
This dissertation considers the use of large 
eddy simulation in the study of fluid flow 
within a cylinder of an internal combustion 
engine. Four flow cases were considered: a 
static valve-cylinder assembly, a realistic 
single-cylinder configuration, a turbulent 
pipe flow, and a non-static valve-cylinder 
assembly. Both the requirements for the 
simulation reliability and the utilisation of 
the acquired data in the analysis of cycle-to-
cycle variation were considered. The results 
of the dissertation indicate that large eddy 
simulation of an in-cylinder flow can be 
carried out reliably. However, a very fine 
mesh is required especially in the near-wall 
region and the mesh motion can affect the 
results in a manner that is not consistent 
with mesh resolution. The analysis of the 
cycle-to-cycle variation indicates that in the 
case of the considered simplified engine 
both the intake and the in-cylinder regions 
affect the variations and that the cycle-to-
cycle variation is a chaotic phenomenon. 
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Abstract 
The internal combustion engine is an important part of the power generation world wide. In 
order to improve its efficiency and to decrease the generated emissions, a better understanding 
about the air flow within the cylinders of the engine is required. Large eddy simulation (LES), 
a computational method that has become feasible in the study of the internal combustion 
engines only during last decade, allows one to obtain a detailed view of different in-cylinder 
flow phenomena. Another advantage of LES is that it can be used to study unwanted variations 
in the mean quantities between different cycles, a phenomenon called cycle-to-cycle variation 
(CCV).  
  
The present dissertation considers the use of LES in the study of fluid flow within a single 
cylinder of an engine. The dissertation belongs to the field of computational physics, or more 
specifically, to computational fluid dynamics. The objectives of the dissertation are to study the  
requirements for the reliable LES of the in-cylinder flow and to demonstrate how to utilise the 
obtained data in order to study the CCV. In order to reach the objectives, four different flow 
cases were considered: a static valve-cylinder assembly, a realistic single-cylinder 
configuration, a turbulent pipe flow, and a simplified engine in the form of a non-static valve-
cylinder assembly.  
  
The requirements for the reliable LES of in-cylinder flows were studied by concentrating on 
the resolution of the computational mesh, the suitability of the selected subgrid scale modelling 
approaches, and the effects of the non-stationary mesh on the outcome of the simulation. The 
overall in-cylinder flow features and the CCV were studied using velocity statistics, flow 
modifications, and nonlinear time series analysis. The results of the dissertation indicate that 
LES of an in-cylinder flow can be carried out reliably if the simulation is set up 
correctly. However, a very fine mesh is required especially in the near-wall region and the mesh 
motion can affect the results in a manner that is not consistent with mesh resolution. As a 
result of the present study, a new method has been demonstrated for evaluating the quality of 
moving mesh simulations. The results of the non-static valve-cylinder assembly simulations 
indicate that both the intake and the in-cylinder regions affect the CCV and that the CCV in the 
studied flow is a chaotic phenomenon. 
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Tiivistelmä 
Polttomoottori on tärkeä osa energiatuotantoa maailmanlaajuisesti. Jotta sen tehokkuutta voi-
daan lisätä ja päästöjä vähentää, tulee moottorin sylintereissä virtaavan ilman käyttäytymistä 
ymmärtää paremmin. Suurten pyörteiden menetelmä (engl. large eddy simulation, LES) on las-
kennallinen menetelmä jonka käyttö polttomoottoreiden simuloinnissa on tullut mahdolliseksi 
vasta edellisen vuosikymmenen aikana. Menetelmän avulla moottorin sylinterin sisällä tapah-
tuvia virtauksia voidaan tarkastella aiempaa yksityiskohtaisemmin. Toinen suurten pyörteiden 
menetelmän tärkeä ominaisuus on sen kyky havaita moottorin syklien keskiarvosuureissa ta-
pahtuvia ei-toivottuja vaihteluita - ilmiö jota kutsutaan syklivaihteluksi (engl. cycle-to-cycle 
variation, CCV). 

Tässä väitöskirjassa käsitellään suurten pyörteiden menetelmän käyttöä moottorin sylinterin 
sisällä tapahtuvan virtauksen tutkimiseen. Väitöskirja kuuluu laskennallisen fysiikan alaan, 
tarkemmin laskennallisen virtausmekaniikan alaan. Väitöskirjan tavoitteina on tutkia millaisi-
a vaatimuksia sylinterin sisäisen virtauksen luotettava simulointi suurten pyörteiden menetel-
mällä asettaa ja sitä, kuinka simulaation tuloksia voidaan hyödyntää syklivaihteluiden tutki-
muksessa. Tavoitteisiin pyrittiin tutkimalla neljää erilaista virtaustilannetta: liikkumatonta 
venttiili-sylinteri-yhdistelmää, todenmukaista yksisylinterikokoonpanoa, turbulenttia putki-
virtausta ja yksikertaistettua moottoria liikkuvan venttiili-sylinteri-yhdistelmän muodossa. 

Vaatimuksia sylinterin sisäisten virtauksien luotettavalle simuloinnille suurten pyörteiden 
menetelmällä tutkittiin tarkastelemalla laskennalliselta hilalta vaadittavaa resoluutiota, alihi-
lamallien soveltuvuutta ja liikkuvan hilan vaikutuksia lopputuloksiin. Sylinterin sisällä tapah-
tuvien virtausten rakennetta ja syklivaiteluita tutkittiin tarkastelemalla virtauksen nopeussta-
tistiikkoja sekä käyttämällä virtauksien muokkauksia ja epälineaarista aikasarja-analyysi-
ä. Väitöskirjan tulosten mukaan suurten pyörteiden menetelmällä voidaan simuloida sylinterin 
sisäistä virtausta luotettavasti jos simulaatio valmistellaan sopivasti. Tämä vaatii kuitenkin e-
rittäin tiheää laskentahilaa ja lisäksi hilan liike voi vaikuttaa tuloksiin tavalla, joka ei ole suo-
raan yhteydessä hilan resoluutioon. Tutkimuksen tuloksena on esitetty uusi menetelmä liikku-
van hilan simulaatioiden laadun arviointiin. Liikkuvaa venttiili-sylinteri-yhdistelmää simuloi-
malla saadut tulokset osoittavat, että virtaus sekä imukanavissa että sylinterissa vaikuttavat 
syklivaihteluihin ja että syklivaihtelu on kaoottinen ilmiö tutkitussa tapauksessa. 
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1. Introduction

1.1 Background

The internal combustion engine is highly important for the power gener-

ation in transport and in a variety of other fields. Its success has been

founded on the abundance of inexpensive and practical fuel sources, the

reliability of power generation, and the relatively small size of the engine.

Since its conception in 1876, the internal combustion engine has been

subject to intense redesign, optimisation and improvement, bringing its

efficiency up from 14 % to 50 % [1] and above. Other characteristics, such

as the produced power, have developed in a similar manner during the

years. The increased awareness of health problems caused by emissions

and the onset of climate change have imposed additional constraints on

engines through the regulatory work of governments and introduced new

goals to the development.

The operation of the internal combustion engine is largely controlled by

the fluid flow within its cylinders and channels [1]. The fluid in question

is usually air or a mixture of air, fuel, and different combustion prod-

ucts. However, the equation controlling the flow is the same for all fluids:

The Navier-Stokes equation. The incompressible version of the equation

describes how the velocity and pressure fields vary spatially and tempo-

rally [2]. The Navier-Stokes equation is nonlinear and relatively complex,

producing the plethora of features observed in real world fluid flows. Two

main types of fluid flow can be identified: laminar and turbulent. Lam-

inar flows appear organised and smooth, like what one would expect of

slowly flowing water. Turbulent flows, on the other hand, appear disor-

ganised and almost random, something like what would be seen in the

fast flowing waters of rapids.
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An outstanding issue limiting the performance and affecting the emis-

sion of the internal combustion engine is cycle-to-cycle variation (CCV),

the variation in mean values between engine cycles. In many cases, it

manifests through variation in combustion, for example as knock. CCV

as a phenomenon is convoluted and several studies [3–9] indicate that

its dynamics are driven by a chaotic process. Further complicating the

situation, small scale turbulent variations separate from the CCV are of-

ten desired due to their capability for the enhanced mixing of fuel and

air in the cylinder. The effects of CCV vary depending on the engine and

the operating conditions but they can include increased emissions, low-

ered efficiency, unstable operation, or even the failure to operate the en-

gine [1, 10]. Although several different approaches for reducing the CCV

are already used [10], some as simple as adding a rotational component

to the in-cylinder flow, further reductions in the variation are desired.

At the moment, experiments are the main approach to studying the

CCV. While it is usually observed from the cylinder pressure data, in

many cases the causes of CCV can be traced to the flow field within the

cylinder [10]. This makes computational approaches attractive as they

allow a direct access to the full, three-dimensional flow field, a feat that

is difficult, although not impossible, for the experimental methods such

as particle image velocimetry. In computational fluid dynamics (CFD) the

Navier-Stokes equation is solved using a computer [11]. Several different

approaches to CFD exist and they are usually distinguished according to

how turbulence is treated.

In direct numerical simulation (DNS) all details of the fluid flow, includ-

ing the turbulence, are fully resolved [2]. This makes DNS very accurate

but at the same time computationally very demanding. The computa-

tional resources available currently limit the applicability of DNS to rel-

atively simple flow cases. The computational costs of a CFD simulation

can be strongly reduced by modelling the turbulence. In the Reynolds-

averaged Navier-Stokes (RANS) approach [2], all turbulent contributions

are modelled and only the mean values of the flow variables are obtained

as the solution. Although the relatively low computational requirements

make RANS simulations very attractive and they are very widely used

in industrial applications, the limitation to mean values reduces the us-

ability of the method. From the perspective of the internal combustion

engine, this constraint means that the CCV can not be studied using the

RANS approach.
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In large eddy simulation (LES) [2, 12] the large scale flow features are

solved directly while the small scales, the subgrid scales (SGS), are treated

using models. LES allows access to transient flow variables and turbu-

lence while keeping the computational requirements smaller than those

of the DNS although still larger than those of the RANS approach. A clear

advantage of LES over the RANS approach in the study of the internal

combustion engine is the ability of the former to resolve CCV.

The mesh, the discrete locations that are used to calculate the flow field,

is a major component of an LES. If the mesh is too coarse, the solution

becomes unreliable whereas if the mesh is too fine, precious computa-

tional resources are wasted without an obvious gain. The specification

and guidelines for sufficient spatial resolution in LES are hence required

together with intelligent meshing strategies. In many numerical imple-

mentations, the movement of the piston and the valves result in a non-

static mesh. The changes in the sizes and shapes of the cells, the small

volumes that make up the mesh, induce changes to the numerical com-

position of an LES through truncation errors, SGS terms, commutation

errors, etc. The interplay between the different numerical components

highlights the importance of assessing the reliability of the engine LES

as a whole.

The first applications of LES on the in-cylinder flow of an internal com-

bustion engine already occurred during the early 1990’s. Both simpli-

fied [13] and realistic [14] engine geometries were considered. While

compressibility and combustion were included in both studies, the ap-

plied meshes were relatively coarse with around 100 000 cells and only

two cycles were computed. Although similarly coarse meshes are still

widely used [15–18], the state-of-the-art engine LES currently applies

somewhere between five and 10 million or more cells per cylinder [19–21].

Another feature of modern engine LES is the high number of simulated

cycles with the longest simulations spanning 50 cycles or more [16, 17,

20, 22]. The large number of cycles is required in order to reach properly

converged statistics [22,23] and in order to study CCV [24].

Although the study of CCV has been the main interest of in-cylinder

LES, several other topics have also been the addressed. These include

topics ranging from CCV related matters such as knock [18,19] to the use

of the internal combustion engine as a testing platform for the application

of immersed boundary methods [25–28]. Many of the studies include test-

ing and validation of different computation related matters such as SGS
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models [29, 30], LES quality criteria [31], proper orthogonal decomposi-

tion [16, 17, 32–34], and combustion models [35, 36]. LES has also been

used to study different physical phenomena in engines like stable and un-

stable operating points [20], the auto-ignition process and temperature

stratification [37], the generation and the breakdown of tumble [38], the

temperature distribution [39], the swirl [40], and the direct injection of

methane [41]. Nevertheless, the use of LES in the study of the internal

combustion engine is not straightforward and several open, or at least

debatable, issues remain.

Successfully carrying out an LES produces a collection of velocity and

pressure fields for different time instants. The CCV and other in-cylinder

flow phenomena can then be extracted from these data. Usually, the anal-

ysis involves the comparison of the obtained velocity statistics, i.e. mean

velocity and the root-mean-square of the fluctuating velocity component,

with those from a corresponding reference case. A more detailed analysis

is required by the CCV where cycle averages are used in addition to the

so-called ensemble averages. In some cases time series are also collected

during the simulation. As the velocity and pressure fields usually con-

cern either a certain time instant or the average of the whole simulation,

the study of time series can allow access to more transient features of the

flow. For example, the occurrence of high CCV can be directly identified by

plotting the time series of different cycles on top of each other. If the CCV

is a chaotic process, a more advanced analysis can be achieved through

nonlinear methods.

1.2 Objectives and Scope

The main objectives of the present dissertation are to provide guidelines

for carrying out a reliable LES of the in-cylinder flow in an internal com-

bustion engine and to demonstrate that useful information can be ex-

tracted from such a simulation. In order to reach the main objectives,

five research questions on the in-cylinder LES were considered:

1. What kind of spatial resolution is required?

2. Which SGS approaches can be used?

3. How does the non-static mesh affect the simulation?

4
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4. What kind of information do the velocity fields reveal on the CCV?

5. What kind of information do the time series reveal on the CCV?

The scope of the dissertation is limited to non-reactive, incompressible

flows. This means that a variety of important phenomena present in real

engines, such as combustion, compression, temperature effects, and fuel

sprays, are left out. However, these phenomena are mostly absent during

the intake and the exhaust strokes of the operating cycle, meaning that

relevant information can be obtained by studying non-reactive, incom-

pressible in-cylinder flows. Also, the second research question, consid-

ering the SGS approaches, was restricted to certain implicit LES (ILES)

approaches and to the Smagorinsky SGS model. The restriction was made

only due to practical considerations as testing tens of different SGS mod-

els would have been infeasible. The conclusions considering the SGS mod-

elling should hence not be seen as recommendations against approaches

excluded from this dissertation.

1.3 Outline of the Dissertation

In order to reach the objectives of the dissertation and to answer the re-

search questions, four different flow cases were investigated. The studied

cases were: a static valve-cylinder assembly, a realistic single-cylinder

configuration, a pipe flow, and a non-static valve-cylinder assembly. The

results of the dissertation indicate that the reliable in-cylinder LES can be

carried out with the considered methods. However, computational meshes

with a very large number of cells are required if the near-wall regions are

not modelled and certain ILES approaches can behave inconsistently to-

gether with moving meshes. Of the tested SGS approaches, the Smagorin-

sky model showed the best performance.

The CCV in the non-static valve-cylinder assembly was studied using

approaches based on both the velocity field and on the time series. The

results obtained by analysing the velocity fields indicate that both the

intake and the in-cylinder regions of the geometry affect the overall CCV.

The transport of large vortices appears a likely mechanism connecting the

two regions. Nonlinear time series analysis was applied for the first time

on an internal combustion engine LES dataset. The results of the time

series analysis indicate that the CCV in the present geometry is governed

5
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by a chaotic process.

The dissertation is structured so that next, in Section 2, the theory and

the concepts behind the work are introduced in more detail. These include

the basic concepts of fluid dynamics and turbulence in Sections 2.1 and

2.2. Topics specific to in-cylinder flows are introduced then in Sections

2.3 and 2.4. Section 3 presents the used methods, both the computational

ones that are used to produce the data, in Sections 3.1 and 3.2, and the

post-processing technique that is used to extract new information out of

the obtained data, nonlinear time series analysis, in Section 3.3.

The simulations carried out in conjunction with the present dissertation

are presented in Section 4 so that each subsection presents a single stud-

ied flow case. Subsection 4.1, corresponding to Publication I, presents a

simplified, static engine geometry while a realistic, static engine geome-

try is introduced in Subsection 4.2, corresponding to Publication II. The

pipe flow case, set up in order to study the effects of a moving mesh, is

presented in Subsection 4.3 and it corresponds to Publication III. The fi-

nal geometry studied was a simplified engine and its details are given in

Subsection 4.4 and correspondingly in Publication IV. The Publication V

concerns the same simplified engine geometry.

Then, in Section 5, the results of the dissertation are presented. Sub-

section 5.1 considers the requirements of reliable in-cylinder LES accord-

ing to the first and the second research question. The results concern-

ing different meshes and meshing strategies were presented originally in

Publication I and Publication III while the resulting guidelines were fur-

ther validated in Publication II and Publication IV. The suitability of SGS

modelling approaches was studied originally in Publication III and Pub-

lication IV. The third research question considers the effects of mesh mo-

tion and it is addressed in Subsection 5.2. It is studied mostly in an ideal

setting of a pipe flow in Publication III while Publication IV provides fur-

ther insight into the matter using a simplified internal combustion engine

geometry. Subsection 5.3 and the two last research questions consider the

utilisation of data acquired from in-cylinder LES for the study of CCV.

The results were originally addressed in Publication IV, where the CCV

was analysed using velocity fields, and in Publication V, where nonlinear

time series analysis was applied to in-cylinder LES data.

A summary of the results and the conclusions of the dissertation are

given in Section 6 together with some suggestions for future research. Fi-

nally, the references and the publications reporting the doctoral research
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of the author are attached to the end of the dissertation.
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2. Fluid Dynamics and In-Cylinder
Flows

A myriad of different phenomena occurs within the internal combustion

engine. The energy is initially contained in the chemical bonds of the fuel

and is transformed to the mechanical work of the piston through combus-

tion and thermodynamical processes. Combustion requires oxygen and

the thermodynamics require a working fluid, both of which are conve-

niently provided by air. The flow of air within the engine has a large role

in its performance and is in the focus of the present dissertation. The

main aspects of the fluid flow, both general and the specific case of the

in-cylinder of the internal combustion engine, are presented next.

2.1 Fluid Dynamics

The textbook by Pope [2] provides a good introduction to fluid dynamics

and the presentation below is given mostly according to it.

In the case of a Newtonian fluid with the constant density of ρ and the

dynamic viscosity of µ, the velocity u(x, t) and the pressure p(x, t) behave

according to the incompressible Navier-Stokes equation

∂uj(x, t)

∂t
+
∂ui(x, t)uj(x, t)

∂xi
= −1

ρ

∂p(x, t)

∂xj
+
µ

ρ

∂2uj(x, t)

∂xi∂xi
(2.1)

and the continuity equation

∂ui(x, t)

∂xi
= 0. (2.2)

In both of the above equations and in all subsequent ones, unless stated

otherwise, the Einstein summation convention is used. This means that

the repetition of an index in the same term implies summation over the

spatial dimensions. The Navier-Stokes equation (2.1) governs the flow of

the fluid while the continuity equation (2.2) ensures mass conservation.

Proper boundary conditions are also required to fully define a flow case.

9
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Instead of the dynamic viscosity µ and the density ρ, the fluid properties

are often expressed using the kinematic viscosity

ν =
µ

ρ
. (2.3)

The Navier-Stokes equation (2.1) can be made dimensionless by scaling

it with some length L and velocity U scales. These scales together with

the kinematic viscosity ν form the Reynolds number

Re =
UL
ν
. (2.4)

The Reynolds number defines the flow case so that the individual values

of velocity, length, and kinematic viscosity do not matter. This means that

corresponding flows with different fluid properties, velocities, and spatial

dimensions are equivalent if the Reynolds number is the same. The choice

of the length and velocity scales used in the nondimensionalisation is not

unique and hence the actual Reynolds number is also choice-dependent.

In practice this means that different velocity and length scales are used

when calculating the Reynolds number for different flow cases and for

different purposes.

Although the Navier-Stokes equation (2.1) appears a relatively simple

combination of convection, diffusion, and a body force, it poses consider-

able challenges to both physicists and mathematicians. Even the exis-

tence of smooth, physically reasonable solutions to the equation are an

open, million dollar question [42]. Nevertheless, both experimental and

numerical approaches have been successfully applied to the study of the

Navier-Stokes equation and a wide variety of different flow phenomena

have been observed. Probably the most important of them is turbulence,

a seemingly random state of fluid flow that appears with an increasing

Reynolds number.

2.2 Turbulence

When the Reynolds number is low, the flow is laminar: it seems organised

and displays relatively large features, usually with a clear main flow di-

rection. If the Reynolds number is large enough, turbulence will appear

in the form of small eddies and other structures that seem to be almost

random. The transition to turbulence is illustrated in Figure 2.1 where

water is flowing from right to left. On the bottom and the right side of

the photograph, the flow is laminar with only small ripples disturbing

10
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Figure 2.1. Turbulent and laminar flow of water. The direction of the flow is from right
to left. The upper left corner of the photo shows a turbulent flow region while
the rest the flow is laminar.∗

the otherwise smooth surface of the water. A turbulent flow regime can

be seen in the upper left corner of the photograph, where the surface of

water appears rough and highly perturbed with small eddies. Usually, it

is not possible to define a specific Reynolds number where the transition

to turbulence will happen. If the Reynolds number is large enough, the

transition is often triggered by a perturbation of some sort. In the case

of the water flow in Figure 2.1, the transition is probably triggered by

some feature of the riverbed that locally increases the Reynolds number

of the flow and allows some minute perturbation already present in the

flow to develop into full turbulence. A good introduction to turbulence can

be found in the textbooks by Pope [2] and by Frisch [43], and the following

introduction is based on mentioned textbooks.

Due to the apparent randomness of turbulence, statistical approaches

have been adopted in the study of turbulent flow. In the Reynolds de-

composition, the velocity of the flow u(x, t) is decomposed into a mean

component 〈u(x, t)〉 and a fluctuating component u′(x, t) so that

u(x, t) = 〈u(x, t)〉+ u′(x, t). (2.5)

The mean value can be estimated using different types of averages de-

pending on what kind of a flow is studied. If the flow is statistically sta-

tionary, i.e. its statistics are invariant under time shifts, the mean velocity
∗Photo: “Tarka” by Jon Bowen (CC BY-NC-ND 2.0)
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can be acquired using temporal averaging:

〈u(x, t)〉t =
1

T

∫ t+T

t
u(x, t′) dt′. (2.6)

If the statistics of the flow are invariant with respect to spatial shifts in a

certain direction, the flow is said to be homogenous in that direction and

spatial averaging can be used:

〈u(x, t)〉xi =
1

L

∫ xi+L

xi

u(x, t) dx′i. (2.7)

In the case of a non-stationary, inhomogeneous flow, separate realisations

of the flow are used to compute the ensemble average:

〈u(x, t)〉EA =
N∑
n=1

un(x, t). (2.8)

From the statistical viewpoint, the above averages are only estimates and

approach the true average when T , L, and N approach infinity. The fluc-

tuating velocity is obtained similarly as the standard deviation of the ve-

locity u(x, t) and is commonly called the root-mean-square of the (fluctu-

ating) velocity in the context of fluid dynamics.

Turbulence is thought to consist of eddies with different sizes. The

largest eddies are characterised by the integral length scale (no summa-

tion over i):

`i =

∫ ∞
0

〈u′i(x + eir, t)u
′
i(x, t)〉

〈u′2i (x, t)〉 dr, (2.9)

where ei is a unit vector of the ith coordinate direction. The large eddies

are considered unstable and they break up to form somewhat smaller ed-

dies. This process is then repeated until eddies small enough to be stable

are formed and molecular viscosity dissipates the kinetic energy [2]. The

length, the velocity and the time scales of the smallest eddies are called

the Kolmogorov scales and are given as
η =

(
ν3

ε

) 1
4

uη = (εν)
1
4

τη =
(
ν
ε

) 1
2

(2.10)

where ε is the dissipation rate. Energy is inserted into the flow through

the large eddies while the break-up process transports energy down to

smaller and smaller scales in what is called the Richardson cascade. The

Kolmogorov scales at the end of the cascade dissipate the energy to heat,

removing it from the flow. The Kolmogorov theory [43–45] provides addi-

tional details for the Richardson cascade and asserts that the small scales

12
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of turbulence are isotropic. While a comprehensive, generally accepted

theory of turbulence does not exist, the concept of Richardson cascade and

the Kolmogorov theory form the backbone of the current understanding

about turbulence.

The interaction of turbulence with a wall, i.e. a boundary of zero velocity,

creates additional complexities to the description of the flow [2]. The flow

structures close to the wall scale with the viscous lengthscale

δν = ν

√
ρ

τw
, (2.11)

where ρ is the fluid density, ν is the kinematic viscosity and the wall shear

stress is given by

τw = ρν
d〈u1(x, t)〉

dy

∣∣∣∣
y=0

. (2.12)

The distance to the wall is denoted with y and the velocity component u1

refers to the direction along the wall. For the velocity in the near-wall

region, the characteristic scale is the friction velocity:

uτ =

√
τw

ρ
. (2.13)

At large Reynolds numbers, the viscous lengthscale can be very small. For

computations or experiments, this means that in order to resolve the near-

wall structures, or even a large fraction of them, a very fine resolution is

required close to the wall.

The near-wall region is conveniently described using the wall units, i.e.

scaling based on the friction velocity and the viscous lengthscale, and de-

noted with an upper index plus sign. Figure 2.2 illustrates the near-wall

region using the mean axial velocity obtained from the pipe flow studied

in Publication III and in Reference [46] while a more detailed account can

be found in the textbook by Pope [2]. The effect of viscosity is small away

from the wall at y+ > 50, in the outer layer, but it is significant closer

to the wall in the viscous wall region. Further subregions can be identi-

fied within the viscous wall region based on the effect of the wall on the

velocity field. Very close to the wall in the viscous sublayer, at y+ < 5,

the turbulent effects are negligible in comparison with those of viscosity.

The buffer layer at 5 < y+ < 30 marks the transition between the viscous

and turbulent dominations. In the log law region at y+ > 30, the velocity

behaves according to the log law:

u+ =
1

κ
ln y+ +B, (2.14)

where κ is the von Kármán constant. For a high Reynolds number pipe

flow [2] the constants have the values κ = 0.436 and B = 6.13 while in the
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Figure 2.2. Streamwise mean velocity in the pipe flow of Publication III. The different
line styles denote the approximate locations of the outer layer ( ) and the
different parts of the viscous wall region: viscous sublayer ( ), buffer re-
gion ( ), and the log law region ( ).

case of the pipe flow of Publication III, the best fit is acquired [46] using

κ = 0.35 and B = 4.8.

2.3 Fluid Dynamics of In-Cylinder Flows

The flow inside the cylinder of an internal combustion engine has a large

effect on the performance of the engine and contains several different flow

structures [1]. The location of the cylinder and the engine components

with the largest influence on the in-cylinder flow are shown in Figure 2.3.

During the intake stroke of the four-stroke cycle, the piston pulls in fresh

air to the cylinder through the intake channels and intake valves. The air

enters the cylinder as a circular, hollow jet and induces other in-cylinder

flow structures. Figure 2.4 (a) shows an intake jet (white colour) entering

a cylinder. As can be seen from the spread from the white marker, the jet

induces a circular motion to the cylinder so that fluid moves down close to

the cylinder wall and up in the centre of the cylinder. This rotational mo-

tion with an axis perpendicular to the cylinder axis is called tumble [47].

If the intake valves are located asymmetrically or if certain arrangements

are made in the intake region (i.e. above the cylinder head), the flow can

become rotational also around the cylinder axis. This type of motion is

called swirl and it is a common feature in many engine designs due to its

beneficial effect on mixing, combustion etc. [1]. Both swirl and tumble are

illustrated schematically in Figure 2.4 (b).

†Photo: “Audi-80GTE-1982-Motor-54-w” by Claus Burmester (CC BY-NC-SA
2.0).
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Piston

Valves

Cylinder

Intake/exhaust channels

Cylinder head

Figure 2.3. The engine of an Audi 80 GTE with the parts considered in the dissertation
shown for one of the cylinders.†
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(a) Fresh intake air (white colour) entering a

cylinder in the form of a jet. Only a two-

dimensional plane of the full cylinder is

shown and hence the intake jet is actually

circular in shape. The shown scalar field

comes from the static valve-cylinder simu-

lation presented in Section 4.1 and Publi-

cation I.

Cylinder head

Piston
(b) Swirl (marked with solid line) and

tumble (marked with dashed line)

are the motion of the fluid around

the cylinder axis and the around an

axis perpendicular to the cylinder

axis respectively.

Figure 2.4. The main flow structures of an in-cylinder flow. In reality, the situation is
more complicated due to additional flow components and the strong interac-
tion of the different flow features.
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In the common four-stroke operating cycle of the internal combustion

engine, the intake stroke is followed by the compression stroke where all

valves are closed and the air is compressed by the upward motion of the

piston. The used fuel, in some cases injected to the cylinder in the form

of sprays, begins combusting during the compression stroke either due to

compression or a spark plug. The resulting expansion of gases increases

the cylinder pressure further and produces the mechanical energy of the

engine during the expansion stroke. However, as the present dissertation

concentrates on the incompressible and the non-reacting part of the en-

gine operation, the compression and expansion strokes are not considered.

The final stage of the four-stroke cycle is the exhaust stroke, where the pis-

ton moves upwards towards the cylinder head and pushes the in-cylinder

gases out through the exhaust valve(s).

In addition to driving the flow, the piston also affects the in-cylinder flow

structures by modifying the space available for them. The position of the

piston, and hence the phase of the engine cycle, is usually indicated using

the crank angle degree (CAD). The beginning of the cycle is at 0 CAD and

the piston is at its highest location, at top-dead-centre (TDC). The end

of the intake stroke is at 180 CAD and the piston is at its lowest point,

at bottom-dead-centre (BDC). Omitting the compression and expansion

strokes, the end of the exhaust stroke is at 360 CAD and at the TDC

again.

Turbulence in the in-cylinder flow is an inevitable consequence of the

relatively fast operating speed of internal combustion engines. The break-

up of the intake jet is a major source of turbulence to the in-cylinder flow,

clearly illustrated in Figure 2.4 (a) as the irregular spreading of the intake

air. The interaction of the flow with the cylinder walls and the piston

creates more turbulence as do the break-up of the swirl and the tumble in

the later stages of the cycle. Turbulence is important from the viewpoint

of combustion as it enhances the mixing of air and fuel. While turbulence

concerns mostly the smaller scales of motion within one cycle, internal

combustion engine flows often display unsteadiness also in larger scales.

2.4 Cycle-to-Cycle Variation

The variation in mean quantities between the cycles of an internal com-

bustion engine is called CCV [1]. The CCV can be observed from a variety

of parameters, ranging from in-cylinder pressure and velocity to quan-
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t

u

Figure 2.5. Instantaneous velocity ( ), cycle mean velocity ( ), ensemble average
velocity ( ).

tities related to exhaust gases and combustion [1, 10]. There are several

factors that are considered to either cause or to influence the sensitivity of

the engine to display CCV. These include the mixture composition, cylin-

der charging, the spark-plug, and the in-cylinder mixture motion [10].

The last one has been considered the most important parameter related

to engine performance [10], indicating that the CCV can be studied using

the in-cylinder velocity field even in the absence of combustion.

Taking the CCV into account, the instantaneous velocity u(x, t) in an

engine flow can be divided into three main components:

u(x, t) = 〈u(x, t)〉EA + uCCV(x, t) + u′(x, t). (2.15)

The CCV component uCCV(x, t) is the variation of the cycle mean around

the ensemble average 〈u(x, t)〉EA while the turbulent component u′(x, t) is

the variation of the instantaneous velocity around the cycle mean. Only

the instantaneous velocity can be directly observed in experiments and

computed in LES or DNS. The different velocity components are illus-

trated in Figure 2.5. The ensemble average varies with CAD but not with

cycle while turbulence and the CCV vary with both the cycle and CAD,

making them hard to distinguish in many cases. Although turbulence is

often regarded as a stochastic process and treated statistically, CCV has

been observed to display chaotic behaviour [3–9].

The CCV is commonly quantified using the coefficient of variation (COV),

defined as the standard deviation divided by the mean value, i.e.

COV =

√
〈φ− 〈φ〉2〉
〈φ〉 , (2.16)

where φ is the studied quantity. In the case of indicated mean effective

pressure, COV above 10 % is considered problematic [1].

In the rest of the dissertation, the arguments are mostly omitted from

the variables and functions in the sake of clarity. The arguments are
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shown only in the cases where the explicit dependency is highlighted or

when there is a possibility for misunderstanding.
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3. Methods

This section introduces the methods used in the present dissertation.

First, in Subsection 3.1, the main concepts of CFD are presented. Then,

Subsection 3.2 introduces the concepts and principles of LES with the

associated SGS modelling approaches. Finally, the used methods of non-

linear time series analysis are presented in Section 3.3.

3.1 Computational Approaches

In order to solve the Navier-Stokes equation (2.1) using a computer, one

needs to leave the continuous world of partial differential equations and

enter the discrete world of numerics. The spatial discretisation is nor-

mally carried out by replacing the continuous space of the original prob-

lem with a somewhat corresponding collection of separate points called a

grid or a mesh. Following the presentation in [11], three main approaches

to approximation are widely used: finite elements, finite differences, and

finite volumes. In the finite element method, the grid is a collection of

polygons that are used to minimise the error of the weak formulation of

the studied problem. In the finite difference framework, the derivatives

are evaluated in each of the points using a difference approximation that

tends to the continuous version at the limit. In the finite volume method,

the approach used in the present work, the grid divides the space of the

original problem to a number of separate, polyhedral volumes that are

called cells. By taking a volume integral of each term in the Navier-Stokes

equation (2.1) over a cell and applying Gauss’ theorem, the solution of the

equation can be reached using the cell averages and fluxes, i.e. the amount

of a quantity crossing the cell face per time. In the present case, the fluxes

are defined by the face values of velocity and the accuracy of the solution

depends on how they are estimated.
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A good introduction the finite volume method and the estimation of

fluxes can found from the textbook by Hirsch [11] and the following pre-

sentation is based mostly on it. If we assume a uniform grid, the velocity

on the face between cells centred at xj+1 and xj is given in linear interpo-

lation by

ui,j+1/2 =
ui,j+1 + ui,j

2
, (3.1)

where the second index refers to the cell centre value of velocity, i.e.

ui,j = ui(xj , t) and the cell face is located at xj+1/2. The use of linear

interpolation in the estimation of the face values results in second order

accuracy. In certain cases the linear interpolation is replaced with a lim-

ited scheme:

ui,j+1/2 = ui,j + Ψ(ri)
ui,j+1 − ui,j

2
, (3.2)

where Ψ(r) is a flux limiter and the ratio of gradients ri is given as

ri =
ui,j+1 − ui,j
ui,j − ui,j−1

(3.3)

and the flow is assumed to be towards the cell with a smaller index. The

motivation behind the use of flux limiters comes from tendency of the cen-

tred schemes to produce unphysical oscillations to the solution through

the convective term. The introduction of suitable flux limiters can be used

to suppress the oscillations without significantly lowering the accuracy of

the solution. Several different limiters exist and in the present work two

are used: the limitedLinear limiter

Ψ(r) = max

[
0,min

(
2r

c
, 1

)]
, (3.4)

where c ∈ [0, 1] is a control parameter, and the Gamma limiter [48]

Ψ(r) = min

[
1,max

(
1

β(1 + r)
, 0

)]
, (3.5)

where β ∈ [0, 0.5] is a control parameter.

The temporal discretisation is handled using the finite difference frame-

work in the present work. More specifically, the time derivative is approx-

imated using the backward approach with

∂ui(t)

∂t
≈ 3ui(t)− 4ui(t−∆t) + ui(t− 2∆t)

2∆t
(3.6)

and providing second order accuracy in time. All in all, the presently used

methods can be assumed to provide second order overall accuracy.

Based on the way turbulence is treated, three approaches are widely

used in the solution of the discretised version of the Navier-Stokes equa-

tion: RANS, DNS, and LES [2]. In the RANS approach, the Reynolds
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decomposition (2.5) is applied to the Navier-Stokes equation (2.1) and the

mean velocity is solved while the fluctuating part, and hence all turbu-

lence, is modelled. The RANS approach is commonly used in applied

and industrial research as it is computationally very efficient and even

complex, high Reynolds number cases can be studied using it. Although

unsteady formulations of the RANS approach exist, its limitation to mean

velocities means that certain unsteady phenomena cannot be studied with

it. In the context of internal combustion engines, this means that phenom-

ena like CCV cannot be studied using RANS [49].

In DNS, all temporal and spatial scales of the flow are solved, including

all turbulence. This allows one to study both the steady and the unsteady

phenomena with a resolution high enough to reveal even the smallest de-

tails of the flow. However, the smallest turbulent scales, the Kolmogorov

scales (2.10), become very small especially when the Reynolds number is

large. This means that in order to resolve all the scales of the flow, one

needs a mesh with a very high resolution. In practice this translates to

exorbitant computational requirements and pushes most of the flow cases

encountered in the real world out of the reach of even the most powerful

supercomputers used today. Nevertheless, DNS has been recently applied

to a simplified in-cylinder flow [50]. More information on both RANS and

DNS can be found in the textbook by Pope [2].

3.2 Large Eddy Simulation

As most of the energy and the anisotropy of the flow are contained in the

larger flow scales and as the small scales are to some extent universal [2],

the computational requirements of DNS can be reduced by concentrating

on the energy containing scales. In LES the large scales of the flow are

resolved and the small scales are modelled. Formally, the separation of

the resolved and the unresolved scales, the SGS, is achieved through spa-

tial filtering. In order to resolve most of the energy contained in the flow,

the filter needs to be small enough to resolve most of the large, energy

containing scales that are characterised by the integral length scale. At

the same time, the filter width should be kept well above the Kolmogorov

scales so that the computational costs of the simulation do not become

excessive.
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The filtered version of a variable φ(x) is obtained as

φ(x) =

∫
R3

G(x′)φ(x− x′) dx′ (3.7)

where G(x) is a filter function and the filtering is denoted with an over-

bar. Although the filtering can be carried out explicitly, the filtering in

the simulations considered in the present dissertation is done implicitly

by the grid. This means that the scales that are below the resolution pro-

vided by the grid are taken as filtered out. In the finite volume framework,

the implicit filter corresponds, at least approximately [51], to the top-hat

filter with the filter function

Gk(x) =


1

∆Ωk
, if x ∈ Ωk

0, otherwise,
(3.8)

where ∆Ωk is the volume of cell Ωk. In practice, this means that the fil-

tered variable φ can be seen as the average value of φ in the cell in ques-

tion.

When filtering is applied to the Navier-Stokes equation (2.1) and if the

filtering operation commutes with the derivatives, the filtered Navier-

Stokes equation is reached:

∂uj
∂t

+
∂uiuj
∂xi

= −1

ρ

∂p

∂xj
+ ν

∂2uj
∂xi∂xi

−
∂τRij
∂xi

. (3.9)

The quantity

τRij = uiuj − uiuj . (3.10)

is called the residual stress tensor and it represents the effects of the SGS

on the resolved scales. The residual stress tensor is modelled when an

LES is carried out, a process that is called SGS modelling. Several differ-

ent models exist but none of them are considered universally applicable.

One of the most widely used SGS models is the Smagorinsky model [2,

52,53]. It is based on the idea that the main effect of the SGS is increased

transport and dissipation [53]. In the Smagorinsky model, the residual

stress tensor is modelled as

τRij −
1

3
τRkkδij = −2C2

S∆2
√

2SklSklSij (3.11)

where Sij is the rate-of-strain tensor

Sij =
1

2

(
∂ui
∂xj

+
∂uj
∂xi

)
, (3.12)
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∆ is the filter width, δij is the Kroenecker delta, and CS is a model param-

eter called the Smagorinsky constant. Different values for the Smagorin-

sky constant have been used depending on the studied flow and other sim-

ulation parameters. In the context of engine flows, values ranging from

0.08 to 0.2 have been used [22, 29, 38, 54–57]. This ambiguity is consid-

ered a weakness since it can be very difficult to decide a suitable value

when setting up a simulation. Another shortcoming of the Smagorinsky

model is that close to walls, the use of a constant value for the Smagorin-

sky constant produces incorrect results [2]. The problem can be overcome

by scaling the Smagorinsky constant with the van Driest damping func-

tion [2,58].

The main effect of the Smagorinsky model and many other SGS models

is to transfer energy from the large scales to small scales and to dissipate

it, i.e. to remove the energy from the flow. The use of a dissipative numer-

ical set-up can produce similar effects and in certain cases the numerical

dissipation has been observed to be of the same order as that produced

by an explicit turbulence model [59]. In the ILES approach [60–62], the

numerical set-up of the problem is assumed to provide the required SGS

modelling implicitly. In most cases, this effect is achieved through flux

limiters and in the work of the present dissertation, the limitedLinear

(3.4) and Gamma limiters (3.5) were used. ILES has been successfully

applied in a wide variety of applications, ranging from isotropic turbu-

lence [63] to flows around buildings [64], and from sprays [65] to the

Richtmyer-Meshkov instability [66, 67]. An introduction to ILES can be

found in the textbook by Grinstein, Margolin, and Rider [62].

A variant of the ILES approach, called scale selective discretisation (SSD)

[68], was also used in the research reported in this dissertation. In the

SSD approach the velocity u(x, t) in the convective term is split into a

smooth and non-smooth parts so that

∂ujui
∂xj

=
∂uj(ui − ũi)

∂xj
+
∂uj ũi
∂xj

, (3.13)

where the non-smooth component is acquired using the Laplace filter:

ũi = − ∂

∂xj

(
∆x2

π2

∂ui
∂xj

)
, (3.14)

with ∆x as the local distance between cell centres. The smooth and non-

smooth components of the velocity field are then solved using different nu-

merical schemes so that a non-dissipative method is used for the smooth

part and a dissipative scheme is used for the non-smooth part. The effect
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of implicit SGS modelling is hence directed only to the non-smooth part of

the velocity field. In earlier applications of the SSD approach [68,69], the

smooth part has been treated with the linear interpolation of fluxes while

the non-smooth part has been solved using a scheme that blends linear

and upwind interpolations.

As the main contribution of most SGS models is dissipation, the amount

of modelled dissipation included in a simulation can be used to estimate

the extent of the SGS modelling. When the filtered Navier-Stokes equa-

tion (3.9) is multiplied by uj , an expression for the SGS dissipation is

achieved:

εsgs = −∂E
∂t
− ∂uiE

∂xi
− 1

ρ

∂uip

∂xi
+ ν

∂2E

∂xi∂xi
− εres, (3.15)

with kinetic energy given as

E =
1

2
uiui (3.16)

and resolved dissipation as

εres = ν
∂ui
∂xj

∂ui
∂xj

. (3.17)

The formula of the SGS dissipation (3.15) is general and it does not mat-

ter if the SGS modelling is implicit or explicit. Only the leading order

contribution of the SGS modelling approach is required to be dissipative.

Earlier, when the filtered Navier-Stokes equation (3.9) was obtained by

filtering the Navier-Stokes equation (2.1), it was assumed that the filter

and the differential operators commute. However, this is not true when a

spatially or temporally changing filter is used [12] and additional terms

or errors are introduced to the filtered Navier-Stokes equation (3.9). Com-

mutation errors are introduced if a spatially nonuniform mesh is used or

if the mesh changes during the simulation, meaning that both the spa-

tial [70–72] and the temporal [73–75] derivatives can be affected. Using

the chain rule, the Leibniz-Reynolds transport theorem, and by assum-

ing that the LES filter has the top-hat form according to equation (3.8),

expressions for the commutation errors can be acquired. The spatial com-

mutation error is (no summation over k)

∂ui
∂xj
− ∂ui
∂xj

=
1

∆Ωk(x)

∂∆Ωk(x)

∂xj
ui,k −

1

∆Ωk(x)

∫
∂Ωk(x)

ui(x− x′)
∂ξj(x)

∂xl
dSl,

(3.18)

where ξj(x) gives the mesh point distribution in direction xj and dSk rep-

resents a surface element in the integration over the boundaries of cell Ωk

while the temporal commutation error in the finite volume framework is
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given as (no summation over k)

∂ui
∂t
− ∂ui

∂t
=

1

∆Ωk(t)

∂∆Ωk(t)

∂t
ui,k +

∂vj(x, t)ui
∂xj

, (3.19)

where the vector v(x, t) describes the motion of the mesh. The spatial

commutation error term has been estimated to be O(∆x2) [76] and hence

should not deteriorate the overall accuracy of the solution if second order

accurate spatial discretisation is used. The temporal commutation error,

on the other hand, can be neutralised by adjusting the temporal derivative

according to the changing cell volumes and by modifying the convective

fluxes according to the volume swept by the moving cell faces.

3.3 Nonlinear Time Series Analysis

Several different approaches have been used in the analysis of CCV from

LES data. The simplest is the direct comparison of quantities from differ-

ent simulated cycles [14,54,55,77]. An advantage of this approach is that

it produces intuitive and easily understandable information. However,

as the direct comparison is performed on a specific CAD, it is difficult to

obtain an overall impression of the CCV or to deduce the causes behind

them. The use of time series allows one to study the development of a

quantity during a cycle and to obtain an overview of the CCV. A straight-

forward approach is to plot the time series of each cycle on top of each

other as a function of CAD. A variety of time series, including pressure

[56, 78], vorticity magnitude [79], energy [34], and the mode coefficients

of proper orthogonal decomposition [32, 33], have been used in this man-

ner. However, the direct plotting of time series reveals very little about

the dynamics of the flow. More advanced approaches of time series anal-

ysis do exist but their application to LES of internal combustion engines

has been rather limited, the only exceptions being return maps [21, 80].

A wider range of approaches have been applied in the analysis of time

series obtained from the experimental studies of internal combustion en-

gines. These include return maps [4,5,81–83], recurrence plots [8,84–86],

Poincaré sections [83, 87], attractor reconstruction [6, 7, 83, 87–89], and

symbolic analysis [5,81,90,91].

As several studies indicate that the CCV is a chaotic process [3–9], the

methods from the nonlinear time series analysis [92] should be very at-

tractive in its analysis. Most nonlinear analyses are based on the phase

space reconstruction of the system. A phase space represents all possi-
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−π 0 π

0

θ

u

Figure 3.1. The phase space of a harmonic oscillator, constructed using the velocity of
the oscillator u and its location (angle) θ. Three orbits are shown: the circles
represent undamped oscillation with different amounts of energy (velocity)
while the dot signifies an oscillator at rest.

ble states of a system so that a point in the phase space can be used to

fully define a specific state of the system. Temporal changes in the state

of the system draw an orbit in the phase space. In certain cases the or-

bit of a system stays within a subset of the phase space, on a geometrical

object called an attractor. In the continuous case, the phase space can be

constructed with the generalised coordinates and the corresponding con-

jugate momenta of the Hamiltonian mechanics [93]. For example, in the

case of a simple harmonic oscillator the phase space can be constructed on

a two-dimensional plane by using the location and the velocity of the os-

cillator as the axis of the phase space. Three different orbits of a harmonic

oscillator are drawn in Figure 3.1 in order to illustrate the concept.

When a discrete system or an observed scalar time series x(t) = x(mτ),

where m = 0, 1, 2, . . ., and with τ as the sampling interval, is concerned,

the approaches of the continuous systems are not convenient for the phase

space reconstruction. Instead, the embedding theorem of Takens and

Mañé [92,94,95] is used as it allows one to reconstruct the phase space us-

ing scalar observations. Consequently, the reconstructed system is given

in phase space by the n-dimensional vector

y(t) = [x(t), x(t+ T ), x(t+ 2T ), . . . , x(t+ (n− 1)T )], (3.20)

where T is the used time delay. According to the embedding theorem, it

should be possible to carry out the reconstruction with any time delay T as
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long as the dimension n is large enough and if one has access to an infinite

amount of noise free data. However, as only a limited amount of time and

computational resources were made available for the doctoral research

reported here, special considerations were needed in order to reach a good

reconstruction.

Following the presentation given by Abarbanel [92], the time delay can

be decided using the average mutual information (AMI) and the embed-

ding dimension with the false nearest neighbours (FNN) test. Mutual in-

formation is a measure of how much information two signals share and

the AMI is the average of the mutual information over all measurements.

In the case of a time series x(t) and its time-lagged version x(t + T ), the

AMI is calculated as

AMI(T ) =
∑

x(t),x(t+T )

P [x(t), x(t+ T )] log2

[
P [x(t), x(t+ T )]

P [x(t)]P [x(t+ T )]

]
, (3.21)

where P [x(t)] and P [x(t + T )] are probability densities of the time series

and its time-lagged version while P [x(t), x(t+T )] is their joint probability

density. The first minimum of AMI indicates a time scale where a minimal

amount of information is duplicated when both the original time series

x(t) and its time-lagged version x(t + T ) are considered. From another

perspective, this time scale provides a maximal increase in information

content when x(t) and x(t+T ) are combined to produce the reconstruction

vector, making it a good choice for the time delay T .

The FNN test is based on assessing if two points in the phase space

are neighbours due to dynamics or due to a projection from a higher di-

mension. If the latter holds, they are considered false neighbours. The

falseness of the neighbouring points is tested using the Euclidian dis-

tance between a phase space point y and its nearest neighbour yNN. If

the points are situated closely due to dynamics, the introduction of an

extra dimension to the reconstruction should not increase their distance

significantly. On the other hand, if the points are neighbours because of

a projection, a clear increase in their distance should be seen when the

projection is removed by the addition of an extra dimension. The distance

between the two points in dimension m + 1 relative to their distance in

dimension m, i.e.
|x(t+mT )− xNN(t+mT )|

‖y(t)− yNN(t)‖2 , (3.22)

can hence be used as a criterion to decide if the points are real or false

neighbours. In certain cases, a high-dimensional signal occupies the edges

of the used space and none of the nearest neighbours are near. In order to
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take this account, a second criterion was used:

|x(t+ nT )− xNN(t+ nT )|
1
N

∑
t

∣∣x(t)− 1
N

∑
t′ x(t′)

∣∣ . (3.23)

Neither criteria appear sensitive to their thresholds and, as suggested by

Abarbanel [92], a threshold of 15 was used for the first criterion and a

threshold of 150 for the second. Finally, the embedding dimension m was

chosen as the dimension where the FNN fraction, calculated using the

criteria (3.22) and (3.23), falls below 1 %.

When a system is chaotic, two infinitesimally closely located orbits di-

verge exponentially. The Lyapunov exponent measures this divergence

and chaotic systems possess a positive Lyapunov exponent. In the work

related to the present dissertation, Kantz’s method [96], was used to esti-

mate the largest Lyapunov exponent. In Kantz’s method, nearly situated

orbits are followed, their relative rate of divergence is calculated, and the

largest Lyapunov exponent is estimated from a logarithmic plot.

However, in certain cases it can be difficult to obtain an estimate for the

largest Lyapunov exponent or the obtained estimate can be uncertain. In

order to study the possible chaoticity in these situations, the permutation

spectrum test [97], a symbolic method that allows one to deduce whether

a time series is stochastic, chaotic, or periodic, can be used. The test

is applied by first dividing the time series into sections of length l and

then dividing the sections into smaller, separate segments of size d, with

d! � l. After this, the elements of each segment are replaced with their

relative rank within the segment, hence creating a symbol sequence. For

example, for segments with length d = 4, the segment {3.4, 0.0, 0.6, 0.9}
becomes {1, 4, 3, 2} and the segment {−12, 42,−17,−4} becomes {3, 1, 4, 2}.
Then, the number of occurrence for each symbol sequence in a section

and the corresponding standard deviation is calculated. If certain symbol

sequences are consistently absent from the time series, they are called

forbidden patterns. The absence of forbidden patters together with non-

zero standard deviation is interpreted in the permutation spectrum test

as stochastic dynamics while the presence of forbidden patters together

with zero standard deviation is taken as periodic dynamics. For the case of

chaotic time series, one should expect to observe both forbidden patterns

and a non-zero standard deviation.
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4. Simulations

The set-up of the simulations that were carried out for the dissertation

are presented in this section while their results are presented later in

Section 5. Two engine flows in static geometries are presented first in

Subsections 4.1 and 4.2, followed by the pipe flow simulations in Subsec-

tion 4.3. The non-static engine flow is then presented in Subsection 4.4.

A more detailed presentation of each simulation can be found in the at-

tached publications.

In all included simulations, the open source CFD software OpenFOAM R©
was used to carry out the computations. The applied solvers were slightly

modified versions of the standard pisoFoam solver. The mesh motion was

realised by moving one of the boundaries and then propagating the result-

ing mesh point velocity to the other parts of the mesh through the solution

of a Laplace equation [98].

4.1 Static Valve-Cylinder Assembly

The geometry of the first static engine flow case was a relatively simple,

axisymmetric combination of a valve, a cylinder and a straight intake

pipe. The piston, normally an important part of an internal combustion

engine, was left out. The flow entered the geometry through the intake

pipe at the top of the geometry with a velocity of 35 m/s and exited from

the end of the cylinder, where the piston would normally be located. The

diameter of the valve was 57.2 mm and its seat angle 28◦. The diameters

of the intake pipe and the cylinder were 47.8 mm and 120 mm respec-

tively. A constant valve lift of 7 mm was used in the simulations. The

geometry, together with relevant measures, is shown in Figure 4.1. Using

the diameter of the cylinder together with the intake jet velocity (approx-

imately 100 m/s) and a kinematic viscosity corresponding to nitrogen at
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Figure 4.1. The static valve-cylinder geometry. The inlet pipe and the cylinder are not
fully shown. The flow entered from the top and exited from the bottom of the
figure.

25◦C (i.e. 1.6 · 10−5 m2/s), the Reynolds number of the set-up is approxi-

mately 740 000. A similar flow case has been studied by Yasar et al. [99].

Three different meshes were used to simulate the flow. The dense mesh

had approximately 4.5 million cells, the medium mesh had approximately

2.2 million cells and the sparse mesh had approximately 400 000 cells.

The largest cells in the used meshes were all of the same size, having the

edge lengths of roughly 490 µm. The smallest cells had edges of about

1.9 µm in the dense and medium meshes and about 190 µm in the coarse

mesh. The additional cells in the dense mesh compared with the medium

mesh were used to increase the resolution in the upper parts of the cylin-

der and close to the walls. ILES, with the limitedLinear limiter, was used

to simulate the flow with each mesh while an explicit LES was carried

out using the Smagorinsky model [2, 52] with CS = 0.18 on the coarse

grid. The van Driest damping function [2, 58] was used together with

the Smagorinsky model. A more detailed description of the flow and the

simulation set-up can be found in Publication I.
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Figure 4.2. The realistic valve-cylinder geometry. The inlet pipe and the cylinder are not
fully shown. The flow enters from the top and exits from the bottom of the
figure.‡

4.2 Realistic Single-Cylinder Configuration

The second static engine flow case concerned a more complex geometry

that consisted of a realistic cylinder head (Sisu Diesel 84) with four valves

together with an extended cylinder, the intake channels and a part of the

intake manifold. The same flow has been studied earlier [100] both exper-

imentally, using particle image velocimetry and paddle wheel measure-

ments, and computationally, using the RANS approach. The flow entered

the geometry through an inlet pipe located at the top of the intake mani-

fold and exited from the end of the cylinder in the same manner as in the

case of the static valve-cylinder assembly. Two of the four valves, the ex-

haust valves, were closed while two valves with a diameter of 39 mm, the

intake valves, were held open with constant a lift of 3.7 mm. The diame-

ter of the cylinder was 110 mm and the intake channels had a diameter

of 42 mm at their starting point on the manifold. The modelled part of

the manifold was 372 mm long and was 99.5 mm wide at its widest point.

Figure 4.2 shows an overview of the modelled geometry. The flow was gen-

erated using a pressure difference between the inlet and the outlet that

was consistent with the 2 500 Pa difference used in the experiments [100].

The Reynolds number of the flow is approximately 500 000 when calcu-

lated using the intake jet velocity (approximately 80 m/s), the kinematic

viscosity of 1.63 · 10−5 m2/s, and the cylinder diameter.

‡Figure from Publication II. Reprinted with Permission from SAE International.
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A single simulation using the ILES approach was carried out. The flux

limiter that invokes the implicit SGS modelling was limitedLinear and

a relatively dense mesh of 7.7 million cells was used. The size of the

cells varied throughout the mesh so that the near-wall region and the

proximity of the valves had a better spatial resolution than the rest of the

mesh. The intake manifold and the lower parts of the cylinder featured a

relatively coarse mesh. The smallest cells had edges in the range between

10 µm and 200 µm while the edges of the largest cells were approximately

1.3 mm. The resulting spatial resolution corresponds roughly to the dense

mesh used in the simulation of the static, axisymmetric valve-cylinder

geometry. A more detailed description of the flow and the simulation set-

up can be found in Publication II.

4.3 Pipe Flow

A standard turbulent pipe flow was simulated in order study the effects of

mesh motion in an LES. The considered pipe flow is driven by body force

f =
4Re2

τν
2

D3
, (4.1)

which maintains a constant friction Reynolds number Reτ = uτD/ν =

360, where D denotes the pipe diameter. The Reynolds number referred

to the centre line velocity Uc and the pipe diameter was approximately 7

000. The same pipe flow has been simulated earlier using DNS [46].

Several simulations were carried out using both static and non-static

meshes. Exact physical correspondence between the static and non-static

cases was maintained by the use of a special recycling technique and the

proper adjustment of the boundary conditions. Both the velocity and pres-

sure fields at 6D downstream from the inlet were recycled back to the inlet

so that cyclic conditions were set for the section between the inlet and the

recycling plane. When a static mesh was used, the outlet of the flow was

at a distance D after the recycling plane, at 7D from the inlet. In simula-

tions where a non-static mesh was used, the outlet boundary was moved

away from the inlet so that the length of the geometry ranged between

7D and 34.4D. The velocity of the boundary relative friction velocity was

ub/uτ ≈ 2.85 and the motion resulted in a uniform stretching of cells in

the axial direction. Only the flow data from the region between 1D and 6D

were used in the comparison with the reference DNS [46] and the static

mesh simulation in order to allow a consistent comparison of the simula-
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Figure 4.3. The simulated pipe flow geometry. Both the velocity and pressure fields were
recycled to the inlet from the recycling plane 6D away.§

tions. Figure 4.3 illustrates the studied geometry and the recycling of the

flow field. After taking resolution considerations into account, differences

between the static and non-static mesh simulations were expected to yield

information on the suitability of the used methods to the simulation non-

static geometries.

Four different meshes were used in the simulations presented in Pub-

lication III although results of only two are considered here. The dense

and the coarse mesh, were exactly the same in the radial and azimuthal

directions but differed in the axial (streamwise) direction. There were 85

cells on the diameter of the cylinder and 132 cells on the circumference

of each mesh. All simulations had the same near-wall resolution, fine

enough to resolve the near-wall flow structures. The axial resolution of

the dense mesh was D/∆z ≈ 51.3, the same as in the reference DNS [46],

while the coarse mesh had the same resolution, D/∆z ≈ 10.4, as a recent

LES of the same geometry [101]. The coarse mesh had 330 000 cells and

the fine mesh 1.6 million cells. The mesh deformation was introduced by

moving the outlet boundary farther away from the inlet and then redis-

tributing the mesh points in the rest of the mesh. The number of cells

stayed constant in all simulations.

The simulations were started from a fully developed turbulent flow field,

acquired from a precursor simulation. The flow was allowed to adjust to

the new mesh for a time tuτ/D = 12.86 before averages were collected for

a period of tuτ/D = 9.64. In the simulation with a non-static mesh, the

mesh motion was started at the same time with the averaging. Four differ-

ent SGS approaches were used: ILES using linear interpolation, ILES us-

ing the Gamma scheme [48], ILES using the SSD approach [68], and the

§Figure from Publication III. c© John Wiley & Sons. Reprinted with permission.
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Smagorinsky SGS model [2, 52]. The van Driest damping function [2, 58]

was used together with the Smagorinsky model. More details on the sim-

ulations and their set-up can be found in Publication III.

4.4 Non-static Valve-Cylinder Assembly

The final flow case studied as a part of the doctoral research was a piston-

driven flow in a simplified engine geometry. The geometry consisted of a

single, centrally located valve, a circular cylinder and a flat piston. The

diameter of the cylinder was 75 mm and the piston was set in a harmonic

motion of 200 rpm with the stroke of 60 mm and the clearance of 30 mm.

The valve gap was 4 mm and the valve opening angle was 30◦. The piston

motion was slow enough for the flow to be considered incompressible but

fast enough for it to be turbulent. Using the kinematic viscosity ν = 1.568

· 10−5 m2/s together with the intake jet velocity (approximately 10 m/s)

and the cylinder diameter, the Reynolds number of the flow can be esti-

mated to be 48 000 at the highest. Figure 4.4 shows a diagram depicting

the geometry. The set-up was studied experimentally at the Imperial Col-

lege during the 1970s [102] and has been since a subject to several studies

with both RANS [49,103–106] and LES [25–27,29,33,34,54,79,107,108].

The cylindrical symmetry of the geometry makes it very attractive for

LES by reducing the number of simulated cycles needed for properly con-

verged statistics. Because of the role of the piston as the force driving the

flow, the main focus of the first LES studies on the geometry was on the

implementation and testing of immersed boundaries [25–27, 107]. The

focus of the LES studies on the non-static valve-cylinder assembly then

changed to the study of CCV and to the use of proper orthogonal decom-

position in engine applications [33,34,108]. The testing of new numerical

methods [54, 79] and comparison of different simulation approaches [29]

has also been an important topic. Different SGS models have been used

in the simulations but only limited number of model comparisons have

been carried out [29,79] and no decisive conclusions on the most suitable

SGS model can be drawn. Of the SGS models, the Smagorinsky model is

the most widely used [25,26,29,54,79,107]. With the help of the increase

in available computational resources, the flow has been recently studied

using DNS [50,109].

In the present study, a mesh with approximately 5.1 million cells was

used in the simulation of the valve-cylinder geometry. Mesh motion was
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Figure 4.4. The geometry of the non-static valve-cylinder assembly simulations together
with relevant measures. The piston is set in a harmonic motion at 200 rpm.

introduced by moving the piston boundary and then propagating the mesh

point displacement to the internal points. In order to maintain a decent

mesh quality, only minimal cell point motion was allowed close to the pis-

ton and the cylinder top. The sizes of the cells varied within the mesh in

such a way that the cylinder and the near-valve areas had a better spatial

resolution than the inlet section. The smallest cells of the mesh were lo-

cated in the near-wall regions of the cylinder and the valve, with the edge

lengths of ∆x ≈ 0.08 mm. The edge lengths of the rest of the in-cylinder

cells ranged between ∆x ≈ 0.7 mm (TDC) and ∆x ≈ 3 mm (BDC). The

largest cells in the mesh were located next to the inlet with ∆x ≈ 8 mm.

The piston-driven flow was simulated with three different approaches:

ILES using the limitedLinear scheme, ILES using the SSD approach [68],

and explicit LES using the Smagorinsky SGS model [2, 52]. The van

Driest damping function [2, 58] was used together with the Smagorin-

sky model. All simulations were started at TDC with a uniform, zero

velocity field and a total of twelve full cycles were computed. In addition

to three standard flow cases, two modified flow cases were studied with

limitedLinear ILES. In the modified flow cases a part of the velocity field
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was manipulated to zero-velocity at TDC of every cycle in order to study

the effects of residual turbulence on CCV. In the first modified case the

manipulated region was the intake region while in the second it was the

in-cylinder region. A more detailed description of both the simulated flow

case and the numerical set-up can be found in Publication IV.
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The results of the dissertation are presented and discussed next. First,

in Section 5.1, certain requirements of the numerical set-up for the LES

of an internal combustion engine are explored using the results from the

engine geometries presented earlier in Sections 4.1, 4.2, and 4.4. These

results were published earlier as parts of Publication I, Publication II, and

Publication IV. Then, in Section 5.2, the effects of a temporally changing

mesh on the outcome of engine LES are explored using the flow cases with

non-static meshes and presented in Sections 4.3 and 4.4. The results of

the non-static mesh LES were published earlier as Publication III and

Publication IV. Finally, the CCV in a simplified engine flow is studied

in Section 5.3 according to the results published in Publication IV and

Publication V.

5.1 Requirements of Large Eddy Simulation of In-Cylinder Flows

Three different meshes were used to simulate the simplified engine ge-

ometry introduced in Section 4.1. The flow field from the dense mesh

simulation, on a plane parallel to the cylinder axis, is shown in Figure 5.1

using velocity vectors. The main flow structures are two toroidal vortices:

the main vortex in the central part of the geometry and the secondary vor-

tex in the upper corner of the geometry. The main vortex is formed by the

intake jet as it proceeds down the cylinder along the walls. The secondary

vortex is formed in a similar manner through the impingement of the jet

on the cylinder wall and the resulting upward flow. The upward flow is

then directed towards the valve by the cylinder head. The observed flow

structures are similar to the those seen in the experiments [99] and to the

standard description of gas motion in a valve-cylinder geometry [1].

In order the assess the performance of the different simulations more
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Figure 5.1. The flow field in the axisymmetric valve-cylinder geometry visualised using
unscaled velocity vectors. The main and the secondary vortex are shown
using the dashed lines. The shown flow field was obtained using ILES and
the dense mesh.
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carefully, the mean velocities on planes perpendicular to the cylinder axis

were considered. Figure 5.2 displays the resulting axial mean velocities

from two different planes and for each of the simulated cases together

with the measurements of Yasar et al. [99]. Considering the simulations

carried out using the ILES approach, both the dense and the medium

mesh appear to provide a spatial resolution good enough to replicate the

main features of the mean velocity. Both the ILES and the Smagorinsky

LES carried out using the coarse mesh perform poorly, indicating that

a mesh with 400 000 cells provides an insufficient spatial resolution for

an in-cylinder flow with the current Reynolds number. As both the dense

and the medium mesh simulations produce approximately the same mean

velocities, the overall resolution of the medium mesh appears adequate.

However, in the experimental data the main vortex terminates earlier

than in the dense or medium mesh simulations, as indicated by the pres-

ence of upward velocities near the cylinder axis on plane z = 70 mm and

below. The overextension of the main vortex together with the distance

between the wall and the nearest cells as high as y+ ≈ 30, an indication of

insufficient near-wall resolution. Consequently, a better meshing strategy

would involve an even finer near-wall mesh instead of the relatively fine

upper in-cylinder mesh.

For the realistic single-cylinder configuration introduced in Section 4.2

and studied in Publication II, Figure 5.3 shows the mean velocity fields of

the reference experiments [100] and the LES at two planes perpendicular

to the cylinder axis. The same flow features are visible to both the LES

and the experiments. The most prominent feature of the flow field is the

strong, swirling motion created by the asymmetrically placed intake chan-

nels. Although vortices similar to those seen in the axisymmetric case are

observed, the intake jets create several secondary features to the upper

parts of the cylinder. A strong attachment of the flow to the cylinder walls

is also observed. The rotational flow motion can be seen with velocity vec-

tors while the vortical motion in the direction of the cylinder axis is visible

as downward movement close to the walls of the cylinder and as a weak

upward movement in the centre of the cylinder. The rotational speed of

the flow in the realistic engine geometry has been studied experimentally

using a paddle wheel and computationally with RANS [100]. The exper-

imental value was approximately 46 rpm while the RANS simulations

indicate 48 or 49 rpm depending on the turbulence model and the LES

predicts a rotational speed of 48 rpm. The slight disagreement between
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Figure 5.2. Mean axial velocities, normalised using the inlet velocity, in the axisymmet-
ric valve-cylinder geometry at planes perpendicular to the cylinder axis. The
indicated distance z is between the plane and the cylinder top. Different sim-
ulations and the reference data of Yasar et al. [99] are denoted according to
the legend in subfigure (a).
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(a) Experiments at z = 9 mm. (b) LES at z = 9 mm.

(c) Experiments at z = 194 mm. (d) LES at z = 194 mm.

Figure 5.3. Mean velocity from both reference experiments [100] and the LES on planes
perpendicular to the cylinder axis. The velocity vectors indicate flow in the
plane while the colours indicate the axial velocity component.‡

the measurements and LES can be attributed to insufficient near-wall

resolution as certain near-wall cells were located as far as y+ ≈ 35.

While a similar mesh resolution was used in the simulation of the non-

static axisymmetric valve-piston assembly, the flow velocities and hence

the Reynolds number was lower. For this reason a slightly better per-

formance was expected, provided that the mesh motion works properly.

Figure 5.4 displays the mean axial velocity and the root-mean-square of

the axial velocity fluctuation for each simulation carried out together with

the reference data from the DNS of Schmitt et al. [50] and the measure-

ments of Morse et al. [102] at 90 CAD. The simulations carried out using

the standard set-up are denoted using solid lines and their performance

can be evaluated against the reference data. The velocity statistics from

36 CAD and 144 CAD produce similar results and can be found in Publi-

cation IV.

According to the velocity statistics, all three simulation approaches cap-

ture the flow structures well and are in agreement with the reference
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data at 36 CAD (shown in Publication IV). However, at 90 CAD only the

mean velocities at z = 10 mm are predicted well and clear discrepancies

are visible on other planes and on the fluctuating velocities. As there

are no large differences between the different LES approaches, the fail-

ures can be attributed to the used grid. The minimum in-cylinder integral

length scale was estimated [50] to be approximately 0.8 mm and hence the

largest in-cylinder cells had their axial lengths slightly above the integral

length scale. Consequently, the results are likely to be influenced by the

stretched mesh around 90 CAD. Due to the decrease of flow velocities, the

integral length scale increases above the mesh spacing at later stages of

the simulation.

The velocity statistics for 144 CAD (shown in Publication IV) display

already a better match with the reference data. However, certain discrep-

ancies between the simulations are present in the mean velocity in the

lower parts of the cylinder and in the fluctuating velocity in the central

parts of the cylinder. The Smagorinsky simulation appears to have recov-

ered from the insufficient resolution at 90 CAD and matches the reference

data better than the ILES and the SSD simulation. The simulations agree

almost completely with the experimental results at 270 CAD and for this

reason the velocity statistics are not shown for that particular CAD here

or in Publication IV.

To conclude, the current methodology for the simulation of a flow over

a valve in a static geometry can be considered to produce realistic and

reliable results. Although the used meshes did not always provide a suf-

ficiently high resolution, the used set-up appears good enough for the

LES of in-cylinder flows. Nevertheless, a somewhat finer mesh should

be utilised, especially for the near-wall region, in subsequent research.

While the ILES and the SSD approaches were observed to produce rea-

sonably accurate results in the non-static simulation, the Smagorinsky

model appears to be more suitable for engine simulations at least with

present spatial resolution.

5.2 Effects of Mesh Motion

The physically corresponding but numerically differing pipe flow simula-

tions detailed earlier in Section 4.3 were used to study the effect of mesh

motion in the velocity statistics of a turbulent pipe flow. The geometry is

relevant from the perspective of internal combustion engines due to the
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Figure 5.4. Velocity statistics from the non-static valve-cylinder assembly at 90 CAD for
the Smagorinsky LES ( ), the SSD simulation ( ), the standard ILES
( ), the zeroed intake ILES ( ), and the zeroed cylinder ILES ( )
together with the DNS of Schmitt et al. [50] ( ) and the measurements of
Morse et al. [102] ( ).
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geometrical similarities of an engine cylinder and a pipe. The hypothesis

was that the velocity and energy statistics depend solely on the cell size

so that static mesh simulations can be used to set bounds for the outcome

of a non-static mesh simulation.

The tangential component of the root-mean-square of the fluctuating ve-

locity is shown for four different numerical approaches and three different

meshes in Figure 5.5. As a whole, the simulations carried out using the

dense mesh produced results that followed the reference DNS data [46]

closely while none of the coarse mesh simulations replicated the DNS

statistics fully. Although the results of the Smagorinsky simulations do

not show a particularly good match with the reference DNS [46], their

performance can be greatly improved by optimising the Smagorinsky con-

stant, as demonstrated in Publication III. In the simulations carried out

with a non-static mesh, the use of the Gamma scheme resulted in statis-

tics that were a closer match with those from the coarse mesh simulation

than with those from the dense mesh simulations. The utilisation of the

SSD approach or the Smagorinsky SGS model produced statistics that

were approximately halfway between the corresponding fine and coarse

mesh simulations. The statistics from the simulations performed with

linear interpolation for the convective term without limiters or turbulence

models were all very close. More interestingly, the non-static mesh simu-

lations with linear interpolation or the Gamma scheme predicted fluctuat-

ing velocities that were not bounded by the velocities of the corresponding

static simulations. This was against our hypothesis and it can be consid-

ered to add some uncertainty to the use of a non-static mesh in LES. Also,

the observation demonstrates that the used approach of simulating the

same flow with both a static and a non-static mesh can be used to assess

the influence of mesh motion on the outcome of an LES.

The development of the kinetic energy during the pipe flow simulations

is shown in Figure 5.6. All simulations performed using the static, dense

mesh keep the initial level of energy almost constant while the coarse

mesh simulations display an adjustment period before a steady energy

level is reached. The non-static mesh simulations were initialised using

the fields of corresponding the dense mesh simulations at time tuτ/D =

12.86. From that time onwards, the kinetic energy content of the non-

static Gamma, SSD, and linear simulations approaches the level of the

corresponding coarse mesh simulation. The moving mesh Smagorinsky

LES displays a slightly different behaviour as it oscillates around the
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Figure 5.5. The root-mean-square of the tangential component of the velocity fluctua-
tions in the pipe flow simulations and the reference DNS [46].
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energy level of the corresponding dense mesh simulation. The develop-

ment of the resolved and the numerical/modelled dissipation (shown in

Publication III) indicates that the bulk of the dissipation appears to be

resolved throughout the simulations. More interestingly, the mesh de-

formation does not clearly change the amount of resolved dissipation in

any other simulations except in the Smagorinsky LES. It appears that

the Smagorinsky model readjusts the flow field to its new resolution by

increasing the modelled dissipation while the other LES approaches more

or less maintain the original amount resolved dissipation.

Considering the non-static valve-cylinder assembly, the total and the

resolved in-cylinder dissipation are plotted in Figure 5.7. Two peaks are

seen in the dissipation, corresponding to the maximal piston velocities at

90 CAD and 270 CAD. Only the first peak is associated with high flow

velocities and the presence of significant in-cylinder flow structures in the

form of the intake jet. The increase in numerical dissipation around 270

CAD hence appears to be caused by the mesh deformation. Of the con-

sidered LES approaches, the Smagorinsky SGS model adds the smallest

amount of numerical dissipation both at 90 CAD and 270 CAD. The latter

is an indication of the better performance of the Smagorinsky SGS model

compared with the SSD and the ILES.

The different LES approaches responded differently to mesh motion, in-

dicating that certain methods are more suitable than others for LES in

non-static engine geometries. In the pipe flow simulations, the fluctuating

velocities of both the linear and the Gamma simulation were not bounded

by the corresponding static mesh simulations. Although the effects were

not major, mesh motion can produce turbulent quantities that are incon-

sistent with the mesh resolution. The mesh motion was observed also to

affect the energy and dissipation related quantities. Compared with the

different ILES approaches, the effects of a moving mesh appeared to be

less severe when the Smagorinsky SGS model was used.

5.3 Cycle-to-Cycle Variation

Altogether 12 cycles were calculated for the flow in the non-static valve-

cylinder assembly. Due to the unrealistic zero-velocity initial condition,

only the ten last cycles were used in the analysis concerning the velocity

fields.

The COVs for the axial velocity on selected planes at 36 CAD, 90 CAD,
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Figure 5.6. Normalised kinetic energy content per unit volume in the pipe flow simula-
tions.
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Figure 5.7. Total in-cylinder dissipation (the upper set of lines) and resolved dissipation
(the lower set of lines) in the non-static piston-cylinder assembly.

144 CAD, and 270 CAD are shown in Figure 5.8. It can be seen that a

clearly lower level of CCV is observed during the intake stroke until 144

CAD when the in-cylinder velocity structures are removed at TDC. On the

other hand, the removal of the intake velocity field does not change the

coefficient of variation noticeably at 36 CAD and increases its level on the

upper planes at 90 CAD and 144 CAD. Overall, the residual in-cylinder

turbulence appears to have a larger influence on the CCV than the resid-

ual intake structures, at least during the early stages of the intake stroke.

Nevertheless, CCV is observed even when residual in-cylinder turbulence

is absent.

Due to the axial symmetry of the piston-cylinder geometry, the mean

flow features can be considered two-dimensional and the mean value of

the tangential velocity component should be zero. The occurrence of tan-

gential velocity can hence be interpreted as symmetry break-up in the

form of turbulence and/or CCV. The tangential velocity field at 90 CAD

of the Smagorinsky simulation is shown in Figure 5.9 (a). The intake jet

can be seen to produce most of the velocity structures in the in-cylinder

region. The figure also shows that a large tangential velocity structure

is being pulled from the intake to the cylinder. Using an isosurface of

the Q criterion [110], the structure is identified as a vortex while other,

similar structures are also revealed as shown by Figure 5.9 (b). The trans-

port of large vortices from the intake region to the cylinder indicates that,

contrary to earlier observations [50], there is a mechanism that allows

residual intake turbulence to influence the in-cylinder flow through the
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static valve-cylinder simulations. See the caption of Figure 5.4 for the used
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intake channel.

The mean square of the tangential velocity at 36 CAD is plotted as a

function of the distance from the cylinder top in Figure 5.10. Carrying out

additional averaging over the cycles, the mean values for each simulation

(〈u2
θ〉r,θ,t) are acquired and are shown in Figure 5.10 (a). The standard

simulations predict similar values in the cylinder while obvious differ-

ences are seen in the intake region. When considering the effect of the

removal of velocity structures at TDC, the clearest is the lowered level of

tangential velocity content in the cylinder. As the break-up of the intake

jet can be expected to cause the bulk of the observed tangential velocity

content, in both modified cases the break-up appears to be delayed or less

intense. Larger effects are seen in the case of the zeroed intake simu-

lation, an indication of the importance of the intake flow field. Plotting

〈u2
θ〉r,θ of each cycle together with the simulation mean value 〈u2

θ〉r,θ,t, a

view of the cyclic variability is achieved and shown in Figures 5.10 (b)–

(d). The variation around the mean is approximately the same in each

standard case while the modified simulations display certain differences.

In intake-zeroed ILES, the CCV within the cylinder appears to be more

pronounced and especially the cycles 4 and 11 can be seen to deviate from

¶Reprinted from Computers & Fluids, 122, Jukka-Pekka Keskinen, Ville Vuori-
nen, Ossi Kaario, and Martti Larmi, Large eddy simulation of a piston-cylinder
assembly: The sensitivity of the in-cylinder flow field for residual intake and
in-cylinder velocity structures, pp. 123–135, Copyright (2015), with permission
from Elsevier.
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(a) Cross section of the cylin-

der and the lower parts of

the intake region.

(b) Q isosurface visualisation of selected vortices on top

of two cross sections.

Figure 5.9. Tangential velocity field in the Smagorinsky LES of the non-static piston-
cylinder assembly at 90 CAD of the 8th cycle. The shown velocities range
from zero (blue) to 2.5 m/s (red).¶

the simulation mean. This observation strengthens the conclusion that

the residual in-cylinder turbulence is not the only source of CCV in the

considered non-static valve-cylinder assembly.

In addition to velocity fields, several time series for velocity, pressure, ki-

netic energy, and dissipation were acquired during the simulations. Un-

like the earlier analysis based on the velocity fields, the time series are

analysed for the full 12 cycles of the simulation.

In order to study the effect of the CCV, the turbulent contribution needs

to be removed from the time series. This was done using a running av-

erage filter and the applied filter widths were decided based on trial and

error. The time series from the axial velocity of a probe located z = 15

mm is shown in Figure 5.11 before and after the filtering. Other time se-

ries were filtered similarly although shorter filter widths were applied, as

shown in Table 5.1.

In order to carry out a phase space reconstruction from the obtained

time series, both a time lag and an embedding dimension are required.

The former was acquired as the first minimum of the AMI and a com-

mon time delay was chosen for each quantity because the reconstruction

appeared to be relatively insensitive to the exact time delay. The latter

reconstruction parameter was found using the FNN test with indications

that, depending on the time series, three to five dimensions would provide

a sufficient reconstruction. Both the used time lags and the embedding di-
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Figure 5.10. Tangential velocity content at 36 CAD in the non-static valve-cylinder flow
case.¶ (a): Simulation mean value, 〈u2

θ〉r,θ,t, see the caption of Figure 5.4
for the used line styles. (b)-(d): The black, dashed line represents the simu-
lations mean 〈u2

θ〉r,θ,t while cycle values, 〈u2
θ〉r,θ, are drawn with a different

colour for each cycle. The dot-dashed line represents 〈〈uθ〉2r,θ〉t and it gives
an estimate for the extent of statistical convergence.
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Figure 5.11. The unfiltered ( ) and the filtered ( ) time series of the axial velocity
at z = 15 mm obtained from the standard ILES of the non-static valve-
cylinder assembly. The markers illustrate the time lag used in the phase
space reconstruction.‖

Table 5.1. The used filter widths, phase space reconstruction time lags, embedding di-
mensions implied by the FNN test, and the estimate for the largest Lyapunov
exponent for the considered quantities in the nonlinear time series analysis of
the non-static valve-cylinder assembly. Filter width, time lag, and AMI values
are given in CAD while the unit of the maximum Lyapunov exponent is 1/s.

Filter Time Embedding Lyapunov

width delay dimensions exponent

Ek – 60 4–5 10−1

εres 10 60 3–5 10−1

εnum/mod 13 45 3–6 10−1

εtot 20 45 4–5 10−1

pmax/ρ 25 65 3–4 10−1

p/ρ 15 45 3–5 10−1

u 75 75 4 10−2
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mensions implied by the FNN test are listed in Table 5.1.

Selected, three-dimensional phase space reconstructions are shown in

Figure 5.12. A clear, loop-like structure is formed in the reconstructed

phase space in every case, indicating that the studied system has reached

an attractor relatively shortly after the start of the simulation. The CCV

is clearly visible as unalignment of the different cycles. The phase space

reconstructions of the kinetic energy in the full geometry appear to unfold

reasonable well in already three dimensions while the in-cylinder kinetic

energy shows a nearly full overlap of the orbits between 270 CAD and

TDC. Similar observations can be made from the other volume-averaged

quantities. Also, the attractors of the full-geometry time series display

two loops, one corresponding to the intake phase and the other to the

exhaust phase, while most of the in-cylinder and single point time series

display only a single loop.

In order to study the sensitivity of the system to CCV and the chaotic-

ity of the underlying system, the largest Lyapunov exponents for each

time series have been estimated. However, the time series appear to be

too short for the used method to produce reliable results and hence only

order-of-magnitude estimates are presented in Table 5.1. Nevertheless,

the estimates are positive and have consistent orders of magnitude with

10−1 for the volume-averaged and pressure probe time series and 10−2

for the velocity probe time series. The positivity of the estimates is an

indication for the chaoticity of the CCV.

In order to confirm the chaoticity of the CCV, the permutation spectrum

test was applied to the time series. Using a symbol sequence length d =

4 and the same time delay as in the phase space reconstructions together

with 5 000 segments of length l = 28 080, or 1 404 CAD, that were ran-

domly chosen from each time series, forbidden patterns were observed in

almost all time series. For all time series, the standard deviation of the

permutation spectra was non-zero and hence most of the present time se-

ries appear to be chaotic. The only time series, which were not identified

as chaotic by the permutation spectrum test, are from the velocity probes

at locations close to the cylinder head. An explanation for this could be

that the location of the probes is too far away from the main vortex and

that they sample mostly residual turbulence. Consequently, the CCV of

‖Reprinted from International Journal of Heat and Fluid Flow, 57, Jukka-Pekka
Keskinen, Ville Vuorinen, and Ossi Kaario, Nonlinear time series analysis from
large eddy simulation of an internal combustion engine, pp. 79–90, Copyright
(2015), with permission from Elsevier.
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Figure 5.12. A selection of reconstructed phase spaces from the standard ILES of the
non-static valve-cylinder flow. The markers show the approximate location
of TDC ( ), 90 CAD ( ), BDC ( ), and 270 CAD ( ). Each cycle has been
coloured using a different colour.‖
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the present, simplified geometry can be considered a chaotic process.
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6. Conclusions

6.1 Summary of Results

Four different flow cases were studied and a large number of simulations

was carried out in order to answer the research questions concerning

mesh resolution, SGS modelling, the effects of non-static meshes, and

the study of CCV using both the velocity fields and time series. First,

methods and approaches suitable for the LES of in-cylinder flows were

explored using two static and one non-static engine geometry. The results

indicated that used combination of implicit SGS modelling and the second

order accurate finite-volume discretisation allows a reliable simulation of

engine geometries. However, the importance of sufficiently high near-wall

resolution was highlighted through certain shortcomings in the compar-

isons against experimental data. In order to provide the simulation with

a sufficient spatial resolution in the case where the near-wall region is not

modelled, roughly 10 million cells are required for a single cylinder when

the Reynolds number is in the vicinity of 500 000.

The effect of the non-static mesh on the outcome of an LES was studied

first by simulating a turbulent pipe flow with both static and non-static

meshes. The results indicate that the inclusion of a moving mesh into

an LES can affect the velocity statistics in a manner that is not consis-

tent with the mesh resolution. Different numerical approaches responded

differently to mesh motion and the inconsistencies were visible when the

Gamma scheme or linear interpolation for the convective term were used

in the ILES approach. The effects were visible in the root-mean-square

values of the fluctuating velocity and especially in the tangential and ra-

dial components. The mesh motion was observed also to affect the kinetic

energy, the dissipation, and related quantities. The observations were
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reinforced by the simulations of the non-static valve-cylinder assembly

where an unphysical increase in numerical dissipation was observed to-

gether with the contraction of the mesh. However, the effects caused by

the mesh motion were minor and did not make the results unreliable or

unphysical.

On the whole, the results of the dissertation imply that reliable LES

of the in-cylinder flow can be carried out with the considered methods

although care must be taken especially if the ILES methodology is ap-

plied. Of the different SGS approaches covered in this dissertation, the

Smagorinsky SGS model, provided that a suitable value for the model

parameter is known, appears to be the most suitable for the LES of in-

cylinder flows.

Finally, the CCV in the axisymmetric valve-cylinder assembly was stud-

ied using both conventional approaches and nonlinear time series anal-

ysis. Using the fields obtained from two modified and the corresponding

standard flow cases it was observed that, contrary to earlier understand-

ing [50], the residual turbulence in the intake region has an influence on

both the flow field and the level of CCV within the cylinder. The mecha-

nism connecting the regions appears to be the transport of vortices from

the intake to the cylinder.

Using the AMI and the FNN test, phase space reconstruction was car-

ried out with several time series. The CCV was clearly visible as a vari-

ation of the orbits within the reconstructed attractors. According to the

estimates for the largest Lyapunov exponent and the permutation spec-

trum test, the dynamics behind the CCV were shown to be chaotic. Non-

linear time series analysis has not been applied to an internal combustion

engine LES dataset before Publication V. The results demonstrate that

nonlinear time series analysis is suitable for the analysis of time series

obtained during an internal combustion engine LES.

The main objectives of the doctoral research have hence been met by

providing guidelines for reliable LES of in-cylinder flows and by demon-

strating that useful information can be extracted from such a simulation.

The research questions that were presented in the Introduction can thus

be answered:

1. If the wall region is resolved, approximately 10 million cells need to

be used in order to carry out a reliable LES of in-cylinder flow with a

Reynolds number of approximately 500 000 as referred to the intake jet
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velocity and the cylinder diameter.

2. All tested approaches can be used in the LES of in-cylinder flows al-

though the Smagorinsky SGS model, if a well-working value for the

model parameter is known, appears to be the most suitable one.

3. The effects introduced by temporally changing mesh depend on the

used LES approach and can affect the root-mean-square of the fluctu-

ating velocity, energy, and dissipation in a manner that is not directly

connected with the mesh resolution.

4. The velocity fields can be used to evaluate the overall level of CCV.

The importance of the intake and the in-cylinder regions for the over-

all CCV can be studied by using modified flow cases where the velocity

structures from the concerned region are removed. The use of the Q

criterion revealed that large vortices are transported from the intake to

the in-cylinder region, providing a mechanism that allows both regions

to affect the CCV.

5. Nonlinear time series analysis was used to show that the CCV are gov-

erned by a chaotic process.

6.2 Limitations

Concerning the applicability of the present results to engine LES and

to real-world engines, certain limitations can be identified. Firstly, the

resolution requirements were studied using a relatively small number of

meshes. A similar limitation concerns also the SGS modelling as only a

small fraction of possible approaches were tested. It is thus conceivable

that a suitable combination of an intelligent meshing strategy and an ap-

propriate SGS model could be used to carry out a reliable LES on the

in-cylinder flow with a clearly smaller number of cells than implied by

the results of the present dissertations.

The second major limitation of the dissertation concerns the simplifica-

tions made on the in-cylinder flow set-up. Compressibility, fuel sprays,

chemistry, and the details of the intake geometry have a significant role

in the in-cylinder flow of real-world engines but are absent from the flows
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studied in the present dissertation. The omitted features affect both the

mean and turbulent components of the flow and can introduce phenomena

that are absent from the cases studied here. The results of the present

dissertation should hence be interpreted with caution especially in the

phases of the engine cycle where compressibility and combustion are im-

portant.

6.3 Recommendations and Implications for Further Research

The main implications of the present doctoral research for subsequent re-

search can be divided into two main topics. Firstly, if around 10 million

cells are required per simulated in-cylinder flow with a Reynolds number

approximately 500 000, the computational requirements for engine LES

can be considered very high, especially as the corresponding Reynolds

numbers are much higher in many real-world flow engines. For example,

the cylinders of the Wärtsilä 50SG engine have a diameter of 0.5 m [111],

which translates to a Reynolds number of about 6 million when intake

jet velocity of 200 m/s is assumed. The cell count of a mesh used in wall-

resolved LES has been estimated [2,112] to scale as Re1.76, meaning that

the reliable LES of the in-cylinder flow in the Wärtsilä 50SG engine would

require a mesh with around 80 million cells. As the near-wall region takes

up a large fraction of the required number of cells in the present, wall-

resolving approach, the computational requirements could be eased by the

introduction of some kind of wall-modelling. If wall-modelling approaches

with a sufficient performance can not be implemented, the number of cy-

cles that can be simulated using currently available computational re-

sources will be limited.

Secondly, the chaoticity of the CCV and the successful application of

nonlinear time series analysis on time series from an LES of an internal

combustion engine imply that attempts on controlling or removing the

CCV could be made. While only preliminary attempts have been made

for the removal of CCV from engines using nonlinear methods [7], chaotic

oscillations have been successfully suppressed in a number of other ap-

plications [113]. Several different methods exist [114–116] and in many

cases, no additional physical models are required for the control. For ex-

ample, the Ott-Grebogi-Yorke method [114] is based on the use of small,

time-dependent perturbations on a system parameter that are decided

according to the phase space reconstruction and should eventually result
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in the suppression of chaotic oscillations. In the case of the considered

simplified engine flow, probably the most suitable starting point for such

studies would be to use the phase space reconstruction carried out with

the kinetic energy time series with the perturbations applied to the full

velocity field. The computational setting is ideal for the testing of control

algorithms as all system parameters, including the velocity and pressure

fields, are available for full manipulation. For example, the kinetic energy

of the geometry can be modified by simply scaling the full velocity field.
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This dissertation considers the use of large 
eddy simulation in the study of fluid flow 
within a cylinder of an internal combustion 
engine. Four flow cases were considered: a 
static valve-cylinder assembly, a realistic 
single-cylinder configuration, a turbulent 
pipe flow, and a non-static valve-cylinder 
assembly. Both the requirements for the 
simulation reliability and the utilisation of 
the acquired data in the analysis of cycle-to-
cycle variation were considered. The results 
of the dissertation indicate that large eddy 
simulation of an in-cylinder flow can be 
carried out reliably. However, a very fine 
mesh is required especially in the near-wall 
region and the mesh motion can affect the 
results in a manner that is not consistent 
with mesh resolution. The analysis of the 
cycle-to-cycle variation indicates that in the 
case of the considered simplified engine 
both the intake and the in-cylinder regions 
affect the variations and that the cycle-to-
cycle variation is a chaotic phenomenon. 
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