]

Fig. 11 Comparison of the flame area evolution from RANS and LES simulations with different grid
resolutions
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LES and G-equation model can be seen when comparing the RANS and LES simulation
in the Figs. 9 and 11. In Fig. 9 at 700◦ the turbulent kinetic energy in case of RANS is
approximately twice as high as the corresponding LES value which results in higher tur-
bulent flame speeds according to Eq. 4. However, as seen in Fig. 11, the peak values of
the flame areas reached during combustion of the LES simulation is almost double the
RANS area and the mentioned deficit in turbulent kinetic energy is hence compensated
to some extent. In summary, a higher mesh resolution coupled with G-equation and LES
has two effects on the calculation of the flame speed. First, kSGS decreases (due to the
increase of the resolved turbulence scales) and as a consequence of the employed closure
sT reduces as well. Secondly, the flame area increases, which accelerates the flame. So
for a mesh, which fully resolves all turbulent scales, no closure for the flame-turbulence
interaction is needed any more. For the observed setup the wrinkling effect was stronger
and thus the resulting flame propagation showed to be slightly dependent on the grid
resolution.

In conclusion the simulation setup used in this work depends on validation based on
experiments in order to adjust the constants for the relatively simple combustion and ignition
models. Possible model improvements could be done by using a more sophisticated closure
for the turbulent flame speed as proposed e.g. in [23]. However, as shown later in this work
and in Koch et al. [15] the proposed methodology showed to be able to accurately predict
the cyclic variability of the pressure traces, requires relatively low computational resources
and thus is well suited to study the effect of gaseous direct injection on the cyclic variability.

4.1.2 Influence of gaseous DI on the in-cylinder flow field

The gaseous fuel injection has been modeled through the AIB method proposed byMüller et
al. [1]. The suggested step by step guideline has been followed to derive the inlet boundary
condition for the existing injector nozzle geometry and engine operating point. The detailed
tuning steps for deriving the AIB constants are described in the Appendix 1.

Figure 12 shows the methane mixing behavior during the compression stroke by means of
CH4 mass fraction contour plots at 547 ◦CA, 560 ◦CA and 701 ◦CA. A methane mass frac-
tion value of 0.055 depicts stoichiometric conditions. At 547 ◦CA shortly before EOI, it can
be seen that the fuel injected by the upper nozzle orifices partly flows into the intake man-
ifold since for the chosen injection timing the intake valves are open during injection. The

Fig. 12 Transient evolution of methane mass fraction within the cylinder during 2nd cycle
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remaining fuel is directed along the pent roof to the central spark plug region. At 560 ◦CA,
the methane jet has impinged on the cylinder walls at the exhaust valve sides forming
two recirculation zones. Furthermore, the injected fuel is carried along by the tumble flow
motion down towards the piston head region. The dashed arrow on the intake valve side,
indicates the further transport of the fuel rich zone by the tumble motion. The escaped
methane portion is stored within the intake manifold and rebreathed within the consecutive
engine cycle. At 701 ◦CA shortly after ignition timing a non-homogeneous mixture compo-
sition can be noticed. A fuel rich zone can be seen on the intake valve side of the cylinder
while on the exhaust side lower fuel concentrations can be observed. The distribution is a
result of the tumble motion which during compression transports the fuel rich zone back to
the injector position. Thus a better mixture homogenization can be achieved by e.g. activat-
ing the tumble flap within the intake in order to strengthen the tumble motion for the given
part load operating point, which can lead to a better mixture homogenization.

In order to quantify the temporal evolution of the in-cylinder mixture condition, the prob-
ability density function (PDF) of the methane mass fraction in the whole cylinder is shown
in Fig. 13. At EOI, the majority of cells contain almost no fuel fraction, whereas a minor-
ity of cells mainly consist of methane. Due to the in-cylinder bulk flow motion, the fuel is
distributed within the combustion chamber resulting in the decay of the existing first peak.
At 680 ◦CA methane has been distributed within the whole cylinder forming a second peak,
which is close to stoichiometric mixture conditions. The tumble breakdown towards TDC
decelerates the mixing process, which explains the marginal difference in the shape of the
PDFs between 680◦ and 701 ◦CA. Thus, the mixture shortly after ignition timing is still not
perfectly homogeneous as depicted by the bandwidth of the green curve.

Large scale flow motions can be described by the tumble level which is expressed with
respect to the center of mass of the cylinder according to the following equation:
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Fig. 13 Probability density function of methane mass fraction during 2nd cycle
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T umbleY =
∑

Cells

ρiVi[(Zi − Zm)ui − (Xi − Xm)wi]
∑

Cells

ρiVi

√

(Zi − Zm)2 + (Xi − Xm)2
(6)

where Xi,Zi are the centroid coordinates of cell i. Xm,Zm are the center of mass of the
cylinder and ui,wi the velocity at cell i. Due to the axisymmetric geometry the tumble
around the x-axis as well as the swirl are negligible small compared to the dominant tumble
in y-direction. Due to the symmetry of the engine and intake port geometry only a minor
X-tumble is formed resulting in almost no swirl flow structures.

In Fig. 14, the effect of the gas injection on the (a) Y-tumble level and (b) volume aver-
aged velocity magnitude is illustrated. After IVO, a dominant clockwise rotating tumble
flow structure arises, which decreases after reaching the maximum intake valve lift. At
BDC, the fuel injected through the upper two nozzle orifices is directed along the pent roof
supporting the tumble flow structure which results in a peak for the tumble Y intensity right
after 540 ◦CA as depicted by the blue curve. During the compression stroke, the tumble flow
structures break down into smaller flow structures introducing additional turbulence into the
engine cylinder. In order to assess the influence of the gas DI the results are compared to a
second case where the direct injection has been deactivated. Without direct injection lower
tumble numbers and volume averaged velocity magnitude can be seen after EOI. Due to
the tumble break down, towards TDC the Y-tumble in the DI activated case decreases faster
resulting in similar tumble numbers at TDC with and without direct injection. In contrast
to this the velocity magnitude is right before start of combustion (SOC) in the DI activated
case increased by 19 %.

In Fig. 15a the volume averaged subgrid-scale turbulent kinetic energy is depicted in
order to further analyze the effect of tumble breakdown during compression. The direct
injection introduces additional turbulence within the cylinder as shown by the blue peak at
BDC for the DI activated case. Due to the early SOI the generated turbulence dissipates
until spark timing and no major benefit can be expected for the ignition process. Neverthe-
less, in Fig. 15b after 680 ◦CA after BDC a slight increase in kSGS can be noticed for the
DI activated case. As seen in Fig. 14, the DI enhances the overall mean flow magnitude
and hence supporting the tumble flow motion. Thus, the tumble breakdown is delayed and
occurs shortly before spark ignition, introducing additional turbulence right before combus-
tion. When comparing the subgrid-scale turbulent kinetic energy of both DI activated and

(a) (b)

CA CA

Fig. 14 Enhancement of in-cylinder flow magnitude through DI
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(a) (b)

Fig. 15 Enhancement of in-cylinder flow magnitude through DI during the 1st cycle

DI deactivated cases right before SOC, the kSGS is 20 % higher in case of DI. Accord-
ing to Eq. 4, turbulent flame is approximately increased by 7.9 %, which results in a faster
combustion.

Measurements from the engine test bench also showed that injecting fuel along the pent
roof region results in a stronger tumble flow, leading to a later breakdown shortly before
SOC. The higher turbulence intensity at the early combustion stages enhances the flame
propagation and hence results in a faster heat release in case of DI.

4.2 Multiple cycle simulation

4.2.1 Comparison between simulation and experiment

Figure 16a compares the experimental and numerical pressure traces. The average measured
pressure is shown by the solid black line and the minima and maxima out of 144 cycles are
the dashed black lines. The blue lines represent the single pressure traces of the LES simu-
lation. The average pressure traces between simulation and experiment agree very well and
all LES pressure curves are located within the experimental envelope. The maximum and

(a) (b)

Fig. 16 a Comparison of the pressure traces between simulation and experiment; b COV(pmax ) comparison
between experiment and simulation, where the experimental COV(pmax ) value is around 0.059 after 144
cycles
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minimum pressure traces of the LES simulation shows a reasonable difference to the exper-
imental profiles, which is attributed to the fewer number of simulated cycles (29 cycles).
The coefficient of variance (COV) of the maximum pressure of the LES simulation and
the experiment is shown in Fig. 16b. Both curves converge already after 15 cycles to a
COVpmax value of approximately 6 %, wheras the experimental COVpmax value after 144
cycles is around 5.92 %.

4.2.2 Impact of the direct injection on the CCV

In [15] it was shown that for the studied perfectly premixed operation point, the observed
CCV mainly result from differences in the cyclic turbulence and flow field. This agrees also
with the findings in [9, 10], where a correlation between the central tumble position and the
pressure maximum is shown. As shown in Fig. 15a the additional kSGS due to injection is
dissipated very fast and has no influence on the CCV behavior. Thus in the following the
impact of the DI on cyclic differences in the large scale flow motions will be investigated.

Figure 17a shows the Y-tumble versus the piston position for eight selected cycles. The
black line represents the Y-tumble number in case of deactivated gaseous DI. Already before
direct injection cyclic differences of the tumble flow can be observed. During injection the
tumble flow increases in all shown cycles and shows very similar evolutions. Figure 17b
shows the tumble numbers during injection in more detail. It can be seen that the cyclic
differences between the shown cycles are preserved during and after the injection. This is
illustrated by the red dashed lines which mark the line of the cycle with the highest and the
lowest tumble number. This agrees well with the findings in [11], which reports relatively
low influences of a spray on the occurring CCV. However the relative differences between
the cycles are reduced, since the absolute cyclic differences are preserved while the total
tumble level is increased.

Figure 18 illustrates the influence of the rate of decay of the Y-tumble between 660◦
and 700 ◦CA on the cylinder averaged subgrid-scale turbulent kinetic energy at ignition
timing (699.8◦). A linear relation can be seen, since higher tumble gradients are followed by
increased kSGS values. The black dashed line is a linear regression curve and the R2 value
of 0.6 indicates a strong correlation. In conclusion also the relative cyclic differences of the
cylinder averaged kSGS are reduced, since the tumble gradient shows a linear dependence
on the subgrid-scale turbulent kinetic energy.

(a) (b)

Fig. 17 Influence of the methane jet on the cycle-to-cycle variations. From 500◦ - 700 ◦CA (a) and from
535◦ - 555 ◦CA (b)
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Fig. 18 Correlation between the
cylinder averaged kSGS at spark
timing and the rate of decay of
the Y-tumble between 660◦ to
700 ◦CA

In general the gaseous injection showed to have no direct impact on the CCV but depend-
ing on the injection direction it influences the large scale flow structures. Thus, if the tumble
is strengthened by the injection, relatively lower cyclic differences are expected. In con-
trast to this an injection direction which weakens the tumble flow is expected to increase
the CCV. These observations agree well with the experimental data which show that for
an injection direction supporting the tumble motion significantly lower CCVs are found
compared to measurements with injection directions which lower the tumble levels.

Beside the turbulence also mixture formation can have an influence on the CCV behavior,
since as shown in Fig. 12 the mixture is not perfectly mixed at SOI. In order to estimate the
impact of cyclic mixture and turbulent variations on the flame propagation 	 and kSGS are
averaged in a sphere with a radius of 3 mm around the spark plug and the averages will be
denoted as: 〈〉SP . The averaged values close to the spark plug are chosen, since according
to [15] the observed CCV correlate strongly with the early flame propagation. 〈kSGS〉SP

shows significantly larger variations (± 26.5 %) compared to 〈	〉SP (± 7 %). For the in this
work applied combustion modeling 〈	〉SP influences the laminar flame speed (3), while
〈kSGS〉SP appears in the Damköhler correlation (4). Based on Eqs. 3 and 4 it can be seen
that the cyclic variations of 〈kSGS〉SP are followed by sT variations of ± 10 %, while the
cyclic differences of φ result in sT variations of ± 3 %. The same trend can also be seen for
averages in the full cylinder. Thus for the current setup and operation point the influence of
kSGS on the CCV is significantly larger compared to variations of 	.

5 Conclusions

In this work the flow field evolution and the combustion process in a direct injected
methane-fuelled engine are simulated using LES. The combustion was modeled by a level
set approach using the laminar flame speed model by Gülder and the turbulent flame speed
closure by Damköhler, while the supersonic direct injection is simulated based on the
aritficial inlet boundary (AIB) approach proposed in Müller et al. [1].

In the first part the sensitivity of the results on grid resolution and discretization order are
investigated. An initial grid resolution study revealed a low sensitivity of the subgrid-scale
turbulent kinetic energy kSGS for the three calculated meshes. Only in the jet breakup of
the incoming air during the intake stroke an influence of the grid resolution was observed.
Compared to the resolution, the discretization order showed a stronger effect on the calcu-
lated kSGS . In general a lower discretization order was found to exhibit a smoothing effect
which reduces the computed subgrid-scale turbulent kinetic energy, as expected.



664 Flow Turbulence Combust (2015) 95:645–668

Although discrepancies in the cylinder averaged values for kSGS for the three resolutions
investigated amounted to less than 25 %, the differences have a strong impact on the local
turbulent flame speed. With the default Damköhler correlation employed, two opposing
trends were observed for the flame propagation with LES: Due to the partially resolved
turbulence field the turbulent flame speed decreases since it is proportional to kSGS (in the
case of RANS proportional to k). Conversely, the resolved turbulence scales in the LES
simulation substantially increase the flame area, which promotes flame propagation. These
two effects reduce the influence of the grid resolution on reactive LES engine calculations
with G-equation. Based on these findings a method based on the comparison of kSGS with
k is proposed which enables efficient adjustment of the modelling constant in the turbulent
flame speed equation for LES based on a single RANS simulation.

The second part of the paper focuses on the impact of the gaseous DI on the flow field and
the CCV behavior. For the chosen injector orientation and the chosen early injection timing
the majority of the fuel impinges on the cylinder wall on the opposite side and in the follow-
ing the tumble motion transports the fuel rich zone back to the injector position, resulting
in a stratified mixture at ignition timing. The turbulence created by the early direct methane
injection, was found to dissipate quickly and has no influence on the later combustion. In
contrast to this, the interaction between the gaseous direct injection and the tumble motion
has a strong impact on the flame propagation, since the kinetic energy stored in the tumble
motion is released in form of small scale turbulence close to TDCwhen the tumble breaks down.

The multiple cycle simulation showed to well reproduce the average pressure trace and
the cyclic fluctuations of the experiment, indicating that the simulation setup is capable of
capturing the impact of the injection event on the multiple cycle behavior. The influence
of the gaseous DI on the cycle-to-cycle variations is mainly connected to its interaction
with the tumble motion: during the gaseous injection the cyclic differences in the tumble
motion were preserved, but the global tumble level is influenced depending on the injection
direction. The differences in the global tumble level showed to strongly correlate with the
turbulent kinetic energy, which according to [15] strongly influences the CCV. Thus if
the injection direction is adjusted to strengthen the tumble flow, relatively lower CCV are
expected. In contrast to this if the methane injection weakens the tumble flow motion, rela-
tively higher CCV are expected. This finding agrees with experimental results, which show
significantly lower CCVs in case of a methane injection in tumble direction. Compared to
variations in the subgrid turbulence levels, fluctuations of the equivalence ratio in the spark
plug vicinity showed only a minor effect on the observed CCVs for the studied operating
condition and engine geometry.

For future work the injection direction and timing will be varied in order to investigate if
modeling approach is able to predict its influence on the CCVs.
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Table 3 Adjusted AIB
parameters for current operating
point

Pressure 8.6 bar

Temperature 133.6 K

k 0 m2/s2

Derivation of the AIB constants for the observed operation point

In the previous work of Müller et al. [1], a 3-step methodology has been used to derive
the AIB conditions (see Table 3). As described below, the following parameters for the
Simple Box (for explanation, see [1]) inlet boundary condition have been adjusted to fit the
simulation results from the detailed LES underexpansion simulation:

1. Determine the normal velocity component UN by adjusting the jet penetration depth
2. Adjust the inlet mass flow rate ṁNozzle according to experimental measurement data
3. Adjust the turbulence parameters to reproduce the turbulent kinetic energy field

Figure 19 addresses the first task which is the adjustment of the penetration depth. The
radial mean methane concentration has been averaged over 100 bin sections in flow direc-
tion. In order to guarantee the same fuel penetration, the normal velocity magnitude of the
Simple Box model has been adjusted to meet the experimentally validated LES underex-
pansion fuel injection result. The validation of the velocity magnitude, the mixture fraction
and the sub grid turbulence are shown in Figs. 20 and 21.
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Fig. 19 Validation of the penetration depth for injected gaseous fuel
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Fig. 20 Validation of the radial averaged velocity magnitude and methane mass fraction line distributions at
t = 0.12 ms for different downstream locations
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