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Abstract This paper presents highly resolved large eddy simulations (LES)
of an internal combustion engine (ICE) using an immersed boundary method
(IBM), which can describe moving and stationary boundaries in a simple and
efficient manner. In this novel approach, the motion of the valves and the
piston is modeled by Lagrangian particles, whilst the stationary parts of the
engine are described by a computationally efficient IBM. The proposed mesh-
free technique of boundary representation is simple for parallelization and
suitable for high performance computing (HPC). To demonstrate the method,
LES results are presented for the flow and the combustion in an internal com-
bustion engine. The Favre-filtered Navier-Stokes equations are solved for a
compressible flow employing a finite volume method on Cartesian grids. Non-
reflecting boundary conditions are applied at the intake and the exhaust ports.
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Combustion is described using a flame surface density (FSD) model with an
algebraic reaction rate closure. A simplified engine with a fixed axisymmetric
valve (see Appendix A) is employed to show the correctness of the method
while avoiding the uncertainties which may be induced by the complex engine
geometry. Three test-cases using a real engine geometry are investigated on
different grids to evaluate the impact of the cell size and the filter width. The
simulation results are compared against the experimental data. A good over-
all agreement was found between the measurements and the simulation data.
The presented method has particular advantages in the efficient generation of
the grid, high resolution and low numerical dissipation throughout the domain
and an excellent suitability for massively parallel simulations.

Keywords IC Engine · Large Eddy Simulation · Flame Surface Density ·
Immersed Boundaries · Lagrangian Particles

1 Introduction

Large eddy simulations are well suited for the investigation of the physical
phenomena inside internal combustion engines with high demands for spatial
and temporal accuracy [7]. Early applications of LES to non-premixed [27,
43, 44] and premixed [8, 18, 44] flames demonstrated the capability of LES
in combustion modeling. The method has been extended and modified for the
modeling of gas turbine combustors [5, 11, 29], spray combustion [1, 50, 51]
and coal combustion [12, 17, 64].

In the past, LES was used for modeling of the gas exchange [13, 23] as
well as the combustion process inside IC engines [48], utilizing a flame surface
density model. Further LES investigations were performed to analyze the fuel-
air mixing [52], knock tendency [15], turbulent heat transfer [61] as well as
cyclic variations [21, 58].

The aim of the present work is to demonstrate the applicability of a novel
approach based on immersed boundaries [41] for the LES of IC engines, which
focuses on high numerical efficiency and parallel scalability on modern com-
puter hardware architectures.

To generate meshes for complex geometries, Peskin [41] proposed a novel
IBM based on Cartesian grids as a simple and efficient alternative to body-
fitted grids. Based on Peskin’s approach, different techniques have been devel-
oped for further improvement of the IBM in various applications. Numerous
approaches of IBM can be categorized based on the numerical treatments of
boundary forcing functions or based on the boundary types such as elastic or
rigid. More information about IBMs can be found in the review paper of Mitall
et al. [33], in which the methodologies, the advantages and the disadvantages
of various IBMs are analyzed in a great detail. In this section, we focus our
attention on the best known approaches. Goldstein et al. [20] introduced a
surface body force as a function of velocity, time and two model parameters
(α and β). This force represents the feedback force which is induced by the
flow velocities on the immersed boundaries. In an approach of Verzicco et al.
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[59], suitable body forces are prescribed to yield the desired velocity on a given
surface. The technique is simple, computational efficient, and flexible even in
complex geometries.

A similar approach using an external force field was proposed by Balaras
[2]. Utilizing the detailed topology description of the boundary to distribute the
surface force properly, this methodology provides a highly accurate interface
tracking scheme between fluid and solid regions and hence reduces the com-
plexity related to the computation of the sub-grid fluxes in the solid interface’s
vicinity. This approach is well-suited for stationary immersed boundaries but
lacks the proper treatment of moving boundaries where the interfaces between
fluid and solid are a function of time and space. According to the Goldstein’s
assumption [20], the computational overhead is due to the increasing number
of iterations for the desired constants α and β since the fluid-solid interface
is time-dependent. The improved method of Balaras also introduces a large
overhead which has been a standing problem for the community since a signif-
icant computational effort is required for the solid-fluid interface tracking with
a second order accuracy scheme. Furthermore, as the B-splines method [35] is
used for interface tracking, the moving boundary leads to grid restructuring,
which makes the approach more expensive. Tullio et al. [54] developed an IBM
for compressible flows using a flexible local refinement technique to resolve the
flow near the immersed body. The method is second-order accurate and can
solve complex flows on a non-uniform Cartesian grid with a low computational
cost compared to the corresponding fine equidistant Cartesian grid. However,
applying this approach to the moving boundary would be problematic since
the complicated grid with local refinement has to be regenerated frequently
during the simulation. In the IBM proposed by Taira et al. [53], the pressure
and boundary force are regarded as Lagrange multipliers required to maintain
the divergence-free and the no-slip conditions. The boundary force is deter-
mined implicitly by a projection, in which the slip and non-divergence-free
components of the velocity field are removed. This method is well-suited for
both stationary and moving boundaries.

In the work of Udaykumar et al. [57], a mixed Eulerian-Lagrangian method
is used to simulate the flow and geometries with complex and moving bound-
aries. Lagrangian particles are translated explicitly as a marker for the position
and the shape of the boundaries, the governing equations are solved on an Eu-
lerian grid. A straightforward method proposed by Mittal et al. [34] combines
the cell blanking approach and the arbitrary Lagrangian-Eulerian method [25]
by using two independent meshes: the stationary mesh and the moving mesh.
The intersection between the moving grid and the fixed grid is calculated for
the solid-fluid interfaces, allowing flexible mesh generation. However, dealing
with mesh intersections between the fixed grid and the moving grid makes
this method more complicated and computationally expensive. Forrer et al.
[16] proposed the concept of ‘mirror flow’, in which the values of the cells in-
side the interior of a moving object are extrapolated from a given solution.
This approach is developed to solve the compressible, time-dependent Euler
equations on a Cartesian grid with stationary and moving walls. Our proposed
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IB technique in this paper is mainly based on this concept of ‘mirror flow’.
Since it was shown that the concept of ‘mirror flow’ is well-suited for hyper-
bolic problems [16], we applied it for the solution of the filtered compressible
Navier-Stokes equations with moving boundaries.

In our approach, a structured grid is used throughout the whole computa-
tional domain in which the immersed boundary technique [41] is applied. Since
the geometry description depends on the resolution of the Cartesian grid, the
geometrical features which are smaller than a grid cell (∆) can not be resolved.
The geometry description on an uniform Cartesian grid is automatically gener-
ated from the STL representation of the geometry of the engine within minutes
without further user interaction. To avoid the complexity of the mesh motion,
a meshfree technique is applied to model the moving parts of the simulated
engine: the piston and the valves are represented by different groups of La-
grangian particles with corresponding motion functions. To be more precise,
this technique employs the moving objects in two forms: Lagrangian particles
and immersed boundaries. The Lagrangian form is utilized to handle the mo-
tion of the objects in the computational domain while the immersed boundary
form is employed to impose the flow condition at the moving boundaries using
the ‘mirror flow’ concept by Forrer et al. [16]. By blocking the computational
cells that belong to the solid parts (where Lagrangian particles are located),
no mesh alteration or new mesh is required during the simulation. The paral-
lelization is highly efficient due to the fact that the domain decomposition is
independent from the engine geometry.

The numerical and physical boundary conditions at the intake and ex-
haust ports are obtained by solving the system of equations for non-reflecting
boundary conditions [46]. The combustion modeling in the power stroke is
performed with a flame surface density model. In our opinion, an uniformly
high resolution of the entire in-cylinder region is required (not just the near
wall regions) to avoid artificial dissipation of the turbulent structures, which
is a prerequisite to describe the flame front propagation accurately. Alterna-
tively, adaptive grid refinement of the flame front may not circumvent well the
issue of artificially dissipated turbulent structures and makes the computation
rather complicated, expensive and possibly less reproducible. Figure 1 illus-
trates the instantaneous turbulent flow field and the fine structures that are
resolved during an engine LES.

2 Modeling Approach

2.1 The governing equations

The filtered governing equations for mass (1), momentum (2), and energy (3)
are outlined below.

∂ρ

∂t
+
∂ρũj
∂xj

= 0 (1)
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Fig. 1 Instantaneous image-normal velocity component in the valve section
(left) and in the tumble-symmetry plane (right) obtained from LES with a
domain size of 180 million cells, each pixel corresponds to one computational
cell with an edge length of 0.2 mm

∂ρũi
∂t

+
∂ρũj ũi
∂xj

= − ∂p

∂xi

+
∂

∂xj

[
ρν̃
( ∂ũi
∂xj

+
∂ũj
∂xi

)
− 2

3
ρν̃
∂ũk
∂xk

δij − ρτsgsij

] (2)

∂ρẽ

∂t
+
∂
(
ρẽ
)
ũj

∂xj
= ẇT +

∂

∂xj

(
κ
∂T̃

∂xj

)
+

∂

∂xj

(
ũiσ̃ij

)
− ∂

∂xj
(κsgsij )

(3)

In Eqs. (1-3), the density, velocity, pressure, molecular viscosity and Kro-
necker delta are denoted by ρ, ũi, p, ν̃ and δij , respectively. The unresolved
stress and the unresolved kinetic energy are τsgsij and κsgsij . The total energy,

Cauchy stress tensor and the temperature are represented by ẽ, σ̃ij and T̃ ,
respectively.
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The equation of state of an ideal gas is given in Eq. 4:

p = ρRT , cv =
R

γ − 1
, cp = cv +R (4)

The gas constant, the heat capacity at constant volume and pressure are rep-
resented by R, cv and cp, respectively.

The total internal energy ẽ and the sensible internal energy ẽs are deter-
mined according to Eq. 5 (Poinsot and Veynante [45]).

ρẽ =
1

2
ρũkũk + ρẽs , ẽs =

T∫
T0

cv(T ) dT (5)

The combustion modeling of this study is discussed in section 2.6. For the
investigated test cases, the air and the fuel are assumed to be perfectly mixed
and hence no additional transport equation is needed to describe the com-
position of the mixture. The heat release due to combustion is computed by

ẇT =
n∑
k=1

∆hof,kω̇k as the product of the formation enthalpy ∆hof,k of species

k and the reaction rate ω̇k.

2.2 From moving boundaries to Lagrangian particles

The moving boundaries are numerically described by Lagrangian particles,
which must be generated prior to the simulation using available software for
”voxelization” (voxel: volume element). In our approach, the voxelization step
must be carried out first to convert a geometric object (the moving object)
into a set of voxels with the resolution of the computational domain. Obvi-
ously the number of voxels describing any moving geometries depends on the
resolution of the computational grid. This set of voxels is then mapped onto
the main computational grid for correct positioning. By then, the indices of
each voxel in the computational domain will be asigned to a Lagrangian par-
ticle’s index and the initial coordinate of a particle can be computed from its
indices. Figure 2 illustrates the basic steps to generate Lagrangian particles
from the original geometry. By using Lagrangian particles for the description
of the moving parts, the motion of these objects is characterized as the motion
of the individual particles in a Lagrangian manner. Therefore, the transport
equations for the individual particles in space and time must be considered.
Generally, based on the particle velocity vpi and the location xoldi from the
last time step, the new location xnewi is calculated according to Eq. 6.

xnewi = xoldi + voldpi ∆t (6)

The motion of the piston, the intake and exhaust valves are determined as
a function of the crank angle. From the valve lift profiles, the velocity vpi
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Fig. 2 Two-step procedure to generate Lagrangian particles from the original
geometry. First, voxelization converts a geometric object into a set of voxels,
then, a particle is created from each voxel

and acceleration api of the group of the particles describing the intake or the
exhaust valves are calculated from Eqs. 7-8.

vpi =
xnewi − xoldi

∆t
(7)

api =
vnewpi − voldpi

∆t
(8)

In contrast to the valve particles, the motion of the piston particles is modeled
in a simpler manner since the piston velocity and the piston acceleration can
be analytically calculated from the piston kinematics based on the crank angle
(CA) Θ, the conrod length l, the crank radius r, and from the angular velocity
ω (ω = 2 π rpm / 60) from Eqs. 9-10 [24]. These simplified equations (no offset
of the piston) are sufficient since there is no such offset in the experiment.

vpi =

[
− r sinΘ − r2 sinΘ cosΘ√

l2 − r2 sin2Θ

]
ω (9)

api =

[
− r cosΘ − r2(cos2Θ − sin2Θ)√

l2 − r2 sin2Θ

−r
4(cos2Θ sin2Θ)√
l2 − r2 sin2Θ

]
ω

(10)

Besides the actual particle positions xi, the logical particle coordinates
(i,j,k) within the grid must be computed from the actual position xi and the
cell size ∆, considering nG layers of ghost cells that may be used around the
computational domain. For the isotropic and (i,j,k) countable computational
grid (Cartesian grids) used in our approach, this is achieved by following Eq.
11.
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i =
⌊xi
∆

⌋
+ 1 + nG (11)

After transporting the particles to the new position in the computational
domain, the cell-blocking procedure is performed to establish the new interface
between fluid and solid regions. This step is executed by introducing an im-
mersed boundary field (IBF) as the partition of fluid and solid zones. Taking
full advantage of the equidistant Cartesian grid, the blocking of solid cells can
be done simply by using the calculated indices i,j,k of the corresponding cell
where a particle is located:

IBFi,j,k = 0 (12)

2.3 Impose boundary conditions at the moving boundaries

In order to include the effect of the moving boundaries on the surrounding
fluid, most of the aforementioned approaches (see section 1) introduced a forc-
ing function fb and then modified the equation system L(Φ) = 0 to the new
one L(Φ) = fb, accordingly (Φ is the vector of conservative variables). The
forcing function can be included into the governing equations before (contin-
uous forcing approach) or after (discrete forcing approach) discretization [33].
An iterative calculation must be carried out to obtain this forcing function for
the flow around a rigid body.

Instead of introducing a forcing function fb, in our approach, the effect of
the moving boundaries Γb on the surrounding fluid is included via the ‘mirror
flow’ concept [16]. The discretized governing equations are modified by impos-
ing the ‘mirror flow’ quantities ΦΓ inside the immersed boundaries Γb . These
‘mirror’ quantities ΦΓ are extrapolated from neighboring fluid cells and from
the particle properties, so that the flow conditions at the moving boundaries
are imposed correctly.

The procedure is as follows: after solving the discretized Navier-Stokes
equations L(Φ) = 0 for the numerical solutions Φn at time step tn, the ‘mirror
flow’ quantities ΦΓ of the solid cells inside the moving boundaries Γb are
calculated based on the predetermined particle’s properties (vn+1

pi and an+1
pi ) at

time step tn+1 and the data extrapolated from the neighboring fluid cells Φn.
Afterward, the discretized Navier-Stokes equations are solved for the numerical
solution Φn+1 in the whole computational domain. In other words, the explicit
time-stepping is performed with the moving boundary positions from the time
step tn+1 before advancing the whole numerical solution to the next time step
tn+1.

The imposed velocities vsi of the solid cells at the solid-fluid interfaces are
computed from the particle’s velocity vpi and the velocity vfi of the neighbor-
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ing fluid cells Nnb:

vsi = 2vpi −
∑Nnb
j=1 vfij

Nnb
(13)

Following Forrer et al. [16], the pressure gradient ∂p/∂xi of a boundary
cell is calculated from the corresponding particle’s acceleration api and the
averaged density ρj of the neighboring fluid cells:

∂p

∂xi
= −

∑Nnb
j=1 ρj

Nnb
api (14)

To be more specific, the numerical quantities of a solid cell at the boundary
require averaged quantities from the neighboring fluid cells Nnb where 0 ≤
Nnb ≤ 6.

Since the pressure p and the velocities of the solid cells vsi are set, the
corresponding energy esi is also required to account for the kinetic energy of
the particles’ motion as well as the sensible energy of the cylinder wall:

esi =
1

2
v2si + cvTsi (15)

The heat flux at the wall boundary is calculated by Fourier’s law qi =
−κ ∂T∂xi with the gas thermal conductivity κ. The isothermal boundary condi-
tion is used by setting the wall temperature to a fixed value. Due to the lack
of experimental data, the temperature at the moving boundaries is set to the
same value as the wall temperature Twall of the cylinder. In the current work,
we do not use any additional modeling of wall heat transfer - a known and
difficult problem for engine LES.

2.4 Closing and opening the valves

The valve gap during simulation can only be resolved up to a certain valve
lift value depending on the grid resolution. In order to close the valves, all
the computational cells in the gap (the smallest resolved valve lift) between
the valves and the wall are blocked (IBFijk = 0), so that preventing the fluid
escaping out of the cylinder.

In order to reopen the valves, the blocked cells in the gap between the
valve and the wall are unblocked (the IBF value is changed from 0 to 1). Since
these freshly cleared cells (the cells, which were solid at time step tn, become
the fluid cells at time step tn+1) have no fluid history, it is important to fill
these cells with the flow data (velocity, density, temperature and pressure)
by interpolating the data from neighboring fluid cells. Alternatively, a simple
one-dimensional interpolation operation proposed by Udaykumar et al. [56]
can be used to fill the freshly cleared cells with the flow data.
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2.5 The intake and the exhaust boundary conditions

Based on the measured mass flow and the measured time-dependent pressure,
non-reflecting boundary conditions are enforced at the end of the truncated
inlet and exhaust ports, which have a length of 60 and 110 mm, respectively.
Depending on the amplitude variations of characteristic waves which are en-
tering or leaving the computational domain, the time-dependent physical flow
conditions are computed by solving the locally one-dimensional and inviscid
(LODI) system as proposed by Poinsot et al. [46]. The obtained values for the
density ρ, velocities ui, pressure p and the energy e are imposed on the cells
at the inlet and the outlet of the domain.

2.6 Combustion modeling

The combustion process is modeled with the flame surface density (FSD)
approach. The flame propagation is described by the progress variable c, which
is based on the fuel mass fraction YF , where Y uF denotes the unburned and Y bF
the burned state (Y uF = 0 for lean condition).

c =
YF − Y uF
Y bF − Y uF

(16)

The transport equation for the Favre-filtered progress variable reads:

∂ρc̃

∂t
+
∂ρc̃ũi
∂xi

+
∂

∂xi
[ρ(c̃ui − c̃ ũi)]

=
∂

∂xi

(
ρD

∂c

∂xi

)
+ ẇc = ρSdΣgen

(17)

In this equation, the mean reaction source term and the molecular diffusivity
are ẇc and D. The displacement speed and the generalized flame surface den-
sity are denoted as Sd and Σgen, where the generalised flame surface density
combines molecular diffusion and the source term.

The sub-grid scalar flux and the generalised flame surface density are mod-
eled by Eqs. 18-19.

∂

∂xi
[ρ(c̃ui − c̃ũi)] =

∂

∂xi

(
ρ
νt
Sc

∂c̃

∂xi

)
+ Fcgt (18)

ρSdΣgen ≈ ρuSlΣgen = ρuSlΞ|∇c| − Fcgt
≈ ρuSlΞ|∇c̃|

(19)

In these equations, the turbulent viscosity, the turbulent Schmidt number, the
laminar flame speed and the wrinkling factor are referred to as νt, Sc, Sl and
Ξ, respectively. As it has been shown by Ma et al. [32], the counter gradient
transport Fcgt is implicitly modeled by replacing the Reynolds-averaged by
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the Favre-averaged progress variable in Eq. 19. The unburned gas density ρu
is computed from the ambient pressure and density (pin, ρin) as given in Table
2, the heat capacity ratio γ and the actual pressure inside the engine according
to Eq. 20.

ρu = ρ0
(
p/p0

)(1/γ)
(20)

The wrinkling factor is evaluated from the model proposed by Muppala et al.
[38] according to Eq. 21, which is preferred here since it considers the effect of
the pressure variation on the flame propagation which is important for engine
simulations.

Ξ = 1 + aRet
0.25
(u′
Sl

)b( p
p0

)c
(21)

The turbulent Reynolds number Ret is computed as Ret = u′∆/ν with the
cell size ∆ and the laminar viscosity ν. For the iso-octane/air flame, the model
parameters are set to b = 0.2, c = 0.2, and a = 0.46/Le [24, 38].
The sub-grid scale velocity fluctuation u′ is estimated according to Wyngaard
[62]:

u′ =

√
2

3
κsgs, κsgs =

1(
Cv∆

)ν2t (22)

We chose Cv = 0.1 [28] and νt is obtained from the Nicoud’s σ model [40].
The laminar flame speed can be determined according to Heywood [24]:

Sl = Sl,0
(Tu
T0

)α( p
p0

)β
(23)

In Eq. 23, the unburned gas temperature Tu is calculated from Tu = T0
(
p/p0

) γ−1
γ .

The parameters Sl,0, α and β depend on the specific fuel, the equivalence ra-
tio and the burned gas dilution fraction [24]. Wall heat losses were considered
to be distributed homogeneously over the combustion chamber by a modified
heat capacity ratio of γ = 1.3. This treatment was necessary as a detailed
heat transfer modeling would have required an even finer grid resolution or a
suitable wall model.

The ignition is created by setting the progress variable c in a small number
of cells near the spark-plug to a value of 1.0 (burned area). The minimum
ignition energy that is added to the system and the critical radius of the
initial flame kernel are estimated based on the flammability limits [55].

3 Experiments

The measurements were performed in a four-stroke optical engine operated in
the Dreizler group at Darmstadt University [3], using iso-octane (C8H18) as
the surrogate fuel. Optical access is provided by a quartz glass cylinder liner
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and a flat piston window. The engine features a twin-cam, an overhead-valve
pent-roof cylinder head with two intakes and two exhaust valves. A detailed
description can be found in Tables 1, 2 and in the paper by Baum et al. [3].

Particle imaging velocimetry (PIV) was applied to capture the flow field
within the cylinder. The spatial resolution of the data shown in this paper
was 1.8 mm. The engine is motored at 800 rpm and 1500 rpm with a geometric
compression ratio of 8.5:1. The measurements were carried out over 2700 and
600 cycles for the cases with 800 and 1500 rpm, respectively. The measurements
showing the flame propagation (Fig. 18) were provided by Brian Peterson
from Darmstadt University (private communication). High-speed imaging of
Mie-scattering of evaporating oil droplets within the reaction zone was used
to distinguish between burned and unburned gas regions within a horizontal
swirl plane 1.3 mm below the spark plug, similar to the procedure presented
in Fansler et al. [14].

Data Value

Engine speed 800 rpm & 1500 rpm

Compression ratio 8.5

Displacement volume 499 cm3

Crevice volume 2 cm3

Volume at top dead center (TDC) 66.5 cm3

Bore 86 mm

Stroke 86 mm

Cylinder clearance height 2.6 mm

Intake valve closure (IVC) -125 CA

Exhaust valve open (EVO) 105 CA

Exhaust valve close (EVC) -345 CA

Intake valve open (IVO) 325 CA

Avg. pressure intake (pin) 0.95±0.02 bar

Avg. pressure exhaust (pout) 1.00±0.016 bar

Intake temperature (Tin) 22.9±0.1◦C

Exhaust temperature (Tout) 43.7±0.1◦C

Mass air in < min > 11.5 kg/h±2 %

Mass air out < mout > 11.5 kg/h±2 %

Table 1 Engine specifications in the motored case

4 Numerical Setup

Simulations were performed on three different grids with cell sizes of 0.8 mm,
0.5 mm and 0.2 mm, as illustrated in Fig. 3. This leads to domains of 3.1,
12.7, and 180 million cells. The computations were performed on 24, 240 and
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Data Value

Engine speed 800 rpm

Compression ratio 8.5

Spark timing (ST) -16 CA

Fuel Iso-Octane

Equivalence ratio (φ) 0.833

Avg. pressure intake (pin) 0.95±0.02 bar

Intake temperature (Tin) 47±3◦C

Intake density (ρin) 1.0344 kg/m3

Table 2 Engine specifications in the combustion case

8196 CPUs, respectively. The ratios between the number of solid cells and the
number of fluid cells for different grid sizes when the piston is located at the
TDC/BDC are shown in Table 3.

Fig. 3 The Cartesian grids of the engine geometry in different resolutions
(∆ = 0.8 mm, 0.5 mm, and 0.2 mm)

Grid BDC TDC

∆ = 0.8 mm 1.74×106/1.36×106 2.26×106/0.84×106

∆ = 0.5 mm 7.0×106/5.7×106 9.2×106/3.5×106

∆ = 0.2 mm 95.4×106/84.6×106 124.6×106/55.4×106

Table 3 The ratio of the number of the solid cells/fluid cells at TDC and
BDC

The LES in-house code PsiPhi [26, 39, 42, 47, 50] was used to solve the
Favre-filtered governing equations for a compressible fluid (Eqs. 1-3). The code
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uses simple equidistant grids, thus requires more cells for a simulation than
an non-uniform grid would, which is often (over)-compensated by the better
accuracy and the fact that the computational costs per cell are, in our experi-
ence, one to two orders of magnitude lower. A clear advantage of our approach
is that the numerical error corresponds exactly to the error of the applied
interpolation scheme, while on irregular grids additional terms may appear
and contribute to the truncation error. Furthermore, schemes of higher order
require on unstructured grids very complicated and large stencils - which is
computationally expensive (even though unstructured codes like AVBP [22]
and YALES2 [37] demonstrate that 3rd order schemes are practicable).

Time integration is performed with an explicit third order Runge-Kutta
scheme. Due to temporal accuracy requirements and the limited stability of
the explicit time integration scheme, the time step was constrained by the
magnitude of the flow velocity |ui|, the speed of sound a and a CFL number
of 0.3 according to:

∆t = 0.3
∆

|ui|+ a
(24)

A second order central differencing scheme is applied for the computation of
the momentum fluxes. For density and scalars a total variation diminishing
(TVD) scheme with a nonlinear CHARM limiter [63] is used. The unresolved
turbulent viscosity is determined with Nicoud’s σ model [40, 49], where the
model constant Cm is set to 1.5.

In our method, the numerical operations that solve the ordinary differential
equations (ODEs) for the particle transport, block the computational cells
(where the particles are located), and enforce the boundary conditions at the
moving walls can be performed with a high computational efficiency on parallel
machines. The code utilizes the optimized built-in Fortran vectorized field
operations on a Cartesian grid. Scalability tests (in Table 4) of PsiPhi on the
Cray-XT6m at the University of Duisburg-Essen (Fig. 4) confirm the capability
of the approach. In these tests, the cost of transporting particles and enforcing
the flow conditions at the moving boundaries is less than 5% although the
particles are not equally distributed across parallel domains. Obviously, there
is room for improved efficiency but this would affect the simplicity and possibly
the speed of the overall simulation: it is not clear if an optimized domain
decomposition and particle distribution, with all the resulting overhead, would
be really beneficial.

In order to test the performance of our approach in a massively parallel
simulation, a test case using more than 180 million cells was computed on
the Blue Gene/Q machine JUQUEEN (FZ Juelich through NIC Germany)
using 8196 cores. The cost of all the necessary steps (voxelization & particle
generation) to produce the input geometry for the simulation was less than
one cpu-h. The total number of particles (including intake, exhaust and piston
particles) was less than three million even on the finest grid. Although solving
the ordinary differential equations must be carried out for all the particles,
the operators to enforce the flow conditions at the interface between fluid and
solid are only performed using the boundary particles which usually account
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Test case CPUs (Cartesian topology) Cells per CPU Nparticles/Ncells

1 560 (10x8x7) 1784000 0.2%

2 960 (12x10x8) 1047230 0.2%

3 1440 (15x12x8) 694330 0.2%

4 1920 (16x12x10) 522210 0.2%

5 2400 (20x12x10) 415740 0.2%

6 3120 (20x13x12) 319800 0.2%

7 4080 (20x17x12) 243984 0.2%

Table 4 Configurations for scalability test case with PsiPhi
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Fig. 4 Strong scaling test on a Cray-XT6m

for 15-30 % of the total particles. Therefore, the total number of numerical
operations to handle the moving boundaries in our proposed approach is rela-
tively small, compared to the numerical treatment that is required for solving
the Navier-Stokes equation. On the finest grid with 180 million cells and a res-
olution of 0.2 mm throughout the entire computational domain, to complete
the simulation of one full cycle, the total computational cost was around 3.15
millions cpu-h for the motored-case at 1500 rpm.

5 Results

5.1 Motored-case at 800 rpm

Figure 5 shows a comparison between the velocity magnitude obtained from
the simulation on the 0.5 mm grid and the PIV measurements at -270o CA. A
fair quantitative agreement between the measured and the simulated velocity
structures can be observed. The unsteady nature of the flow field becomes
clearly visible as the instantaneous velocity profiles from the medium simula-
tion are plotted along with the mean values in Figs. 6, 7, 12 and 13.

Figures 6 and 7 compare the measured phase averaged velocity against
the mean velocities obtained on different grids and 15 instantaneous velocity
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Fig. 5 Illustration of the instantaneous measured velocity magnitude (a) at
-270o CA (Reprinted from Baum et al. [3] with permission from Springer) and
the corresponding velocity magnitude obtained on the medium grid (b) with
all the sampling lines

profiles from the medium grid at the sampling lines, shown in Fig. 5, for a
crank angle of -270o CA. Comparisons are shown for the medium and coarse
grid, averaged over 15 cycles. Good agreement was observed for all investigated
grid resolutions. Even on the coarsest grid (0.8mm) the flow dynamics could be
represented correctly. The comparison at -270oCA in Fig. 6 and Fig. 7 indicates
good agreement between the simulations and the experimental data for all the
sampling lines, although the horizontal velocity profiles (u) at the lines -30mm
and -40 mm below the cylinder head (Fig. 6) show some deviation from the
corresponding measurements. The differences of the horizontal velocity (u) at
the aforementioned sampling lines could be likely anticipated since the kinetic
energy of the intake flow is strongly dissipated in the downstream region of the
cylinder and therefore leads to the relatively small velocities in this area. In the
downstream region, where the horizontal velocity component is usually small, a
minor disturbance created during the intake could significantly affect the flow
velocity in the horizontal direction. Moreover, since the downstream region
is close to the piston surface, the boundary layer, which is not well-resolved,
may also lead to the deviation between the simulated and the measured data.
Along the tumble plane of the cylinder, good agreement between the numerical
results and the measurements is achieved for both the coarse (0.8 mm) and
the medium (0.5 mm) grid as shown in Fig. 7. For the vertical sampling lines,
small discrepancies between the horizontal velocity component (u) and the
corresponding measured velocity are also found in the downstream region.
The similar flow pattern with the distinctive flow structures and vortices is
illustrated in Fig. 8, where a good agreement between the simulations and the
measurement is achieved. Despite the coarse grid, the results obtained from
the simulation (∆ = 0.8 mm) show a strong resemblance to the measurement
since the larger number of engine cycles are converged towards the ensemble-
mean flow. A good agreement between the measured and simulated root mean
square (RMS) for the two velocity components (u,v) is also shown in Figs. 6, 7,
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Fig. 6 Predicted and measured velocity profiles at -270o CA. Lines in sub-
figures (a) and (b) represent the phase averaged horizontal velocity compo-
nent u and the vertical velocity component v. Additionally, 15 instantaneous
velocity profiles obtained by the simulation on the medium grid are shown.
Sub-figures (c) and (d) illustrate the corresponding RMS of u and v, respec-
tively. Experimental results are shown with symbols. Results are shown for
the horizontal sampling lines at 0 mm, -10 mm, -20 mm, -30 mm and -40 mm
(see Fig. 5)

and 9 for -270oCA. The RMSs over 15 cycles predicted by the simulations with
the coarse and the medium grids show the clear trend of convergence towards
the mean flow.

Capturing the correct in-cylinder flow during the intake stroke is essential
since the turbulence is generated mainly in this stage and then later affects
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Fig. 7 Predicted and measured velocity profiles at -270o CA. Lines in sub-
figures (a) and (b) represent the phase averaged horizontal velocity compo-
nent u and the vertical velocity component v. Additionally, 15 instantaneous
velocity profiles obtained by the simulation on the medium grid are shown.
Sub-figures (c) and (d) illustrate the corresponding RMS of u and v, respec-
tively. Experimental results are shown with symbols. Results are shown for
the vertical sampling lines at 0 mm, -10 mm, -20 mm and -30 mm (see Fig. 5)

the flame propagation during combustion. However, the valve-overlap in the
period between the end of the exhaust stroke and the beginning of the intake
stroke creates complicated flow dynamics since the fresh gas and the exhaust
gas enter through the intake and the exhaust valves respectively, and interfere
with each other. The good agreement found in the comparison between the
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Fig. 8 Illustration of the phase-averaged velocity components as obtained by
the measurement (a,b) and the simulation on the coarse (c,d) and the medium
grid (e,f) at -270o CA

numerical results and the measurement at -270o CA demonstrates the capa-
bility of our proposed approach, with which the complex flow behavior can be
well-captured.

Agreement is also achieved for the comparison of the velocity profiles be-
tween the simulations and the measurements at -90o CA during the compres-
sion stroke as shown in Figs. 10, 12 and 13.

An overall agreement is achieved at all sampling lines since the flow veloc-
ities in the tumble plane are well-captured. Unlike the flow dynamics, which
is characterized by high velocity flow due to the pressure difference during the
intake stroke, the in-cylinder flow during the compression stroke is driven by
the piston motion and the inertia in the flow. Undergoing recirculation, inter-
actions between tumble, eddies, moving walls, and the dissipation of kinetic
energy make the dynamics of the flow under compression difficult to predict.
Therefore capturing the correct velocity profiles at -90o CA is a challenging
task. Although the numerical results obtained do not fully match the mea-
surements at -90o CA, the flow velocities are well-predicted for most parts.
Unlike the RMSs at -270o CA, RMSs at -90o CA show large uncertainty areas
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Fig. 9 The standard deviation for the two measured velocity components at
-270o CA (a,b). The corresponding RMS of the coarse simulation (c,d)
(∆ = 0.8 mm). The corresponding RMS of the medium simulation (e,f)
(∆ = 0.5 mm)

in the numerical results (Figs. 11c-11f) compared to the measurements (Figs.
11a-11b). Possibly, the flow behavior during compression (-90o CA) is more
sensitive and requires a large number of cycles for converging towards the en-
semble mean flow. Another possible reason could be the boundary layer, which
is not sufficiently resolved in the near-wall regions. However, according to our
experience, the σ model behaves well near walls. Nevertheless, the deviations
observed by our simulations are similar to those in the predictions by Bau-
mann et al. [4] where local refinement and wall modeling were employed to
resolve the flow near the walls albeit at a lower grid resolution than used by
us.

To estimate the convergence of the approach, the RMSs of two velocity
components (x and y) at four specific points (p1(0,-40), p2(0,-10), p3(30,-15),
and p4(-7.5,-17.5)mm) in the tumble symmetry plane are plotted as a function
of the number of engine cycles. These points are chosen to be consistent with
the measurements [3]. As seen in Fig. 14, the convergence rate for the predicted
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Fig. 10 Illustration of the phase-averaged velocity components as obtained by
the measurement (a,b) and the simulation on the coarse (c,d) and the medium
grid (e,f) at -90o CA

RMS of the coarse and the medium grid is quite visible after 15 simulated
cycles.

The in-cylinder pressure curves during intake, compression, expansion and
exhaust are compared to the measurements in Fig. 16a. The simulated pres-
sure curves match the measurements well for the motored-case. At TDC, the
simulated pressure is 0.5bar lower than the measured one. This deviation may
occur due to the fact that the wall temperature was not measured during the
experiments and was assumed to be 400 K in the simulations. Another reason
for the low in-cylinder pressure may be the unresolved valve gap (a situation
where the valve gap is smaller than one filter or cell size) which allows more
gas to escape from the cylinder before IVC. To demonstrate that the mass
is conserved inside the cylinder, the trapped mass during compression and
expansion is plotted in Fig. 16a*.

The ratio of turbulent to laminar viscosity may be used as an indicator
for regions where the grid is too coarse. Inside the cylinder (Fig. 15), this
ratio mostly remains smaller than 10 (Fig. 15a, 15b and 15c) for the medium
grid, thus highlighting a good quality of the medium grid [6]. The turbulent



22 T.M. Nguyen et al.

Fig. 11 The standard deviation for the two measured velocity components at
-90o CA (a,b). The corresponding RMS of the coarse simulation (c,d) (∆ =
0.8mm). The corresponding RMS of the medium simulation (e,f) (∆ = 0.5mm)

to laminar viscosity ratio exceeds the value of 20 in a small area (Fig. 15d)
for the coarse grid. This ratio also shows the thin dissipation layers that are
resolved and a high resolution achieved by the LES. It should be stressed that
the velocities of the in-cylinder flow reach their maximal values at -270o CA,
which subsequently leads to a large value of the viscosity ratio. In a complete
engine cycle, the viscosity ratio for the coarse grid is mostly below a value of 5
(Fig. 15b, Fig. 15c, Fig. 15e, and Fig. 15f), indicating the high quality of even
the coarse grid. It should also be noted that comparisons for two different grid
resolutions have been presented, showing that the grids are fine enough for the
simulations.

5.2 Fired-case at 800 rpm

In the fired-case, the predicted pressure curves match the experimental data
rather well as it can be seen in Fig. 16b (private communication with Brian
Peterson from Darmstadt University). During the expansion stroke, some de-
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Fig. 12 Predicted and measured velocity profiles at -90o CA. Lines in sub-
figures (a) and (b) represent the phase averaged horizontal velocity compo-
nent u and the vertical velocity component v. Additionally, 15 instantaneous
velocity profiles obtained by the simulation on the medium grid are shown.
Sub-figures (c) and (d) illustrate the corresponding RMS of u and v, respec-
tively. Experimental results are shown with symbols. Results are shown for
the horizontal sampling lines at 0 mm, -10 mm, -20 mm, -30 mm and -40 mm
(see Fig. 5)

viations between the simulated and the experimental pressure curves can be
seen in Fig. 16b. This discrepancy may be due to the unknown wall tempera-
ture, according to our knowledge it is quite sensitive for the combustion case
[31, 60]. A further reason may be the neglect of the effect of the unburned
gas temperature on the laminar flame speed in the present study, this may
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Fig. 13 Predicted and measured velocity profiles at -90o CA. Lines in sub-
figures (a) and (b) represent the phase averaged horizontal velocity compo-
nent u and the vertical velocity component v. Additionally, 15 instantaneous
velocity profiles obtained by the simulation on the medium grid are shown.
Sub-figures (c) and (d) illustrate the corresponding RMS of u and v, respec-
tively. Experimental results are shown with symbols. Results are shown for
the vertical sampling lines at 0 mm, -10 mm, -20 mm and -30 mm (see Fig. 5)

affect the turbulent flame speed as well as the burning duration and lead to
the deviation in the pressure curves in Fig. 16b.

A comparison of the simulated and measured flame propagation within a
horizontal swirl plane (Fig. 17) is shown in Fig. 18 for different crank angle
degrees (-6oCA to 4oCA). The left side of Fig. 18 shows the flame propagation
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Fig. 14 The standard deviation in the tumble plane for two grids (∆ = 0.8mm
and ∆ = 0.5mm) at -270oCA (a,b) and -90oCA(c,d). The coordinates of these
points are p1(-10,-40), p2(0,-10), p3(30,-15), and p4(-7.5,-17.5) mm

as obtained in the experiments for -6o CA to 4o CA (private communication
with Brian Peterson from Darmstadt University). The right side of the fig-
ure shows the images of the reaction progress variable source term from the
simulation on the medium grid with a cell size of ∆ = 0.5 mm. It is found
that the general trend of the flame propagation is well-captured, the wrinkles
of the flame front in the measurement and the simulation are very similar in
structure and scale. This also indicates that the turbulence of the in-cylinder
flow is likely to be well-resolved by our approach. The applied FSD model
[38] shows a reasonable agreement between the numerical simulation and the
measurement for the in-cylinder pressure and the flame propagation.

5.3 Numerical results for the motored-case at 1500 RPM

To demonstrate the suitability of the proposed approach for HPC, a fine grid
engine simulation was performed on a domain containing 180 million cells with
a size of 0.2 mm. Employing 8196 CPUs on the supercomputer JUQUEEN,
the computation required around 3.15 million cpu-h to complete a single cy-
cle. Since the simulation is computationally very expensive, only one cycle was
computed. We show the coarse and medium cycles’ averages combined with
the finer results. The fine simulations are not meant to give fully converged
statistics but rather additional evidence that a refinement will not change the
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Fig. 15 The viscosity ratio of turbulent and laminar viscosity (νt/ν) in the
tumble plane for the 0.5 mm (a,b,c) and 0.8mm (d,e,f) grid at -270o CA,
-90o CA, and 270o CA

results much, i.e. that results are largely converged, and give an indication of
information that might not be available on a coarse grid. Figures 19 and 22
show the comparison between the simulated instantaneous velocity profiles,
150 measured instantaneous and the corresponding measured mean velocity
profiles at -270o CA and -90o CA. A good principal agreement between the
measured and simulated velocity structures can be observed as the simulated
velocity profiles are well aligned inside the measured velocity profile envelope,
the small structures of the flow field are clearly visible. The comparison be-
tween the simulated and the measured instantaneous velocities at -270o CA
and -90o CA is shown in Figs. 20, 21, 23, and 24. It is interesting to observe
that the level of deviation from the ensemble average and the length scales are
very consistent (Figs. 23c, 23d, 24c, and 24d). One can also see the high res-
olution that is achieved by the LES on the 0.2 mm grid compared to the PIV
measurements with a resolution of 1.8 mm as given by the experimentalists
(Figs. 23 and 24).
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Fig. 16 Comparison of the in-cylinder pressure obtained from LES simulation
without (a) and with (b) combustion against measurements. The mass conser-
vation is illustrated in (a*) by plotting the trapped mass during compression
and expansion.

6 Discussion

6.1 Numerical efficiency

The presented technique is simple and efficient for engine LES using a particle
description of the moving walls. Depending on the resolution of the computa-
tional domain, the number of particles that is required for the description of
the geometry is different, as shown in Table 5. For a system containing Np par-
ticles, Θ(Np) operations are required for the numerical treatment, including
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solving an ODE for each particle, blocking the particle-containing cells and
assigning the velocity and accelerations for the particles. A smaller number
of operations, which is usually one order of magnitude lower than Θ(Np), is
applied to impose the flow conditions to the solid cells at the boundaries.

Test cases Number of particles

∆ = 0.8 mm 73864

∆ = 0.5 mm 246840

∆ = 0.2 mm 2988360

Table 5 Number of particles (Np) in different grid sizes

In fact, the number of operations related to the Lagrangian particles is
time-dependent, and often not more than 2/3 of the particles are used to
handle the moving boundaries. For example, during the intake stroke (after
the valve overlap period), the particles describing the exhaust valves are not
used. During the compression stroke, the numerical treatments are applied only
for the particles describing the piston while both the particles describing the
intake and the exhaust valves are not taken part in any numerical operations.
Figure 25 shows the number of particles which are used in a complete cycle
simulation of a four-stroke engine.

Figure 25 illustrates (for three grid sizes) the ratio of the total number of
particles to the number of Eulerian cells (Fig. 25a), the ratio of the number of
particles describing the boundaries to the total number of particles (Fig. 25b),
and the ratio of used particles to the total number of particles in one cycle of
the engine simulation (Fig. 25c). Compared to the total number of numerical
operations that are needed for solving the Navier-Stokes equations Θ(Ncell),
where Ncell is the number cells of the computational domain, the number
of calculations Θ(Np) required by our proposed method is small: Θ(Np) ⊂
Θ(Ncell). Additionally, this approach avoids the numerical overhead, and the
decomposition of the computational domain is simple and independent from
the geometry, while it is efficient in massive parallel simulations (demonstrated
using up to 8196 cores). The distributions of the ratio between the number
of particles and the number of cells per CPU in one time step in the three
test cases are demonstrated in Fig. 26. Obviously, the particles are unequally
distributed over the CPUs since the moving boundaries are located in certain
areas of the computational domain.

6.2 Limitations

Although the proposed approach is simple, flexible, robust, and computational
efficient, there are certain limitations that are necessary to be addressed in the
scope of this paper.
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Firstly, the wall treatment is less than second order accurate (in terms of
wall location), which must however be put in perspective to an overall very
high grid resolution and the uncertainties involved in the wall modeling of a
strong recirculating, highly unsteady flow. Overall, wall treatment is still very
much a field of research in IC engine simulations.

Secondly, the major drawback of the proposed method is the limit in resolv-
ing the near wall region at fixed and moving boundaries, which may influence
the flow and the combustion away from the walls. Obviously, without local
refinement, having proper geometric description of the moving surfaces would
require more cells, a bigger computational domain and more CPUs. This also
leads to a situation when the valve gaps are smaller than the cell/filter size
(∆) and therefore are not resolved. In engine simulation, the description of
the ”valve lift profile” is crucial to capture the in-cylinder flow processes, as
shown by Cleary et al. [9], Davis et al. [10] and Kreuter et al. [30]. Typi-
cally, the small valve gap is resolved by a local refinement in the region near
the valve seats. However, the importance of resolving the valve gaps down to
small value in the range of 0.1-0.125 mm at the beginning of the intake stroke
is still questionable. As the intake flow velocity and the piston speed are small,
the turbulence that is generated during this short period (10-15 CADs) might
not have a strong influence on the overall turbulence of the in-cylinder flow
later. It is also questionable whether the relevant turbulence is formed in the
valve (seat) boundary layer, which would require a tremendously fine resolu-
tion, or rather in the free shear layers downstream of the valve, which requires
a good resolution there, while reducing the need for very fine near wall resolu-
tion. Nevertheless, further studies on the effect of the small valve gaps on the
in-cylinder flow field are necessary to gain better understanding on this issue.

6.3 Uniform grid vs. local refinement

The importance of local refinement is undeniable and has been pointed out
in the previous sections. However, the uniform Cartesian grid has its own
advantages in the LES applications. Classically, one would wish to have the
finer resolution near valves while, to compromise with the limited computa-
tional resources, the number of cells in the combustion chamber domain must
be reduced. Achieving this through increasing the cell size elsewhere leads to
artificial dissipation. However with LES, a fine resolution in the combustion
chamber and hardly dissipative schemes (e.g. 2nd order central on Cartesian
grids) are of paramount importance to avoid artificial dissipation and a too
low turbulent flame speeds there. Our paper shows one compromise and what
this compromise will result in. We would however like to point out that the
compromise of very fine resolution near the valves and a coarse grid in the
cylinder is likely to fail with LES, while using very fine grids everywhere is
not feasible. A further reason for the artificial or numerical dissipation is a
deformation of the cells, such as stretching, compressing or distorting. More-
over, using different cell sizes for the same domain in the LES context causes a
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commutation error of O(∆2) with the filter width ∆ (Ghosal et al. [19]). These
errors cannot be afforded inside the cylinder, where numerical diffusion would
lead to insufficient flame wrinkling, under predicted turbulent flame speed and
hence wrong pressure curves and burn out data. Therefore, concentrating the
computational effort near the valves and sacrificing the accuracy inside the
cylinder may not be a good approach for the LES of an IC engine. Since the
in-cylinder flow is driven by inertial forces, pressure difference, and piston mo-
tion in a complex geometry, having an equal distribution of computational
cells everywhere in the combustion chamber appears to be an appropriate
approach to capture the flow dynamics correctly, to resolve a wide range of
turbulent scales and to avoid the numerical dissipation. Based on the results
obtained on the coarse, medium, and fine meshes, our approach demonstrates
the capability of capturing the flow field correctly, even though the smallest
valve gap is restricted by the cell size. Our approach, while being very promis-
ing with capable computer resources, is computationally costly overall, since
a certain ”minimum” number of cells is needed to resolve the geometry - so
cheap test runs on very coarse grids are not feasible with it. It is however clear
that the current progress in computational power is mainly driven by further
vectorisation and parallelization, for which our approach is well suited. Table
6 presents the computational costs from different test cases (coarse/medium
grids, slow/fast motor speed) of the Darmstadt engine [3]. It becomes clear
that the computational costs are reduced significantly when the motor is oper-
ated at high RPM. This is a direct result of using a compressible scheme with
a small CFL number to resolve acoustic wave propagation - which is often not
resolved by less costly simulations.

Test cases CPU hours per cycle

∆ = 0.8 mm, 800 RPM 4608 cpuh/cycle

∆ = 0.8 mm, 1500 RPM 2250 cpuh/cycle

∆ = 0.5 mm, 800 RPM 40320 cpuh/cycle

∆ = 0.5 mm, 1500 RPM 20160 cpuh/cycle

Table 6 Computational cost for different grid sizes and motor speeds

7 Conclusions

We have presented the application of LES for simulations of a four-stroke
engine with compressible flow, combustion modeling and moving boundaries.
The numerical results show a good agreement with the experimental mea-
surements in the case of pure gas exchange, as well as under fired conditions.
During pure gas exchange, the flow is driven mainly by the inertia of the fluid
flow and the piston and valve motion. The pressure and the velocity profiles
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in this operating state show a good agreement with the measurements for all
applied grid spacings, which confirms the accuracy and efficiency of the imple-
mented numerical methods. Furthermore, as shown by the numerical results,
different grid sizes lead to a very similar amount of the predicted turbulent
kinetic energy. This give evidence for the robustness of the applied method.

The simulation of the fired engine showed a well-captured flame propa-
gation. The flame front geometry obtained in the simulation shows a clear
similarity to the experiment, similarity in terms of the volume of the flame
kernel, its level of corrugation and its propagation speed. The predicted pres-
sure matches the measured pressure of the fired-case. This indicates further
the adequateness of the implemented models and the numerical solution, as
the flame propagation depends strongly on the turbulence.

The operations describing the particle motion are simple to implement,
low in the required number of operations and easy to parallelize - in particu-
lar on an isotropic and (i, j, k)- countable computational grids, where only a
few hashing operations are required in order to calculate the logical particle
location. The strategy of using Lagrangian particles for describing the mov-
ing parts inside the engine was proved to be accurate and of high algorithmic
efficiency.
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ignition sequence in a gas turbine engine. Combustion and Flame 154(1),
2–22 (2008)

6. Celik, I., Cehreli, Z., Yavuz, I.: Index of resolution quality for large eddy
simulations. Journal of Fluids Engineering 127(5), 949–958 (2005)

7. Celik, I., Yavuz, I., Smirnov, A.: Large eddy simulations of in-cylinder
turbulence for internal combustion engines: a review. International Journal
of Engine Research 2(2), 119–148 (2001)

8. Charlette, F., Meneveau, C., Veynante, D.: A power-law flame wrinkling
model for LES of premixed turbulent combustion part I: Non-dynamic
formulation and initial tests. Combustion and Flame 131(1), 159–180
(2002)

9. Cleary, D., Silvas, G.: Unthrottled engine operation with variable intake
valve lift, duration, and timing. SAE Technical Paper 2007-01-1282 (2007)

10. Davis, G., Tabaczynski, R., Belaire, R.: The effect of intake valve lift on
turbulence intensity and burnrate in SI engines-model versus experiment.
SAE Technical Paper 840030 (1984)

11. Di Mare, F., Jones, W., Menzies, K.: Large eddy simulation of a model
gas turbine combustor. Combustion and Flame 137(3), 278–294 (2004)

12. Edge, P., Gubba, S., Ma, L., Porter, R., Pourkashanian, M., Williams, A.:
LES modelling of air and oxy-fuel pulverised coal combustionimpact on
flame properties. Proceedings of the Combustion Institute 33(2), 2709–
2716 (2011)

13. Fadlun, E., Verzicco, R., Orlandi, P., Mohd-Yusof, J.: Combined
immersed-boundary finite-difference methods for three-dimensional com-
plex flow simulations. Journal of Computational Physics 161(1), 35–60
(2000)
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Appendix A Simplified engine with fixed axisymmetric valve

The simulated engine [3] provides a realistic but very complex test case for
our simulation results. A much simpler experiment was conducted in a classic
work by Morse and Whitelaw [36], which is commonly used as a bench mark
for groups developing techniques for engine simulation. (Since we have no
access to the original report of Morse and Whitelaw, the measurement data
was taken from the paper of Verzicco et al. [59].) This appendix presents our
results of this testcase for the sake of completeness. The engine geometry is
characterized by a fixed central valve, which allows the fluid to flow through
the 4 mm-wide annular gap between the valve and the cylinder head. The
piston motion is described by a harmonic function (Eq. 25) as shown below:

zp = s1 +
s

2
cos(ωt) (25)

The detailed information about the parameters and the engine configura-
tion are given in Fig. A.1: In the experiment, the engine is motored at a speed
of 200RPM (21rad/s) with a Reynolds number of 2000. Since the mean piston
velocity is considered to be small (V p = 0.4 m/s), the computation will take
a long time with a compressible solver. To reduce the cost for the simulation,
the engine speed and the molecular viscosity were increased by a factor of 10,
maintaining Reynolds similarity.

Five cycles were simulated on a 7.9 million cell-domain for a cell size of
0.5 mm. Using 240 CPUs, it took 85 hours to complete one cycle (360o Crank
angle degree). The results are sampled at 36o CA and 144o CA after TDC for
three sampling lines (Fig. A.1). A Good agreement is achieved between the
simulation results and the experimental data for both the velocity profiles and
the RMS.



Fig. 17 The vertical position of the interrogation window (a) and the size of
the interrogation region (b) (private communication with Brian Peterson from
Darmstadt University)
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Fig. 18 Images of the flame propagation within a horizontal swirl plane (Fig.
17) from (a) the experiment (view from the top of the engine, the two intake
ports are shown in the upper part of the image, and the two exhaust ports
are in the lower part ) (private communication with Brian Peterson from
Darmstadt University) and (b) the simulation (∆ = 0.5 mm)
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Fig. 19 Velocity profiles obtained on the fine grid; measured instantaneous
(—), measured mean (◦) and simulated (—) on the fine grid. The results are
shown for the horizontal sampling lines at -10mm, -20mm, -30mm and -40mm
(see Fig. 5)
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Fig. 20 The phase-averaged measured (a,b) and the instantaneous simulated
(c,d) velocity components obtained on the fine grid at -270oCA

Fig. 21 The phase-averaged measured (a,b) and the instantaneous simulated
(c,d) velocity components obtained on the fine grid at -90oCA
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Fig. 22 Velocity profiles obtained on the fine grid; measured instantaneous
(—), measured mean (◦) and simulated (—) on the fine grid. The results are
shown for the vertical sampling lines at 0 mm, -10 mm, -20 mm and -30 mm
(see Fig. 5) 42



Fig. 23 The instantaneous measured horizontal (a) and vertical (b) velocity
components at -270oCA. The corresponding simulated instantaneous velocity
components (c,d) were obtained on the fine grid

Fig. 24 The instantaneous measured horizontal (a) and vertical (b) velocity
components at -90oCA. The corresponding simulated instantaneous velocity
components (c,d) were obtained on the fine grid
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Fig. A.1 Engine geometry with three sampling lines at 10 mm, 20 mm, and
30 mm below the central valve (Morse et al. [36])
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