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Abstract Large-eddy simulation (LES) has been performed for an axisymmetric
piston-cylinder assembly with and without swirl. For both cases, the LES mean and
rms velocity profiles show better agreement with experimental data than profiles
obtained using a Reynolds-averaged Navier–Stokes (RANS) approach with a stan-
dard k − ε turbulence model. The sum of the resolved and modeled contributions to
turbulence kinetic energy (TKE) approaches grid independence for the meshes used
in this study. The sensitivity of LES to key numerical and physical model parameters
has been investigated. Results are especially sensitive to mesh and to the subfilter-
scale (SFS) turbulence models. Satisfactory results can be obtained using simple
viscosity-based SFS turbulence models, although there is room for improvement. No
single model gives uniformly best agreement between model and measurements at
all spatial locations and at all times. The strong sensitivity of computed mean and
rms velocity profiles to variations in the SFS turbulence model suggests that better
results might be obtained using more sophisticated models.
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1 Introduction

Large-eddy simulation (LES) is increasingly used as a tool for studying the dynamics
of turbulence in engineering flows. In LES, one explicitly captures the dynamics of
the large eddies while modeling the effects of the smaller eddies on the larger ones.
Because the statistics of small-scale turbulence are expected to be more universal
than those of the large scales, LES offers the promise of wider generality and more
accurate results compared to Reynolds-averaged Navier–Stokes (RANS) where the
effects of all turbulence scales are modeled, while requiring smaller computational
resources compared with direct numerical simulation (DNS) where all turbulence
scales are resolved.

In RANS for in-cylinder flow in a reciprocating-piston internal combustion (IC)
engine, the local instantaneous value of a computed variable represents an ensemble-
or phase-average over many engine cycles at a specified spatial location and crank
phasing. The shortcomings of RANS models have been argued by many turbulence
researchers, and discussions of engine-specific issues can be found in [1–3] and [4], for
example. In contrast to RANS, in LES one solves the spatially filtered Navier–Stokes
equations. It has long been argued that turbulence modeling based on spatial filtering
offers advantages compared to time- or phase-averaging [5], and these advantages
are particularly compelling for the IC-engine application [1–4]. For example, cycle-
to-cycle flow and combustion variability, which are not accessible from RANS, can
be captured in principle.

There are important differences between RANS and LES [3]. A consistent RANS
methodology converges to an exact solution of the Reynolds-averaged Navier–
Stokes equations with increasing spatial and temporal resolution. Thus the numerical
accuracy can be improved, but the dynamic range of scales that is resolved can not
be increased with grid refinement. In LES where the filter width � is independent of
mesh size, similar convergence to an exact solution of the spatially filtered governing
equations can be realized. It is more often the case in LES that the filter width � is
proportional to the mesh size. In that case the dynamic range of scales that is resolved
will increase with increasing spatial and temporal resolution, and a consistent LES
may converge to an exact solution of the unfiltered Navier–Stokes equations: that
is, to DNS. Usually grid independence in LES can be established only in a statistical
sense; the sum of resolved and subfilter-scale contributions to mean quantities should
be independent of numerical parameters such as mesh size and computational time
step, for example.

Since LES can better capture the details of the turbulence dynamics including
cycle-to-cycle variations, the transition of in-cylinder CFD from RANS to LES is a
natural direction. El Tahry and Haworth [1] argued in 1992 that the computational
meshes typically used for RANS modeling of practical in-cylinder configurations
should be sufficient to capture 80–90% of the flow’s kinetic energy. For IC engines at
moderate Reynolds numbers, it has been estimated that grid independent (to within
10–20%) profiles of dependent mean variables in RANS computations of in-cylinder
flow and combustion would require at least 106 mesh points using second-order or
higher numerical methods [2]. This corresponds to sub-millimeter mesh spacing in a
typical automotive IC engine, and it is not far beyond current RANS practice. Other
arguments for pursuing LES for in-cylinder CFD have been made in [4] and [6].
Even if comparable meshes are used, LES will require more computational effort



Flow Turbulence Combust (2010) 85:279–307 281

compared with RANS, because smaller computational time steps may be required
and simulations may need to be carried through multiple engine cycles.

Over the last twenty years, significant progress has been made in LES for IC
engines. El Tahry and Haworth [1] argued that LES would be the direction for
the next-generation turbulence models that have potential for significant improve-
ment over RANS. Early LES applications in IC engines were reviewed by Celik,
Yavuz and Smirnov in [7]. Haworth and Jansen [2] reported encouraging results
using LES for predicting the ensemble-averaged mean and rms velocity profiles
for a simplified motored engine configuration. Naitoh et al. [8] performed LES for
turbulent premixed-flame propagation in IC engines on relatively coarse grids. Celik
et al. [9, 10] applied LES to a realistic engine geometry under motored conditions to
predict turbulent fluctuations and statistics using KIVA [11]. Smirnov et al. [12, 13]
also applied LES in KIVA for fuel injection and combustion in diesel engines.
Richard et al. [14] modified RANS spark-ignition and flame-propagation models
for LES and reported model validation for a nonengine configuration and a single-
cycle engine; Vermorel et al. [15] then simulated nine consecutive complete engine
cycles for a single cylinder, spark-ignited four-valve engine. Other recent examples
include Goryntsev et al. [16] (cycle-to-cycle variations of mixture preparation in a
direct-injection gasoline engine) and Banerjee et al. [17] (LES for a direct-injection
diesel engine). The level of activity and number of publications have increased
dramatically in recent years. A dedicated conference was orgnized in late 2008 [18],
and another is planned for late 2010. Although LES has been applied to realistic
engine configurations, there is still much that can be learned from modeling simple
configurations about the behavior of the subfilter-scale (SFS) models and numerical
algorithms.

This research addresses important outstanding issues for in-cylinder LES in the
context of a simplified engine-like configuration. These includes systematic com-
parisons between a conventional two-equation RANS model and LES; a systematic
parametric study of the effects of physical model parameters and numerical para-
meters; quantification of the quality of the LES solutions through an examination
of the relative magnitudes of resolved-scale and subfilter-scale fluctuations; and the
first LES results reported to date for a model engine configuration with swirl.

The remainder of this paper is organized as follows. In Section 2, the experi-
mental configurations are described. In Section 3, the mathematical formulations,
physical models and numerical methods are introduced. The results are presented in
Section 4, and conclusions are drawn in Section 5.

2 Experimental Configurations

The axisymmetric piston-cylinder assembly that is the subject of this study is shown
schematically in Fig. 1; key geometric parameters and operating conditions are also
summarized there [19]. This is a pancake (flat head and piston) chamber with a
75-mm bore, 60-mm stroke, and 30-mm clearance. The piston moves in simple
harmonic motion at a crankshaft rotational speed of �CS = 200 rpm (mean piston
speed Vp = 0.4 m/s). Flow enters the chamber through an annular passage angled
at 30◦ with respect to the cylinder axis through a fixed, open valve. For the swirling
cases, swirl vanes are added upstream of the valve around the valve stem. The angle
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Fig. 1 Axisymmetric piston-cylinder assembly [19]

of the valve entry is 30◦ with respect to the cylinder axis and the width of the parallel
section is 4 mm, measured in the radial direction [20, 21]. The working fluid is air,
which is treated as an ideal gas. The ambient pressure and temperature are taken to
be uniform at 1 atm and 300 K, respectively.

For both swirling and nonswirling cases, Laser–Doppler anemometry has been
used to obtain ensemble- (phase-) averaged radial profiles of mean and rms velocity
components at 10-mm axial increments starting from the head for crank positions
of 36◦, 90◦ and 144◦ after piston top-dead-center (TDC) [19–22]. For nonswirling
cases, only the axial velocity component was measured and measurements also were
reported at 270◦ after TDC. For the swirling case, mean and rms profiles of all
three velocity components (axial, radial, and tangential) were reported. The number
of samples (engine cycles) was 100, and five sets of data were taken to confirm
repeatability.

Sources of experimental error include uncertainty in the position of measurement,
flow asymmetry, variation in the speed of the engine and the rotating diffraction
grating, velocity-gradient broadening, crank-angle broadening and biasing effects
due to limited amplifier bandwidth and filter setting. The uncertainties are discussed
in detail in [20, 21]; there it was concluded that the uncertainty in the mean velocity
values does not exceed 3%, except at the lowest mean velocities and highest rms
levels. Further confirmation was provided by evaluating the net mass flow rates from
the measured velocity profiles.

The nonswirling case has been the subject of numerous RANS-based (reviewed
in [1]) and LES-based [2, 3, 23] modeling studies. The swirling case is more com-
plex: RANS-based calculations have been performed by El Tahry [24] using three
different turbulence models, and no LES results have been reported to date. Here
a comprehensive LES study is reported for both swirling and nonswirling cases with
systematic variations in numerical parameters and physical models.
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3 Mathematical Formulation, Physical Models and Numerical Methods

3.1 Governing equations

In LES, one uses a low-pass spatial filter to eliminate the dynamics of scales smaller
than a selected filter width � from the instantaneous Navier–Stokes equations.
Subfilter-scale models then are introduced to account for the effects of the unre-
solved scales. In general, the filter width � should be smaller than the size of the
smallest energy-containing eddies; ideally, � should lie in the inertial subrange.
Further details can be found in [25], for example.

The starting point is the instantaneous Navier–Stokes equations:

∂

∂t
(ρui) + ∂

∂x j
(ρuiu j) = − ∂p

∂xi
+ ∂σij

∂x j
, (1)

where ρ is the density, ui is the velocity component in the i-direction, p is the
pressure, and σij is the viscous stress tensor. A spatial filter is applied, and each
quantity is decomposed into the sum of a spatially filtered contribution (denoted
using an overbar) and a fluctuation about the spatially filtered value (denoted using
a prime). For example,

ui = ūi + u′
i. (2)

The resulting filtered Navier–Stokes equations can be written as:

∂

∂t
(ρ̄ũi) + ∂

∂x j
(ρ̄ũiũ j + p̄δij) = ∂

∂x j
(σ̄ij + τSFS,ij), (3)

where ‘∼’ denotes a density-weighted (Favre) filtered value:

ũi ≡ ρui/ρ̄. (4)

The quantity τSFS,ij = ρ̄(ũiũ j − ũiu j) is an apparent subfilter-scale stress [25–27].
Here the SFS stress is modeled using eddy-viscosity type closures, which assume a
linear relationship between the SFS stresses and the resolved rate-of-strain, ˜Sij =
1
2 (∂ũi/∂x j + ∂ũ j/∂xi) [27]:

τSFS,ij = 2μSFS ˜Sij − 2

3
ρ̄kSFSδij − 2

3
μSFS

∂ũk

∂xk
δij, (5)

where kSFS is the SFS turbulent kinetic energy defined as:

ρ̄kSFS = −1

2
τSFS,kk, (6)

and μSFS is an apparent SFS turbulent viscosity.

3.2 Subfilter-scale models

Many SFS models have been proposed to model the influence of unresolved
(subfilter-scale) motions on resolved scales. Two SFS models are considered here:
a Smagorinsky SFS model, and a one-equation SFS model.
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3.2.1 Smagorinsky model

The Smagorinsky model is the most commonly used SFS model [28]. It is derived
from a local equilibrium assumption: the production and dissipation of SFS turbulent
kinetic energy are equal. It can be written in the following form [28]:

μSFS = ρ̄Cs�
221/2‖˜S‖, (7)

where ‖˜S‖ = (˜Sij ˜Sij)
1/2 is the Frobenius norm of the resolved strain-rate tensor,

and � is taken as V1/3
cell [29], where Vcell is the volume of a computational cell.

The baseline value of the model constant Cs is taken to be the square of the
classic Smagorinsky constant (Cs = 0.1652) [30, 31] and the values can be adjusted
following the recommendations available in the literature for shear flows and free
flows [32, 33]. The SFS kinetic energy then is modeled using a closure similar to the
one proposed by Yoshizawa [34]:

kSFS = 2CI�
2‖˜S‖2. (8)

The standard value of the model constant CI is 0.202. The subfilter-scale turbulent
dissipation rate εSFS then can be defined as:

εSFS = 2Cε

k3/2
SFS

�
, (9)

where Cε can be obtained from equilibrium arguments as:

Cε = 2CsC
−3/2
I . (10)

3.2.2 One-equation model

Speziale [35] recommended solving a transport equation for kSFS rather than using
a local equilibrium assumption for the SFS kinetic energy. A modeled transport
equation for kSFS can be written as,

∂ρ̄kSFS

∂t
+ ∂ρ̄ũ jkSFS

∂x j
= −τSFS,ij ˜Sij − C1ρ̄

k3/2
SFS

�
+ ∂

∂x j

[

Ckρ̄�k1/2
SFS

∂kSFS

∂x j

]

. (11)

Here the standard value for model constants C1 and Ck are: C1 = 1.0 and Ck = 0.05.
The turbulent kinetic energy thus obtained is then used as a velocity scale for the SFS
viscosity [34, 36, 37]:

μSFS = Ckρ̄�k1/2
SFS. (12)

3.2.3 Wall models

For wall-bounded flows, most turbulence is generated in the near-wall region. It
is therefore necessary to resolve the details of the near-wall flow, which requires
a fine mesh. A wall model can be used to model the turbulence in the near-wall
region to relax the mesh-resolution requirements. Here the near-wall treatment is
implemented as a two-step process. In the first step, the wall friction velocity uτ is
estimated by inverting a third-order Spalding law [38]:

y+ = u+ + 1

E

(

eκu+ − 1 − κu+ − (κu+)2

2
− (κu+)3

3!
)

, (13)
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where y+ and u+ are obtained from:

y+ = yuτ /ν, (14)

u+ = u/uτ , (15)

uτ = (τw/ρ)1/2. (16)

Here y is the wall-normal distance, ν = μ/ρ is the kinematic viscosity, and τw is
the wall shear stress. The empirical constants κ and E are equal to 0.41 and 9.00,
respectively, for a smooth wall. In the second step, the relevant fluxes for momentum,
thermal energy and chemical species are computed on the basis of an estimated
uτ . The wall models are active only in those cells that have one or more faces that
correspond to a wall, following standard practice.

3.3 Numerical methods

The CFD code STAR-CD version 4.06 [39] has been used for this study. Second-
order central differencing is used for the convective terms in the momentum equa-
tion, and the PISO algorithm [40] with implicit time differencing is used for pressure-
velocity coupling. This has been shown to yield approximately second-order time
accuracy. Values of the numerical parameters recommended for LES applications
are provided in [39, 41].

3.4 Computational mesh

The mesh topology is illustrated in Fig. 2. An unstructured mesh has been used
to maintain approximately uniform mesh spacing in the in-cylinder region. All
cells are hexahedral, including the region around the valve. The total number of
computational cells including the valve region is 168,880 for the coarse mesh shown
in Fig. 2. Two different ways of moving the mesh to accommodate piston motion

a b

Fig. 2 2-D sections through the computational mesh for the axisymmetric piston-cylinder assembly.
a Cross section containing the axis of symmetry. b Cross section normal to the axis of symmetry
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were explored. The first approach is to deform the mesh without cell removal or
addition. In that case, the aspect ratio of in-cylinder cells varies by a factor of three
over a cycle. The second approach is to remove and add mesh layers in the cylinder.
In that case, the aspect ratios of in-cylinder cells remain constant, except for the layer
of cells adjacent to the piston. The number of in-cylinder cells varies by a factor of
three over an engine cycle. Both approaches have been implemented in this study,
and a comparison of the two approaches is made in Section 4.1.

A similar mesh size and topology was used in the early LES study of Haworth
and Jansen [2]. There the total mesh size was 151,620 cells. This is rather coarse by
modern standards. The baseline mesh for the present study contains approximately
1.3 million cells, and corresponds to a factor of two mesh refinement in each direction
with respect to the coarse mesh shown in Fig. 2. A fine mesh of approximately 2.6
million cells (additional factor of two mesh refinement in the axial direction only)
also was tested. The number of cells in the radial direction in the annular valve gap
is 8 for the coarse mesh and 16 for the baseline and fine meshes.

3.5 Initial and boundary conditions and the estimation of mean quantities

For the Imperial College piston-cylinder assembly, the initial pressure and tempera-
ture are uniform at 1 atm and 300 K, respectively. The no-slip boundary condition is
applied at solid walls, and all walls are adiabatic. There is a large plenum upstream
of the valve (not shown in Fig. 2) so that no inflow-outflow boundary conditions are
needed. The volume of the plenum is approximately 50 times larger than that of the
in-cylinder region, so that the global pressure and temperature vary less than 2%
through each engine cycle.

The computations begin at bottom-dead-center (BDC). For nonswirling cases, the
simulations are run through seven engine cycles, and the first two cycles are discarded
to avoid contamination by initial conditions. Sensitivity of results to the number
of cycles is discussed in Section 4.1. In general, one would expect five cycles to be
too few to compile converged ensemble-averaged point statistics. However, we take
advantage of the statistical axisymmetry of the configuration to extract meaningful
averages. At a specified crank-angle position (time) and axial location, radial profiles
of velocity are sampled at 20◦ azimuthal increments around the cylinder axis, yielding
18 profiles that can be averaged from each engine cycle. The effective number of
samples is then 18 times the number of cycles simulated; for five cycles, this is close
to the 100 samples that were taken in the experiments. Standard scaling arguments
suggest [2] that the turbulence integral length scale at TDC should be equal to a
fraction of the clearance height; in the annular jet during induction, the turbulence
integral length scale should be proportional to the annulus width. Together, these
suggest an upper bound on the turbulence integral scale of approximately 4∼5 mm.
The 20◦ sampling angle corresponds to an azimuthal separation of at least 4 mm
as close as 11 mm to the cylinder axis. At smaller radial distances, the 18 samples
may not be statistically independent, yielding increasing statistical uncertainty in the
computed averages as we approach the axis of symmetry.

For the swirling case, the simulations were run for ten cycles and the first five
cycles were discarded. A rotating body force was added in the momentum equation in
the region upstream of intake valve to mimic the effect of swirl vanes. The magnitude
of the body force was adjusted to give the correct global level of in-cylinder swirl.
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3.6 A two-equation RANS turbulence model

It is appropriate to compare the LES results with results from a standard RANS-
based turbulence model that typically would be used for IC engines. A two-equation
k − ε model suffices for this purpose. In that case, modeled equations are solved for
turbulence kinetic energy, k, and the viscous dissipation rate of turbulence kinetic
energy, ε. The equations are:

∂

∂t
(〈ρ〉k) + ∂

∂x j

[

〈ρ〉û jk −
(

μ + μt

σk

)

∂k
∂x j

]

= μt P − ρε − 2

3

(

μt
∂ûi

∂xi
+ 〈ρ〉k

)

∂ûi

∂xi
,

(17)

where ‘〈〉’ denotes an ensemble-averaged value, ‘∧’ denotes a Favre-averaged
(density-weighted mean) value, P is the turbulence production rate,

P ≡ ̂Sij
∂ûi

∂x j
, (18)

and,

∂

∂t
(〈ρ〉ε) + ∂

∂x j

[

〈ρ〉û jε −
(

μ + μt

σε

)

∂ε

∂x j

]

= Cε1
ε

k

[

μt P − 2

3

(

μt
∂ûi

∂xi
+ 〈ρ〉k

)

∂ûi

∂xi

]

− Cε2〈ρ〉ε
2

k
+ Cε3〈ρ〉ε ∂ûi

∂xi
. (19)

The turbulence viscosity in the mean momentum equation then is specified as,

μt = Cμρk2

ε
. (20)

Here σk, σε, Cμ, Cε1 ,Cε2 and Cε3 are model constants; standard values are given in
Table 1 [42–44]. The mean dilatation term in (19) was introduced by El Tahry [44];
there the value Cε3 = −1/3 was deduced analytically with an assumption of local
isotropy.

Standard wall functions are applied to the cells immediately adjacent to walls
[39, 42, 45]. The wall-function approach uses algebraic relations to model the distrib-
utions of velocity, temperature, and turbulence parameters across the boundary layer
when the centroid of a near-wall cell lies in the logarithmic region of the boundary
layer [39, 42, 45].

Although improvements compared to standard k − ε have been reported using
alternative RANS models for in-cylinder flows (e.g., non-linear turbulence models
[46, 47]), a comprehensive review of RANS models is beyond the scope of this paper.

Table 1 The constants used in the k − ε turbulence model

Cμ σk σε Cε1 Cε2 Cε3

0.09 1.0 1.22 1.44 1.92 −0.33
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4 Results

4.1 Nonswirling Imperial College piston-cylinder assembly

We begin by examining the distribution of the turbulence integral length scale l0. A
rough estimate can be obtained from a RANS run with the k − ε turbulence model:

l0 = C0.75
μ k1.5

ε
, (21)

where k, ε and Cμ have been defined previously.
To guide the selection of mesh resolution (filter size �) for LES, it is useful to

examine l0 and the ratio l0/�. For this configuration, both l0 and � vary with spatial
location and with time. Figures 3 and 4 show contours of the integral length l0 and
the ratio l0/� for a 2-D section through the baseline mesh. In Fig. 3 it can be seen
that, except in the cells immediately adjacent to the wall and some cells close to
the valve, the integral length ranges from 0.3 to 4.8 mm. The integral length scale
close to the annular valve is smaller than other locations, which means a finer mesh
resolution is required in that region. In Fig. 4 it can be seen for both 36◦ and 144◦ after
TDC, except in the cells immediately adjacent to the wall and some cells close to the
valve, the value of l0/� exceeds unity. As will be shown later, the k − ε model does
not perform particularly well for this configuration, so these length-scale estimates
cannot be taken too seriously. Nevertheless, they provide some qualitative guidance.
A more direct approach to establish the suitability of the computational mesh is to
examine the sensitivity of statistical quantities of interest to variations in mesh size.
This analysis is performed below.

a b

Fig. 3 Contour plot showing the integral length scale l0 for the baseline mesh. a 36◦ after TDC. b
144◦ after TDC
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a b

Fig. 4 Contour plot showing the ratio l0/� for the baseline mesh. a 36◦ after TDC. b 144◦ after TDC

As discussed in Section 3.5, for LES calculations without swirl, seven consecutive
cycles are simulated and the first two are discarded. The influence of the averaging
window is shown in Fig. 5; in all cases, the first two cycles have been discarded.
Averaging over three cycles gives results that differ little from those obtained

Fig. 5 Computed (lines) and
measured (symbols) radial
profiles at 36◦ after TDC for
the baseline case. a Mean axial
velocity profiles. b Axial rms
velocity profiles

b

a
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Table 2 LES run matrix for the nonswirling case

Time step �t = 2 CA �t = 1 CA �t = 0.5 CA �t = 0.25 CA �t = 0.1 CA
Smagorinsky Cs = 0.00 Cs = 0.01 Cs = 0.02 Cs = 0.10 Cs = 0.20
SFS model Cs = 0.30 Cs = 0.50 Cs = 0.80 Cs = 1.00 Cs = 1.50
One-equation Ck = 0.00 Ck = 0.01 Ck = 0.02 Ck = 0.05 Ck = 0.10
SFS model Ck = 0.20 Ck = 0.30 Ck = 0.40 Ck = 0.50 Ck = 0.80
Mesh size Coarse mesh Baseline mesh Fine mesh

170,000 cells 1,300,000 cells 2,600,000 cells

Values in bold font correspond to the baseline case

by averaging over five cycles. This suggests that five cycles are sufficient (even
conservative) to ensure converged statistics. In Fig. 5 and subsequent figures, each
horizontal tick mark (dashed lines) corresponds to one unit of mean piston speed Vp.
Unless specified otherwise, only the resolved-scale contribution to the rms values is
shown. The contribution of the SFS model to rms values will be discussed later.

Table 2 shows the run matrix for the nonswirling case. The parameters in bold
font are the baseline parameters. We first show the baseline LES results compared
with the measured data. We next compare the RANS and baseline LES results using
the same mesh and timestep. Then a parametric sensitivity study is performed where
a single parameter is varied at a time with all other parameters remaining at their
baseline values.

The computed and measured radial profiles of axial mean and rms velocity with
baseline parameters are shown in Figs. 6, 7, 8 and 9. In these figures, only the

Fig. 6 Computed (lines) and
measured (symbols) radial
profiles at 36◦ after TDC for
the baseline case. a Mean axial
velocity profiles. b Axial rms
velocity profiles

a

b
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Fig. 7 Computed (lines) and
measured (symbols) radial
profiles at 90◦ after TDC for
the baseline case. a Mean axial
velocity profiles. b Axial rms
velocity profiles

a

b

resolved-scale contribution to the rms values is shown. Figure 6 shows results for
three axial stations at 36◦ after TDC (early on the intake stroke), and Figs. 7–9 show
the corresponding results for axial stations at 90◦, 144◦, and 270◦ after TDC.

Fig. 8 Computed (lines) and
measured (symbols) radial
profiles at 144◦ after TDC for
the baseline case. a Mean axial
velocity profiles. b Axial rms
velocity profiles

a

b
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Fig. 9 Computed (lines) and
measured (symbols) radial
profiles at 270◦ after TDC for
the baseline case. a Mean axial
velocity profiles. b Axial rms
velocity profiles

a

b

In general, computed mean velocity profiles are in good agreement with the
experimental profiles at 36◦, 144◦ and 270◦. The flow undergoes a transition in
structure at approximately 90◦, and it is difficult to capture the phasing of the
transition precisely. Better agreement between model and measurement can be
achieved at 90◦ with different model parameters, but at the expense of poorer
agreement at 36◦ and 144◦. Results at 270◦ are not sensitive to variations in numerical
and model parameters and will not be included in the subsequent discussions. The
focus will be on the 36◦ and the 144◦ results.

The computed rms profile (resolved-scale fluctuations only) at z = 20 mm at
36◦ lies below the experimental profiles. At this measurement location, the local
rms velocity is of the same order of magnitude as the local mean velocity. The
contribution of the SFS model will be discussed below.

While the agreement between model and measurement is not perfect, both the
mean and rms computed profiles show better agreement with measurements than
has been reported using any RANS-based model [1, 47], and the present results are
similar to those that have been reported in other LES studies for this configuration
[2, 3, 23].

4.1.1 Piston motion

As discussed in Section 3.4, there are two different ways to accommodate the moving
piston. The first approach is to deform the mesh in the axial direction without layer
addition or removal; the second approach involves layer addition and removal in the
axial direction without deforming the mesh. Mean axial velocity profiles obtained
using the two approaches are compared in Figs. 10 and 11 for a coarse-mesh case.
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Fig. 10 Computed (lines) and
measured (symbols) radial
profiles at 36◦ after TDC for
two approaches to
accommodate piston motion.
a Mean axial velocity profiles.
b Axial rms velocity profiles

b

a

For the first approach, the number of cells is approximately 170,000; for the second
approach, the number of cells varies from approximately 70,000–170,000 with the
piston movement. It can be seen that the two approaches produce very similar

Fig. 11 Computed (lines) and
measured (symbols) radial
profiles at 144◦ after TDC for
two approaches to
accommodate piston motion.
a Mean axial velocity profiles.
b Axial rms velocity profiles

b

a
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Fig. 12 Computed axial
velocity at a fixed spatial
location for LES (resolved
velocity) and RANS (mean
velocity)

results. Unless specified otherwise, all the subsequent results are obtained without
cell addition and removal.

4.1.2 RANS vs LES

Baseline LES results are next compared to the results obtained using a standard
k − ε RANS turbulence model with the same mesh and timestep. Figure 12 shows
the instantaneous axial velocity component at a fixed spatial location in the cylinder
for both LES and RANS. The location is on the center line of the cylinder,
approximately 15 mm below the head. After the first two cycles, the RANS mean
velocity trace remains essentially the same for subsequent cycles, while significant
cycle-to-cycle variations are evident for LES. This figure serves to illustrate a key
difference between RANS and LES for in-cylinder flows.

Fig. 13 Computed (lines) and
measured (symbols) radial
profiles at 36◦ after TDC for
k − ε RANS and for the
baseline LES case. a Mean
axial velocity profiles. b Axial
rms velocity profiles

a

b
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LES results with baseline parameters are compared with the RANS results in
Figs. 13 and 14. For RANS, 〈w′2〉1/2 has been estimated as the square root of
2
3 k, where k is the turbulence kinetic energy. At 36◦ and 144◦ after TDC, while
the RANS-based mean velocity profiles are at least qualitatively similar to the
experimental profiles, the RANS turbulence levels are severely underpredicted.

4.1.3 Sensitivity to grid size

Figures 15 and 16 explore the sensitivity of LES results to variations in the compu-
tational mesh (see Table 2). Here the one-equation SFS model with Ck = 0.3 and a
timestep of 0.1 crankangle degrees have been used. In general, the LES results tend
to approach the experimental data as the mesh is refined. Results at z = 20 mm, 36◦
after TDC, in particular improve with the refinement of the mesh. Here only the
resolved-scale contribution to the rms velocities is shown.

Establishing the quality of LES results has proven to be difficult. One approach
is to consider the resolved-scale and subfilter-scale contributions to the turbulence
kinetic energy. Pope [48] and Klein [49] have introduced single-grid estimators of
LES quality by estimating the fraction of the residual (subfilter-scale) turbulent
kinetic energy in the total kinetic energy. Celik et al. [50] proposed an index of quality
for LES based on Richardson extrapolation using multiple meshes. According to
Pope [48], a good LES should resolve at least 80% of the turbulence kinetic energy.

The contribution of subfilter-scale velocity fluctuations is shown in Fig. 17b for
the baseline mesh at 36◦ after TDC. Here 〈w′2〉1/2

SFS has been estimated as the square
root of 2

3 kSFS. At most locations, the subfilter-scale (model) contribution is small

Fig. 14 Computed (lines) and
measured (symbols) radial
profiles at 144◦ after TDC for
k − ε RANS and for the
baseline LES case. a Mean
axial velocity profiles. b Axial
rms velocity profiles

a

b
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Fig. 15 Computed (lines) and
measured (symbols) radial
profiles at 36◦ after TDC for
three meshes. a Mean axial
velocity profiles. b Axial rms
velocity profiles

a

b

compared to the resolved-scale contribution. At this instant, more than 80% of
the TKE is resolved, and a similar conclusion is drawn at the other crankangles
(not shown). Figure 17 also shows the sensitivities of the resolved and the model

Fig. 16 Computed (lines) and
measured (symbols) radial
profiles at 144◦ after TDC for
three meshes. a Mean axial
velocity profiles. b Axial rms
velocity profiles

a

b
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Fig. 17 Computed (lines) and
measured (symbols) radial
profiles of axial rms velocity at
36◦ after TDC. a Coarse mesh.
b Baseline mesh. c Fine mesh

a

b

c

contributions to the rms velocity profiles to variations in the mesh size. Compared
to the baseline case in Fig. 17b, it can be seen that with the refinement of mesh, the
resolved contribution to the rms velocity increases while the SFS model contribution
decreases. The sum of the resolved and model contributions increases somewhat
from the baseline mesh to the finest mesh, but the increase is small compared to
that from the coarse mesh to the baseline mesh. This suggests that the results on the
baseline and fine meshes are at least close to being grid independent, in this sense.
Similar results are found at 90◦ and 144◦ (not shown).

4.1.4 Sensitivity to computational timestep

The influence of computational timestep is examined next. Computed axial mean
and rms velocity profiles with different timesteps are shown in Figs. 18 and 19. The
baseline timestep of 0.1 crankangle degrees corresponds to a maximum material
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Fig. 18 Computed (lines) and
measured (symbols) radial
profiles at 36◦ after TDC for
three computational timesteps.
a Mean axial velocity profiles.
b Axial rms velocity profiles

a

b

Courant number of approximately 0.033 based on the mean piston speed Vp. The
results are relatively insensitive to timestep provided that the timestep is sufficiently
small (here, less than 0.25 crankangle degrees).

Fig. 19 Computed (lines) and
measured (symbols) radial
profiles at 144◦ after TDC for
three computational timesteps.
a Mean axial velocity profiles.
b Axial rms velocity profiles

a

b
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Fig. 20 Computed (lines) and
measured (symbols) radial
profiles at 36◦ after TDC with
variations in SFS model.
a Mean axial velocity profiles.
b Axial rms velocity profiles

a

b

4.1.5 Sensitivity to subf ilter-scale models

Figures 20 and 21 show LES results using the Smagorinsky and the one-equation SFS
models with different values of the model constants Cs and Ck, respectively. Smaller

Fig. 21 Computed (lines) and
measured (symbols) radial
profiles at 144◦ after TDC with
variations in SFS model.
a Mean axial velocity profiles.
b Axial rms velocity profiles

a

b



300 Flow Turbulence Combust (2010) 85:279–307

Table 3 LES run matrix for
the swirling case

Time step �t = 1 CA �t = 0.1 CA
Smagorinsky model Cs = 0.02 Cs = 0.20 Cs = 0.30
One-equation model Ck = 0.02 Ck = 0.05 Ck = 0.10
Mesh size Coarse mesh Baseline mesh

170,000 nodes 1,300,000 nodes

values of Cs and Ck correspond to smaller apparent turbulence viscosity, and hence to
larger resolved-scale rms velocities (higher resolved turbulence level). A wide range
of values of Cs and Ck have been tried (Table 2), and the LES results are found to
be very sensitive to the subfilter-scale model and its constants. No single value of the
model constant gives uniformly the best results for all the locations and crankangles.
The cases with Cs = 0.2 and Ck = 0.3 are found to give the best results overall
for the Smagorinsky and one-equation models, respectively. The one-equation SFS
model with Ck = 0.3 gives slightly better results than that of the Smagorinsky SFS
model with Cs = 0.2 at the locations shown in Figs. 20 and 21. However, at other
crankangles, the Smagorinsky SFS model gives somewhat better results than the one-
equation SFS model. The fact that the results are sensitive to variations in the SFS
model is encouraging, and suggests that better results might be obtained with more
sophisticated SFS models.

4.2 Swirling Imperial College piston-cylinder assembly

A systematic parametric study also has been performed for the swirling case
(Table 3). The sensitivities of computed results to variations in physical and numer-
ical parameters are generally similar to those that were observed in the parametric

Fig. 22 Computed (lines) and
measured (symbols) radial
profiles at 36◦ after TDC for
the swirling case. a Mean
azimuthal velocity profiles.
b Azimuthal rms velocity
profiles

a

b
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Fig. 23 Computed (lines) and
measured (symbols) radial
profiles at 36◦ after TDC for
the swirling case. a Mean
radial velocity profiles. b
Radial rms velocity profiles

a

b

study for the nonswirling case. Hence the comparisons in this section will be limited
to mesh sensitivity and a comparison between LES and RANS with a standard k − ε

turbulence model. The one-equation SFS model with Ck = 0.05 gives the best results
overall, and that is the value used for all LES results that are shown in this section.

Fig. 24 Computed (lines) and
measured (symbols) radial
profiles at 36◦ after TDC for
the swirling case. a Mean axial
velocity profiles. b Axial rms
velocity profiles

a

b
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Fig. 25 Computed (lines) and
measured (symbols) radial
profiles at 90◦ after TDC for
the swirling case. a Mean
azimuthal velocity profiles.
b Azimuthal rms velocity
profiles

a

b

Figures 22, 23, 24, 25, 26, 27, 28, 29 and 30 show the computed and measured mean
and resolved-scale rms profiles of three velocity components at 36◦, 90◦ and 144◦ after
TDC. Because this is the first LES study to be reported for this configuration, LES
results are shown for all crankangles at which measurements are available, and for all

Fig. 26 Computed (lines) and
measured (symbols) radial
profiles at 90◦ after TDC for
the swirling case. a Mean
radial velocity profiles.
b Radial rms velocity profiles

a

b
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Fig. 27 Computed (lines) and
measured (symbols) radial
profiles at 90◦ after TDC for
the swirling case. a Mean axial
velocity profiles. b Axial rms
velocity profiles

a

b

measurement stations and all three velocity components. For RANS, the rms velocity
profiles have been estimated as the square root of 2

3 k, where k is the turbulence
kinetic energy.

Fig. 28 Computed (lines) and
measured (symbols) radial
profiles at 144◦ after TDC for
the swirling case. a Mean
azimuthal velocity profiles.
b Azimuthal rms velocity
profiles

a

b
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Fig. 29 Computed (lines) and
measured (symbols) radial
profiles at 144◦ after TDC for
the swirling case. a Mean
radial velocity profiles.
b Radial rms velocity profiles

a

b

In general, the LES results are in at least as good agreement with experiment
as for the nonswirling cases reported in Section 4.1, and arguably are even better
here. For example, the computed and measured axial mean and rms velocity profiles

Fig. 30 Computed (lines) and
measured (symbols) radial
profiles at 144◦ after TDC for
the swirling case. a Mean axial
velocity profiles. b Axial rms
velocity profiles

a

b
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at 36◦ and 144◦ are in better agreement compared to their counterparts for the
nonswirling configurations. The LES results again show a significant improvement
over the RANS results with k − ε turbulence model, especially for the rms velocity
profiles.

There are important differences in flow structure between the swirling and
nonswirling cases; these have been discussed in detail in [20] and [21]. The swirl
is far from being solid-body in nature, except close to the cylinder axis (Figs. 22a,
25a and 28a). Compared to the nonswirling case, the mean flow in the configuration
with swirl exhibits an elongated main vortex that reaches close to the piston, and a
different pattern of secondary vortices. Strong anisotropy is evident in the Reynolds
stresses for the swirling case (compare Figs. 22b, 23b and 24b, for example), and the
LES captures this quite naturally.

Some discrepancies remain between LES results and experiments, especially at
90◦. But overall, these are quite satisfactory results, given the simplicity of the models
that have been used and the complexity of this flow.

5 Conclusion

LES has been performed for an axisymmetric piston-cylinder assembly with and
without swirl. While several earlier LES studies have been published for the
configuration without swirl, these are the first LES results to be reported for the
configuration with swirl. For the meshes that have been used in this study, more
than 80% of the TKE is resolved, and the amount that is resolved increases as
the mesh is refined. The sum of the resolved and modeled contributions to the
turbulence kinetic energy approaches grid independence for the meshes that have
been used in this study. The sensitivity of LES to key numerical and physical model
parameters has been investigated. Results are especially sensitive to mesh and to the
SFS turbulence model. Satisfactory results can be obtained using simple viscosity-
based SFS turbulence models, although there is room for improvement. No single
model gives uniformly best agreement between model and measurements at all
measurement stations and crank angles. The strong sensitivity of computed mean
and rms velocity profiles to variations in the SFS turbulence model is an encouraging
result. This suggests that better results might be obtained using more advanced
models, such as dynamic models and/or non-dissipative models [51]. Such models
will be explored in future work.
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