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Abstract
One of the major problems of the investigation of the flow field in internal combustion 
engines is the analysis of the impact of cyclic variations on the overall flow structure. Im-
plicit large-eddy simulations (LES) are conducted to quantitatively analyze cold in-cylin-
der flow with associated cyclic variations in an internal combustion engine. To validate the 
simulation results, a comparison with stereoscopic PIV measurements in the tumble plane 
is performed and a grid convergence study is conducted in which five consecutive engine 
cycles are simulated using meshes ranging from 4.2 to 212 million cells. To quantitatively 
assess the agreement with the experimental data, weighted relevance and magnitude in-
dices are evaluated for the instantaneous and ensemble averaged velocity vector during 
the intake and compression strokes. The influence of the number of simulated intake and 
compression cycles on the results is assessed. The grid convergence study demonstrates 
that the tumble spin and breakup processes are not accurately resolved by the coarse mesh, 
although the single-grid estimator suggests sufficient mesh resolution. Overall, satisfactory 
agreement with experimental data is achieved with sufficient mesh resolution. To analyze 
cyclic variations, a 2-D noise-assisted multivariate EMD method is applied to the experi-
mental and numerical results. A novel mode separation of the velocity scales, which uti-
lizes the identical decomposition of the ensemble averaged and instantaneous cycle data, 
is presented. This method simplifies the extraction of the tumble vortex core, enables the 
estimation of the ensemble mean flow and the analysis of cycle-to-cycle variations despite 
the limited number of available simulation cycles. The EMD analysis reveals a significant 
cyclic variance in the position of the tumble vortex core at crank angles between 90 to 
120 degrees and 180 to 200 degrees. A correlation between the vortex core position and 
vortex strength at top dead center is established.
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1  Introduction

The accurate prediction of the flow in an internal combustion engine during the intake and 
compression stroke still is a challenging problem. In the temporally varying domain with 
opening and closing valves, the intake jets with small scale turbulent structures generate the 
larger scale vortical tumble motion which breaks down in the later stage of the compres-
sion stroke. The small scale turbulence as well as the large scale motion have an important 
impact on the fuel mixing (Wegmann et al. 2023) and the correct prediction of the combus-
tion process (Engelmann et al. 2023). Therefore, engine efficiency and pollutant emission 
predictions require a sufficiently accurate simulation of the flow field during intake and 
compression. Since the initial condition of each intake and compression cycle is defined by 
the flow field at the end of the previous cycle, cycle-to-cycle variations (CCV) occur, which 
have to be known to achieve a robust engine performance.

Large-eddy simulations (LES) have become an important numerical approach for the 
analysis of in-cylinder flows. Due to the complexity of the flow field, challenges in the 
formulation of accurate boundary conditions, and generation meshes with sufficient resolu-
tion, numerical solutions must be validated. A comparison with experimental measurements 
allows the evaluation of the modeling assumptions and the errors from the numerical for-
mulation. In LES, the modeling error of the sub-grid turbulent scales is directly connected 
with to the discretization error and the mesh resolution. With decreasing cell size, the dis-
cretization error is reduced and LES results converge towards direct numerical simulation 
(DNS) results. Consequently, numerical setups with different mesh resolutions are usually 
considered to obtain an estimate of the modelling error. To capture trends in the error esti-
mate correctly the grid resolution must be varied considerably. In the present grid conver-
gence study, cell lengths are bisected for the three different resolution cases, yielding mesh 
sizes between 4.2 to 212 million cells and mesh resolutions up to 1.06 · 10−4 [m]. In this 
context, the single-grid estimator is discussed. This combination of validation and detailed 
grid convergence study is rare in the literature and reveals the limitations of the single-grid 
estimator.

Particle-image velocimetry (PIV) measurements have emerged as the dominant optical 
measurement technique for in-cylinder investigations (Baum et al. 2014). High-speed PIV 
measurements allow for the collection of the velocity data, typically in a limited field of 
view (FOV) at a high sampling rate. Hence, a collection of crank angle resolved data for 
hundreds of cycles is only restricted by data storage and camera processing speed. Many 
numerical studies rely on mono PIV measurements for validation, in which only in-plane 
velocity components are measured in a thin laser sheet (Barbato et al. 2023; Baumann et 
al. 2014; Krastev et al. 2019; Fang et al. 2022; Zhao et al. 2019). On the other hand, ste-
reoscopic PIV measurements can measure all three velocity components throughout the 
intake and compression stroke. Such high-speed stereoscopic PIV measurements in the 
tumble plane of a 4-valve optical test engine operating at 1500 [RPM] are used to validate 
the numerical method. The difficulties associated with accurate boundary condition formu-
lations, flow field validation, and assessment of the discretization error are addressed. A 
quantitative comparison between the LES results and the PIV measurements is discussed 
based on velocity comparative indices such as the weighted magnitude and relevance indi-
ces introduced by Willman et al. (2020). Furthermore, the tumble flow is analyzed in detail 
and the influence of the number of cycles on the ensemble mean data is addressed.
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A two-dimensional multivariate empirical mode decomposition (EMD) methodology 
is applied to the numerical and experimental data in the experimental FOV at individual 
crank angles. This approach ensures the identical decomposition of the velocity input 
data and enables the comparison of the different intrinsic mode functions (IMFs) and the 
residual of mode components, i.e., the length scales. The numerical input data includes the 
instantaneous and ensemble averaged velocities, such that cycle-to-cycle variations can be 
determined. Unlike previous EMD analyses for in-cylinder flow applications (Sadeghi et 
al. 2021; Ding et al. 2023), a bidimensional formulation is applied. Both spatial directions 
are considered without the assumption of superposition. Additionally, a novel separation of 
IMFs in low and high frequency components is suggested. The proposed scale separation 
compares the energy of the extracted modes of the instantaneous and ensemble averaged 
input data such that it is independent from the number of extractable IMFs. This method 
enables the analysis of cycle-to-cycle variations despite the limited number of available 
simulation cycle data.

Typically, simulations of the flow field in internal combustion engines require a larger 
number of cycles to obtain the converged ensemble averaged velocity or to analyze cycle-
to-cycle variations. Different numbers of cycles are reported in the literature, ranging from 
10 to 50 (Engelmann et al. 2023; Barbato et al. 2023; Baumann et al. 2014; Krastev et al. 
2019). With limited compute time this is feasible only for lower mesh resolutions. The 
presented novel approach ensures reliable separation of the velocity data into low and high 
frequency components. The low frequency component of the ensemble average velocity 
from only five cycles provided a good approximation of the converged ensemble average, 
while the low frequency velocity component of the individual cycles can be used to analyze 
cycle-to-cycle variations of the tumble motion. This allows the computation of ensemble 
averaged velocity field at high mesh resolutions from as few as five simulation cycles.

This paper is structured as follows. First, the governing equations and the numerical 
method are briefly summarized. Then, the engine setup with the applied boundary condi-
tions is introduced. Subsequently, the simulation results are validated by PIV data and a 
grid and statistical data convergence study is presented. Then, the EMD methodology is 
presented and applied to separate the velocity field in low and high frequency components. 
The decomposition of the velocity field is evaluated and their relation to CCVs is shown. 
Finally, concluding remarks are given.

2  Mathematical Model

The motion of a compressible, viscous fluid is governed by the conservation equations for 
mass, momentum, and energy, i.e., the Navier-Stokes equations. The set of equations is 
formulated in non-dimensional form for a time varying domain Ω(t) as 

	

d

dt

ˆ

V

Q
(t)

dV +
˛

∂V

(H
(t)

inv + vis) · ndΓ = 0,� (1)

where V (t) ⊂ Ω(t) is a moving control volume bounded by the surface Γ(t) = ∂V (t) 
with the outward pointing normal vector n. The vector of conservative variables 
Q = [ρ, ρu, ρE]T  contains the gas phase density ρ, velocity vector u, and the total specific 
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energy per unit mass E. The inviscid H inv and viscous flux tensors Hvis in the arbitrary 
Lagrangian-Eulerian (ALE) formulation (Hirt et al. 1974) are given by 

	
H inv + Hvis =

[
ρ(u − u∂V )

ρu(u − u∂V ) + pI
ρE(u − u∂V ) + pu

]
+ 1

Re0

[
0
τ

τu + q

]
� (2)

with the pressure p, the velocity of the control volume surface u∂V , and the unit tensor I . All 
equations are non-dimensionalized by reference values defined by the state at rest denoted 
by the index (·)0. Dimensional variables are denoted by (·). The Reynolds number is based 

on the reference values Re0 = ρ0 a0 L0
µ0

 using the speed of sound at rest a0 =
√

γ p0
ρ0

 with 

the heat capacity ratio of air γ = 1.4 and the characteristic length L0 which is the engine 
bore. Assuming a Newtonian fluid with zero bulk viscosity, the stress tensor τ  reads 

	
τ = 2

3
µ(T ) (∇ · u) I − µ(T )

(
∇u + (∇u)T

)
,� (3)

in which the dynamic viscosity µ(T ) is determined by Sutherland’s Law (Sutherland 1893) 

	
µ(T ) = T 3/2 1 + S/T0

T + S/T0
.� (4)

The constant S = 111K is used for air at moderate temperatures (White 2006). The heat 
flux based on Fourier’s Law with the Prandtl number for air Pr0 = 0.72 reads 

	
q = − µ(T )

Pr0(γ − 1)
∇T.� (5)

The equations are closed by the ideal gas law in non-dimensional form 

	 γp = ρT .� (6)

The boundary of the fluid control volume Γ(t) = ∂V (t) can be expressed as the zero con-
tour of the signed-distance, i.e., level-set function φ(x, t). The combined level-set φ0 can 
be constructed from all individual surface elements by 

	

φ0(x, t) =





−
√∑N

i=1 φ2
i (x, t), if all φi(x, t) < 0

min
(∑N

i=1 φi(x, t)
)

, otherwise.
� (7)

Each solid moving surface may evolve by an individual transport equation 

	
∂φi

∂t
+ vΓ,i(t) · ∇φi = 0 ,� (8)

with its translational motion vΓ,i(t).
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2.1  Boundary Conditions

At solid moving walls a no-slip constraint is imposed as a Dirichlet-type boundary condi-
tion with the prescribed wall velocity uΓ,i. Walls are considered adiabatic with a Robin-type 
pressure boundary condition (Schneiders et al. 2013; Udaykumar et al. 2001) 

	

∂p

∂n
= −

(
ρ

Du
Dt

· n
)

, ∀x ∈ Γ(t) .� (9)

Inflow and outflow are formulated as Navier-Stokes characteristic boundary conditions 
(NSCBC) (Poinsot and Lele 1992) to account for local and temporal flow reversal. A wave 
analysis of the local one-dimensional inviscid (LODI) Euler equations leads to the descrip-
tion of the time varying amplitude of the characteristic waves L in primitive variable for-
mulation with 

	

L =




(u − a)
(

∂p
∂x − ρa ∂u

∂x

)
(u + a)

(
∂p
∂x + ρa ∂u

∂x

)
u ∂v

∂x

u ∂w
∂x

u
(
a2 ∂ρ

∂x − ∂p
∂x

)




=




inward acoustic
outward acoustic

transversal
transversal

entropy


 .� (10)

The eigenvalues of the equation system are λ = u + a, u − a, u, u, u. The amplitude of 
waves exiting the fluid domain can be computed directly from the numerical solution. For 
waves entering the domain a generalized relaxation method as proposed in (Pirozzoli and 
Colonius 2013) is used to ensure convergence towards prescribed quasi steady state target 
values. The wave amplitudes are then multiplied by the eigenvector matrix of the equation 
system and converted in the conservative variable formulation.

3  Numerical Method

The numerical prediction of in-cylinder flow is conducted using two non-conforming and 
distinct solution methods. A finite-volume method (FV) is employed to solve the fluid con-
servation equation and a semi-Lagrange level-set solver (Günther et al. 2014) is utilized to 
determine the evolution of embedded moving boundaries, i.e., the independent motion of 
the engine piston and valve geometries. Due to different grid spacing requirements each 
solver uses an individual subset of the joint hierarchical grid, which is locally refined and 
adapted during the simulation. The domain decomposition is based on the Hilbert space-
filling curve, which is applied to the joint hierarchical Cartesian grid and ensures efficient 
coupling without communication overhead. Due to the time varying computational domain 
and grid adaptation, the computational load varies significantly over time. To achieve high 
parallel efficiency, dynamic load balancing is employed based on a redistribution of the 
cells (Niemöller et al. 2020; Wegmann et al. 2025). The multi-physics solver m-AIA (2024) 
developed at the Institute of Aerodynamics at RWTH Aachen University is utilized. The 
framework has been applied previously to in-cylinder flow (Wegmann et al. 2023, 2024; 
Schneiders et al. 2013; Berger et al. 2020).
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3.1  Finite-Volume Solver

The turbulent flow field is predicted using a large-eddy simulation (LES) with a cell-cen-
tered finite-volume method, in which a monotone integrated LES (MILES) approach is 
employed. In this formulation, large turbulent scales are resolved and the truncation of the 
numerical scheme acts as a subgrid scale model for scales smaller than the grid filter. The 
inviscid fluxes in the Navier-Stokes equations are approximated using a low-dissipation 
variant of the advection upstream splitting method (AUSM) as proposed in (Meinke et al. 
2013). The viscous fluxes are approximated by a central-difference scheme, where gradients 
at the cell-surface centers are computed using the re-centering approach by Berger et al. 
(2012). Cell-centered gradients are calculated using a weighted least-squared reconstruction 
scheme ensuring that a second-order accurate scheme in space is obtained. Second-order 
accurate time integration is achieved by an explicit five-stage Runge-Kutta scheme for mov-
ing boundary problems. Runge-Kutta coefficients optimized for stability as proposed by 
Schneiders et al. (2016) are utilized. The time step ∆t is computed based on the Courant-
Friedrichs-Lewy (CFL) constraint. The immersed moving boundaries are represented by 
a conservative sharp multiple-cut-cell and split-cell method as described in (Schneiders 
et al. 2013). A multiple-ghost cell approach is used to prescribe the flow state individually 
for cut cells assigned to more than one boundary condition. A combined interpolation and 
flux-redistribution technique yields a conservative and stable numerical method for small 
cells. Further details on the overall numerical method can be found in (Günther et al. 2014; 
Schneiders et al. 2016; Pogorelov et al. 2018).

3.2  Level-Set Solver

The transport equation for individual level-set functions can be solved numerically to deter-
mine the temporal change of moving interfaces. Due to the accumulation of the numerical 
truncation error during the time integration, the accuracy of the moving geometries may 
deteriorate. A different approach can be employed for translational motion of solid inter-
faces, i.e., a spatially constant extension velocity, where the level-set is computed by inter-
polation of two reference level-set distributions. For this semi-Lagrange solver (Günther et 
al. 2014) the error of the geometric representation of the surface is reduced to a constant 
interpolation error.

For the in-cylinder flow application, each level-set function represents various parts of 
the engine, e.g., the cylinder head, piston, and valve geometry which may evolve indepen-
dently. The distance from each surface can be used to determine the gap width between 
approaching interfaces, i.e., when valves are close to their valve seat. However, the flow 
solution can deteriorate significantly when gaps between boundary interfaces become sig-
nificantly smaller than the local cell size. Therefore the combined level-set field in the vicin-
ity of the gap is modified to an artificially closed gap (Günther et al. 2014). Since only the 
combined level-set is changed, no surface information is lost through this modification. 
The threshold width for the opening/closing procedure can be chosen arbitrarily and may 
be significantly smaller or larger than local cell lengths. Additionally, the closing and open-
ing procedure of gaps can be enforced at specific time instances which is applied here for 
consistent gap treatment in the grid convergence study.
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4  Setup

The flow field in a 4-valve direct injection research engine is simulated. First, a mesh refine-
ment study is conducted and subsequently, 3 component PIV measurement data are used to 
validate the numerical method.

4.1  Experimental Setup

The flow in the research engine has been analyzed in extensive experimental studies in pre-
vious work. Braun et al. (2018) investigated how intake valve lift and timing affect the flow 
field in tumble and cross-tumble planes through PIV measurements. In (Braun et al. 2019), 
high-speed tomographic PIV measurements within a thin volume around the tumble plane 
were compared with stereoscopic PIV measurements. Recently, high-speed stereoscopic 
PIV measurements with improved spatial and temporal resolution in the tumble plane were 
presented in (Braun et al. 2020). These high-resolution stereoscopic PIV data were utilized 
for the validation of the numerical method and the analysis of CCVs in this paper.

For the PIV measurements a supercharge is used to adjust the static pressure at the intake 
manifold to 1.0 [bar]. Furthermore, an intake temperature of approx. 23.0 [◦C] is reported 
in (Braun et al. 2018). A high-speed dual-cavity PIV laser with a wavelength of 527 [nm] is 
used with a pulse separation of 20 [µs] and a frequency of 2000 [Hz] per cavity. The flow is 
seeded with DEHS particles with a mean particle diameter in the range of 0.35 − 0.45µ m

. With the Stokes number of the particles estimated to St ≈ 0.0018 (Braun et al. 2020), the 
flow tracing error is below 1% (Tropea et al. 2007). To capture the three-dimensional par-
ticle motion, two cameras equipped with Tamron 180 [mm] macro lenses and an aperture of 
f/5.6 are arranged at an angle of ±45◦ relative to the normal of the tumble plane.

The research engine, designed with enhanced optical access, features a flat glass piston 
equipped with dual piston rings that have been shifted downward along the bore axis to 
facilitate lateral optical access into the cylinder. This approach is commonly used in optical 
test engines (Baumann et al. 2014; Braun et al. 2018; Janas et al. 2017). It reduces the piston 
sealing and increases the effective clearance and crevice volume of the motored engine. As a 
result, a significant reduction in the effective compression rate is observed in the experimen-
tal test engine. Various methods have been proposed to achieve matching compression ratios 
in numerical setups. In (Fang et al. 2022), the crevice length of the engine geometry in the 
simulation is modified until the experimental peak pressure is matched. Another approach 
involves adjusting the intake pressure and mass flux according to experimental pressure 
measurements taken at the intake port for a specific engine and operational condition. Fur-
thermore, a porous boundary condition can be implemented at the piston-liner intersection 
to simulate the blow-by effect in the optical test engine, which is significantly lower in real 
engines due to gap sealing by the oil film layer. The numerical blow-by mass flux is based 
on empirical relations and has to be fine-tuned to match the experimental peak pressure 
curve (Zhao and Lee 2006; Namazian and Heywood 1982). Note that such modifications of 
boundary conditions or geometric changes are usually only valid for a specific test engine 
and specific operation conditions. Janas et al. (2017), however, suggest that the influence 
of the predicted peak pressure might not be as relevant under motored conditions as under 
fired conditions. The objective of this work is to create a validated numerical framework for 
the simulation of non-optical engine geometries, various operational conditions and direct 
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injection configurations, for which the engine peak pressure or other parameters may not 
be available. Consequently, tuning the simulation parameters to match the specific peak 
pressure of the optical engine is not performed. Instead, a general formulation based on non-
reflecting boundary conditions is employed, which only requires the definition quantities at 
rest. This approach results in a peak pressure that differs from that of the optical test engine, 
since perfect piston sealing is assumed in the numerical setup. The effective compression 
ratio is 8.4 for the numerical setup and 5.4 for the experimental optical test bench.

4.2  Numerical Setup

For the formulation of the non-reflecting in- and outflow conditions at the intake and exhaust 
port, the intake port duct is extended 2.5 bore diameters upstream, while the exhaust port is 
extended 1.9 diameters downstream. These extensions are implemented to ensure that the 
main flow direction is parallel to the duct axis. All relevant engine geometry and motored 
operating parameters are summarized in Table 1. 

The standard valve timing is summarized in Table 1 and shown in Fig. 1, where open-
ing and closing timings are specified in crank angles corresponding to a valve lift of 0.001 
[m]. The experimental valve lift curves are obtained from measurements by Braun et al. 
(2018). The valve lift curves are approximated numerically by a shifted sine function and 
the motored piston position at crank angle Θ is given by the piston motion equation with the 
stroke and rod lengths ls and lr. 

At the intake and exhaust ports Navier-Stokes characteristic boundary conditions are 
imposed using the generalized relaxation method from (Pirozzoli and Colonius 2013). In 
this formulation, the NSCBC define a temporal change of the conservative variables, which 
is used in the Runge-Kutta time stepping method to impose the boundary conditions. The 
set of unsteady target values for the pressure and temperature (pt, Tt) can be determined 
by assuming an isentropic expansion from a stagnation reference state (Tref , pref ) to the 
spatially averaged Mach number at the intake and exhaust. At the intake port, the flow is 
assumed to be aligned with the port axis, i.e., the transversal target velocities (vt, wt) are set 
to zero, and the flow is assumed to be free of turbulent fluctuations. The normal velocity in 
the first inner cell at the port determines whether there is an in- or outflow state. This deter-
mines how many characteristic wave amplitudes must be prescribed, i.e., for the outflow 

Parameter Value [Unit]
Nominal compression ratio 7.4:1 [-]
Bore (Lref ) 0.075 [m]
Stroke length (ls) 0.0825 [m]
Connecting rod length (lr) 0.146 [m]
Valve lift 0.009 [m]
Exhaust valve open 564 [CAD]
Exhaust valve close 20 [CAD]
Intake valve open 708 [CAD]
Intake valve close (IVC) 196 [CAD]
Intake temperature (Tref ) 23.0 [◦C]
Intake pressure (pref ) 1.0 [bar]
Engine speed (RP M ) 1500 [1/ min]
Average piston velocity (up) 4.125 [m/s]

Table 1  Optical test engine 
parameters
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state only L1 needs to be prescribed, whereas L2,3,4,5 need to be prescribed for the inflow 
state. The resulting characteristic wave amplitudes are determined by 

	

L =




σ1
a(1−Ma2

max)
Lx

(p − pt)

σ2
a(1−Ma2

max)
Lx

(p − pt)
σ3

a
Lx

(v − vt)
σ4

a
Lx

(w − wt)
σ5

ρa
Lx

(T − Tt)




,� (11)

where Lx is a characteristic length, Mamax the maximum Mach number at the boundary, 
and σi is a relaxation parameter controlling the non-reflecting property of the boundary 
and the well-posedness of the problem. Selle et al. (2004) suggest values in the range of 
0.2 < σ1,2 < π for one-dimensional duct flow using the duct length as characteristic length 
Lx. A value of σ1,2 = 1.7 is used and the characteristic lengths Lx is set to the length of 
the intake and exhaust port, respectively. All other σ values are set to 0.28 corresponding to 
‘optimal’ non-reflecting behavior as proposed in (Poinsot and Lele 1992; Rudy and Strikw-
erda 1980). These in- and outflow conditions allow local and global flow reversals, which 
occurs, e.g., at the intake port at the end of the intake stroke.

As mentioned before, the boundary conditions from the experiment are not imposed 
directly, e.g., in form of a time resolved intake port pressure obtained from measurements. 
The formulation in the numerical solution is based on stagnation point values and is gen-
eral in the sense that it does not involve parameter tuning or any iterative procedure such 
that it can be applied directly to various engine setups and operating conditions. A more 
detailed discussion of the suitability of the intake port boundary condition is provided in 
the appendix.

For the grid refinement study, large-eddy simulations are performed for three meshes 
using solution adaptive and boundary mesh refinement as shown in Fig. 2. Each mesh is 
generated using the same uniform base mesh level, which is refined locally by successive 
bisection of the cell length. For the coarse mesh the largest and smallest cell lengths are 

Fig. 1  Temporal evolution of the valve and piston position as a function of the crank angle (CAD) after 
top dead center of the gas exchange (aTDC). Symbols represent the experimental valve lift measurements 
from (Braun et al. 2018)
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1.71.10−3 and 4.27 · 10−4 [m]. The next finer, i.e., medium, mesh resolution uses half of 
these values for the smallest and largest cells. Since the local mesh resolution is controlled 
by solution adaptive mesh refinement using flow sensors, not all mesh cells of the coarser 
mesh are refined for the medium mesh. The resulting cell length ranges for the coarse, 
medium and fine setups are summarized in Table 2. For the finest mesh, the smallest cell 
length is approx. 106 [µm]. The significant increase in computational cost and disk space 
requirements with increasing resolution is evident from Table 2. Computing a single cycle 
using the medium grid resolution is approx. 10.8 times more expensive than the coarse mesh 
due the increase in cells by a factor of six and a reduction in the time step by a factor of 1.8. 
The time step is defined by a constant CFL-number of CFL = 0.95, which corresponds to 
a time step of approx. 1.9 · 10−7 [s] for the fine mesh. 

The solution adaptive boundary refinement ensures that the solid surfaces, i.e., the mov-
ing valves, piston, and engine liner, are resolved with the smallest cells. A smooth transition 
of the mesh resolution towards the coarser base level is achieved using a region-growing 
algorithm. The flow field is further refined locally by one mesh level based on the maximum 
magnitude of the velocity gradient (max (|∇u|)). The minimum and maximum threshold 
values, which are based on the statistical distribution of the sensor field, control the solution 
adaptive mesh refinement.

The simulations start at top dead center (TDC) before the first intake stroke with qui-
escent flow as an initial condition. For the finest mesh six consecutive cycles and for the 
coarse and medium mesh cases 11 cycles are computed. In all cases, the first cycle is disre-
garded for the postprocessing of the results.

Table 2  Spatial steps and computational resources for the coarse, medium and fine mesh
Mesh resolution coarse medium fine
Smallest cell length [m] 4.27 · 10−4 2.13 · 10−4 1.06 · 10−4

Largest cell length [m] 1.71 · 10−3 8.53 · 10−4 4.27 · 10−4

No. of active FV cells [1 · 106] 4.2–7.5 27.5 - 41.7 146 - 212

No. of time steps per cycle[1 · 103] 94 169 403
Disk space per cycle [TB] ≈ 0.15 ≈ 0.61 ≈ 3.0

Fig. 2  Geometry of the direct injection research engine visualized by the front intake and exhaust valves. 
The solution adaptive Cartesian mesh is shown at the intake valve plane at 110 crank angle degree (CAD) 
after top-dead center for a coarse, medium, and fine resolution. The x-axis of the coordinate system is 
oriented towards the exhaust pipe and the y-axis is aligned with the engine bore

 



1 3

Page 11 of 48  58Flow, Turbulence and Combustion (2026) 116:58

5  Flow Field Quantities

In the experimental setup, the stereoscopic particle-image velocimetry (PIV) is conducted 
with a spatial resolution of approximately 0.00056 [m] or 0.0075 times the bore length. 
Double images, separated by a time difference of 20 [µs], are recorded every 4.5 [CAD] 
in the crank angle range of 45–315 during the intake and compression stroke in the central 
tumble plane of the engine, i.e., at z = 0. The experimental FOV is shown in Fig. 4. All 
velocities are non-dimensionalized by the average piston velocity up = RPM·ls

30  [m/s].
During the numerical simulation, snapshots of the entire in-cylinder flow field are stored 

at intervals of 5 [CAD] and the tumble plane data are extracted additionally at every crank 
angle. The mesh resolution for a given crank angle can differ for individual cycles due to 
the solution dependent adaptive mesh refinement. Therefore, the flow field data are inter-
polated to a reference grid to compute ensemble averages (EA) from multiple cycles in a 
post-processing step. Note that this interpolation in the post-processing has no influence on 
the solution procedure.

To compare the experimental and numerical data, the LES results are linearly interpo-
lated to the data points in the experimental FOV and to the same crank angle intervals. This 
is done to minimize deviations caused by different temporal and spatial filtering operations 
(Barbato et al. 2023; Krastev et al. 2019).

In the following, Ψ̃ is used to denote the integration of any quantity Ψ over the entire 
engine volume V (t). If the additional subscript Ψ̃E  is added, the integration is only per-
formed over the experimental FOV in the tumble plane.

The turbulent flow field is characterized by the instantaneous specific kinetic energy e(t)
, which can be integrated over the volume V (t) at a specific time t

	
ẽ(t) = 1

2 V (t)

˛

V (t)

(
u(x, t)2 + v(x, t)2 + w(x, t)2)

dV.� (12)

The time t can be associated to a certain cycle i and crank angle 0 ≤ θi ≤ 720◦ such that 
any quantity can be expressed as Ψ(t) = Ψ(θi). Variations in the integral values between 
the cycles i indicate cycle-to-cycle variations (CCV).

The volume average of the z-component of the vorticity Ω in the mathematical positive 
direction of rotation is computed by 

	
Ω̃(t) = −1

V (t)

˛

V (t)

(
∂v(x, t)

∂x
− ∂u(x, t)

∂y

)
dV.� (Cite Figure.13)

Positive values of Ω̃ indicate a large scale circular motion around the z-axis, which is com-
monly referred to as the tumble ratio (TR) (Huang et al. 2005) and the coherent motion as 
the tumble vortex. The vorticity is non-dimensionalized by the angular velocity of the crank 
shaft, i.e., 2π RPM

60 .
Following the Reynolds decomposition, the instantaneous flow field can be separated 

into an ensemble averaged ⟨Ψ⟩ and a fluctuating component Ψ′i for all crank angles θ

	
⟨Ψ(x, θ)⟩ = 1

N

N−1∑
i=0

Ψ(x, θi) and� (14)
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	 Ψ′(x, θi) = Ψ(x, θi) − ⟨Ψ(x, θ)⟩,� (Cite Figure.15)

where the index i denotes a specific cycle and N  the number of cycles included in the aver-
aging. The cycle average of ⟨Ψ⟩ is reduced to Ψ(θ, N), independent of i.

In this formulation, the fluctuating components contain both turbulent and cycle-to-cycle 
variations. Based on the decomposition of the velocity, the specific kinetic energy of the 
fluctuation k(x, θ) and the kinetic energy of the mean velocity field K(x, θ) are defined as 

	
k(x, θ) = 1

2
1
N

N−1∑
i=0

(
u′2(x, θi) + v′2(x, θi) + w′2(x, θi)

)
,� (16)

	
K(x, θ) = 1

2
(
⟨u⟩2(x, θ) + ⟨v⟩2(x, θ) + ⟨v⟩2(x, θ)

)
.� (17)

Note that k contains turbulent and cycle variations and therefore, it differs from the turbu-
lent kinetic energy in turbulence modeling formulations such as RANS.

To identify the vortex core of the large scale tumble motion, the vortex tracking algo-
rithm proposed by Graftieaux et al. (2001) is employed. This method has been applied to 
in-cylinder flow fields in previous studies (Braun et al. 2018; Zentgraf et al. 2016; Falken-
stein et al. 2017; Stiehl et al. 2016. The vortex identification function Γ is defined at a point 
x located in a plane as 

	
Γ(x) = 1

S

S∑
j=1

rj × vj

|rj | |vj |
,� (18)

using the distance rj  and relative velocity vector vj  between the point x and the neighbor j. 
S in-plane points, which are usually the mesh or measurement points around the location x 
are considered. Values of the scalar vortex identification function range within Γ ∈ [−1, 1]
, where a threshold value of |Γ| between 0.65 and 0.8 is typically used to detect the vortex 
core (Janas et al. 2017; Falkenstein et al. 2017). The value obtained for Γ depends on the 
number of neighboring points S used in Eq. 18 and the local velocity scales in the associated 
area. Braun et al. (2018) used S = 8 neighboring points, whereas Zentraf et al. (2016) used 
a larger area including 80 points, while Stiehl et al. (2016) used all measurement points in 
the plane.

When comparing results from numerical simulations using different mesh resolutions, 
it is not meaningful to just use a fixed number of direct neighboring mesh cells since this 
yields different areas for which the vortex identification function is computed such that the 
result will depend on the chosen grid resolution. Instead, it is more meaningful to define the 
area based on a reference length. Falkenstein et al. (2017) suggest an area size with a diam-
eter which corresponds to 1/4 of the bore length. Note that the vortex core is smeared out 
between neighboring cells with increasing area size. Additionally, the computational cost 
for the determination of Γ increases significantly. On the other hand a small area with only a 
few neighboring points on can lead to an erroneous identification of smaller turbulent vortex 
cores instead of the large scale tumble vortex. This problem mainly occurs with LES results 
using higher mesh resolution, while it does not exist for RANS solutions or in the ensemble 



1 3

Page 13 of 48  58Flow, Turbulence and Combustion (2026) 116:58

averaged flow field of the PIV measurements. In the current study the detection of a single 
tumble vortex core position was found to work well for an area defined by a diameter of 
1/4 of the bore length with a threshold of 98% of the in-plane minimum value Γmin. More 
details about the vortex core identification using the instantaneous, highly resolved flow 
fields from the LES are included in the appendix.

A quantitative comparison between the PIV measurements and the numerical results is 
performed by the Relevance Index (RI), also known as Alignment Parameter, and the Mag-
nitude Index (MI), also denoted Magnitude Similarity Index (Zhao et al. 2019; Willman et 
al. 2020; Liu and Haworth 2011; Buhl et al. 2017). The RI  of two velocity fields uA and 
uB  is defined 

	
RI(x) = uA(x) · uB(x)

|uA(x)| |uB(x)|
,� (19)

containing the vector dot products and magnitudes of the velocities |uA| and |uB |. RI  
becomes independent of the velocity magnitude due to the normalization. The value 1 
expresses perfect alignment, while RI = 0 or RI = −1 show an orthogonal or opposite 
orientation.

The comparison is complemented by the MI , which depends on both magnitude and 
direction of the velocity vectors 

	
MI(x) = 1 − |uA(x) − uB(x)|

|uA(x)| + |uB(x)|
.� (20)

MI  values lie between 0 and 1, where larger values correspond to a better alignment and 
identical magnitude. For the quantitative comparison RI  and MI  values are integrated over 
all data points of the experimental FOV.

Other studies have already shown that both integral indices can be sensitive to regions 
with low velocity magnitude, i.e., near the tumble vortex core (Krastev et al. 2019; Willman 
et al. 2020). Poor vector alignment in these regions is over-represented and can influence 
the integral values significantly. This is also true for the presented findings and is confirmed 
in the appendix. Consequently, an additional weighting based on the local velocities uA and 
uB  has been suggested. Different weighting functions were introduced, e.g., based on the 
velocity magnitudes (Willman et al. 2020) or the kinetic energy (Krastev et al. 2019). The 
velocity weighted indices WMI  and WRI  introduced by Willman et al. (2020) are applied 
in this study 

	
WRI(x) = 1 − RI(x)

2
|uA(x)|

median (|uA|)
|uB(x)|

median (|uB |) � (21)

	
WMI(x) = ||uA(x)| − |uB(x)|

median (|uA|, |uB |)
.� (22)

The median of the velocity magnitude field is used to provide a robust non-dimensionaliza-
tion (Willman et al. 2020). Note that the formulation of the weighted magnitude index only 
considers the magnitude of the velocity fields. Therefore, it differs from the MI  formula-
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tion. WRI  and WMI  values of zero indicate a perfect match in alignment and magnitude. 
For a poor agreement no distinct maximum exists as the values depend on the distribution 
and mean of the velocity field data.

The strain rate tensor S of the velocity field is evaluated for the different numerical set-
ups. The instantaneous strain rate tensor entities Si,j  at position x are given by 

	
Si,j = 1

2

(
∂ui

∂xj
+ ∂uj

∂xi

)
.� (23)

The ensemble mean of the strain rate entities are computed as ⟨Si,j⟩ and the scalar strain 
rate S is defined as 

	 S =
√

2Si,jSi,j ,� (24)

where S corresponds to the Euclidian norm of the strain rate tensor. The Euclidian norm of 
the ensemble mean of the strain rate entities ||⟨Si,j⟩|| is used to estimate the mean kinetic 
energy kSGS  of the unresolved sub-grid scales based on Smagorinsky’s turbulence model 
(Smagorinsky 1963) 

	 kSGS = 2Ci∆2||⟨Si,j⟩||2 ,� (25)

with the filter width ∆ as the local mesh cell length and the model constant Ci = 0.202. The 
modeling assumption can be used to define a single-grid estimator M(x, θ) to evaluate the 
quality of the LES grid resolution (Barbato et al. 2023) 

	
M = k

k + kSGS
= k

k + 2Ci∆2||⟨Si,j⟩||2
.� (26)

The mesh resolution for the LES is considered sufficient if M(x, θ) > 0.8 meaning that 
presumably 80% of the turbulent structures are resolved (Barbato et al. 2023; Pope 2000). 
The suitability of this mesh quality index for in-cylinder flow will be discussed based on the 
grid convergence study in the following single-grid estimator section.

The velocity fluctuations u′ are further analyzed by the determination of the fluctuating 
stress tensor (τ ′) and the anisotropic invariant map (Lumley triangle) (Choi and Lumley 
2001; Lumley 1978). The fluctuating stress tensor is given by 

	
τ ′(x)i,j =

⟨(u′iu′j)⟩
⟨(u′ku′k)⟩

− 1
3

I � (27)

and contains of both cycle-to-cycle and turbulent fluctuations. The Lumley triangle is char-
acterized by the second (I2) and third (I3) invariant of the stress tensor given as 

	
I2 = −

τ ′
i,jτ ′

i,j

2
I3 =

τ ′
i,jτ ′

j,kτ ′
i,k

3
.� (28)
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The resulting invariant map in Fig. 3 highlights different regions, which are used to charac-
terize the turbulent state. 

The Pearson correlation coefficient 

	

rΨ,ξ =
∑N

i (Ψi − ⟨Ψ⟩) (ξi − ⟨ξ⟩)√∑N
i (Ψi − ⟨Ψ⟩)2 ∑N

i (ξi − ⟨ξ⟩)2 � (29)

is used to investigate the linear correlation between the data Ψ and ξ. Values of the Pearson 
correlation coefficient range between ∈ [−1, 1] and the magnitude of r indicates the strength 
of the linear correlation, where 1 shows perfect linear behavior and 0 no linear connection. 
The sign of r indicates a direct or inverse correlation.

In general, in-cylinder research aims to obtain a triple decomposition of the flow quantity 
Ψ by 

	 Ψ(x, θi) = ⟨Ψ(x, θ)⟩ + Ψ(x, θi)′
CCV + Ψ(x, θi)′

turb� (30)

introduced by Heywood et al. (2018). Typically, this is applied to the velocity decomposi-
tion, where u′CCV  denotes large length scale fluctuations and u′turb smaller turbulent fluc-
tuations. Additionally, the Reynolds decomposition as introduced in Eq. 15) can be applied 

	 Ψ(x, θi) = ⟨Ψ(x, θ)⟩ + Ψ′(x, θi).� (31)

As mentioned before, the fluctuation part does not distinguish between CCV and turbulent 
fluctuations. To separate the fluctuations between larger and smaller length scales, different 
methods such as fast Fourier transform (FFT), proper orthogonal decomposition (POD) 
(Fogleman et al. 2004; Chen et al. 2012), or dynamic mode decomposition (DMD) (Sakow-
itz et al. 2014) have been applied. However, these methods either require a statistical con-
vergence of the flow quantities or depend on a priori defined basis functions. Moreover, they 
cannot fully capture the unsteady and non-linear characteristics of turbulent flows.

Fig. 3  Anisotropic invariant map 
(Lumley triangle) (Choi and 
Lumley 2001)
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5.1  Empirical Mode Decomposition

Empirical mode decomposition (EMD) introduced by Huang et al. (1998) enables a data 
driven decomposition of unsteady, three-dimensional data into a series of intrinsic mode 
functions (IMFs). IMFs include amplitude and frequency modulation. The decomposition 
neither requires additional input parameters nor converged cycle statistics, since the Hil-
bert spectral analysis can identify instantaneous frequencies without requiring the data to 
include full wave lengths.

The decomposition involves an iterative ‘sifting’ process, in which individual modes 
with characteristic temporal or spatial scales are extracted from the data. In a first step, 
local extrema of the input data are detected and used to define an upper and lower envelope/
spline function. The mean of these two envelopes is subtracted from the input data and the 
process is repeated until a stopping criterion is satisfied. At the end of each sifting iteration, 
the subtraction of the last mean envelope from the input data yields the new IMF and the 
remaining part is denoted as the residual. The residual is treated as input in the next sifting 
iteration until no further IMFs can be extracted. Thus, the first IMF contains the smallest 
scales, i.e., associated with the highest spatial wave number. With increasing mode number 
larger length scales are extracted.

Sadeghi et al. (2021) introduced EMD to the instantaneous in-cylinder velocity field 
obtained from PIV measurements and proposed a scale separation into low frequency (LF) 
and high frequency (HF) components as a combination of multiple IMFs 

	 Ψ(x, θi) = Ψ(x, θi)LF + Ψ(x, θi)HF .� (32)

For the sake of consistency, their frequency terminology (LF and HF) is adopted, even 
though the extracted scales are length scales and not temporal scales.

In Sadeghi et al. (2021) only the residual is considered as the LF part, whereas Ding et al. 
(2023) use a combination of the last IMF and the residual. However, the number of extract-
able IMFs depends on the characteristics of the EMD input data such as spatial resolution 
and FOV. Therefore, a novel separation into LF and HF parts based on the energy of the 
extracted modes is proposed and will be presented in the following. It should be noted that 
the remaining residual does not necessarily fulfill IMF properties (Huang et al. 1998).

A two-dimensional multivariate EMD (MEMD) is applied simultaneously to the velocity 
field of the instantaneous and ensemble averages numerical solution and the ensemble aver-
aged PIV data. This means that the mode decomposition and scale separation is simultane-
ously applied to the ensemble averaged data 

	 ⟨Ψ(x, θ)⟩ = ⟨Ψ(x, θ)⟩LF + ⟨Ψ(x, θ)⟩HF .� (33)

This procedure ensures the identical decomposition of the different input data allowing for 
a comparison between the LF and HF components of the individual cycles, the ensemble 
average and between numerical and experimental results. Since the MEMD input data con-
tain cycle-to-cycle fluctuations and mean components, additional physically meaningful 
information is incorporated in the input.

A noise assisted extension is employed which improves the scale separation of the indi-
vidual IMFs (Rehman et al. 2013; Mäteling and Schröder 2022). Two noise channels based 
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on Gaussian distribution functions with a variance of 2% relative to the input data and zero 
mean are applied. The stopping criterion from Rehman et al. (2010) is used, which is based 
on the mean-square difference between two consecutive iterations normalized by the square 
of the previous sifting data. A bidimensional EMD formulation is used in the experimental 
FOV. In this version, the formulation of the envelope in the sifting process is based on a 
two-dimensional spline, i.e., a surface function. This approach differs from the formula-
tion previously applied to in-cylinder flows, where combinations of one-dimensional spline 
functions in a row and column alignment are used, e.g. (Sadeghi et al. 2021; Ding et al. 
2023, 2024). The bidimensional formulation can consider relations in both spatial direc-
tions, whereas the superposition of the one-dimensional approach can only approximate 
such relationships. The MEMD method has already been applied to turbulent boundary 
layer flow and PIV measurements of the shock buffet phenomenon in (Mäteling et al. 2023; 
Lagemann et al. 2024).

6  Results and Discussion

LES results obtained with different grid resolutions are presented. First, the ensemble aver-
aged and individual cycle flow fields are compared with the experimental PIV measure-
ments in the tumble plane. Subsequently, a mesh convergence study is presented, where the 
focus is on the evaluation of the single-grid estimator. Then, the influence of the number of 
cycles on integral and ensemble averaged velocity field data is discussed. Finally, results 
obtained by the MEMD of the velocity data in the tumble plane are presented. This includes 
a discussion of the scale separation and the advantage of the LF/HF decomposition for the 
validation of the numerical results and the CCV analysis.

6.1  Validation for the Ensemble Averaged Flow Field

First, a qualitative comparison of the LES results and experimental measurements data is 
presented in Figs. 4 and 5 for the ensemble mean velocity field in the tumble plane. The 
experimental ensemble mean data are based on PIV measurements of all 198 and 5 selected 
engine cycles. As summarized in Table 2, 5 consecutive cycles were used for the ensemble 
average of the simulation results, since the computational costs become excessively high, 
especially at the high grid resolution. The smaller number of cycles impacts the conver-
gence of the ensemble averaged data such that no perfect match with the experimental data 
from 198 cycles can be expected. For all numerical simulation cases and for the lower num-
ber of experimental cycles small local velocity fluctuations are still visible in Figs. 4 and 5. 

The instantaneous velocity data of one randomly selected cycle is displayed in Fig. 6 for 
the three different grid resolutions and the experimental PIV measurements. An excellent 
agreement in the turbulent instantaneous velocity field can be observed. 

The simulation data show satisfactory agreement in comparison with the experimental 
data for the main tumble vortex and the regions with low velocity magnitude. In general, 
the velocity fields show similar flow structures at comparable locations for all crank angles 
and mesh resolutions. Some deviations occur at 90 [CAD], where a slightly larger velocity 
magnitude is predicted near the top boundary of the experimental FOV for all mesh reso-
lutions. In this region, the two intake jets interact generating large turbulent fluctuations. 
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Towards the left boundary of the experimental FOV, a region with low velocity magnitude 
and a highly fluctuating orientation of the velocity vector can be observed. In the tumble 
vortex core regions differences in the velocity vector orientation can be observed at BDC, 
i.e. 180 [CAD], and at 270 [CAD]. This indicates that the vortex core identification for the 

Fig. 4  Comparison of the LES results using different grid resolutions (coarse, medium and fine) for the 
ensemble averaged velocity field in the tumble plane. Results are shown for 90 [CAD] 180 [CAD] and 
270 [CAD] The color map denotes the non-dimensional velocity magnitude and the arrows depict the 
orientation of the velocity vector. The red rectangle shown in the numerical results denotes the experi-
mental FOV
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highly resolved LES data may yield varying results for individual cycles or ensemble mean 
data with the limited number of computed cycles. However, the differences in the velocity 
field are small for all numerical resolutions and the predicted velocity fields in the tumble 
plane agree reasonably well with the experimental data.

For a quantitative comparison of the ensemble mean velocity field, the relevance and 
magnitude indices (RI  and MI  from Eqs. (19) and (20) are computed. To compare the 
results with other validation studies only in-plane velocity components are considered for 
the RI  and MI  values. The temporal evolution of R̃I2D and M̃I2D for the fine resolution 
case is plotted in Fig. 7. 

The relevance and magnitude index have similar values as the data reported in the lit-
erature and indicate good agreement of the simulation results with the experimental data. 
The largest deviations between the experimental and numerical data, i.e., the lowest RI and 
MI values, can be observed at the beginning of the intake stroke at around 90 [CAD]. At 
this stage, the high piston velocity reduces the in-cylinder pressure and creates high kinetic 
intake jets into the engine. After approx. 120 [CAD] a good match in the velocity orientation 
and magnitude is indicated by the high values for the RI (> 0.9) and MI (> 0.8). In general, 

Fig. 5  Comparison of the ensemble averaged velocity data from PIV measurements with 5 and 198 cycles 
included in the average. Results are shown in the experimental FOV in the tumble plane for 90 [CAD] 180 
[CAD] and 270 [CAD] The color map denotes the non-dimensional velocity magnitude and the arrows 
depict the orientation of the velocity vector
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Fig. 6  Comparison of the instantaneous LES results using different grid resolutions (coarse, medium and 
fine) and the experimental PIV data in the tumble plane. Results are shown for 90 [CAD] 180 [CAD] and 
270 [CAD] of a randomly selected cycle. The color map denotes the non-dimensional velocity magnitude 
and the arrows depict the orientation of the velocity vector. The red rectangle shown in the numerical 
results denotes the experimental FOV
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the RI value are larger values than the MI values. This indicates that the predicted velocity 
orientation compares better with the experimental data than the velocity magnitude.

In-plane RI and MI values from Krastev et al. (2019) and Barbato et al. (2023) for dif-
ferent engine configurations are included in Fig. 7. In comparison to the data from those 
studies, the present solution shows a slightly better agreement with the experimental results 
at 110 [CAD] even though a small number of cycles was used for the ensemble averaging. 
Note that the presented index values are based on the two in-plane velocity components 
since two-component PIV data were presented in (Barbato et al. 2023; Krastev et al. 2019).

When the third velocity component from the Stereo PIV data is taken into account, the 
values for the RI and MI are reduced on average by 0.021 and 0.025 for the fine resolution. 
The deviation increases slightly with decreasing mesh resolution, i.e., the average RI and 
MI values are lowered on average by 0.026 and 0.030 for the medium and coarse resolution. 
The RI  and MI  values were used primarily to compare the present results to the available 
data from other authors. Next, weighted indices will be used to compare instantaneous flow 
fields.

6.2  Validation for Instantaneous Flow Fields

The weighted indices WMI  and WRI  introduced by Willman et al. (2020), see Eq. (21), 
were shown to provide a better measure for the agreement of velocity fields, see also the 
appendix. The application to instantaneous flow fields allows for a comparison of individual 
cycle results from experimental and simulation data and the evaluation of cycle-to-cycle 
variations. The 5 cycles computed by LES are compared individually with all 198 experi-
mental cycles. In the same way, 5 randomly selected experimental cycles are compared 
individually to all other experimental cycles.

Fig. 7  Temporal evolution of the plane averaged relevance (a) and magnitude index (b) of the ensemble 
averaged in-plane velocity components for the fine mesh with 5 cycles and the experimental PIV data. 
Symbols for reference values from (Barbato et al. 2023) and (Krastev et al. 2019) are defined in the table
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All resulting plane averaged WRI  and WMI  values for the experimental data and the 
fine resolution setup are plotted in the cloud diagram in Fig. 8. Additionally, mean values 
are included. For the analysis three crank angles, i.e. 90 [CAD] 180 [CAD], and 270 [CAD], 
are selected, representing different flow regimes during the engine cycle. All resulting plane 
averaged WRI  and WMI  values for the experimental data and the fine resolution setup are 
plotted in the cloud diagram in Fig. 8. Additionally, mean values are included. For the analy-
sis three crank angles, i.e. 90 [CAD] 180 [CAD], and 270 [CAD], are selected, representing 
different flow regimes during the engine cycle. 

Note that lower WMI  and WRI  values generally indicate a better match between the 
two compared flow fields.

At 90 [CAD], when strong intake jets through the valve gap enter the cylinder volume, 
the largest differences between individual experimental cycles can be observed. This indi-
cates large cycle-to-cycle fluctuations or stochastic turbulent fluctuations in the velocity 
field. The cloud diagram of the fine resolution cycles shows slightly larger WMI  and WRI  
values where only a few data points overlap with the experimental variations. The average 
WRI  and WMI  values are 0.104 and 0.303 for the experimental cycles compared to 0.139 
and 0.381 for the fine resolution setup. For the medium resolution setup the average indices 
are similar, but for the coarse resolution case they are significantly larger with average 
WRI  and WMI  values of 0.403 and 0.171. These values indicate differences in the instan-
taneous flow between the LES and experimental results. This could be caused by the PIV 

Fig. 8  Comparison of the weighted indices W RI  and W MI  for instantaneous velocity fields. The dots 
represent index values for individual cycles, while other symbols represent mean index values. The blue 
dots denote the index values for the 5 cycles predicted with the fine mesh resolution compared to all 198 
experimental cycles. Indices from 5 randomly selected experimental cycles in comparison with all other 
experimental cycles are shown by the gray dots

 



1 3

Page 23 of 48  58Flow, Turbulence and Combustion (2026) 116:58

measurement technique in which the finite frame-rate between snapshots filters turbulent 
velocity fluctuations at high frequency. Apart from that, uncertainties in the agreement of 
the numerical boundary conditions with the optical test engine case could play a role.

The EMD results, discussed in detail below show that the larger velocity scales agree bet-
ter with the experimental data. The main deviations originate in the smaller turbulent scales, 
which could be underpredicted in the PIV results.

The differences in the instantaneous flow field diminish for increasing crank angle. At 
BDC, i.e.180 [CAD], variations between the different experimental cycles are smaller and 
a good overlap between the fine mesh and experimental WMI  and WRI  data points can 
be observed. The formation and evolution of the large scale tumble motion dominates the 
flow topology and is reproduced well by all mesh resolutions. This indicates that the cycles 
predicted by LES compare meaningful well with individual experimental engine cycles. For 
larger crank angles this tendency becomes more evident. At 270 [CAD] an excellent overlap 
between the fine and experimental cloud data points can be seen.

This extensive validation shows that a good match between the numerical simulation 
results and the PIV measurements in the tumble plane field of view has been achieved. 
Deviations in the flow field are limited to 60–100 [CAD]. In this time frame the intake jets 
and larger mean flow variations and stronger turbulent fluctuations exist. The best match 
with the experimental data could be achieved for the fine resolution setup, but with only 
slight differences compared to the medium resolution. The coarse mesh produces larger 
deviations during the intake stroke. The influence of the mesh resolution will be discussed 
further in the grid convergence study presented in the next section.

6.3  Grid Convergence Study

In the following, the influence of the grid resolution on the simulation results will be 
addressed. A first qualitative analysis is based on the volume rendered distribution of the 
specific kinetic energy ⟨e⟩ at 320 [CAD] shown in Fig. 9 for the coarse and fine mesh reso-
lution ensemble averaged over 5 cycles. 

Clearly, the fine setup shows higher kinetic energy values near the cylinder head com-
pared to the coarse setup.

The integral mean of the kinetic energy of the coarse setup differs significantly from the 
two higher resolved cases towards the end of the compression stroke as illustrated in Fig. 
10. The medium resolution setup on the other hand shows a good overlap with the fine reso-
lution values with only a slight overprediction at the beginning of the compression stroke. 
The mean of the coarse cycles lies outside the cycle-to-cycle fluctuations of the fine setup 
for crank angles between 60 and 80 [CAD] and after 270 [CAD]. At 320 [CAD] the integral 
specific kinetic energy for the coarse resolution lies 16% below the value for the fine mesh 
case. 

The deviation in kinetic energy is investigated further by means of the spatial distribution 
function of the ensemble mean kinetic energy ⟨e⟩ for the three mesh resolutions.

The ensemble mean flow field is computed by interpolating the individual cycle data to 
different grids with uniform refinement, based on the maximum grid resolution of the dif-
ferent setups. Spatial energy distribution functions are computed based on a binning process 
with a non-dimensional bin width of 0.07. The distribution functions at three selected crank 
angles are displayed in Fig. 11. 
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The comparison of the spatial energy distribution during the compression stroke reveals 
further differences between the coarse and higher resolved cases. Only minor differences 
in the spatial energy distribution curves can be observed during the intake stroke, e.g., at 
70 [CAD]. For the coarse resolution a wider plateau emerges in the medium energy range, 
i.e., between 2–8 times the specific energy of the average piston velocity at 180 [CAD]. At 
this point the distribution of the medium resolution follows the general curve of the fine case 
except for a lower peak value.

These differences amplify during the compression stroke. At 320 [CAD], the coarse res-
olution distribution function has a narrower and significantly larger peak value in the lower 
velocity range. This is also reflected in the lower integral value, which represents the center 
of area of the distribution function. For this crank angle position the distribution function 

Fig. 10  Temporal evolution 
of the integral specific kinetic 
energy ̃e in the cylinder for 
different grid resolutions. Lines 
indicate the cycle mean values, 
while shaded areas represent 
minimum and maximum values 
of the 5 investigated cycles

 

Fig. 9  Volume rendering of the non-dimensional specific kinetic energy ⟨e⟩ at 320 [CAD] for the coarse 
(left) and fine (right) mesh resolution. The volume rendering is created from ray marching algorithms 
based on the opacity of the specific kinetic energy
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of ⟨e⟩ for 10 coarse cycles is included in Fig. 11 c). This indicates a good convergence of 
the energy distribution function for 5 cycles and shows that the deviation from the higher 
resolved cases is not driven by the number of cycles in the averaging process. For the 
medium and fine resolution cases the energy distribution function shows a wider plateau and 
the kinetic energies appear to dissipate less throughout the compression stroke. At TDC the 
significance of the different energy distribution for the coarse resolution becomes obvious. 
This energy distribution function shows a stronger Gaussian like shape with a peak energy 
slightly above the energy of mean piston velocity. This could indicate an earlier turbulent 
breakup of the tumble vortex which would induce a Gaussian velocity distribution.

It can be concluded that the preservation of the kinetic energy of the tumble rotation 
can be influenced significantly for grid resolutions below the medium resolution case. This 
could be caused by the lower wall resolution of the coarse LES case. The deviation in the 
velocity flow field will influence the prediction of the early flame development which has a 
significant influence on the subsequent combustion behavior.

Fig. 11  Distribution function of the ensemble averaged kinetic energy ⟨e⟩ in the engine volume at 70 
[CAD] (a), 180 [CAD] (b), 320 [CAD] (c), and 360 [CAD] (d) for the different grid resolutions for 
N = 5 cycles. The volume ratios are computed based on kinetic energy bins with a width of 0.07 and are 
a percentage of the in-cylinder volume. The energy range is selected such that the distribution displays 
95% of the cylinder volume for the fine resolution cases. The green line in sub-figure c) represents the 
ensemble averaged kinetic energy for the coarse resolution with N = 10 cycles
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6.4  Single-Grid Estimator

The grid convergence is discussed further by means of the single-grid estimator M(x, θ) 
defined in Eq. (26). This index has been applied to in-cylinder flow field analyses in previ-
ous studies to justify a LES grid resolution as sufficient or well resolved, see Barbato et al. 
(2023) or Baumann et al. (2014). They have deemed a resolution as sufficient for LES if the 
integral grid estimator M̃  exceeds a threshold of 0.8. Furthermore, it is assumed that for a 
simulation to be deemed a DNS a value of at least 0.95 must be reached.

For all three numerical setups the integral single-grid estimator M  is computed in the 
entire in-cylinder domain for the solution adaptive grid refinement of one exemplary cycle. 
The ensemble mean of the strain rate entities ⟨Si,j⟩ are computed on a reference grid with 
uniform resolution and a cell length of 1.5 times the smallest cell length of the individual 
setups.

The evolution of M̃  during the intake and compression stroke is displayed in Fig. 12. 
As expected a clear convergence towards 1 can be observed with increasing grid resolu-
tion indicating a convergence towards DNS results. Clearly, the proposed threshold of 0.8 
for sufficient LES resolution is reached for all cases. Mean values during the intake and 
compression stroke are 9.5, 9.7 and 9.8 for the coarse, medium, and fine resolution cases. 
The lowest M̃ -values are obtained during the early intake phase when a strong shear flow is 
induced by low valve-cylinder-head gaps at high piston velocity. 

However, great care should be applied to any conclusions drawn from these single-grid 
estimator values. The previous discussion has revealed significant differences in the flow 
field during the compression stroke of the coarse case compared to the higher resolution 
results. Note that the kinetic energy of the unresolved turbulent scales is approximated 
based on the strain rate tensor of the resolved velocity scales. However, the entities of the 
strain-rate tensor are a function of the cell width and appear to grow with increasing LES 
resolution. This means that the kinetic energy of the modeled turbulent scales is underesti-
mated for coarse cell resolutions. If the Kolmogorov length scale would be available from 
DNS results, the turbulent kinetic energy could be estimated correctly. This would reduce 
the single-grid estimator value for a given LES resolution. Based on the presented grid 
convergence study the magnitude of the underestimated strain-rate tensor and the following 
overestimation of the grid quality index can be estimated. This is done for the coarse case 
by computing the grid estimator based on the strain-rate tensor of the fine resolution setup 
interpolated to the coarse grid. The resulting grid estimator for the coarse mesh resolution 

Fig. 12  Temporal evolution 
of the mean of the in-cylinder 
single-grid estimator M̃  for the 
different resolution setups. M̃c 
is based on the coarse resolution 
with the mean strain rate interpo-
lated from the fine case onto the 
coarse refinement

 



1 3

Page 27 of 48  58Flow, Turbulence and Combustion (2026) 116:58

is denoted by M̃c and shown in Fig. 12. In comparison with the original formulation M̃c is 
lowered significantly during the entire intake and compression stroke. The temporal aver-
age drops from 0.95 to 0.88. Note that the fine resolution is not considered a DNS which 
indicates that the true grid estimator would be reduced further.

The spatial distribution of Mc in the engine is displayed in Fig. 13. 
It can be seen that only a small percentage of the turbulent kinetic energy budget is 

resolved in the flow around the valves at 50 [CAD] for the coarse resolution. Recent studies 
indicate that turbulent eddies which form in this region during the inflow can influence the 
subsequent tumble development (Feng et al. 2023, 2024). Thus sufficient resolution of the 
turbulent eddies and their kinetic energy might influence the tumble motion and subsequent 
cycle-to-cycle variation.

Based on this discussion, the justification of LES grid resolutions using a threshold of 
M = 0.8 of the single-grid estimator can not be supported. The analysis has shown that a 
higher mesh refinement might be required even when M  values lie above said threshold. 
It has been clearly shown that the value of M̃  varies significantly in space and time during 
the intake- and compression stroke. Merely considering mean values can thus be mislead-
ing. Further, the computation of the single-grid estimator based on the strain-rate tensor on 
coarse resolutions does overestimate the value of M̃ . In brief, the current findings show that 
the single-grid estimator should be considered with care.

6.5  Influence of the Number of Cycles

In the following, the influence of the number of cycles N  on the convergence of the ensem-
ble averaging of various quantities is discussed. As a general rule, integrated quantities 
converge faster than point values.

Fig. 13  Volume rendering of the 
single-grid estimator Mc for the 
coarse resolution setup at 50 
[CAD] based on the strain rate 
tensor of the fine resolution
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6.5.1  Integral Quantities

First, the convergence of the volume integrated specific kinetic energy of the velocity fluc-
tuations (k̃) is discussed for the medium resolution setup.

The convergence of the ensemble averaging for k̃ depends on the crank angle, i.e., the 
in-cylinder flow regime, as can be seen in Fig. 14 a). A larger number of cycles N  is needed 
for k̃ to converge at approx. 60 [CAD], where the intake jets or its interaction with the wall 
generate highly turbulent flow regions. k̃ is underpredicted when a lower number of cycles 
is used. Outside the range of 30–110 [CAD], the averaged results using 5, 7 and 10 cycles 
are almost identical and appear to have reached convergence. The averaged results based on 
only 3 cycles follow the general trend, but during the entire intake and compression stroke, 
values are considerably lower. The cycle dependence is evaluated further by means of the 
convergence rate ∆k̃N , i.e., the integral change in k with each additional cycle. ∆k̃N  is 
computed at each crank angle Θ for different number of cycles N  based on reference values 
from 10 cycles by 

	
∆k̃N (Θ) = |k̃10(Θ) − k̃N (Θ)|

10 − N
.

This means that ∆k̃N  represents the average change in k̃ for N  cycles, if one additional 
cycle is included in the ensemble average. ∆k̃ values and their mean of all crank angles are 
displayed in Fig. 14 b). Clearly, ∆k̃ diminishes for larger number of cycles and for N ≥ 5 
a difference of less than 0.02 remains with each additional cycle. This indicates a good 
convergence of integral flow quantities, in which spatial fluctuations average out due to the 
integration.

Fig. 14  (a) Temporal evolution of the turbulent kinetic energy k̃ for using N  cycles in the ensemble 
averaging for the medium resolution case. (b) Convergence rate of ̃k with every additional cycle in com-
parison with the value obtained from 10 cycles for the medium resolution case. The point data denote 
individual crank angles and the line shows the linear mean convergence rate from all crank angles
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6.5.2  Ensemble Mean Flow Field

Next, the influence of N  on the weighted velocity indices WRI  and WMI  is considered. 
The indices are based on the agreement of the numerical ensemble averaged velocity with 
the experimental data. The velocity field is compared for all three mesh resolutions for 3 
and 5 cycles and additionally for 7 and 10 cycles for the medium and coarse resolution. 
The results of the weighted vector field comparison with the experimental PIV data are 
displayed in Fig. 15. 

When the number of cycles in the averaging process is increased from 3 to 5 the weighted 
index WRI  decreases, indicating a better agreement with experimental data by 19.2%, 
25.4% and 32.1% for the coarse, medium and fine resolution. Similarly, the WMI  values 
are reduced by 7.5, 7.8 and 10.0%. This shows that WRI  and WMI  mean values indi-
cate better agreement with the ensemble averaged experimental data when the number of 
cycles is increased. The cases with higher mesh resolution continue to improve further with 
increasing number of cycles. The vector alignment (WRI  values) improves faster with 
more cycles than the vector magnitude (WMI  values). This is the case even though the 
WMIref  value exceeds the WRIref  value by one order of magnitude.

Figure 15 also shows that with the increase from 5 to 10 cycles the improvement slows 
down and that WMI  and WRI  values tend to a limit value. In the coarse resolution case 
WMI  is reduced by 13.7% and WRI  by 32.0% when 10 cycles are used instead of 3. For 
7 cycles WMI  is already reduced by 10.7% and WRI  by 28.3%.

The results also provide further insight into the grid convergence. By increasing the mesh 
resolution from coarse to mediumWRI  and WMI  values are enhanced by 9.0% and 18.4% 
and moving further to fine even by 14.4% and 23.0% in the case of 5 cycles. This shows that 
for a fixed number of cycles an increase of mesh resolution will provide a better match with 
the experimental results.

However, note that 7 cycles of the coarse setup achieve nearly the same match with the 
experimental ensemble mean data as 3 cycles of the fine setup at only 2% of the compu-
tational cost. On the other hand, the results suggest that even for a high cycle number the 
settling values for WRI  and WMI  of the coarse case are higher than for the fine resolution 
with only 5 cycles.

Fig. 15  Convergence of mean 
W̃ RI  (squares) and W̃ MI  
(circles) values of the experi-
mental FOV and the intake and 
compression stroke for the 
different grid resolution setups 
and different number of cycles 
N . The different resolution cases 
are represented by different line 
styles and the two different sym-
bols represent the two indices. 
Values are non-dimensionalized 
by W MIref = 0.237 and 
W RIref = 0.035 which cor-
responds to the coarse resolution 
case with 3 cycles
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It can be concluded that the improvement of the velocity indices tends to increase with 
increased grid resolution and that values appear to converge towards a better agreement for 
a large number of cycles. As the convergence rate differs between the resolutions especially 
for a low number of cycles, 3 averaging cycles are inadequate for a grid convergence study. 
However, 5 cycles appear sufficient for the prediction of relevant trends in the grid conver-
gence and the estimation of the deviation compared to the experimental data.

Note that more cycles are required to obtain converged statistics of the fluctuating com-
ponent of the Reynolds decomposition. Therefore, this analysis is only available for experi-
mental data with a large number of cycles.

6.6  EMD Analysis

In the following, empirical mode decomposition (EMD) is applied to the in-cylinder flow to 
gain further insight on the large scale flow features for low number of cycles. First, the scale 
separation methodology is presented before results for the validation and the CCV analysis 
are discussed.

6.6.1  Scale Separation

The EMD decomposition in HF and LF scales is discussed quantitatively by means of Fig. 
16 at 150 [CAD] for the medium resolution. 

For this crank angle the velocity data is decomposed into 3 IMFs, which are combined 
in the HF part, such that the LF part consists only of the residual. It can be seen quantita-
tively that the tumble vortex, i.e., the rotational z-vorticity and the vortex core, is captured 
by the LF part in all cases. The LF component appears to have a better agreement with the 
experimental ensemble averaged data since it shows less smaller eddies and fluctuations. 
The velocity magnitude of the HF part is significantly lower than the magnitude of the LF 
part and the HF velocity vector shows a very chaotic behavior, especially for the numerical 
results. The largest HF velocities can be observed for individual numerical cycles. For the 
experimental data a significant magnitude in the HF velocity can be seen only in regions 
where larger inaccuracies are expected in the optical measurement technique and from the 
PIV reconstruction. This is the case where larger velocities enter (region A) or exit (region 
B) the FOV. Additionally, the pixel error in region C is intensified in the HF part and cor-
rected in the LF part. The mode analysis reveals that these potential inaccuracies are cap-
tured in the first IMF of the experimental data.

The comparison between the EMD of the ensemble average based on 3 and 10 numerical 
cycles shows a decrease in the HF velocity magnitude with increasing number of cycles. 
This indicates that the numerical ensemble averaged input data contains small velocity 
scales which might disappear when further cycles are included in the average. Potentially, 
the HF velocity parts of the numerical mean could vanish for fully converged mean results. 
This aspect will be discussed further in the EMD validation analysis.

The LF component of the instantaneous velocity differs from the LF of the averaged 
data since individual cycles are subject to CCV also in the large length scale. This can be 
observed in the difference of the low and high LF velocity regions for the individual cycle 
in comparison with the LF ensemble mean. This issue will be discussed further in the EMD 
CCV analysis.
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Fig. 16  EMD of the tumble plane velocity field at 150 [CAD] of the ensemble averaged PIV data (top 
row), of the ensemble averaged medium resolution case with 10 cycles (2nd row), with 3 cycles (3rd row) 
and of an instantaneous cycle (bottom row). The left column shows the velocity input data, center column 
the low frequency combination, and the right column the high frequency modes. Note that the color bar 
for the HF velocity differs from that of the other two velocities
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First, the combination of the different IMFs and the residual in the HF and LF component 
will be discussed based on the EMD at 120 and 150 [CAD]. These instances are selected 
since different numbers of IMFs are extracted from the velocity data. To begin with, the 
longitudinal power spectral density (PSD) of the in-plane velocity components is presented 
for the ensemble averaged data in Fig. 17. 

The PSD is computed by Welch’s method (Welch 1967) for the LF and HF components 
and the original velocity data. The HF part reflects the velocity data with large wave num-
bers (v), i.e., in the range of small length scales with a wavelength below 1

5  of the bore 
diameter. For larger wave length the spectral energy appears to be captured mostly by the 
LF part. Differences in the experimental and numerical input velocity can be associated 
mainly with the HF part, whereas an excellent overlap can be observed in the LF component 
especially for the smallest wave numbers. At 150 [CAD] an additional mode is extracted 
and the last IMF is included in the LF part. The comparison between the two crank angles 
shows a similar spectral energy separation between the different contributions even though 
different numbers of modes are combined. A similar power spectral density behavior has 
been observed by Ding et al. (2023), who also showed that the two contributions are clearly 
decoupled.

The combination of the IMFs into the LF and HF part is based on an energy criterion 
similar to that of Sadeghi et al. (2021). For this approach the integral of the specific kinetic 

Fig. 17  Longitudinal P SD of the in-plane velocity components u (a, c) and v (b, d) of the ensemble 
averaged velocity field and their low and high frequency components based on the numerical (blue) and 
experimental (green) data for 120 [CAD] (a, b) and 150 [CAD] (c, d)
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energy of each IMF and the residual is computed for the ensemble averaged and instanta-
neous data. The results are displayed for the selected crank angles in Fig. 18. 

Clearly the energy content of each mode increases with increasing mode number for the 
numerical data. The highest energy is contained in the residual. For the PIV data the energy 
of the first IMF differs from this trend. As shown before, large velocities can be observed 
in this first mode in regions where measurement inaccuracies are expected. Therefore, the 
energy content of the PIV data is disregarded in the mode separation.

Figure 18 further shows that the energy of the ensemble averaged data differs signifi-
cantly, i.e., by approx. one order of magnitude, from that of the individual cycles in all 
first high frequency modes. This energy difference is selected as the mode separation cri-
terion. This means that a mode is included in the LF combination if the energy content of 
the ensemble averaged data is similar to the instantaneous energy of the individual cycles, 
i.e., if the energy difference lies below the cycle fluctuations. Using this criterion, the HF 
energy content of the ensemble averaged data lies significantly below the energy of the LF 
combination. This is similar to the separation by Sadeghi et al. which is based purely on 
an energy threshold. However, for the investigated cases the energy of the last IMF of the 
instantaneous data can be on the same order of magnitude as the energy of the residual. This 
makes their definition of a specific energy threshold arbitrary. The proposed criterion makes 
use of the multivariate formulation which includes the ensemble mean and individual cycles 
in the EMD. The formulation has been applied successfully to all EMD analyses during the 
intake and compression stroke.

The physical meaningfulness of the selected mode separation can be shown by the analy-
sis of the fluctuations in the LF and HF part by means of the Lumley invariant map (Choi and 
Lumley 2001) as introduced in the previous section. With the shared mode decomposition, 
the fluctuation stresses can be computed for the LF and HF velocity components from the 
instantaneous and ensemble averaged flow field date, e.g., u′LF (θi) = uLF (θi) − uLF,EA(θ)
. Note that the EMD reconstruction maintains the ensemble averaged property, namely that 
the ensemble average of a velocity component of the individual cycles matches the velocity 
component obtained from the ensemble averaged input data. This is the case only for the 
same mode decomposition. The invariant maps for 120 and 150 [CAD] are displayed in 
Fig. 19. 

Fig. 18  Energy content of the different EMD modes and the residual at 120 [CAD] (a) and 150 [CAD] (b) 
The energy content of the mode combination is displayed by the two triangles, with the LF part in red and 
the HF in green. The cycle lines refer to the instantaneous data of the 10 individual cycles
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Clearly the turbulent velocity statistics of the LF and HF velocity components differ sig-
nificantly. For the HF modes fluctuations appear only near the 3D isotropic corner. On the 
other hand, fluctuations in the LF modes are concentrated in the corner associated with 1D 
turbulence and along the axis-symmetric expansion boundary. The analysis of the fluctua-
tions of the entire velocity component for the experimental data showed only a 3D isotropic 
behavior. Additionally, the z-vorticity of the LF and HF components differs significantly. 
The z-vorticity of the HF component shows no predominant orientation and the integral is 
nearly zero. On the other hand, the z-vorticity of the LF component contains the vorticity 
of the tumble vortex of the input data. The clear difference in the velocity fluctuations and 
vorticity indicates a physically meaningful difference between the two velocity components 
and a meaningful separation in LF and HF part. This is especially the case for the pre-
sented mode separation, which delivers a reliable separation independent of the number of 
extracted modes for all investigated crank angles and mesh resolutions.

Note that the EMD is always based on the input data, which means that a different 
decomposition is obtained for different input data. For instance the decomposition of the 
experimental data shows small differences depending on the input data combination, i.e., 
depending on the included numerical data. However, the average difference in the LF inte-
gral energy for all numerical cases lies below 3% which underlines the physical consistency 
in the data and the scale separation.

Fig. 19  Statistical analysis of the cycle fluctuations of the HF modes (a, c) and LF modes (b, d) at 120 
[CAD] (a, b) and 150 [CAD] (c, d) of the EMD analysis for the medium mesh resolution setup with 10 
cycles
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Based on this separation the LF and HF components of the ensemble averaged flow and 
of the individual cycles will be discussed in the validation and CCV analysis.

6.6.2  EMD Validation Analysis

In a first step, the contribution of the HF component in the ensemble averaged data will be 
discussed for different number of cycles based on Fig. 20. 

The integral energy of the HF component (ẽHF,E) appears to have a larger contribution 
only when the intake jets interact in the tumble plane and the ensemble average might not 
be fully converged. For 3 cycles, the HF kinetic energy contribution falls below 6% of the 
entire kinetic energy for CAD > 120. Additionally, the HF energy component is reduced 
when more cycles are taken into account. For 10 cycles, the HF kinetic energy contribution 
to the kinetic energy of the complete ensemble average falls below 2% after 120 [CAD]. 
This indicates that the LF component converges towards the ensemble average for larger 
numbers of cycles: 

	 ⟨u⟩LF → ⟨u⟩ ∧ ⟨u⟩HF → 0 ∀ N → ∞

In other words, the high frequency energy component of the ensemble average velocity 
vanished for large N . For the experimental data with a large number of cycles a larger HF 
velocity and kinetic energy remain in regions with large uncertainties in the PIV measure-
ments. Especially, this is the case when the high kinetic intake jets create large velocities 
at the boundary of the FOV. The LF component could be treated as a correction for PIV 
measurements, however, this analysis is beyond the scope of this numerical work. Thus, the 
complete experimentally measured velocity is used for the comparison with the numerical 
data.

The HF component in the ensemble averaged numerical data can be interpreted as turbu-
lent or cycle fluctuations which remain in the mean value due to an insufficient number of 
cycles. Figure 17 also shows a higher kinetic energy content in the HF velocity components 
and a good match between the simulation results and the experimental velocity data in the 
LF components. This cycle convergence will be discussed further by comparing the LF 
component of the numerical ensemble average with the experimental data.

The comparison of the LF component of the ensemble averaged data with the PIV mea-
surements is performed by the plane averaged WRI  and WMI  values as presented in the 

Fig. 20  Temporal evolution of 
the plane averaged specific kinet-
ic energy of the HF component 
of the ensemble averaged veloc-
ity ̃eHF,E  for different numbers 
of cycles for the medium resolu-
tion case
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previous LES validation section. The comparison is presented for 3, 5, and 10 cycles for the 
medium resolution in Fig. 21. 

As stated before, an improved agreement with the experimental data can be observed 
with increasing number of cycles for the complete numerical ensemble average. The excel-
lent match of the LF component which has been shown Fig. 16 is expressed by lower WMI  
and WRI  values. For 10 cycles, mean W̃MILF and W̃RILF values of the LF velocity 
improve by 4.4% and 13.2% in comparison with the results obtained from the entire veloc-
ity. Additionally, the influence of the number of cycles is reduced and indices appear con-
verged for more than three cycles. Most importantly, the indices obtained from the EMD 
appear to predict the W̃MI  and W̃RI  convergence with an increasing number of cycles. 
This means that the values obtained from the LF velocity component could be treated as the 
converged W̃MI  and W̃RI  values for a large number of cycles. Similar results have been 
obtained for all numerical cases. The overall best agreement has been obtained for the fine 
resolution case with 5 cycles with W̃MI  and W̃RI  values of 0.162 and 0.011.

Next, the LF component of the instantaneous velocity for individual cycles is compared 
to the experimental data. Again a W̃MI  and W̃RI  cloud diagram as presented in Fig. 8 of 
the validation section is used. The comparison for the LF component of the fine resolution 
case with the individual experimental cycles at 90 [CAD] is presented in Fig. 22. 

Compared to the complete instantaneous velocity W̃MI  and W̃RI  values of the LF 
component are reduced by 47 and 14%. WMILF values lie in the same range as WMI  
values between experimental cycles. WRILF values even below WRI  values between 
experimental cycles. This means that the deviation of the numerical results from individual 
experimental cycles lies below their cyclic variation. At the same time, large scale CCVs 
remain in the LF component.

Ding et al. (2023) suggest that large scale CCVs can be computed by the subtraction of 
the LF part from the entire ensemble averaged flow by 

	 Ψ(x, θi)′
CCV = ⟨Ψ(x, θ)⟩ − Ψ(x, θi)LF .

Fig. 21  Convergence of mean 
W̃ RI  (blue) and W̃ MI  (green) 
values in the experimental FOV 
during the intake and compres-
sion stroke for the medium grid 
resolution for different number 
of cycles N . The low-frequency 
component and the complete 
ensemble averaged velocity is 
compared with the complete ex-
perimental velocity component. 
Indices are non-dimensionalized 
by W MIref = 0.217 and 
W RIref = 0.031 which cor-
responds to the velocity data for 
the complete ensemble average 
with 3 cycles
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for fully converged ensemble averaged data. In fact, this already implies that the converged 
ensemble mean data only consist of contributions in the low frequency range. This has been 
shown in this analysis.

In conclusion, the LF component shows an improved agreement with the experimen-
tal results for ensemble averaged and instantaneous data. The difference between the PIV 
results and the numerical data is largest in the HF component with short length and time 
scales. This could also be seen in the analysis of the PSD and could be caused by the higher 
spatial and temporal numerical resolution. The LF component of the ensemble averaged 
velocity from a low number of cycles can be used to estimate the converged mean flow. 5 
cycles appear sufficient to obtain excellent W̃RI  and W̃MI  values in comparison with the 
experimental ensemble average with a large number of cycles.

6.6.3  EMD CCV Analysis

Variations in the large scale will be discussed further by means of the vorticity and the 
evolution of the tumble vortex core of the LF component for the medium resolution case 
with 10 cycles. The chosen setup provides a sufficiently fine mesh resolution and allows the 
simulation of a large number of cycles.

In a first qualitative analysis the velocity and LF velocity component of two selected 
cycles are considered at the beginning of the compression stroke and at 235 [CAD] in Fig. 
23. White arrows have been added to highlight the differences in the velocity orientations 
and the instantaneous vortex cores are displayed by cycle specific colors. 

The advantage of EMD and the presented scale separation becomes apparent by the com-
parison of the LF velocity component for two selected cycles. The strength and vortex core 
position of the tumble motion becomes apparent more easily. On the other hand, turbulent 
and other small scale fluctuations make a comparison between individual cycles more dif-
ficult. A distinctive low velocity region and a large flow deflection is visible in the center 
region for the LF component of cycle 11 at 180 [CAD]. Additionally an axially lower vortex 
core position is detected. For cycle 8, the vortex core is positioned further upwards. During 
the compression stroke the vortex core of cycle 11 is shifted further upwards and at 235 
[CAD] it is positioned further towards the cylinder head compared to the vortex core from 

Fig. 22  Weighted comparison 
indices of instantaneous velocity 
fields. Individual W̃ MI  and 
W̃ RI  values are displayed by 
cycles and mean values by the 
angular symbols. The green 
shaded circles display the 
comparison between the low 
frequency velocity scale of the 
5 fine mesh resolution cycles 
with all 198 experimental cycles. 
Indices from 5 randomly selected 
experimental cycles in compari-
son with all other experimental 
cycles are shown by the gray 
circles
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cycle 8. This implies significant CCVs in the evolution and pathway of the tumble vortex 
core at the beginning of the compression stroke for the two cycles. The temporal evolution 
of the vortex core is often seen as an intensifying element of CCVs (Feng et al. 2023) and 
will be investigated further.

First, the evolution of the vortex core of the ensemble averaged data from the experimen-
tal and the numerical results are compared in Fig. 24. 

The formation of the tumble vortex begins during the first half of the intake stroke at 
an initially central position within the cylinder. During the intake, the core position shifts 
downwards like the piston direction. At the same time, the valve overflow of the intake 
jets shifts the vortex core further towards the intake side. During the compression stroke 
the vortex is shifted upwards by the piston motion and moves towards the exhaust side. 
At approx. 220 [CAD] the motion in the x-direction is reverted again and the vortex core 
moves towards the intake side. In comparison the vortex core position obtained from the 
LF component of the medium mesh resolution case agrees very well with the experimental 
data. Deviations are only visible in the y-position near BDC and in the x-position towards 
TDC. During these two phases the vortex core position is subject to significant CCVs and 
very sensitive in these directions. Figures 16 and 23 show that the extraction of the vortex 
core of the LF velocity part is unambiguous and no artifacts of small scale turbulent eddies 

Fig. 23  Instantaneous velocity field at 180 [CAD] (left) and 235 [CAD] (right) for cycle 8 (top row) and 
cycle 11 (bottom row). The first and third column show the entire velocity data and the second and fourth 
column the large length scale (LF) component. The vortex core positions and the velocity orientation at 
selected positions are highlighted by red and blue points and white arrows
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can be identified falsely. This simplifies the identification of the vortex core for individual 
cycles and enables further investigations of its cycle variation.

Such variations in tumble vortex core position are displayed in Fig. 25. The experimental 
results nearly always lie within the standard deviation of the CCV of the numerical results. 
Deviations remain only in the x-position for CAD between 250 and 280. 

In the y-position significant cycle variations can be seen in the 150–250 [CAD] range, 
with a maximum variation of almost half the bore length and a standard deviation of at least 
5% of the bore length in this crank-angle range. The impact of this cycle dependent behavior 
on the tumble strength is investigated in the following.

Figure 26 shows cycle variations in the integral z-vorticity of the LF velocity component 
of individual cycles. 

Note that the integral vorticity of the HF velocity component is near zero for all cycles, 
thus the HF component can be neglected in the analysis of the tumble vorticity. Thus, the 
LF velocity represents the vorticity of the input data well and Fig. 26 shows a good match 
with the vorticity of the experimental ensemble averaged results. Large variations in the 
vorticity can be seen in the first half of the intake stroke (CAD < 120) and at the end of the 
compression stroke (CAD > 300). This indicates large scale CCVs during the interaction 
of the intake jets and the tumble breakup process. This has been observed also by Ding et 
al. (2023, 2024). Note that the integral vorticity in the tumble plane is also influenced by 
the spatial distribution of the rotational motion, which can shift in or out of the FOV. This 

Fig. 25  Temporal evolution 
of the x- and y-position of the 
tumble vortex core in the tumble 
plane of the low frequency 
component of the instantaneous 
velocity of all individual cycles 
for the medium resolution. The 
line indicates the cycle mean, 
while the shaded areas represent 
the standard deviation from 10 
cycles. Data points express the 
position of the experimental 
ensemble average

 

Fig. 24  Temporal evolution of 
the tumble vortex core position 
in the tumble plane of the low 
frequency part of the ensemble 
averaged velocity data for the 
medium mesh resolution cases 
with 10 cycles in comparison 
with experimental PIV data
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can be seen by comparison with z-vorticity in the entire engine, which reveals larger CCV 
towards the end of the compression stroke compared to the intake phase. In this case the 
vorticity variance at 350 [CAD] exceeds the maximum variance during the intake stroke by 
a factor of 1.4.

The tumble vorticity towards the end of the compression stroke is of particular interest 
since the vorticity near TDC has a significant influence on the fuel-air mixing for direct 
injection engines (Wegmann et al. 2023). A strong tumble motion is favorable since the 
increased vorticity can enhance fuel-air mixing before ignition. Therefore, the influence of 
the pathway of the tumble vortex core during the compression stroke on the vorticity near 
TDC and the tumble breakup is investigated for the different cycles.

In Fig. 27 the correlation between the vortex core y-position and the integral vorticity 
near TDC computed the Pearson correlation coefficient (see Eq.(29)) is shown. 

A strong linear correlation can be observed between the vorticity towards the end of the 
observation window and the y-position at around 235 [CAD]. The largest correlation coef-
ficient of 0.87 is found between the y-position at 235 [CAD] and the vorticity at 315 [CAD]. 
The correlation map shows a stable relationship with an average value of 0.65 in the crank 
angle range of 225 to 245 for the position and 300 to 315 for the z-vorticity.

The same trend can be observed when the y-position is correlated to the integral vorticity 
in the entire engine. The y-position between 235 and 245 [CAD] correlates linearly with the 

Fig. 27  Correlation of the y-posi-
tion of the tumble vortex core 
and the z-vorticity Ω̃E  of the LF 
component for the 10 cycles of 
the medium mesh resolution case

 

Fig. 26  Temporal evolution 
of the z-vorticity Ω̃E  of the 
LF velocity component of the 
medium mesh resolution case in 
comparison with the experimen-
tal ensemble averaged data. The 
line and symbols indicate the 
cycle mean, while the shaded 
area represents minimum and 
maximum values from 10 cycles
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z-vorticity in the crank angle range of 305 to 345 by 0.67. The best correlation can observed 
between the y-position at 240 [CAD] and Ω̃(340) with a correlation value of 0.88.

This means that the tumble vortex core position towards the cylinder head at around 
235 [CAD] is favorable for a sustained tumble motion with a larger vorticity towards the 
end of the compression stroke. At the same time a sustained vortical flow correlates with 
an increase in kinetic energy towards TDC. The relationship between the pathway of the 
vortex core and the vorticity shows a larger linear correlation than the relationship between 
the vorticity itself. This means that the pathway might have a more direct influence on the 
TDC vorticity than the vorticity at an earlier stage of the intake and compression stroke.

This can be shown for the two selected cycles. For cycle 11, the vortex core has shifted 
further upwards towards the cylinder head compared to cycle 8 at 235 [CAD]. Cycle 11 
shows a sustained tumble with a 64% larger vorticity in the tumble plane FOV at 315 
[CAD]. The vorticity inside the entire engine is 13% larger, resulting in a 4% larger kinetic 
energy for cycle 11 compared to cycle 8. This could indicate that cycle 11 is more favorable 
for the fuel-air mixing towards the end of the compression stroke.

In conclusion, the extraction of the large scale tumble motion by EMD has proven a 
valuable tool for the analysis of CCV. This has been shown based on the pathway of the 
tumble vortex core during the compression stroke and the tumble vorticity. The z-vorticity is 
captured reliably by the LF velocity component, the vortex core extraction and the analysis 
of the tumble motion is simplified. The EMD based decomposition allows the computation 
of the LF velocity component of individual cycles for in-depth CCV analysis. A strong cor-
relation between the y-position of the vortex core at approx. 235 [CAD] and the vorticity at 
the end of the compression stroke has been observed.

7  Conclusion

Implicit large-eddy simulations are conducted for the in-cylinder flow of an optical test-
engine with three different numerical mesh resolutions. The comparison with stereoscopic 
PIV measurements in the tumble plane FOV has shown a satisfactory match in the velocity 
data with relevance indices in the range of 0.8 to 0.98 and magnitude indices in the range 
of 0.72 to 0.89 which is comparable or superior to relevant literature values. The ensemble 
mean flow and individual cycles are compared by the weighted relevance and magnitude 
index. The results indicate slightly larger velocities of the intake jet interaction but an excel-
lent match at the end of the intake and during the compression stroke.

The grid convergence study reveals the influence of the mesh resolution on the flow 
field at the end of the compression stroke. Significant differences in the energy distribution 
and mean values are observed for the coarse mesh, caused by differences in the energy 
dissipation. At 320 [CAD] the integral specific kinetic energy for the coarse resolution lies 
16% below the value for the fine resolution. The suitability of the single grid estimator for 
in-cylinder flow is discussed based on the numerical results obtained for the different resolu-
tions. In brief, simply reaching a certain grid estimator threshold is not advised to justify a 
“satisfactory” grid resolution.

The influence of the number of cycles on the mean and fluctuating quantities is investi-
gated. To better assess the cyclic variations and the ensemble-mean of the numerical data 
with limited number of cycles, a separation of the velocity scales by an EMD is applied. 
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The EMD approach simultaneously considers the velocity data of individual cycles, the 
ensemble average and experimental data. A novel scale separation methodology is intro-
duced based on the energy of the ensemble averaged data and that of individual cycles. With 
this the number of IMFs which are grouped in the low and high frequency (LF and HF) 
component is data driven. The method is used to show that the LF velocity of the ensemble 
mean resembles the input ensemble mean data very well. The HF component decreases with 
increasing number of cycles. This indicates that the converged ensemble average can be 
estimated from a reduced number of cycles by the LF component. The method also allows 
the investigation of CCV in the large scale tumble motion, which can be obtained by the 
comparison of the LF components for different cycles. The sensitivity of the tumble vortex 
core and the impact of its pathway during the compression stroke is discussed. The correla-
tion coefficient of 0.87 indicates a strong linear correlation between the y-position of the 
vortex core at approx. 235 [CAD] and the vorticity at 315 [CAD] towards the end of the 
compression stroke, has been observed.

Appendix A

Intake Boundary Condition

In the following the suitability of the prescribed characteristic boundary condition formula-
tion for intake port applications is presented. In Fig. A1 the non-dimensional mass flow rate 
across the intake port two bore length upstream of the bore center is presented. 

The results of the three numerical setups are compared to the incompressible mass flow 
rate based on the piston motion and cross-section area. A slight delay in form of a traveling 
wave is observed for the averaged simulation data of 5 cycles. However, due to the short 
stroke and low engine speed the intake flux does not choke and the curves match very 
well with the incompressible case. Consequently, a mass backflow can be observed for the 

Fig. A1  Temporal evolution of 
the mass flow rate through the 
intake ports two bore length 
upstream of the cylinder. IV C 
denotes the nominal intake valve 
closing crank angle
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delayed intake valve closing (IVC) timing after BDC. After the valve closing the negative 
mass flow rate is reduced and levels off towards zero. The characteristic formulation is 
able to handle both local and temporal flow reversal and the subsequent near to zero mass 
flow rate across the boundary. No difference between the different grid resolutions can be 
observed and the lines of the simulation setups overlap. The same applies for the in-cylinder 
pressure curves. A strict convergence of the level-set representation of the engine geom-
etry can be observed. The amount of trapped air in the cylinder is maintained by the strict 
mass conservative formulation of the finite-volume method as introduced in the numerical 
section.

Appendix B

Identification of the Tumble Vortex Core

Different stencil sizes S and threshold values of Γ have been evaluated based on their con-
vergence towards a meaningful vortex core identification for the instantaneous flow fields 
of highly resolved LES simulations. The difficulties in the vortex core identification are 
displayed in Fig. B2 for two crank angles where multiple vortex cores can emerge. 

It can be seen that multiple vortex cores are detected for small stencil sizes. Here it 
becomes difficult to distinguish between the vortex core motion during the cycle evolu-
tion and the false extraction of smaller turbulent eddies. Figure B2 shows a convergence 
of the vortex core to a single core position for stencil lengths corresponding to 1/4 of the 
bore length and a threshold of 98% of the in-plane minimum Γ value. The analysis of all 
numerical cycles and resolutions has shown that this formulation yields a good detection 
and convergence for the tumble-vortex core position. In this context the stencil extent pro-
posed by Falkenstein et al. (2017) has been adapted, but a different Γ detection threshold of 
Γ = 0.98Γmin instead of their proposed value of |Γ| = 0.8 has been applied.

Fig. B2  Visualization of the 
convergence of the tumble 
vortex core position for different 
stencil sizes and Γ-thresholds at 
150 [CAD] (left) and 210 [CAD] 
(right) for the instantaneous ve-
locity flow field for the medium 
resolution setup
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Appendix C

Low Velocity Sensitivity of RI  and MI

In the RI  and MI  computation no distinction or weighting of different flow regions is 
applied. This means that slight deviations in the velocity orientation in regions with a low 
velocity magnitude (equivalent to low kinetic energy) can deteriorate the in-plane mean 
value significantly. This can be seen in the spatial distribution of the RI and MI values at 
BDC in Fig. C3, where low RI  and MI  values are concentrated in low velocity regions, i.e., 
near the tumble vortex core position. 

However, the match of the orientation might not be as important for low velocity mag-
nitudes as for higher magnitudes (Willman et al. 2020). To take this effect into account dif-
ferent weighting factor of the indices have been introduced (Barbato et al. 2023; Krastev et 
al. 2019; Willman et al. 2020). The specific weighting functions differ and no formulation 
seems to prevail. A velocity weighting based on the formulation of Willman et al. (2020) is 
adopted here (see Eq. (21)), as the formulation can be applied to instantaneous and ensemble 
averaged data and is not as strong as the weighting based on the kinetic energy from Krastev 
et al. (2019).

Fig. C3  Visualization of the RI  
and MI  distribution computed 
for the comparison of the fine 
resolution case with the PIV data 
in the experimental FOV at 180 
[CAD]. The presumed tumble 
vortex core is denoted by the red 
circle to display the center region 
with low velocity magnitude
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