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Abstract
Preliminary designs for the cylinder heads of Scania’s next generation Diesel Engine
have been investigated by the means of PIV measurements on a steady test rig.
General structures present in the flow have been investigated, with a specific focus
on Swirl motion due to its well documented impact on combustion e�ciency and
pollution generation. The first set of measurements was acquired in the tumble plane.
A method to perform e�ciently PIV measurements was introduced, which consists
in rotating the experimental setup rather than the PIV measurement instruments.
As a consequence, a considerable amount of work is saved and a great number of
measurement planes can be acquired. This method has allowed to reconstruct a
3D3C picture of the flow in the cylinder. Such 3D3C direct measurement of flow
in a test rig cylinder had not been reported previously in the literature, as far as
the author is aware of it. The second set of measurements was acquired in the swirl
plane. General patterns in the swirl velocity fields have been identified. The author
introduces the hypothesis that shifting down the measurement position may, to some
extend, be equivalent to observing the flow evolve in time in the real engine situation.
Measurement performed far enough under the valves exhibit clear and stable swirling
vortex structure with the cylinder heads investigated. This may explain for the
validity of the combustion models used in the industry that, despite apparent over
simplification of the flow situation, have proved in good agreement with engine tests.

Descriptors: Admission stroke, Flow in cylinder, Swirl motion, Admission channels.
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1 Introduction

1.1 Introduction: need for Diesel engine improvement

Reduction of fuel consumption and pollution emissions has become a point of crit-
ical importance for car and truck industries. Both the general long term trend of
rising oil prices and increasingly strict pollution norms (Euro norms, figure 1) put a
high demand on engine improvement. Heavy duty truck manufacturers are largely
involved in the development of better, optimized engines. Those companies power
their vehicles using high performance diesel engines, that have have been continu-
ously improved [1] since Rudolf Diesel presented his first engine in the early 1890s.

Optimization of Diesel engine rises a number of challenges. It is often di�cult to
isolate a specific parameter or characteristic without impacting other aspects of the
engine design. The whole design of the engine results from a compromise between
antagonistic requirements. For example, NOx and soot are two pollutants that must
be minimized by optimization of the combustion process. However, there is no way
to minimize both simultaneously, and one must decide on a NOx / soot compro-
mise: due to the physics of combustion process, soot reduction leads to increased
NOx generation and vice versa. Engine optimization is necessary to improve such
trade-o↵s. This requires deep knowledge about the details of the physics underlying
all phenomena happening in the engine [2].

Figure 1: Evolution of European emission standards requirements for heavy duty
Diesel engines used in trucks and buses. NOx stands for nitrogen oxides, PM for
Particulate Matter. Reproduced from [3].
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Other constraints come from the practical realization of the engine. Mechanical
parts much satisfy resistance criteria that are determined by material considerations.
Parts must also be designed in such a way that they can actually be built at a reason-
able price, which adds constraints on the shapes admissible for the designer. Finally,
due to the very high costs and industrial interests implied by the development of a
new engine model, truck industry is highly conservative in its choices.

As a consequence, due to the high complexity of the underlying phenomena, which
makes them di�cult to fully understand, engine development resorts to both cutting
edge science and largely empirical development rules. This is very striking from an
analysis of the scientific literature available on the topic. Getting deeper under-
standing of the phenomena at work should allow to improve engine performance and
overcome some of the trade-o↵s that companies are currently facing in engine devel-
opment. One such field of research, that has been active since the 1930s, regards
optimization of the combustion process. Optimization of the combustion process is
of critical importance for e�ciency and pollution generation. It has been known in
a long time that the flow structures present in the cylinder during combustion are a
key factor for achieving good combustion. The main method used to obtain specific
flow structures during combustion consists in creating general flow motions known as
’Swirl’ and ’Tumble’ in the cylinder during the admission stroke by carefully design-
ing the shape of the cylinder head.

1.2 Development of Scania’s next generation engine

This thesis has been realised at Scania R&D Center, located in Södertälje, where
Scania is currently developing a new generation of high power diesel engines. The
objective of this thesis was to study the behaviour of the newly designed cylinder
head and to generate information about flow behaviour inside the cylinder during air
admission. Optimisation of the next generation of cylinder heads is important for
the company, since engine development is an extremely costly and long-lasting pro-
cess and the corresponding engines and their derivatives will be integrated to Scania
trucks and industrial solutions during 10 to 15 years after their launch.

Development of new engines is driven by progresses made in all the engineering
fields. The Scania engine currently under development will integrate new designs
allowing to reach peak pressures of up to 250 bars, while current Scania engine must
not exceed 200 bars. The corresponding 25 percent increase will result in higher
power output and lower fuel consumption, providing therefore additional value for
the final customer. Resisting to such pressures implies creating new cylinder heads
fulfilling additional constraints regarding their shape. Other constraints, coming in
particular from production considerations, other elements integrated in the cylinder
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head, and molding feasibility, are also limiting the extent of the design space.

1.3 Nomenclature

Einstein notation for vectors is used in all the report. Tensor notation is used in parts
of the report and tensor dimension is indicated by underlining the corresponding
vectors. Abbreviations are introduced in table 1.

Abbreviation Signification
2D2C 2D field 2 components
2D3C 2D field 3 components
3D3C 3D field 3 components
CFD Computational Fluid Dynamics
LDV Laser Doppler Velocimetry
LES Large Eddy simulation
RAM Random Access Memory
RANS Reynolds Averaged Navier-Stokes equations
RST Reynolds Stress Tensor

Table 1: Abbreviations used
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2 Engine and flow background

2.1 Direct injection diesel engines

2.1.1 Strokes

The engines manufactured at Scania are four stroke direct injection diesel engines.
Such engines have been intensively developed and improved for more than 100 years,
but their basic principle has remained unchanged. As their name indicate, those
engines go through 4 strokes to accomplish a thermodynamic cycle, as presented in
figure 2.

The first stroke (intake) corresponds to air admission in the cylinder. In modern
engines, the compressor provides the engine with high pressure air for increased per-
formance. Air admission is permitted by the motion of the piston, which descends
from the top of the cylinder to its lowest possible position. During this phase the
intake valves are open while exhaust valves are closed. In diesel engines, no fuel is
added to the admitted air.

The second stroke (compression) is driven by the piston which moves back from
its lowest to its top position. Both intake and exhaust valves are then closed. In diesel
engines this stroke increases both the pressure and temperature of the air contained
in the cylinder, up to conditions that will allow spontaneous combustion of the fuel
in the next phase. Important parameters for this stroke are the compression factor
and the dead volume, that participate in the e�ciency and performance of the engine.

The third stroke (power) corresponds to the release of energy by combustion of
the fuel. In this stroke valves stay closed. The increase in temperature and pressure
created by combustion powers the piston in its motion downwards. In diesel engines,
fuel is introduced in the cylinder during this phase using high pressure injectors. High
pressure injectors create a spray of fuel droplets in the cylinder, that spontaneously
ignite due to the conditions created by the compression phase. Direct injection of
diesel in the cylinder is one of the reason for higher e�ciency of diesel engines over
spark engines.

Finally during the last stroke (exhaust) burnt gases present in the cylinder are
evacuated through the exhaust valve by the upward motion of the piston. At the end
of the exhaust stroke the same conditions as before intake have been reached.
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Figure 2: Four stroke Diesel engine phases. Reproduced courtesy of Nils Tillmark,
KTH Stockholm.

2.1.2 Engine e�ciency

Both performance and e�ciency of the engine depend on how those di↵erent phases
are accomplished. Even in the idealised case of a perfect engine (isentropic processes,
i.e. no irreversibility), there exists a maximum e�ciency that will never be exceeded.
This maximum e�ciency is derived from the first and second principles of thermody-
namics and depends only on the temperature of the warm and cold sources used by
the engine. The Carnot e�ciency will never be reached in practise and constitutes
a higher limit to any thermodynamic engine, to which engines can be compared.
Carnot e�ciency can be expressed as:

⌘ = 1� TC

TH

(1)

where TC is the temperature of the cold source and TH the temperature of the hot
source.

Phenomena happening in real engines make the optimization much more complex
than simply increasing combustion temperature. Other parameters, such as compres-
sion ratio, are even more critical than maximum temperature for engine e�ciency.
With regard to combustion, one usually tries to optimize its e�ciency while dimin-
ishing the associated pollution generation. Mixing quality between the fuel spray
and air directly influences both parameters. Good mixing can be achieved through
injection of fuel at high pressure using carefully designed injectors, and by creating
favourable turbulence and flow conditions in the cylinder. This last point is the object
of the present thesis. However, as often in engineering, a balance needs to be found
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with other phenomena. In particular, too high local combustion temperature leads
to the production of pollutants (NOx) and should be avoided. Characteristics of the
combustion process also influence the creation of pollutants such as fine particles and
soot [4]. Finally, the parts that constitute the engine have limited resistance to high
temperature. As a consequence, all parameters influencing combustion quality must
be tackled in details to optimize diesel engines [5].

To fulfil requirements on emissions of pollutants, engines integrate a complex
after-treatment system that burns soot and suppresses NOx using catalysts and urea
injection. However such a system is costly to design and build, represents addi-
tional complexity and therefore a possible source of breakdowns, and increases fuel
consumption by increasing the pressure losses at exhaust. As a consequence, the
objective of truck manufacturers is to reduce as much as possible the level of after
treatment required by optimizing their engines.

2.1.3 Swirl and Tumble

The flow structures in the cylinder influence mixing quality between air and fuel
and therefore combustion. The most important factors for good mixing in internal
combustion engines are the overall level of turbulence during the combustion stroke
and the level of the so called ’Swirl’ and ’Tumble’ motions. In the Diesel engine, the
level of turbulence during combustion plays less role than in spark engines and Swirl
optimization is the most important issue. Swirl corresponds to the global rotation of
the fluid around the axial direction of the cylinder, while Tumble describes general
motion around horizontal axis as presented in figure 3. Both Swirl and Tumble are
initially created during the admission stroke, depending on the exact configuration
of air intakes and valves [6]. Other parameters can also influence the flow in the
cylinder and therefore Swirl and Tumble. The design of the piston head in particular
is an important parameter [7–9]. Influence of Swirl and Tumble on combustion in a
cylinder has been intensively studied [10, 11] and their influence on the shape of the
flame front has been observed directly in experiments (see picture 4).
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Figure 3: Swirl and tumble in engine cylinder. Reproduced from [12].

Figure 4: Combustion as observed in an optical diesel engine. Swirl motion influences
the shape of the flames. Picture reproduced from [13].

During compression, Swirl and Tumble are modified due to the deformation im-
posed to the fluid volume. Extensive studies, both experimental and numerical, have
been conducted in order to understand the resulting flow configuration at the end
of the compression stroke [14, 15]. It appears that the compression stroke influences
Tumble and Swirl in di↵erent ways. Tumble motion is destroyed by instabilities
during the compression stroke. The corresponding vortical structures are broken
into small eddies that feed the turbulent cascade and increase the overall level of
turbulence. Swirl motion on the other hand can be conserved during compression
depending on the shape of the piston head. The main e↵ect of both remaining swirl
and overall turbulence level is a reduction in the inhomogeneities during the combus-
tion process and an improvement of combustion with favourable impact on e�ciency
and pollution generation. Swirl level also helps fuel droplets to travel a longer dis-
tance before hitting the walls, therefore leading to a more complete combustion and
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reduced unburnt fuel levels. However, too high values for swirl can lead to droplet
collisions which is bad for both e�ciency and pollution level. As a consequence, the
swirl value must be carefully monitored.

It is di�cult to define relevant scalar quantities that characterize flow develop-
ment in the cylinder. One traditionally uses non-dimensional quantities related to
angular momentum in order to define the so called swirl and tumble ratios.

The most general way to define the Swirl and Tumble numbers is to express a
ratio between the air rotational speed and the rotational speed of the crank shaft ⌦C :

SN =
⌦Swirl

⌦C

(2)

TN =
⌦Tumble

⌦C

(3)

⌦C can be computed from the outflow velocity at the bottom of the cylinder in the
test rig:

⌦C =
2V

H
(4)

where V is the maximum vertical velocity of the piston in the true engine and H is
the total displacement height of the piston.

Using tensorial notation, ⌦Swirl and ⌦Tumble are computed using the definition of
the angular momentum of inertia tensor I:

⌦ = I�1L (5)

where L is the angular momentum of the fluid around the center of gravity, which
can be written in discrete form as:

L =
NX

k=1

rk ⇥ Uk⇢k�V k (6)

and where the expression of the momentum of inertia is:

I =
NX

k=1

((rk · rk)11� rk ⌦ rk)⇢k�V k (7)

with 11 the identity tensor.

Angular velocity around the swirl axis can then be expressed as:

⌦Swirl = ⌦ · ez (8)
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while tumble contains all the remaining motion:

⌦Tumble = |⌦� ⌦Swirlez| (9)

where ez is the unit vector along cylinder axis.

The previous expressions are convenient when the velocity field is available in the
full cylinder volume. It is also possible to define quantities that characterize swirl
and tumble when the velocity field is available only in a plane.

Swirl ratio SR is then computed based on the angular momentum of the air
around the vertical axis of the cylinder measured in one plane perpendicular to the
cylinder axis:

SR =
2⇢SMz

q2m
(10)

where S is the stroke of the piston, qm the mass flow, and Mz is the momentum of
the fluid contained in the piston around the cylinder-axis which can be expressed in
discrete form as:

Mz =
NX

k=1

⇢k(rk ⇥ uk)uk · ez�Ak (11)

Tumble describes all remaining vorticity. As a consequence it is more di�cult to
capture it from 2D velocity fields since no specific axis of rotation can be identified
and additional contributions coming from other planes cannot be taken into account
compared with the more general expression in Eq. 9.

Both the Swirl and Tumble numbers have a simple physical interpretation. Owing
to their definition, they can be regarded as the number of circular revolutions per
engine revolution performed by the flow in each plane.

2.1.4 Flow coe�cient

Another key factor for engine performance is to minimize the amount of energy lost
in forcing the air into the cylinder during the admission stroke. The objective is to
obtain the mass flow rate necessary to fill the cylinder with as little losses as possible.
The e�ciency of cylinder filling during admission can be measured through the so
called µ� coe�cient. The aim of this coe�cient is to compare the mass flow rate
obtained by experimental measurement with an optimal theoretical value associated
with the key parameters of the head and admission manifold.
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The reference theoretical value can be computed in the following way. For a
given pressure drop �p, the optimal theoretical velocity for the mean flow is given by
Bernoulli equation (assuming constant ⇢), and yields after elementary manipulations:

vtheo =

s
2�p

⇢
(12)

The theoretical flow can then be calculated as:

qtheo = A0vtheo⇢ (13)

where A0 is the area associated with the valve diameter:

A0 = n
⇡d2

4
(14)

where n is the number of valves, and d their diameter.

The µ and � coe�cients are then defined as:

µ =
qgeo
qtheo

(15)

� =
qeff
qgeo

(16)

where qgeo is an intermediate mass-flow rate that is evaluated theoretically taking into
account the flow restrictions imposed by the valve head and qeff is the mass-flow rate
measured in the experiment taking into account all real e↵ects. As a consequence,
one can write that the total losses are:

µ� =
qeff
qtheo

(17)

The decomposition of the losses into the two parts, µ and �, allows to identify
the origins of mass flow losses to help in the optimization process. The codes used at
Scania take into account additional refinements in the derivation such as the variation
in density due to the pressure drop, considering that the flow behaves isentropically.
However, the principle is the same as explained here.

2.2 Combustion process

Combustion is at the origin of pollution generation (NOx, soot, hydrocarbons, CO)
[16] and strongly influences the e�ciency and durability of the engine. Good un-
derstanding of the combustion process is necessary to improve engine performance.
However, the combustion process is complex and is at the intersection of several dis-
ciplines: fluid mechanics and turbulence (mixing), chemistry (reaction kinematics,
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formation of pollutants), acoustics (instabilities) etc. As a consequence, combustion
is di�cult to understand, simulate, describe and optimize in detail.

Some phenomena are well understood and have a dramatic impact on combus-
tion quality. Ignition delay influences pollutants creation and maximum temperature.
Turbulence level is important for propagation velocity of the flame front in spark igni-
tion engines, while swirl [11,17] is the predominant flow parameter in Diesel engines.
The structure of combustion flame has also been intensively studied, and di↵erent
regions have been well identified [18].

The complexity of the combustion process is illustrated in figure 5. One can see
that several regions participate in the flame development, which have quite di↵erent
characteristic size and width. Moreover, additional phenomena such as the impor-
tance of radiation heat transfer and the influence of soot levels on radiation processes
may strongly influence flame development.

Figure 5: Typical structure of flames produced in Diesel engines during fuel injection.
Picture reproduced from [13].

2.3 Flow inside a cylinder

2.3.1 Compressible Navier-Stokes equation

The most general continuum approximation model set of equations describing fluid
behaviour is the system defined by the continuity, compressible Navier-Stokes and
energy equations. Those equations are obtained through the conservation of mass,
momentum and energy applied to a fluid element, and can be written as:

@⇢

@t
+

@

@xi

(⇢xi) = 0 (18)
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@⇢ui

@t
+

@

@xj

(⇢uiuj + p�ij � ⌧ij) = 0 (19)

@⇢e0
@t

+
@

@xi

(⇢uie0 + uip+ qi � uj⌧ij) = 0 (20)

where ⇢ is the local density of the fluid, ui is the component of the velocity vector
in i direction, p is the static pressure, ⌧ is the viscous stress tensor, e0 = e+ u2/2 is
the total energy of the fluid, e is the specific inner energy and qi is the heat flux by
conduction in i direction.

The stress tensor in the case of Newtonian flow can be written as:

⌧ij = µ(
@ui

@xj

+
@uj

@xi

� 2

3
�ij

@uk

@xk

) + �ij�
@uk

@xk

(21)

where µ is the first and � the second viscosity coe�cient.

This set of equations involves 10 unknowns but only 5 scalar equations, which
implies that additional equations must be written to close the system. Adding the
Fourier law for heat flux by conduction adds 3 other equations but also temperature
as an unknown:

qi = �
@T

@xi

(22)

where  is the heat conductivity of the medium, which lets us with 11 unknowns
and 8 equations. The remaining equations are the one that describe the behaviour of
the fluid depending on its conditions. Usually, the perfect gas law is used as a first
approximation for the equation of state:

p = ⇢RT (23)

Sutherland’s law is used to compute viscosity when pressure variations have a
much lower impact on it than temperature variations, which is the case in most
industrial cases:

µ = µref (
T

Tref

)3/2
Tref + TS

T + S
(24)

where Tref is a reference temperature, µref is the viscosity at the temperature Tref ,
and TS is the Sutherland temperature. Reference values for all those quantities are
available in the literature.

An equation for e must be added, and its choice depends on the fluid considered.
A first approximation can be to consider that heat capacity remains constant, which
leads to:

e = eref + CV (T � Tref ) (25)
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2.3.2 Incompressible Navier-Stokes equation

The compressible Navier-Stokes set of equations is quite general, but also complex to
analyse or simulate. As a consequence, one often looks for reasonable simplifications
that describe well the physics while being simpler to study. In our case, i.e. simulation
in a test rig experiment of the admission stroke in a diesel engine, one can reasonably
consider that the flow will be incompressible (the pressure jump used is much lower
in our experimental setup than in reality). Fluctuations in temperature can also be
neglected. Finally one can apply the Stockes hypothesis, 2/3µ� � = 0, well verified
in practise for most gases, to obtain the following simplified equations:

@ui

@xi

= 0 (26)

⇢(
@ui

@t
+ uj

@ui

@xj

) = � @p

@xi

+ µ
@2ui

@xj@xj

(27)

In many situations, flows contain structures that exhibit rotation motion of in-
terest for their behaviour. To study such phenomena one usually defines vorticity
as:

~! = ~r⇥ ~u (28)

The momentum equations of the Navier Stokes system can then be transformed
to get an equation for vorticity by applying the rotational operator on it, which leads
to:

@~!

@t
+ (~u ·r)~! = (~! ·r)~u+ ⌫r2~! (29)

The first term in the right hand side of this equation represents vortex stretching,
while the second one represents vorticity di↵usion due to viscosity.

2.3.3 RANS decomposition and turbulence

The Navier-Stokes equations contain strong non-linear terms, that create a wide
range of rich physical phenomena. Turbulence is one of the consequences of this
strong non linearity, and most flows around us are turbulent. Turbulence features
chaotic fluctuations in space and time, wide spectrum of active scales, short memory,
high di↵usivity, strong 3D behaviour that make it challenging to study. One could
say that even after more than a century of research about turbulence, fairly little is
known about its deep nature. Still today we are not able to give rigorous theoretical
explanations about most turbulence mechanisms.

However, mathematical tools have been developed that give some possibilities of
investigation as well as limited understanding of turbulence. A key tool in turbulence
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analysis is the Reynolds decomposition, which separates the velocity and pressure
fields into a mean part and an instantaneous fluctuation part:

ui = Ui + u0
i (30)

p = P + p0 (31)

where Ui is the mean part and u0
i the fluctuating part of the velocity field, P the

mean part and p0 the fluctuating part of the pressure field.

Mathematically, the mean part of a fluctuating quantity is defined from its statis-
tical average. In the case of steady boundary conditions and statistically steady flow,
the statistical average is equal to the time average based on N sampled values. As a
consequence, we will not make any distinction between statistical and time averages
in the following, and we will denote the corresponding averaged values by <>:

Ui =< ui >=
1

N

NX

k=1

uk
i (32)

P =< p >=
1

N

NX

k=1

pk (33)

Averaging the Navier-Stokes equations leads to the RANS (Reynolds Averaged
Navier-Stokes) equations (here written for the incompressible case):

@Ui

@xi

= 0 (34)

⇢(
@Ui

@t
+ Uj

@Ui

@xj

) = �@P

@xi

+
@

@xj

(µ
@Ui

@xj

� ⇢ < u0
iu

0
j >) (35)

Those equations present a major di�culty, since the equations for the averaged
quantities cannot be separated from the fluctuating part, due to the presence of the
so called Reynolds Stress Tensor: < u0

iu
0
j > . As a consequence, the RANS equations

do not constitute a closed system. Even if some understanding can be gained directly
from the RANS system, the closure problem limits the possibilities of analysis and
very little can be said about turbulence itself.

Equations can be derived that describe fluctuations evolution in time as well as
kinetic energy evolution. More details concerning such derivations can be found
in [20]. We remind here the expression of RMS velocity components and turbulent
kinetic energy K, that are used in later analysis and discussions:

RMS(ui) =

vuut 1

N � 1

NX

k=1

(uk
i � Uk

i )
2 (36)
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URMS =

r
1

3
(< u02 > + < v02 > + < w02 >) (37)

K =
1

2
< u0

iu
0
i >=

3

2
U2
RMS (38)

2.3.4 Energy cascade and turbulence

Another approach to studying turbulence consists in drawing principles based on ob-
servation, general physical understanding and homogeneity analysis. Such approach,
initiated in 1941 by Kolmogorov [19], is based on understanding turbulence as an
energy-cascade process, in which energy is transferred from the large scales to the
small, dissipative ones. Detailed explanations can be found in the literature, for ex-
ample in [20]. The expressions of Kolmogorov velocity, space and time scales are:

v⌘ = (⌫✏)1/4 (39)

⌘ = (
⌫3

✏
)1/4 (40)

t⌘ = (
⌫

✏
)1/2 (41)

where ✏ is the dissipation of kinetic energy per unit mass and time and ⌫ is the
kinematic viscosity of the fluid. In the case of a process in balance and in which the
cascade is fully developed, ✏ = ✏f , where ✏f is the transfer of energy from large scales
and can be expressed as:

✏f =
u03

⇤
(42)

where ⇤ is the size of the biggest scales (integral scale).

It is interesting to note that Kolmogorov scale is the scale at which Re⌘ = 1. This
corresponds to the fact that dissipation happens at the Kolmogorov scale. The ratio
between the largest and the smallest scales of turbulence can be expressed as:

⇤

⌘
= (

⇤u0

⌫
)3/4 = Re3/4⇤ (43)

2.3.5 Anisotropy map

As stated previously, due to its complex mathematical nature, studying turbulence
is di�cult. One of the means used to study it consists in computing the turbulent
stress invariants. Those invariants were initially introduced by Lumley and theoret-
ical derivations prove that those invariants should always lie in a definite domain
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called Lumley triangle [21, 22].

The idea lying behind turbulent stress invariants consists in studying the deviator
part A of the Reynolds Stress Tensor in the incompressible case, which components
are:

aij =
< u0

iu
0
j >

K
� 2

3
�ij (44)

with K =< u0
iu

0
i > /2.

Following the definitions introduced in [20], one can define the invariants:

IIa = trace(A2) (45)

IIIa = trace(A3) (46)

Those quantities are called invariants since they actually correspond to some
coe�cients in the characteristic polynomial associated with the deviator part of the
Reynolds Stress Tensor, and therefore do not depend on the basis used. The limits
defining the Lumley triangle, presented in figure 6, represent di↵erent specific states
of turbulence. As a consequence, anisotropy tensor analysis can be used in order to
get an understanding about the flows studied [23].
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Figure 6: Lumley triangle.

3 Measurement technique, experimental configu-
ration and post processing methods

3.1 Mono and Stereo PIV

We present here the general principle of PIV and the underlying correlation analysis
used to process raw data from the frames. Additional details related to the exact
configuration used in the experiments are found in the Experimental setup part.

3.1.1 PIV overview

PIV is a non-invasive method used for measuring the velocity field in flows of a liquid
or a gas. It has been developed since the 1980s, and continuously improved since
that time. The general principle of PIV consists in injecting particles in the flow
to study and taking two pictures at close time intervals t and t + �t. Comparing
the pair of pictures using correlation algorithms allows reconstruction of the velocity
field. This technique requires the use of particles that are small enough to be well
advected by the flow, and to take the two pictures with a small time interval. This
imposes the use of laser sheet for illumination and fast cameras to perform the mea-
surements. A typical overall organisation of a PIV experiment is presented in figure 7.
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Figure 7: Illustration of PIV principle. Reproduced from [24].

The costs and complexity implied by PIV are however compensated by the quality
and quantity of the information obtained. In addition of being largely non invasive,
PIV allows to do measurements in a 2D plane or 3D volume depending on the tech-
nique used, instead of point measurements such as with hot-wire anemometry or
LDV for example. Another advantage is that several components of the velocity vec-
tor can be measured simultaneously. As a consequence, PIV is starting to appear as
a tool for conducting flow investigations even in industry [25]. In the present setup
(stereoscopic PIV at best conditions), we can measure simultaneously up to the 3
components of the velocity vector in a 2D plane (2D3C). This means that full infor-
mation is available regarding the velocity vector in the measurement plane, as well
as one component of the vorticity vector by performing finite di↵erence calculations.

3.1.2 Correlation technique

The technique used to compare images of the particles is at the heart of PIV mea-
surements. It relies on correlation calculations, i.e. local statistical analysis of the
data, rather than on following each particle independently. Using such a technique is
necessary to get a robust estimate of the velocity field despite particles going in and
out of the laser sheet.

To perform the correlation study, each pair of pictures must first be divided into
interrogation windows on which the correlation calculations will be done. The choice
of the size of the interrogation window is important for the good function of the cor-
relation algorithm, and must be adapted to the flow and the size of the particles. The
PIV program will seek for each interrogation window the displacement that corre-
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sponds to the correlation peak, i.e. the displacement that maximizes the correlation
function.

The underlying cross correlation estimator used can be expressed for each inter-
rogation window as:

R(�x,�y) =

Z Z

W

I1(x, y)I2(x��x, y ��y)dxdy (47)

where I1 and I2 represent light intensity on the first and second picture, (x, y) is
the position on the first picture, �x and �y describe the displacement for which
the correlation function is computed. One can see that, to get a high value of the
correlation coe�cient, the areas of high intensity must be multiplied together which
means that the displacement vector (�x,�y) should represent the overall displace-
ment of the particles present on the two observation windows as explained in figure 8.

The algorithm implemented in the software uses a discrete version of this integral,
leading to the discrete cross correlation estimator:

R(m,n) =
NX

k=1

MX

l=1

I1(k, l)I2(k �m, l � n) (48)

where k and l represent a position on the images in pixels and m and n represent
displacements in pixels in the interrogation window. The algorithm implemented in
the DaVis software uses such correlation technique several times in a row (multi-pass
analysis) in order to adapt the shape of the initial and final interrogation boxes to
take into account advection, as explained in figure 9.

The displacement in pixels obtained from the correlation peak can finally be
translated into physical distances using data from calibration (see Calibration in the
Experimental setup). The velocity can then be evaluated by computing first order
finite di↵erences:

~v = Sc
~�s

�t
(49)

where ~�s = (m,n) and Sc is a scaling factor determined during the calibration step.

The estimation of the velocity vector can then be computed for each interrogation
window, leading to a 2D reconstruction of the velocity field.

3.1.3 Choice of the particles

Since PIV relies on light scattered by particles to observe the velocity field, the cor-
responding particles must be chosen carefully. The first criteria for particle choice is
their size. While too small particles would be di�cult to observe due to low intensity
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Figure 8: Calculation of fluid displacement by correlation analysis. Reproduced
from [26].

Figure 9: Illustration of multi pass principle. Picture reproduced from [13].

29



J.A.P.A. Rabault PIV study of the Intake Flow in a Diesel Engine Cylinder

on the pictures and may introduce biases in the measures such as peak locking, too
big particles on the other hand would not be properly advected by the flow and the
velocity field measured would reflect both particle inertia and fluid motion.

The parameter of highest relevance for the choice of particles size is the ratio of
their relaxation time to the typical time scale of the flow. Since the particles are of
very little size (order of magnitude of micrometer), their motion is driven by viscous
forces and di↵erence in density with the surrounding flow. As a consequence, the
density of the particles must be chosen so that it matches the density of the sur-
rounding fluid in order to avoid systematic errors. The ratio between relaxation time
and typical time scale of the flow is usually monitored through the Stokes number:

Stk =
⌧

⌧p
(50)

where ⌧ is the relaxation time of the particle and ⌧p is the typical time scale of the
phenomenon to measure.

For a spherical particle at low Reynolds number:

⌧ =
⇢pd2p
18µ

(51)

where ⇢p is the particle density, dp is the particle diameter and µ is the dynamic
viscosity of the fluid. Considering that the typical size of the particles is about 5 µm
and density is close to typical oil density (900 kg/m3) and using µ = 10�3 Pa.s for
air viscosity at 20 degrees celsius and one atmosphere, one gets ⌧ ⇡ 10�5 s. This
response time can be compared with the typical time scale associated with the phe-
nomena to measure, ⌧p = d/U where d and U are the corresponding size and velocity
scales. Data from PIV software has a resolution of 0.5 mm and typical velocity in the
flow is about 10 m/s, which leads to ⌧p ⇡ 5.10�5 s. This means that we can expect
particles to be small enough to follow the flow well on the scales at which measure-
ments are performed. However, finer analysis such as detailed turbulence structures
cannot be studied with this setup since t⌘ ⇡ 6.10�6 s as computed in section 3.3.2.
This is however not a major issue, since both the spatial resolution of the obtained
velocity fields and the minimum time between two consecutive pictures are anyway
far too big to perform analysis of the smallest turbulence scales. This means however
that part of the turbulent cascade is not measured and therefore the velocity fields
obtained are filtered.

Another important parameter is the number of particles present per interrogation
window, which is directly related to the particle concentration in the fluid. Particle
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Figure 10: Dependance of Mie scattering on spherical particulate size. Reproduced
from [27].

concentration determines the maximum possible resolution of the PIV setup, since it
is necessary to have a few particles per interrogation window to compute the cross cor-
relations. However, particle concentration should not be excessive either. Excessive
particle concentration can lead to particle overlap and introduce noise in the pictures.

Finally, it is also crucial to understand the laser light scattering process by the
particles in order to choose the best setup possible. Scattering of laser light can be
calculated theoretically for spherical particles resorting to the Maxwell equations in
order to get understanding of the corresponding phenomenon. The corresponding
scattering mechanism is known as Mie scattering, and exhibits a typical multi-lobe
shape as presented in figure 10. The main factor of importance for this process is the
ratio of the laser wavelength to the size of the particle, which is the driving parameter
for the interference phenomena at the origin of the transmission lobes:

q =
⇡dp
�

(52)

As can be observed on figure 10 it is better to observe the particles opposite to
the direction of the laser sheet to get the best intensity. However, other constraints
such as laser reflections and test rig configuration may make it di�cult to move the
camera to the corresponding position. If the laser is powerful enough good quality
images can be obtained even if the relative position of the cameras is not the ideal
one.

3.1.4 PIV configuration and Stereo reconstruction

Mono PIV analysis gives access to the projection of the velocity vector in the plane
perpendicular to the direction of observation of the camera, at each point of the
laser sheet. As a consequence, each camera gives access to a 2D velocity field in one
plane. To get a 3D velocity field in the plane of the laser sheet, two cameras must
take pictures from di↵erent directions. Their respective velocity fields can then be
compared to reconstruct the three components of the velocity vector. The overall
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Figure 11: Principle of stereo reconstruction of 3D velocity vector. Reproduced
from [29].

setup is called S-PIV, for Stereoscopic PIV.

The formula used to compute the three components of the velocity vector can be
found in the litterature [28]:

dx =
dx2 tan↵1 � dx1 tan↵2

tan↵1 � tan↵2
(53)

dy =
dy1 + dy2

2
(54)

dz =
dx1 � dx2

tan↵1 � tan↵2
(55)

where ↵1 and ↵2 are the viewing directions of the two cameras. To obtain the best
precisions on the results, the angle between the cameras should be 90 degrees, as
shown in figure 11. However, experimental constraints may not allow the use of the
optimal configuration, although one should attempt to realize a configuration as close
as possible to the corresponding ideal values.

Several configurations of the cameras regarding the laser sheet can be used, as
presented in figure 12. Configuration (C) is optimal since it allows both cameras to
observe the highest light intensity. However, the experimental setup can introduce
additional constraints making it necessary to use configuration (A) or (B). It is then
possible to compensate the intensity di↵erence between the two cameras by setting
for example the aperture of the two cameras on di↵erent values.

If necessary, the process can be repeated in several plane in order to get informa-
tion about the velocity field in the whole volume. This method is however quite time
consuming and requires to compile the data afterwards. PIV methods are available
that allow to measure directly all three components of the velocity vector in a vol-
ume (Tomographic PIV, [31]). However, this technique requires an under-determined
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Figure 12: Di↵erent possible camera configurations. Reproduced from [30]

backwards problem to be solved and presents additional challenges and costs com-
pared with stereoscopic PIV.

3.1.5 Basic optics considerations and image quality

Reaching good quality of the images is important for getting reliable and accurate
velocity fields. Good tuning of the optics used to take the pictures is one way to get
good quality images.

A point of particular importance is the choice of the aperture used to take the
pictures. Aperture controls the amount of light that meets the camera sensor. As a
consequence, the larger the aperture the higher the luminosity of the picture obtained.
Another e↵ect of aperture is to influence the thickness of the volume that is in focus.
The smaller the aperture, the larger the depth of field. Those points are summarized
in figure 13. In the case of PIV, luminosity is not the most critical parameter since
a rather powerful laser is used for illumination of the particles. Getting good focus
on the particles in all the picture, and making it easy to suppress reflections is the
real problem in our configuration. As a consequence, one should use an aperture as
small as possible that still allows to correctly see the particles when the laser is used
with full intensity. This makes it easier to get pictures in good focus and to suppress
reflections using masks.

3.1.6 Scheimpflug criterion

For good quality of the results, the images taken should be in focus everywhere in the
measurement plane. This imposes requirements on the focal distance of the lenses
used on the cameras. In the case where stereo PIV is used, the cameras observe the
measurement plane with an angle relatively to their optical axis, which means that
one has to take into account additional corrections to have the whole observation
plane into focus. Indeed the image of an inclined plane (relatively to the optical axis)
by a spherical lens is another inclined plane, as indicated in figure 14. The corre-
sponding angle must be compensated to have the whole recorded plane into focus.
This is done by using additional devices between the lens and the camera.
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Figure 13: E↵ect of camera aperture on the pictures obtained. Reproduced from [32].

Figure 14: Scheimpflug criteria for plane alignement. Reproduced from [33].

This is usually referred to as Scheimpflug criterion. The Scheimpflug criterion
states that to have the whole image plane into focus the plane tangent to the lens,
the object plane and the image plane should intersect on a common line. This implies
the existence of a tilting angle between the lens plane and the camera plane, which
is introduced by additional devices between the lens and the camera.

3.2 Experimental setup

The following paragraphs present in more details the setup used in the experiments.
Experimental details about the PIV configuration as well as the test rig are given.
DaVis 8.0 from LaVision is the software used in all the following steps.

3.2.1 Test rig and cylinder head

During all experiments a fan is used to create a low pressure in the cylinder, that
drives the flow in a similar way to piston motion. Previous studies, both experimen-
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Figure 15: Design of the admission channels. The red rods indicate limitations in the
design space (screws, water cooling).

tal and numerical [30,34], have shown that pressure drop has no significant e↵ect on
the parameters of interest in the flow as long as the Reynolds number in the flow is
high enough. As a consequence, a constant pressure drop of 100 mm water is chosen
for performing the measurements, as advised in [30]. The corresponding value has
been chosen in order to limit water condensation on the inside of the cylinder wall.
Avoiding condensation on the cylinder glass wall is important, since it diminishes the
quality of the images taken and can create additional reflections.

The cylinder head, located on the top of the cylinder, is the most critical part
for swirl generation. The cylinder head is composed of a flat cylinder top and the
two admission channels, including valves which opening can be varied. The general
design of the channels is presented in figure 15. The constraints limiting the design
space are indicated in red. The disposition of the valves is parallel to the engine axis,
which makes it challenging to get them to work well together but allows to optimize
some elements in the engine design.

Two di↵erent cylinder heads have been used. A low swirl configuration was tested
first, and then a high swirl configuration. Higher swirl was obtained by adding a mask
on one of the valve opening. More details are given in section 4.1.

35



J.A.P.A. Rabault PIV study of the Intake Flow in a Diesel Engine Cylinder

Figure 16: Configuration for stereo measurement in Tumble plane.

3.2.2 Measurement configurations

Three measurement configurations have been used on the test rig. The first one al-
lows to perform Stereo measurements in the tumble plane while the two others give
access to the velocity field in the swirl plane, one with a Mono and the other with a
Stereo data acquisition setup.

In the Tumble-plane measurement configuration (figure 16), the laser illuminates
from below the cylinder and a mirror is used to direct the laser sheet vertically in the
cylinder length. The two cameras are positioned on the side of the cylinder, so that
their axis is horizontal and at the same height as the measurement area. It is then
quite easy to take away the reflections by limiting the width of the laser sheet so that
it does not touch the glass cylinder. This does not limit significantly the size of the
measurement area, since the distortion induced by the glass near the cylinder walls
makes it di�cult to perform good measurements in this area. The plane in which
measurements can be performed is then about 100 mm in width, which means that
about one third of the tumble plane width is not available.

In the Mono PIV configuration for swirl measurement (see figure 17), the laser
is shot horizontally from the side of the glass cylinder, at the height at which the
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measurement is performed. The camera looks at the illuminated plane from under
the cylinder, using the same mirror that was used to aim the laser in the Tumble
configuration. The only place where reflections occur is then the circumference of the
glass cylinder. It is however easy to take away those reflections, by fixing a circular
shield about 2 mm wide several (5 to 10) centimetres under the measurement plane.
The corresponding shield is small and located far enough under the measurement
plane not to disturb the measurements, as comparison with tumble data confirms
(see the results part). This measurement configuration has several advantages: it is
easy and therefore quick to install (no issue with Schleimpflug criterion, no issue with
reflections) and gives nearly full access to the measurement plane (it is possible to
measure up to 128 mm in diameter). However, since the vertical component of the
velocity is missing, it gives only partial information.

Finally, the Stereo PIV configuration in Swirl plane (see figure 17) is based on the
Mono PIV configuration, on which another camera is added looking directly at the
illuminated plane with a 40 degrees angle. As a consequence, it is more di�cult to
get rid of the reflections for this camera. Tape must be used for this, which reduces
the size of the measurement domain and makes the whole process time consuming
and di�cult. Due to the limited time extent of the thesis project, it has not been
possible to take good quality measurements in this configuration.

3.2.3 Laser

PIV resorts to high power laser light for particle illumination. The laser used in the
present setup is a Nd:YAG laser that produces a green beam. The corresponding
wavelength is 532 nm, which is the standard laser light used for PIV studies. Since
PIV requires two sets of pictures within a very short time interval, the laser is con-
stituted of two cavities that each emits a pulse one after the other, with a time shift
chosen by the user. The energy of each light pulse can be chosen up to 200mJ, which
classifies the laser as class 4 (the highest power and risk level category). Such a laser
can damage both skin and eyes. Specific safety measures must be taken when using
it, and in particular the user should always wear security glasses that filter the laser
wavelength.

Laser light is brought to the measurement area by an optical arm and with the
help of mirrors depending on the measurement plane. An optical device turns the
cylindrical beam into a laser sheet, and the thickness is adjusted to about 2 mm. The
laser intensity can be set through the PIV software.

3.2.4 Camera

Two Charged Coupled Device (CCD) cameras have been used for the measurements.
They have a resolution of 2048 ⇥ 2048 pixels and a dynamic range of 14 bits. The
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Figure 17: Configuration for measurements in Swirl plane. Both cameras are used
for stereo measurements. When mono measurements are performed, only the camera
on the left of the picture is used.
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maximum sampling frequency of the cameras is 14 Hz, which is well below the fre-
quency required to observe small turbulence structures in the flow. This means that
dynamic evolution of turbulence cannot be analysed with the current set-up. However
this is not a problem for averaged moments such as mean velocity and RMS.

3.2.5 Pollution by particle deposition

The particles used in our setup are created by a commercial fog machine using gly-
col like oil for particle production. Their size (range 1 to 5 micrometers) fits with
the measurement constraints as calculated in section 3.1.3. The advantage of such
a device is that the smoke is non toxic and can be released directly in the room
where the experiment takes place. Unfortunately the particles have higher density
than air, and their size is not well defined. Another problem encountered is the fact
that those particles contain some remains of oil, which dissolves the paint used to
protect from laser reflections. The particles also tend to deposit on the glass cylinder
making it opaque when measurements are performed for more than a few minutes.
As a consequence, all the setup must be cleaned and repainted periodically, which is
time consuming. Such particles are also quite bad at scattering light, which means
that the ratio of light coming from the particles over light coming from reflections is
low (making reflections a bigger problem).

3.2.6 Calibration

Calibration is a critical step for achieving good quality of the measurements and takes
place in two steps.

The first step aims at creating an equivalence between distances in pixels as mea-
sured on the pictures and the physical distances in the experiment, taking into account
image distortions created by the viewing angle and the influence of the glass cylinder
and determining how the images from the two cameras must be superposed. This
step resorts to a calibration plate equipped with dots (figure 18) that are identified
by the software to provide data for calibration. Two third order polynomial mapping
functions are computed (one per camera, only one if Mono PIV is used) to relate the
coordinates on the images to the positions in the measured plane. If (k, l) represents
the position of a given point in pixels seen from one camera and X = (X1, X2) is the
corresponding position in the measurement plane relative to the same camera, the
software computes the coe�cients that ensure the best fit at calibration points of the
reference plate, following the equations:

X1 = a1 + a2k + a3l + a4kl + a5k
2 + a6l

2 + a7l
2k + a8lk

2 + a9k
3 + a10l

3 (56)

X2 = b1 + b2k + b3l + b4kl + b5k
2 + b6l

2 + b7l
2k + b8lk

2 + b9k
3 + b10l

3 (57)
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Figure 18: Calibration configuration for measurements in the swirl plane. The cal-
ibration plate features white dots for recognition by the cameras, on the lower part
of the plate in this configuration.
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Figure 19: Illustration of the self calibration principle. Figure reproduced from [35].

The second step (performed only in stereo configuration) is self calibration, which
is used to improve the quality of the previous calibration. It aims at ensuring that the
measurement plane is well centred on the middle of the laser sheet. Self calibration is
also used to ensure that the laser sheet is perfectly aligned with the reference plane.
The corresponding process is done automatically by the software by computing a
disparity vector map (figure 19) based on 20 to 100 images recorded without the
calibration plate. The disparity vector map should be reduced iteratively (usually 4
or 5 iterations are required).

3.2.7 �t optimization

Choice of a good time step between the two pictures used to compute instantaneous
velocity is important for quality of the measurement. The �t chosen should not be
too short (the software needs to measure a displacement to be able to compute the
velocity) neither too long (the initial particle distribution would then be too mod-
ified for correlation technique to work well and particles would get out of the laser
sheet). The ideal displacement of the particles between the two pictures is about 5
pixels according to the technical documentations. It is also necessary that the parti-
cle displacement is of the order of one fourth of the laser sheet thickness for enough
particles to be present in both pictures. As a consequence, the magnification of the
pictures (determined by the lens setup) together with the choice of �t should allow
both criteria to be satisfied. One can estimate a necessary condition for typical values
of valid �t by considering the laser sheet width criterion. A simple estimate leads to
a typical value of �t = 12 µsecs, as derived in [30].

The software used contains an automatic tool (”dt optimizer”) based on the 5
pixels displacement optimisation criteria. The corresponding function increases �t
progressively while taking pictures until a mean displacement of 5 pixels is obtained.
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The optimisation process is run for each camera separately, and one should check
that the optimal �t obtained for the two cameras are similar (which should be the
case if the same magnification and distance to the measurement plane are used for
both cameras). Finally the value obtained should be compared with the expected
value presented in the previous paragraph. In practise, optimal �t between 9 to 25
micro seconds were obtained.

3.2.8 Software used and processing principles

Once all calibration work has been carried through, images can be acquired with
DaVis software and analysed to get access to the velocity field. Each measure of the
instantaneous velocity field is composed of four di↵erent images: two from each cam-
era, at two di↵erent times. Vector calculations take place in several steps including
validation of the results obtained. All calculations are performed by DaVis software,
and the user only chooses the parameters to use, such as the size of the interrogation
windows.

Reconstruction of the three components velocity field in the stereo case takes
place in three steps. First, a two dimensional two component (2D2C) velocity field is
computed for each camera. Then, the pair of 2D2C vector fields is used to compute
a 2D3C vector field. Finally, the velocity field is validated by a median filter that
compares each vector with the average of its neighbour and the middle error obtained
from them. The whole process is represented in figure 20. Additional intermediate
steps are performed to ensure the quality of the results, such as subtraction of sliding
background and particle intensity normalization. More information on those specific
points is available in the technical documentation of the software.

Finally, statistics about the velocity field such as mean velocity field and RMS
value of the velocity can also be computed through the software.

3.2.9 Quality

Reaching good quality of the velocity field is the most challenging part in the use of
the present PIV system. Good quality depends on a number of points: good cali-
bration, good focus of the observation plane, good setting of parameters such as size
of the interrogation window and �t. Detailed information and advices are given in
earlier Master Thesis reports [30, 35], which saved a lot of time on those issues.

A point strongly influencing the quality of the data obtained is the ability to get
rid of laser reflections. Reflections can be a true constraint for PIV since high laser
intensity is needed to get good particle luminosity while the CCD cameras used can
easily be damaged by the light coming from strong reflections that are generated. As
a consequence, one has to protect the camera from reflections of laser light. This
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Figure 20: Overview of the complete pictures processing mechanism in the case of
Stereo PIV. Reproduced from [36].
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Figure 21: Use of mask to limit the width of the laser sheet in the tumble plane
measurement configuration.

task is complicated by the fact that one must wear protection googles when using
the laser, which makes it impossible to see where reflections occur. Di↵erent means
are used to get rid of reflections. Metal surfaces can be painted in black to absorb
incident laser light. The cylinder used is treated with anti-reflection coating. Cam-
eras are equipped with filters that take away all wavelengths that do not correspond
exactly to the laser wavelength. This allows to filter all reflections associated with
small changes in the laser wavelength. Screens are also used as presented in figure 21,
both to confine the laser in the measurement area and to hide reflection areas from
the cameras. Tape can be put on the glass cylinder for the same purpose. A method
to get rid of reflections using polariser film was experimented during the thesis and is
reported in details in the next section. Finally, some software treatment can be used
to take care of reflections that do not damage the cameras but diminish the contrast
up to a point when particles are barely visible [37].

3.2.10 Assessment of polariser film as a way to diminish reflections in-
tensity

An idea that appeared for trying to get rid of reflections is to use polariser filters.
Several points make it a potentially appealing technique. The light coming out of
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a laser is linearly polarised and the direction of polarisation can be adjusted by the
user. The direction of polarisation is conserved when light is reflected on the glass
cylinder. At the opposite, light coming from the particles may not preserve well the
initial polarization, depending on the mechanisms at the origin of particle luminosity.
This is especially the case for coated particles that emit light based on a fluorescence
mechanism. Even with particles working mostly by reflection and refraction, one can
expect that the polarization characteristics of transmitted light may not be the same
as for reflected light, and that it should therefore be possible to use this point to
improve image quality.

The e↵ect of a polariser film is described by Malus law. If an initial incident light
L1, linearly polarised and of intensity I1, goes through a polariser film which polarising
direction forms an angle ✓ with L1 direction of polarisation, then the light L2 coming
out of the polariser has an intensity I2 = I1cos2(✓). Moreover, L2 is polarised in the
same direction as the polariser film orientation. A true polariser also introduces par-
asitic e↵ects, such as light absorption even in the transmitted polarisation direction.
The extinction of light perpendicular to the polariser orientation is not perfect either.

Following Malus law, polariser films can be used in two extremal ways. One ex-
tremum case is when the polariser is used parallel to the incident polarisation. This
should not improve the quality of the pictures but constitutes a reference case taking
into account absorption due to the polariser. The other case corresponds to a po-
lariser used perpendicular to the initial laser light polarisation. According to Malus
law, no light having the same polarisation as the laser should then be transmitted.
However, real polarisers always transmit a little fraction of the incident polarisation.

The e�ciency of this method has been investigated in the Swirl plane of mea-
surement configuration for both cameras. Three polariser filters have been used: one
on the side of the glass cylinder opposite to the laser sheet, where most reflections
occur (P1), one on the camera looking from under the cylinder using the mirror (P2)
and one on the camera looking from the side (P3). For each polariser film, three
configurations have been used: no film (0), film oriented in the same direction as
the incident light (1), film oriented in the perpendicular direction compared with the
incident light (2). For each case, the value of the laser attenuator (from 0, highest
attenuation, to 10.0, no attenuation) corresponding to a maximum intensity on the
pictures of 8000 counts at maximum laser intensity has been obtained. The results
are summarized in table 2.

As one can notice, the polariser films have an e↵ect on the maximum attenuator
value that can be used without damaging the cameras. This e↵ect comes from the
polarisation properties of the polarisers rather than their opacity. Indeed, the atten-
uator values are greatly influenced by the orientation of the polariser films.

45



J.A.P.A. Rabault PIV study of the Intake Flow in a Diesel Engine Cylinder

P1 P2 P3 Attenuator value at 8000 Attenuator value at 8000
counts, camera 1 counts camera 2

0 0 – 2.80 –
0 2 – 3.30 –
0 1 – 3.30 –
1 0 – 2.20 –
2 0 – 4.20 –
2 1 – 3.40 –
2 2 – 7.80 –
1 1 – 3.90 –
1 2 – 6.40 –
0 – 0 – 2.70
0 – 1 – 3.20
0 – 2 – 4.80
1 – 0 – 1.80
2 – 0 – 4.40
1 – 1 – 3.00
2 – 1 – 4.60
1 – 2 – 4.50
2 – 2 – 7.60

Table 2: Influence of polariser film on reflections intensity measured with cameras 1
and 2. P1, P2 and P3 define the state of each of the three polariser films used: no film
(0), film oriented in the same direction as the incident light (1), film oriented in the
perpendicular direction compared with the incident light (2). Maximum attenuation
corresponds to an attenuator value of 0, minimum attenuation corresponds to a value
of 10.
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Unfortunately, the particles used in the present experiment do not involve fluores-
cence and the light they emit is therefore polarised in a quite similar way to the light
coming from the reflections. This means that polariser films improve the ratio of light
from the particles to the reflections only in a limited extend. As a consequence, when
the most e�cient polariser configuration is used to damp the reflections, the parti-
cles are barely visible and it is not possible to take good quality pictures. However,
those simple measurements prove that there may be an interest in using polarisation
properties. The issue should specifically be investigated as a way to improve picture
quality when coated particles are used.

3.3 Order of magnitude analysis of the flow in the experi-
mental cylinder

3.3.1 Overall engine parameters

The engine under development has a cylinder diameter of 130 mm, a piston displace-
ment of 160 mm and operates at a rotation rate of 1050 rpm when working at its
best e�ciency. Its compression ration is 20 : 1. The combustion simulation group
asks that swirl coe�cient can be tuned between 0.8 and 1.5 by minor modifications
of the cylinder head. Swirl value is particularly important since piston head design
incorporates a bowl, which means that combustion e�ciency is very sensitive to swirl
value.

3.3.2 Order of magnitude estimates of turbulence evolution during en-
gine cycle

The typical maximum value of turbulent velocity is observed to be around 50 m/s
from instantaneous PIV pictures. Sources found in the literature [38] consider that
the size l of the biggest eddies is typically 1/6 of the stroke. This fraction takes into
account the fact that those eddies are mainly generated by valves, that are only a
fraction of the size of the cylinder. One can compute the velocity of the piston from
engine rpm, and find a velocity of typically up = 5 ms�1. Knowing those values, one
can use the formula presented in the theory part to derive quantities of interest in
the flow. One can find that ✏ ⇡ 4.106 W/kg, ⌘ ⇡ 6.10�6 m, Re ⇡ 45000, turbu-
lent viscosity ⌫T ⇡ 0.04 m2s�1 (while air kinematic viscosity at 1 atmosphere and
20 celsius degrees is ⌫ ⇡ 1.51.10�5 ms�2 ) and t⌘ ⇡ 2.10�6 s. Those values are in
good agreements with similar figures present in the literature, for example in Lumley
reference book [38].

Those values can be used to get an idea about turbulence evolution in the cylinder
during a whole cycle. Following Lumley [38], one can consider that at the end of the
admission stroke:
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d

dt
(
3

2
u02) = �u03

h
(58)

where h is the cylinder height. This corresponds to the equation for evolution of
energy, where only the dominant dissipation term has been conserved. Solving this
equation leads to:

u

u0
=

1

1 + u0t
3h

(59)

where u0 is the initial value of the turbulent velocity, i.e. u0 = 50m/s ⇡ 10up with
up the piston velocity. This means that:

u

u0
=

1

1 + 20upt

h

(60)

This equation implies that turbulent kinetic energy half life is only 5 percent of
the time required for the piston to go down. This implies that turbulence will be
strongly attenuated in the laps of time when the piston lies near bottom down center
and jets from the valves are no longer injecting turbulence in the flow.

Compressional e↵ects should be taken into account to estimate more precisely
turbulence evolution in time. One can find rules of thumb in the literature stating
that turbulence intensity drops to about 0.15 of its initial value by the end of the
admission stroke, and then to 0.10 at the end of the compression stroke if no addi-
tional e↵ect (such as tumble breakdown) is present. The much lower drop during
compression stroke is reported to be due to compression e↵ects.

Those derivations are interesting since they point out that generating turbulence
during admission stroke is a very ine�cient way to get high turbulence level during
injection. This explains the importance of strategies involving tumble breaking for
turbulence generation in spark engines, and swirl generation for mixing control in
Diesel engines.

3.4 Method for obtaining 3D3C information from tumble
plane measurements

A specificity of the work presented here lies in the fact that the whole 3D3C velocity
field in the cylinder was reconstructed from the addition of several measurements.
Stereo PIV measurements give access to 2D3C information, and several data sets can
be merged to obtain 3D3C fields.

The method used to achieve numerous measurements in a reasonable time con-
sisted in rotating the cylinder head rather than the measurement plane. The Stereo
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PIV setup was installed and calibrated so that the measurement plane went through
the cylinder cutting it following its axis. As a consequence, rotating the cylinder head
while letting the PIV setup unchanged allowed to perform measurements in planes
with di↵erent angles relatively to a reference direction, and to reconstruct the whole
3D field.

This method allows to save a lot of time, since fine tuning of the setup (such
as getting the laser sheet to the right position, taking away reflections, getting the
cameras into focus, finding the right tuning of the Schleimpflug adaptors), as well
as both external and self calibration, was performed once and for all for each set of
measurements.

Matlab scripts have been written to merge all the data into one global picture of
the flow. A key point for good quality of the data obtained is to find, with as much
precision as possible, the position of the axis of the cylinder. This is unfortunately
di�cult to estimate, and the estimated accuracy in cylinder axis determination is
about 1.5 mm. Two di↵erent methods were used to double check the corresponding
position. First, pictures of the flow were taken using the PIV setup while incorpo-
rating a shield to hide one half of the cylinder. The separation line between the area
that can be seen on the PIV results and the one hidden gives then the position of
the middle of the cylinder. However since the setup involves stereo PIV, the fields
obtained come from two di↵erent cameras looking from two di↵erent angles, which
made it di�cult to have simultaneously exactly one half of the cylinder hidden for
each camera. The other method consisted in taking two pictures, separated with
a 180 degrees rotation, and to superpose them (after performing a reflection of the
second picture). This technique gave good results.

The Matlab implementation for data fusion is straightforward. Both the coor-
dinates of the measurement points and the velocity vector should be rotated before
being incorporated in the general data set, using a rotation matrix of type:

R(⇥) =

2

4
cos(⇥) sin(⇥) 0
�sin(⇥) cos(⇥) 0

0 0 1

3

5 (61)

where ⇥ is the rotation angle between the measurement performed and the reference
direction. The method is described in figure 22.

3.5 Post-processing techniques

A major issue in recent fluid mechanics research, both numerical and experimental, is
to extract relevant information from the huge quantity of data generated. This task
is made di�cult due to the nature of turbulent flows and to the huge amount of data
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Figure 22: Illustration of the method for 3D3C reconstruction. The measurement
plane is kept immobile while the cylinder head is rotated, saving therefore all adjust-
ment and calibration work as long as the measurement heigth is kept constant.

necessary to characterize it. Even some apparently simple methods to extract infor-
mation must be considered with care. We also present several advanced techniques
discussed in the literature that have been used (successfully or not) in the context of
this Thesis.

3.5.1 Considerations about RMS analysis

RMS value is widely used in turbulence analysis, for the reasons presented in the
theory part. However, there can be two di↵erent sources to a high RMS value.
RMS can come from turbulence fluctuations, or be generated by oscillations with
time of flow pattern. In the last case oscillations of a flow structure, even laminar,
around a reference position can lead to high RMS values where velocity gradients are
important.

3.5.2 Streamlines

Streamlines are commonly used to study flows. In the case of unsteady flows, one
should be careful that a particle path is di↵erent from any streamline obtained from
the averaged velocity field.

There are additional limitations when considering 2D streamlines. 2D streamlines
are a convenient way to visualize flow when measurements are performed in a plane.
However, 2D streamlines of a 3D flow are not strictly speaking streamlines since in
reality the line should get out of the measurement plane due to the out of plane
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velocity component. Nevertheless, 2D streamlines can be seen as a projection in the
plotting plane of the real 3D streamlines. In particular, one can expect that 2D
streamlines are good for visualization of the main di↵erent zones present in the flow
such as recirculation bubbles or clear swirling structures.

3.5.3 Proper Orthogonal Decomposition (POD)

Proper Orthogonal Decomposition (POD) has been widely used in Fluid Mechanics
for analysis of data coming from turbulent flow experiments and simulations [39,40].
The aim of POD is to decompose the data extracted into relevant modes. Such de-
composition allows to look at the relevant structures present in the flow, and can also
be used as a way to represent the data and develop reduced order models [41]. POD
can be applied to velocity fields as well as other physical quantities, for example in
combustion study [42].

The mathematics used to compute POD modes are based on correlation tech-
niques, which allow to express a large number of correlated variables out of a reduced
number of uncorrelated variables. In POD, those techniques are used to extract the
most persistent structures. The corresponding modes form a basis (relatively to the
snapshots used) of orthogonal fields which is optimal in terms of energy content of the
modes. This means that the modes computed through POD have the highest possi-
ble energy content while respecting the constraints implied by forming an orthogonal
basis. This feature is the reason for POD success, since one can expect that highly
energetic structures are the most relevant for flow behaviour. Such assertion has
however been criticized, since POD is therefore better at tracking structures coming
regularly in the flow than highly transient energy bursts that are also important in
turbulence. However, due to the di�culty to define other relevant techniques, POD
is widely used today.

Mathematically, the corresponding principles can be expressed in the following
way. If u(x, t) is a field on a domain ⌦, then the time snapshots can be expressed as
ui(x) = u(x; ti). The corresponding fields are continuous functions in ⌦ as long as
subsonic fluid mechanics is concerned. Finding the most energetic structure in the
flow can then be formulated as minimizing for every x (point in space) the value of
� defined as:

� =
nX

i=1

(�(x)� ui(x))
2 (62)

where n is the number of snapshots and � is the corresponding structure. Such pro-
cess can be iterated so as to get an orthogonal basis describing the input snapshots.
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One can show that this minimization problem can be transformed into an integral
value problem:

Z

⌦

K(x, x0)�(x0)dx0 = ��(x) (63)

where K is the two points correlation function:

K(x, x0) =
1

n

nX

i=1

< ui(x)|ui(x
0) > (64)

The orthogonal fields that are solution of the integral value problem give the
proper orthogonal modes �i(x) and the associated eigenvalues �i.

In practise, the fields to be decomposed are available on a discrete network of
points so that a practical solution has to be found to solve the integral value prob-
lem. This is done by using the so called snapshot method. If the discrete positions
of the measurement points are expressed as xk, k = 1, ...,m, and the field is defined
as uk

i = u(xk; ti), one can then include all the information in a matrix:

X =

2

64
u1
1 ... u1

n
... ...

...
uk
1 ... uk

n

3

75 (65)

One should note that the process can be extended to the case when several scalar
fields must be decomposed simultaneously (like in the case of a vector field) by ex-
tending the dimension of the sample in order to put all the information in one single
vector.

The correlation matrix can then be computed as:

C = XTX (66)

and the POD modes and eigenvalues can be extracted by solving the following eigen-
value problem:

CAi = �iAi (67)

where Ai is a diagonal matrix which eigenvalues are proportional to the energy con-
tent of each corresponding mode.

Since the corresponding set of eigenvectors defines an orthogonal basis for the
snapshots, one can express each snapshot as a (uniquely defined) linear combination:
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u(ti) =
nX

j=1

cj(ti)Aj (68)

The corresponding eigenmodes can be used to capture features associated with
flow behaviour [43]. Such modes can also serve as a basis [44] for defining so called
Reduced Order Models, which aim at allowing approximate flow simulation based
on dynamic modelling. The author expects that additional information should be
available through the analysis of the cj coe�cients. Studying their time response and
spectrum, as well as their auto and cross correlation, should allow to reveal instabil-
ities or oscillating behaviours if present (and time resolved by the snapshots).

Interpretation of POD modes can be di�cult when complex flows are involved
[45]. Getting physical understanding of the underlying structures can be di�cult and
tricky. Moreover, the relevance of the obtained POD modes can be di�cult to asses.
One way to estimate how good POD modes describe the flow consists in looking at
the decay of the energy content of the modes, with increasing mode order. A sharp
decrease in mode energy content with mode order increase, meaning that the few first
modes contain a significant proportion of the flow energy, is a way to confirm that at
least the first energetic modes may be relevant to analyse the flow.

3.5.4 Singular Value Decomposition (SVD)

Singular value decomposition is a method that is regularly referred to in the literature
in relation with analysis of turbulent flows [46]. As explained in some of the papers
that use it [47–49], Singular Value Decomposition is mathematically equivalent to
the snapshot method for POD modes computation.

SVD is based on the following theorem: given X a n ⇥ m matrix on R or C,
there exist a unitary matrix U (n ⇥ n), a pseudo diagonal matrix S (n ⇥ m) with
non-negative real numbers on the diagonal, and a unitary matrix V (m ⇥ m) such
that:

X = USV ⇤ (69)

If the eigenvalues of S are ordered, S is then uniquely defined. This is however not
the case for U and V which means that the way to compute them can give di↵erent
singular vectors as a result. Since U and V are unitary, their columns form a set of
orthonormal vectors that can be used as basis.

Since U and V are unitary, one can immediately verify that:

XXT = US2UT (70)
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XTX = V S2V T (71)

so that the singular values of X are the square roots of the eigenvalues of XXT as well
as XTX. Those two calculations also prove that the eigenvectors of XTX (respective
XXT ) are the right (respective left) singular vectors of X. As a consequence, one
can note that the left singular vectors obtained by this method are strictly identical
to the eigenmodes given by the snapshot method, since the correlation matrix of the
POD decomposition is exactly XXT .

3.5.5 Dynamic Mode Decomposition (DMD)

Dynamic Mode Decomposition [50] is a method that has been recently proposed
(2008) to study turbulent flow. The underlying mathematics are however older, and
correspond to a decomposition in the so called Koopman modes [51]. Di↵erent vari-
ants for DMD calculation and pre processing are available [52].

The main di↵erence between DMD and POD lies in the fact that DMD tries to
characterize the dynamic evolution of the flow [53]. Sorting and constant time be-
tween capture of the snapshots is important for good DMD calculations, contrary to
POD. As in POD, DMD aims at extracting information about flow behaviour from
snapshots of the velocity field.

Mathematical basis for DMD comes from dynamic systems theory. The underly-
ing assumption driving DMD analysis is that even if fluid mechanics is governed by
a non linear system some key structures in the flow behaviour can be captured by
much simpler models. In DMD, one postulates that the flow snapshots are generated
by a linear, discrete time, time invariant system in order to analyse them. This is of
course a crude simplification of reality, but previous works reported in the literature
have proven that it can lead to valuable information extraction. The problem to be
solved is that in experiments, the underlying mapping describing the evolution of the
system is not available. One must therefore be able to study its properties by looking
at snapshots of the flow.

Let us assume that the evolution of a system is described by the linear mapping
A, that connects the state of the flow field u between times tk and tk+1 = tk +�t:

uk+1 = Auk (72)

One can then define two matrices containing the snapshots of the flow:

V N�1
1 = [u1, ..., uN�1] (73)
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V N
2 = [u2, ..., uN ] (74)

As a consequence, one can immediately note that:

V N
2 = [u2, ..., uN ]

= [Au1, ..., AuN�1]

= AUN�1
1

(75)

To continue the analysis, one can follow the calculation presented in the literature
and write that:

AV N�1
1 = V N

2 = V N�1
1 S + r (76)

where the residual r is expected to be small if one uses enough snapshots. One can
then note that the eigenvalues and eigenvectors of S will give access to an approximate
of some of the A eigenvalues and eigenvectors. A heuristic argument for this is that,
if � is an eigenvector of S, associated with the eigenvalue �, one can then write:

AV N�1
1 � = V N�1

1 S�+ r� = �V N�1
1 �+ r� ⇡ �V N�1

1 � (77)

so that V N�1
1 � is a very good approximation of an eigenvector of A, of associated

(approximate) eigenvalue �.

DMD approach did not prove successful in our case for the reasons described in
the next paragraph.

3.5.6 General considerations for use of POD and DMD

Using POD and DMD to study flows puts requirements on the volume and quality
of the data to use, and it has proven di�cult depending on the experimental setup
to record good quality enough data.

An important for both POD and DMD is the number of snapshots available. Un-
fortunately, taking a large number of snapshots in the higher part of the cylinder has
proven di�cult. Indeed, the pressure drop at the exit of the valves leads to conden-
sation on the glass cylinder. Condensation has a double e↵ect on the measurements,
since it makes the pictures taken from the camera blurred and creates additional
reflections that imply a risk of burning the camera sensor. This deposition e↵ect on
the glass cylinder is made even worse in our case by the use of particles resulting
from oil combustion as PIV seeding particles, that also deposit on the glass cylinder
and mix with the condensation water. This double e↵ect influenced both the volume
and quality of data available. It imposed to clean the glass cylinder very often, which
was time consuming, and limited the number of snapshots that could be taken in a
row.
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Another problem that was encountered when performing measurements is that
the sampling frequency was not constant. As long as the number of pictures taken
remains moderate (less than about 150), Random Access Memory can be used to
store the pictures taken by the cameras and the sampling rate remains constant
equal to the value defined in the system. However, when a larger number of pictures
is taken, RAM is not enough to store the data generated and pictures must be written
on the hard drive to be saved. This makes the recording process much slower and
the sampling frequency erratic. This is not a problem in the case of POD analysis,
but for DMD which is a dynamic analysis this point has proven to be a major issue.
This means that the sampling frequency was too low to get well correlated velocity
snapshots, which made DMD analysis to fail.

Some articles in the literature discuss the choice of the physical quantity to use
to perform POD. In particular, some authors assess that vorticity field (which is
Galilean invariant) should be a better candidate than the velocity field for perform-
ing such decomposition. However, computing vorticity field implies reduction in the
quality of the data due to the use of a finite di↵erence scheme, and only the normal
component of vorticity is available from Stereo PIV. As a consequence, velocity has
here been used to compute POD modes.

3.5.7 Other general flow analysis techniques

Other flow analysis techniques, such as the so called �2 and Q criteria, would provide
valuable information about the flow. Those processing methods aim at identifying
instantaneous vorticity structures in the flow, and raise interesting theoretical issues.
However computing those quantities makes sense only if 3D, time resolved data is
available for analysis, for example when the data is obtained through time resolved
tomographic PIV or simulation. Since this is not the case in our experiment, the
corresponding criteria have not been used to post process the data.

3.5.8 Specific flow analysis technique: instantaneous swirl centre identi-
fication

The instantaneous swirl centre moves from one snapshot to the other. Analysing its
migration allows to get knowledge about how unsteady the swirl motion is. To per-
form such analysis on large amounts of data (2000 snapshots), an automatic method
for swirl instantaneous centre position identification is needed. General algorithms
exist for this purpose, but they are often quite complex [54]. Based on the general
appearance of the snapshots, a simple two steps swirl center identification Matlab
program has been tested and used to analyse stable swirling structures.
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Since the snapshots in the cylinder domain analysed with this technique are dom-
inated by one swirl vortex, simple methods can be used to identify with good results
the swirl center. The program processes in two steps. First, the point P1(x0, y0)
minimizing the criterion C1(x, y) is identified, where:

C1(x, y) = 4 ⇤ c(x, y) + c(x+ dx, y) + c(x� dx, y) + c(x, y + dy) + c(x, y � dy) (78)

with c the velocity magnitude of the flow, and dx and dy are small lengths which help
in getting rid of local fluctuations. dx and dy values are chosen from tests on the data.

A local fine grid is then defined centred on the point found at the first step. On
each point of this grid, a criterion based on velocity circulation is computed:

C2(x, y) =
NX

k=1

(rxkv(Pk)� ryku(Pk)) (79)

where (rxk, ryk) = ~MPk, with Pk a list of k points equally spaced on the circle of
center M = (x, y) and radius R. R is defined by the user based on tests with the
data. An example of the result of such analysis on a snapshot is presented in figure
23. The red and green point correspond to the two steps described.

3.6 Uncertainty analysis

3.6.1 Confidence intervals and outliers

Uncertainty is inherent to all measurement methods. There are several reasons for
which uncertainty arise. The measuring instrument, processing algorithms, operator
skills, sampling issues, environment introduce uncertainties and noise. Moreover, es-
pecially in the case of turbulent flow, the quantity measured itself can be fluctuating
which implies that there will always be an uncertainty on the statistical moments that
will be computed and a spreading of the results associated to the unsteady behaviour
of the underlying physical process. As a consequence it is necessary to quantify such
variations as well as the associated confidence intervals.

The usual notations for uncertainty and probability analysis will be used in the
following. If X is a fluctuating variable and Pr(a) the probability of the event a, we
denote by F the cumulative distribution function and by f the probability density
function:

F (u) = Pr(X < u) (80)

f(u) =
@F

@u
(81)
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Figure 23: Position found by the instantaneous swirl center indentification algorithm
written in Matlab. Red and green dots indicate the swirl centers identified after each
one of the two steps of the algorithm.
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The mean, variance and n-th order moment can then be defined as:

µX =

Z
uf(u)du (82)

V arX =

Z
(u� µx)

2f(u)du (83)

�X =
p

V arX (84)

Mk
X =

Z
(u� µx)

kf(u)du (85)

The corresponding discrete, non-biased normalised estimators can be written as:

x̄ =
1

N

NX

i=1

Xi (86)

s2x =
1

N � 1

NX

i=1

(Xi � x̄) (87)

Sx =
M (3)

X

s3x
=

1

Ns3x

X
(Xi � x̄)3 (88)

Fx =
M (4)

X

s4x
=

1

Ns4x

X
(Xi � x̄)4 (89)

Skewness Sx and flatness Fx are useful to quantify the di↵erence between a dis-
tribution and the Gaussian one. Skewness is then a measure of the asymmetry of the
corresponding distribution, while flatness indicates the weight of the unlikely events
in the distribution (fat tail e↵ects). Comparison with the Gaussian distribution is
of interest since the central limit theorem asserts that, if enough random sources of
error are added and averaged into one variable, the resulting variable becomes Gaus-
sian. As a consequence Gaussian or near Gaussian distributions are present in many
experimental measurements.

Comparison with Gaussian distribution also allows to express confidence intervals
in which the mean value of a series is known to lie with a given probability. Indeed,
tabulations (or computer programs) can furnish a value for:

Pr(�z↵ <
x̄� µx

�x/
p
N

< z↵) = ↵ (90)

which can be rewritten as:
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Pr(x̄� z↵
�xp
N

< µx < x̄+ z↵
�xp
N
) = ↵ (91)

If N is large and enough sources of uncertainty are present, this formula can be
used to quantify the confidence interval in which the mean value of a process lies.
Equation (91) indicates that the size of the confidence interval associated with a
given fixed probability in which the mean lies diminishes as 1/

p
N . In practise, one

uses often the two sigma confidence interval, which corresponds to ↵ = 0.95 and
z↵ = 1.96 ⇡ 2. One should note that it is necessary to know �x to apply this formula,
which is not the case in practise where only sx is available. Similar formula can be
derived for higher moments, and in particular one can write:

Pr(�2
x � z↵�

2
x

r
F � 1

N
< �2

x < �2
x + z↵�

2
x

r
F � 1

N
) = ↵ (92)

One can see the limit of this method here: to determine the confidence interval for
�x, one needs �x itself as well as F , which is also unknown and computed through an
estimator that introduces uncertainty. In practise, one simply assumes that �x ⇡ sx
and that F can be obtained from its estimator, or that a reference value such as 3
(Gaussian process) can be used.

Such considerations allow to define strategies in order to take care of outliers.
One of them is the so called Chauvenet criterion. Chauvenet criterion consists in
rejecting all experimental points lying in the part of the tails of the Gaussian distri-
bution representing events of cumulated probability 1

2N or less, with N the number
of measurements. This means that all points lying outside of the interval

[x̄� z1�1/(2N)sx, x̄� z1�1/(2N)sx] (93)

will be rejected.

3.6.2 Time sampling of autocorrelated signals

The considerations presented in the previous paragraphs allow to define statistical
moments and associated confidence intervals for a variable a↵ected by random noise.
However they do not give any indication about how long time averaging should be
performed in the case of a self correlated variable, such as turbulent velocity for ex-
ample. To perform such averaging one must be sure to record during a time long
enough to capture several ’independent’ realisations of the self correlated variable.

The time scale associated with the self correlation of a variable can be expressed
as:

⇤ =

Z 1

0

Rxx(⌧)d⌧ (94)
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Figure 24: Illustration of the Chauvenet criterion with a set of values of u component
of velocity in the tumble plane, corresponding to a point in the measurement set 1
in the jet area. The thick red line is the average, the thin red lines indicate the
one � deviation interval, and the green thin lines indicate Chauvenet criterion. The
points lying outside the domain delimited by the thin green line will be discarded by
Chauvenent criterion.
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where Rxx is the autocorrelation of the underlying process x = µx + x0:

Rxx =
1

�2
x

E[x0(t)x0(t+ ⌧)] (95)

One can then show that the relative error ✏ on the mean value computed by
MT =

R T

0 x(t)dt becomes:

✏ =

✓
2
⇤

T

◆1/2 �x

µx

(96)

so that an accuracy of ↵ percent requires a sampling time of at least:

T > ↵2⇤

✓
�x

µx

◆
(97)

One can compare this result with the one obtained in the previous section:

✏ =
1p
N

�x

µx

(98)

While the accuracy of the stochastic process formula is determined by the number
of points used to compute the mean, the formula for self correlated variable assumes
that the time integral giving the estimate for the mean is perfectly computed. The
sources of uncertainty are in appearance di↵erent: in the first case, it is the lim-
ited number of realisations that introduces uncertainty while in the second case the
number of sampling points is considered infinite, and the uncertainty is the result of
the variable autocorrelation. Those formula show in fact that in the case of a self
correlated process, the number of independent points that can be extracted from a
signal of time extend T is T/(2⇤) (comparison of equations (96) and (98)).

3.7 Measurements of swirl, tumble and flow coe�cients in
test bench

PIV is a way to study Swirl and Tumble by monitoring in detail the flow behaviour in
the cylinder. It is however a costly and time consuming method for measuring swirl
and tumble in engine cylinder. It also presents di�culties, since the velocity field is
usually obtained only in one 2D plane at a time. Therefore getting the global picture
for flow behaviour can be di�cult. Moreover, stereo PIV is di�cult to perform in the
near wall region, making it challenging to obtain a good value for the swirl number.

As a consequence, more traditional techniques are still widely used in industry
to provide with fast and easy measurement of swirl ratio as well as flow coe�cient.
The most common method for swirl and flow coe�cients measurement consists in
using honeycombs to force the fluid into a non-rotational motion and measuring the
corresponding torque applied on the honeycomb by the flow, while measuring the
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Figure 25: Experimental setup for swirl investigation using honeycombs and momen-
tum measurements. Reproduced from [55].

mass-flow rate simultaneously, as presented in figure 25. Tumble can be measured by
means of rotating paddles [56].

Test bench measurements are used everyday at Scania to test new designs and the
impact of numerous changes in a quick and standardised way. It has the advantage
of being quick and easy to perform, which explains that it is still widely in use.

Such measurements have been performed on the cylinder head used in this thesis.
Since those measurements are not the core work of the thesis, they are included in
the present section. the two configurations (low swirl and high swirl) have been used.
Three measurements have been made with each configuration: one with each admis-
sion valve opened separately, and one with both opened. The results are presented in
figure 26. One can note that the high swirl configuration generates more swirl, but
that the penalty is a lower µ� coe�cient. It is also possible to notice that the flow
behaviour is strongly non linear: the values obtained for the two valves together is
quite di↵erent from the sum of the results when tests are done with each valve sepa-
rately. Understanding the flow in more details should allow to reduce the µ� penalty
at high swirl and to improve the performance when the two valves work together.
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Figure 26: Results from test bench measurements for both High Swirl (HS) and Low
Swirl (LS) configurations. Three tests have been made with each configuration, one
with each valve separately and one with the two valves together.
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4 Results and discussion

4.1 Measurement cases performed

Several sets of measurements have been performed. The first set of measurements
(table 3) concerned the initial design for cylinder head (DWTT5A1), that proved to
produce little swirl (at the opposite of the wish of the designers). Tumble measure-
ments were performed on this cylinder head at 15 mm valve opening, at two di↵erent
heights presented in figure 27. The higher position corresponded to measurements
right under the roof of the cylinder, while the low position was situated 120 mm
lower. As a consequence, a part of the velocity fields obtained in the lower position
does not correspond to a situation encountered in the engine (the maximum piston
displacement is only 160 mm). However, it corresponds more closely to the honey-
combs measurements setup, so that comparisons can be established. It has also been
observed that the flow just under the valves is very irregular as will be presented in
the results part, so that performing measurements lower allows to get clearer swirl
structures.

Case Cylinder head Valves opened Opening (mm) Meas. plane Type
1 DWTT5A1 1 + 2 15 Tumble, high Stereo
2 DWTT5A1 1 + 2 15 Tumble, low Stereo

Table 3: First measurement set in tumble plane.

Following this set of measurements, the cylinder head was modified (DWTT5A2)
by adding a mask on a part of the non swirl generating valve, so as to force the
flow to go into a swirling motion. The swirl number was improved, but at the price
of a lower µ� coe�cient. New measurements were then performed (table 4). This
configuration will not be implemented in a true engine, but it is however expected to
be representative of how the flow behaves in a higher swirl configuration and therefore
worth studying.

Case Cylinder head Valves opened Opening (mm) Meas. plane Type
3 DWTT5A2 1 + 2 15 Tumble, high Stereo
4 DWTT5A2 1 + 2 15 Tumble, low Stereo

Table 4: Second measurement set in tumble plane.

The next step consisted in performing measurements in the swirl plane. As ex-
plained in the experimental setup description, it was possible with Mono PIV to get
a 2D2C velocity field in the complete swirl plane, while with Stereo PIV it would
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Case Cylinder head Valves opened Opening (mm) D (cm) Type
5 DWTT5A2 1 + 2 3, 6, 9 ,12, 15 2 Mono
6 DWTT5A2 1 + 2 3, 6, 9 ,12, 15 4 Mono
7 DWTT5A2 1 + 2 3, 6, 9 ,12, 15 6 Mono
8 DWTT5A2 1 + 2 3, 6, 9 ,12, 15 8 Mono
9 DWTT5A2 1 + 2 3, 6, 9 ,12, 15 10 Mono
10 DWTT5A2 1 + 2 3, 6, 9 ,12, 15 12 Mono
11 DWTT5A2 1 + 2 3, 6, 9 ,12, 15 14 Mono
12 DWTT5A2 1 + 2 3, 6, 9 ,12, 15 22.7 Mono
13 DWTT5A2 1 + 2 3, 6, 9 ,12, 15 40 Mono
14 DWTT5A1 1 + 2 3, 6, 9 ,12, 15 5 Mono
15 DWTT5A1 1 + 2 3, 6, 9 ,12, 15 10 Mono
16 DWTT5A1 1 + 2 3, 6, 9 ,12, 15 15 Mono
17 DWTT5A1 1 + 2 3, 6, 9 ,12, 15 40 Mono

Table 5: Measurements in swirl plane.

have been possible to measure 2D3C information but only in a part of the swirl plane
and with much more di�culties. As a consequence, Mono PIV measurements were
performed in order to get information about a wide range of positions and valves
openings (table 5). The measurement situation is presented in 28. D indicates the
distance between the valves and the measurement plane.

4.2 Quality assessment and uncertainty analysis

Quality and uncertainty assessment is necessary to get valuable results. Quality of
the measurements can be achieved through careful calibration and measurements. It
can also be checked later in the process by analysis of the results. Plotting anisotropy
map to check its general appearance compared with a similar case, or analysing the
velocity fields obtained and their physical relevance are for examples good ways to
assess quality. Finally, one can cross check the velocity fields obtained by di↵erent
measurement methods.

Analysis of the sources of errors and their quantification is a di�cult point when
sophisticated techniques such as PIV are used [28], [57]. Indeed, the PIV software
which performs all velocity fields reconstructions from the pictures operates like a
black-box. As a consequence, it is di�cult to monitor which steps are performed and
how they can impact errors in the final output. It is however always possible to per-
form a classical uncertainty analysis based on the statistics of the obtained velocity
fields.
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Figure 27: Measurement domains in the tumble plane: high position (top), low
position (bottom). The referential is indicated as a reference for 3D3C reconstruction
plots.
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Figure 28: Measurement domain and coordinates used for swirl plane measurements
analysis. The position of the valves is indicated by the two inner circles. Motion in
swirl plane is visualised from the top of the cylinder.

The points investigated to validate quality of the measurements are presented in
the next paragraphs.

4.2.1 Quality of recorded and processed data

The pictures obtained with the cameras give a good idea of how well the measure-
ments have been performed. In particular, the particles must be visible and in good
focus. Another point that the user should check is how clean the correlation peak
is. A sharp, isolated correlation peak means that the correlation algorithm has been
successful in finding the particles displacement. An example of such peak, printed
from the DaVis software, is given in figure 29.

The snapshots obtained can also be controlled visually to check that the flow
obtained looks reasonable. Even if there is no rigorous way to perform this analysis,
it should be performed for the user to be aware of the data generated by the correla-
tion algorithm. An example of instantaneous snapshot plotted directly from DaVis
software is given in 30.

4.2.2 Uncertainty analysis

An uncertainty analysis of the data obtained has been conducted. Matlab has been
used to plot velocity distributions and confidence intervals. Those quantities depend
strongly on which point is considered in the measurement domain, since the char-
acteristics of the flow are very di↵erent in the jets coming out of the valves and in
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Figure 29: Correlation peak from a measurement in tumble plane.

Figure 30: Instantanneous velocity field from measurement in swirl plane. There are
some vectors of bad quality on the circumpherence of the measurement circle, but
this is limited to the region very close to the cylinder wall.
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the recirculation bubble, for example. Examples of velocity distributions, confidence
intervals and outliers rejection by the Chauvenet criterion are given in figure 31. The
sampling frequency of the cameras has proven to be too slow to record any corre-
lation e↵ect between consecutive snapshots, and therefore the minimum number of
snapshots required is determined by the width of the confidence intervals rather than
by the requirements coming from autocorrelation e↵ects.

Due to the large amount of data generated through PIV, a few such analyses
have been done in critical regions of the measurement domain rather than for every
measurement point. In most of the measurement domain, taking 300 pictures has
proven enough to reach a 5 percent accuracy for both tumble and swirl measurement
planes. As a consequence, a minimum of 300 pictures has been taken to perform
any PIV measurements. Most of the time, more pictures were taken in order to get
better quality of the fields obtained. When mode analysis were performed, up to 2000
pictures were used. Taking many pictures is challenging for several reasons: the size
of the data obtained is large, the processing time for the PIV software becomes of the
order of one day per measurement set, and even worse with Matlab. Moreover, it is
di�cult to keep good quality when taking many pictures: e↵ects such as condensation
and particle deposition on the cylinder glass wall tend to diminish the quality of the
pictures taken as time goes on.

4.2.3 Anisotropy map

The anisotropy map has been computed from the PIV data. As reported in [30], most
of the points lie near the isotropic and axisymmetric limits of the Lumley triangle.
The anisotropy maps obtained di↵er from one measurement to another, but their
general appearance remains the same. An example is presented in figure 32.

4.3 Results from tumble plane measurements: one plane
data

The aim of the measurements performed in the tumble plane was to perform a 3D3C
reconstruction. The number of measurement planes is important (here 18 per 3D3C
reconstruction). As a consequence, the measurements taken include the minimum
number of snapshots (300) in order to perform the measurements and post processing
necessary for 3D3C reconstruction in a reasonable time, except in a few planes where
anisotropy tensor or uncertainty analysis were computed. The quality of the velocity
fields obtained is therefore not optimal from an academic point of view, but the
structures of interest are perfectly visible.
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Figure 31: Illustration of the uncertainty analysis method. The analysis presented
correspond to the black point on the tumble velocity fields plots, corresponding to
one plane in measurement configuration 3. The measure in this plane includes 1500
measurement points to get better precision. Bottom left: distribution function of the
u component of velocity and comparison with Gaussian fit. Bottom right: represen-
tation of u instantaneous values. The thick red line represents ensemble average, the
think red lines the one sigma deviation, the green thin line the limits for Chauvenet
criterion. Data lying outside of the Chauvenet criterion limits have been suppressed.
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IIIa

IIa

Figure 32: Anisotropy map obtained from a stereo tumble plane measurement. The
general shape of the anisotropy map is quite similar to what has been rapported
in [30]. Measurement configuration 3, 1500 snapshots taken.

4.3.1 Mean quantities

Data obtained in each tumble plane confirms the existence of a clear jet structure at
the exit of the valves, as it was already reported in [35]. The jet structure is very
clear both on mean and RMS fields, as shown on figure 33.

A strong tumble motion is visible on the tumble plane measurements, as was
also pointed in [35]. The tumble motion is associated with the presence of a strong
recirculation bubble, that is clearly visible on the streamlines plots (see figure 34).
However, the topology of the velocity field is complex and the aspect of the stream-
lines depends a lot on the height of measurement and the angular position of the
measurement plane.

The swirl motion is visible on the velocity component normal to the measurement
plane. The corresponding velocity component field is quite complex when considered
close to the valves due to the jet structure, but becomes much more regular when
positions located lower in the cylinder are considered, as illustrated in figure 35.
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Figure 33: Jet coming from one of the valves, in a measurement plane oriented with
an angle of 70 degrees with respect to the reference direction. Top figure: velocity
direction in measurement plane, color represents velocity magnitude. Bottom figure:
URMS. Measurement case 3, 300 snapshots used.
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Figure 34: Examples of streamlines obtained in tumble plane with the high swirl
configuration. Top figures: high measurement position, angles with reference direc-
tion 160 and 170 degrees, measurement case 3. Bottom: low measurement position,
angles 0 and 120 degrees, measurement case 4.
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Figure 35: Velocity normal to the measurement plane, tumble plane measurement
with the high swirl configuration. Top figure: measurement case 3, high mesaurement
position, angular position 30 degrees. The pattern for the velocity field is perturbated
by the jet. Bottom figure, measurement case 4, low measurement position, angular
position 90 degrees. Both figures were reconstructed using 300 snapshots. The ve-
locity pattern indicates a clean swirl motion.
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4.3.2 POD modes

POD mode analysis has been conducted in tumble plane, but the energy convergence
has proven poor. The jets are well visible on the POD modes as reported in [35].
Some of the most energetic modes are associated with the jets and their periphery.
No valuable information was obtained from POD analysis in tumble plane.

4.4 Results from tumble plane measurements: 3D3C recon-
struction

The 3D3C reconstruction that was performed allowed to get a global picture of the
flow. Such global picture is valuable since it allows to get physical understanding of
the flow behaviour.

Streamlines plots (figure 36) confirm the existence of a large recirculation bubble
in all configurations. The di↵erence between the high and low swirl cylinder heads
is very clear from those plots. The high swirl head is associated with a much clearer
swirl motion especially in the low measurement position.

Flow phenomena can be observed in more details by visualizing both the motion
in the swirl plane and the vertical velocity, as presented in figure 37. This reveals
that the two jets coming from the valves stay initially distinct and collide with the
opposite wall, before taking a downward direction. This is what was expected from
one plane tumble measurements. One can notice that the flow coming from the valve
situated on the right of the cylinder head (the swirl generating valve) generates a
stronger jet than the other valve. Measurement in the low position demonstrates
that the recirculation bubble has a wide extend in the vertical direction. Downwards
flow motion is strongest at the wall opposite to the valves. While motion in the swirl
plane is dominated by the jets in the top part of the cylinder, the rotation motion
in the swirl plane is much more uniform further from the head of the cylinder. It
seems that momentum in the upper part of the cylinder is present through the non
symmetry of the jets, rather than through a global rotating motion.

The di↵erence between the cylinder head configurations is clearly visible in figure
38. The patterns of the jets coming from the valves show some di↵erences between
the high and low swirl configurations. The jet coming from the side of the swirl
generating valve is stronger in the high swirl configuration. The distance between
the jet and the cylinder axis is also greater in the high swirl configuration. This can
be an origin of the higher swirl value, since the momentum generated is proportional
to the distance to the cylinder axis and the velocity in the jet. At the opposite, the
jet from the high swirl valve in the low swirl cylinder head configuration lies closer
to the cylinder axis, and the part of the jet going against swirl direction coming from
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Figure 36: 3D3C visualisation by streamline plots. The width of the streamlines
is proportional to the local value of the divergence. Color indicate position in the
Z direction. Figures on top: high measurement position. Figures on bottom: low
measurement position. Figures on left: high swirl head (measurement cases 3 and
4). Figures on right: low swirl head (measurements cases 1 and 2).
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Figure 37: 3D3C flow representation for the high swirl head, high (top figure, mea-
surement case 3) and low (bottom figure, measurement case 4) measurement domains.
Color indicates Y velocity, cones velocity in the swirl plane.
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the valve generating no swirl is also stronger.

Since complete 3D information is available from the 3D3C reconstruction, it is
also possible to study the flow in swirl plane slices as presented in figure 39. The
corresponding slices show a general pattern in flow evolution for both the high and
low swirl configurations. Near the valves, the flow pattern is governed by the jets.
The jets collide with the part of the cylinder wall opposite to the valves before diving
down. Lower in the cylinder, a double vortex pattern develops. This is di�cult to see
in the 3D3C reconstruction due to the fact that only a limited part of the swirl plane
is visible, but this point is confirmed by the swirl plane measurements presented later
on. Finally, low enough in the cylinder, a clear swirling motion develops.

The picture of the flow behaviour obtained by the 3D3C reconstruction is in good
agreement with the swirl values measured in the momentum test rig, and makes
sense physically. However, it also raises issues about the level of agreement between
the situation in the test bench and the real engine. The recirculation bubble is
particularly strong in the current setup and may strongly influence the way the flow
develops. However, this recirculation bubble may be influenced by the presence of a
piston and the shape of the piston head (in particular if a squish head is used).

4.5 Results from Swirl plane measurement

4.5.1 Mean quantities

Since mono PIV measurements are easy and quick to perform, it has been possible to
do an exhaustive study of swirl plane velocity fields depending on height in the cylin-
der and valve opening. Detailed data corresponding to all the measurement cases
performed are available in Appendix 1. The results obtained from the mean fields
confirm the analysis coming from 3D3C reconstruction, as visible in figure 40. The
jets collide with the part of the cylinder opposite to the valves. Depending on the
valve opening, part of the jet coming from the second valve creates momentum in the
opposite direction to the swirl main motion. When the valve opening is important
the jet coming from the swirl generating valve tends to impose the general pattern
in flow motion, while at low opening more secondary vortices are present. This is
in good agreement with the swirl curves obtained with the momentum test bench
and can be an explanation for the plateau observed for both momentum and mass
flow depending on valve lift. One can note that since the pictures taken to build
the velocity fields presented in figure 40 correspond to a plane situated very close
to the valves (3 cm), di↵use reflections are unavoidable and diminish the quality of
the fields obtained compared with lower measurement position. It is possible to dis-
tinguish the edge of the valves by looking at the regions where the velocity field is
altered, in particular in the 15 mm valve lift case.
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Figure 38: 3D3C visualisation of the jets coming from the valves, for the high swirl
configuration (top figure, measurement case 3) and the low swirl configuration (bot-
tom figure, measurement case 1).
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Figure 39: Extraction of swirl plane velocity fields from 3D3C measurements in the
high swirl configuration. Color indicate Y velocity, cones velocity in swirl plane.
Distances to the valves (top to bottom): 2 cm, 5 cm, 8 cm. Data from measurement
cases 3 and 4 was used.
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Figure 40: Swirl plane measurements performed 2 cm down from the valves, measure-
ment case 5. Left plots: colors represent in plane velocity magnitude. Right plots:
streamlines. Opening of the valves (top to bottom): 3, 9, 15 mm
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Lower in the cylinder, i.e. after collision of the jets with the walls, the velocity
field goes through a phase of reorganisation. The smaller the valve opening, the more
height it takes for the flow to reach a stable pattern. With both high and low swirl
heads, the flow goes to an intermediate multi vortex configuration. In most of the
cases, specially at low valve opening, a double vortex configuration can be observed
at some point (as visible on the first plot of figure 41). Double vortex configuration
seems more di�cult to observe at high valve openings, when very strong swirling
motion is present. However, this may come from the fact that the flow reorganises
very fast into a single swirling vortex - so as double vortex structures are well visible
only on a very little Y extent. This general flow evolution corresponds to what
was described from the 3D3C reconstruction swirl plots. Finally, the flow evolves
with increasing distance to the valves into a one vortex swirl motion. With the
cylinder head investigated, the flow always reaches such configuration for all valve
lifts. However, the height at which such a state is reached is much lower for low valve
lifts. When a single vortex state is obtained, the general configuration of the flow
seem to reach an equilibrium state and decreasing the height leads to more regular
vortex.

4.5.2 Instantaneous swirl center position

Instantaneous swirl center position was computed from the velocity snapshots in the
swirl plane. The results presented in figure 42 show that the swirl instantaneous
center positions are distributed in a concentrated area, which means that the swirl
motion is quite stable in time. This is a good point for combustion stability.

4.5.3 POD modes

POD modes have been computed based on the instantaneous velocity fields obtained
by PIV. The most interesting results are obtained for the measurement position
further down in the cylinder (40 cm under the valves, case 13), with a 15 mm valve
lift. This is indeed the configuration that presents less turbulent noise and in which
the modes are most clearly visible. The corresponding modes and energy decay are
presented in figure 43. The energy decay, characterised by an initial fast diminution
in the energy content of the modes, proves that the structures observed are relevant to
the flow behaviour. Interpretation of the second and third POD modes are presented
in section 4.6.4.

4.6 Discussion of the results

4.6.1 Agreement between di↵erent measurements and general flow fea-
tures

Good agreement between di↵erent measurement configurations is obtained, as proved
by the agreement between figures 36-41. In particular, the results obtained seem simi-

83



J.A.P.A. Rabault PIV study of the Intake Flow in a Diesel Engine Cylinder

Figure 41: Swirl plane measurements performed 12 cm from the valves (top and
middle pictures, measurement case 10), and 40 cm from the valves (bottom pictures,
measurement case 13). Left plots: colors represent in plane velocity magnitude. Right
plots: streamlines. Opening of the valves: 6 mm (top pictures), 15 mm (middle and
bottom pictures).
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Figure 42: Distribution of the instantaneous swirl center position, from measurement
case 13 (high swirl configuration, measurement performed 40 cm under the valves,
15 mm valve lift, 2000 snapshots analysed).
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Figure 43: 2D2C POD mode analysis of the swirl plane velocity field, at 40 cm
down from the valves and for 15 mm opening (measurement case 13). From top to
bottom modes 1, 2, 3, 4. Further modes exhibit complex vortical structures similar
to mode 4 in their overall shape. Energy decrease of the modes content is presented
to assess POD decomposition validity. The first mode represents 86 percents of the
total energy, the second and third modes 0.8 and 0.4 percents. The first mode is not
included in the energy content diagram for readibility reasons.
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lar with both low and short cylinder configurations. Both 3D3C reconstructions from
Stereo Tumble plane measurements and Mono Swirl measurements give similar re-
sults, which means that the 3D3C data processing works correctly and that the mask
used to take away the reflections when performing swirl plane measurements does not
critically disturb the flow. This gives good confidence in the validity of the results
presented. In particular general conclusions such as the collision of the valves jets
with the opposite wall, the existence of a strong recirculation bubble, the existence of
di↵erent phases in the flow pattern including intermediate double vortex structures
and evolution to a stable swirl vortex can be cross checked.

The following mechanism for the creation of the double vortex structure and its
evolution into a single swirling structure is proposed. A possible mechanism would be
that the jets coming from the valve, when colliding with the opposite wall, separate
in two secondary jets rotating in opposite directions. Since the initial jets are not
of equal strength (stronger jet coming from the high swirl valve) and not centred
relatively to the cylinder axis, one of the vortex generated is more powerful than
the other. The double vortex pattern obtained then becomes unstable, and after a
period of transition the strongest of the two counter-rotating vortices takes the lead
and evolves into a clean swirl structure.

4.6.2 Regularisation with lower position and turbulence comparison with
theory: hypothesis of similarities between evolution with time in
the engine and lower vertical position in the test bench

The discussions presented in this section rely on some very crude hypothesis that do
not allow to capture all the physics of the situation, as will be discussed. The author
is fully aware of it. Nevertheless, the general considerations presented and the trends
obtained may be, if not accurate, at least of interest for getting an idea of what can
possibly happen during later admission stroke, until fuel injection.

An interesting observation from swirl-plane measurements is that the flow devel-
ops into a single swirl vortex for all valve lifts and configurations low enough in the
cylinder. This observation could explain the validity of some simulation approaches
used in industry. Combustion models in the industry (including Scania) are based on
calculations performed for cylinder angular sectors that are only of the order of 30 to
45 degrees wide. Crude approximations are also used to describe the flow conditions
when fuel is injected. The initial condition for the flow is chosen as a solid body
rotation centred on the cylinder axis, while the intensity of the rotation is chosen so
as to match the swirl value obtained from the momentum test bench. Those simplifi-
cations can seem exaggerated when considering the complexity of the flows recorded
at the intake stroke in our experiments, but the agreement between combustion sim-
ulations and fuel e�ciency measurements on real engines has however proven to be
surprisingly good. The flow evolution to a single rotating structure observed in our
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measurements could be at the origin of such good agreement.

Taking such observations into account, and in order to try to observe a situation
that lies as close as possible to the one encountered at the beginning of combustion
(which is the situation of real interest, since swirl is created to help combustion),
one can decide to observe an area of the cylinder where the fluid has been given the
same time to evolve since admission as in the true engine. While one can expect
that our experiment represents in a fairly correct way the admission stroke (though
no piston or transient behaviour is included), it is clear that the absence of com-
pression e↵ect will limit the validity of such approach. However, as pointed out
previously, compression is expected to have a much smaller impact on swirl than on
tumble. One can expect that the main e↵ect of compression on swirl motion will be
to change the intensity of turbulent dissipation. Therefore, the degree of evolution of
the swirl motion may be more or less important in the presence of compression than
what it is in our test bench when the flow is given the same time to evolve, but the
hypothesis that the general trends observed should be preserved may seem reason-
able (or at least worth exploring while keeping in mind the underling simplifications).

The hypothesis explored in this paragraph is therefore the following: looking fur-
ther down in the cylinder is equivalent to giving time for the flow to get more uniform,
in a way that may be compared to what happens in the engine cylinder when the
admission stroke is over. One can expect that some flow dynamics are di↵erent in
reality, in particular due to the existence of compression e↵ects in the true engine, but
that the general trend may be the same (For example trends that the swirl motion
becomes more or less uniform, or that the swirl center becomes more or less stable
when time goes on and dissipation acts may be preserved).

It is possible to perform a simple analysis to compare engine time scales with
the parameters corresponding to the lowest measurement position (40 cm under the
valves). At 1050 rpm, the diesel engine crank shaft does a complete rotation every
0.057s. This is therefore the time associated with one admission plus one compres-
sion stroke. Considering the results of our measurements, one may consider that the
typical mean flow velocity in the z direction is 7.5 ms�1 in the experiment. The
choice of this value is based on the observation of the PIV measurements at locations
where the flow goes downwards, i.e. out of the recirculation bubble. This is also an
hypothesis that should be kept in mind, as the downwards motion of the flow in not
uniform in the whole cylinder. The lowest measurement position then corresponds
to a typical evolution time of the flow since admission in the test cylinder of 0.053 s.
This means that the time necessary for air admitted in the test cylinder to reach the
lowest measurement position is the same as the time interval between admission and
the end of compression in an engine.
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Distance from the valves (d, cm) Ir Dp = Ir(d)/Ir(2cm) Expected Dp

2 0.78 - -
22.7 0.21 0.26 0.15
40 0.16 0.20 0.10

Table 6: Measurement of turbulence damping with increasing distance from the
valves.

The calculations on turbulence decay in time presented in section 3.3.2 can then
be compared with results from PIV measurements. Turbulence is expected to drop
to around 15% of its initial value by the end of the admission stroke and 10% by the
end of the compression stroke. Using the same estimates for time evolution of the
flow with height in the cylinder as in the previous paragraph, and being aware that
compression e↵ects are ignored which is a crude simplification, the end of admission
stroke should be compared with measurements about 20 cm from the valves and end
of compression with measurements 40 cm from the valves. One can define a quantity
representing an estimate of total mean kinetic energy at one height based on the in-
tegral Ic in the corresponding plane of Kc = 1/2

p
< u >2 + < v >2 and of turbulent

kinetic energy based on the integral It of Kt = 1/2
p
< u02 > + < v02 >. The local

level of turbulence can then be estimated asKr = Kt/Kc, while the overall turbulence
level can be estimated with Ir = It/Ic. The results are presented in table 6. Those
estimates have several defects, in particular one component of velocity (w) is missing
since it is not available with Mono PIV measurement. However, the results obtained
are in quite good agreement with the theoretical model when one considers the degree
of simplification used. One point that can explain for some of the di↵erence between
PIV results and the model is that RMS may not be that good at measuring turbu-
lence at 22.7 and 40 cm under the valves. Indeed, as one can see in figure 44, at the
low measurement positions the area of high Kr are mainly concentrated very close
to the wall where the measurements loose in quality, and near the swirl center. This
last point shows that a significant part of the RMS energy comes from fluctuations
of the position of the swirling pattern rather that turbulence. As a consequence, Ir
is an overestimate of the turbulence level and the true value of turbulence damping
can be expected to lie even closer to the theory.

4.6.3 Radial velocity profile in central swirl structure

The swirl vortex obtained 40 cm under the valves, with a 15 mm valve lift in the
high swirl configuration was further analysed through an investigation of the radial
velocity distribution. Figure 45 presents the corresponding results. The radius r
is the distance to the swirl center as identified on the Measurement points subplot.
Tangential and normal velocities are defined as the velocity components tangential
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Figure 44: Value of Kr =
p
< u02 > + < v02 >/

p
< u >2 + < v >2. Kr is expected to

give an estimate of the local turbulence level. However, Kr presents several defects as
explain in the discussion. Left: measurement position 2 cm under the valves, Right:
40 cm under the valves. 15 mm valve lift in both cases.

and normal to the velocity vector associated with solid body rotation at the measur-
ing point, centred on the swirl center. One can see that the streamlines associated
with the swirl motion are nearly circular, but that the velocity profile di↵ers from
solid body rotation after about 15 mm. Velocity profiles reach higher values in the
direction corresponding to the lowest distance to the wall.

In-plane mass flow and momentum have also been studied. For each angular
direction, in plane mass flow and momentum are integrated along lines going from
the mean swirl centre to the limit of the measurement domain. The discretised
points k✓ correspond to the coloured points indicated on figure 45. The formula used
to compute the integrated quantities are the following (in discrete form):

Qr(✓) =
X

k

(�vk(✓), uk(✓)) · ~drk(✓) =
X

k

dqk(✓) (99)

Mr(✓) =
X

k

(xk(✓)⇥ vk(✓))� yk(✓)⇥ uk(✓))dqk(✓) (100)

where (xk(✓), yk(✓)) are the positions of the points used in the discrete calculation,
(uk(✓), vk(✓)) the velocity at the corresponding points.

Results are normalised by the mean values:

Q̄r =

P
✓ Qr(✓)

N
(101)
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Figure 45: Analysis of the radial velocity profiles. Measurement case 13: analysis of
the mean velocity field, 40 cm under the valves, with a 15 mm valve lift in the high
swirl configuration.
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Figure 46: Normalised mass flow and momentum dependance on angular direction
relatively to the swirl centre.

M̄r =

P
✓ Mr(✓)

N
(102)

where N di↵erent angles ✓ are used to do the averaging.

Finally both normalised values are compared through the quantity:

R =
Qr/Q̄r

Mr/M̄r

(103)

The corresponding quantities are presented in figure 46. It is interesting to note
that the R fluctuations remain limited (between 0.9 and 1.1), which indicates a
good regularity of the mean swirl structure. The in-plane quantities calculated have
defects - in particular, true mass flow and momentum expressions should include the
z component of velocity. However, they can participate in getting an estimate of flow
structure regularity.

4.6.4 Flow analysis by means of artificial velocity profiles

Extracting physical understanding from POD modes is challenging. Since the POD
modes of interest in our study correspond to a simple situation (2D vortical struc-
ture), it has been possible to guess some flow fields corresponding to analytical radial
velocity profiles, generate corresponding data sets with Matlab and study the POD
modes associated. The aim of such work is to explore which flow properties can
generate some characteristic features observed in the POD modes.

In all the following, the instantaneous swirl center is denoted by P2. P2 rotates
itself around a center P1. The velocity fields generated are the addition of a solid body
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rotation corresponding to a slow swirl center motion and a faster rotation around the
swirl center. The tangential velocity relative to the center of rotation P1 for the
instantaneous swirl center P2 is given by:

VT1(r1) = !1r1 (104)

where r1 is the vector going from P1 to the point where velocity is computed. The
tangential velocity coming from the rotation around P2 is given by:

VT2(r2) = !2r
↵
2 (105)

where r2 is the radius from P2 to the point where velocity is computed, and ↵ is an
exponent used to reproduce the shape of the velocity profiles observed experimentally
in the interior part of the swirl vortex (↵ = 0.75 has been used in the figures pre-
sented in this report, determined from analysis of the swirl plane measurement data).

There are of course several points in those velocity fields that cannot correspond
to reality. In particular, the velocity field does not go to zero at the wall and the
results obtained with such analysis should therefore be considered only in the central
part of the circular domain.

Despite the extreme level of simplification associated with this approach, it is very
striking that structures can be generated that closely resemble the two clearest POD
modes observed from experimental data (figure 47). This has several implications.
In particular, swirl center displacement can be at the origin of some features of the
POD modes rather than general flow motions. This means that POD modes do not
represent only real flow displacements, and implies that one should be careful about
POD mode interpretation.

4.6.5 2D divergence and local vorticity

Both 2D divergence and vorticity of the mean velocity field have been computed, as
presented in figure 48. Some clear structures can be observed on the corresponding
fields. 2D divergence can be interpreted to extract information about the flow. In-
deed, the flow in the cylinder itself can be expected to be nearly incompressible so
that:

div2D(~U) = 0 (106)

which implies that:

div2D(~U) = �@Uz

@z
(107)
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Figure 47: POD modes obtained from artificial velocity profiles in swirl plane, ↵ =
0.75.

Figure 48: Divergence (left) and vorticity (right) of the mean velocity field in swirl
plane, 40 cm under the valves, with valve lift 15 mm, high swirl configuration.
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As a consequence, the regularity in the 2D divergence pattern may be the indica-
tion that some structures exist in the vertical velocity.

4.6.6 Higher order derivatives: analysis of Navier-Stokes equation terms

Several of the terms present in the Navier Stokes equation can be analysed using
PIV data. For doing so, the mean velocity fields obtained from measurements are
used. The choice of analysing the mean velocity field raises some issues as it hides
some of the dynamics of the fluid. However, performing a terms analysis directly on
the snapshots has proven impossible in our case due to the level of noise present and
the di�culty to extract general flow features. However, one can argue that analysing
terms arising from the mean velocity field corresponds to looking at the correspond-
ing terms in the RANS equation, which is also of interest.

The inertial term:

uj
@ui

@xj

(108)

and the laplacian term arising from viscosity e↵ects:

@2ui

@xj@xj

(109)

can be partially computed from the Mono PIV data. The terms based on deriva-
tives in the x and y directions can be computed, while derivatives in the z direction
are not available (all directions are here given in the local PIV referential). It is
therefore possible to define the (partial) quantities:

Lpx =
@2u

@x@x
+

@2u

@y@y
(110)

Lpy =
@2v

@x@x
+

@2v

@y@y
(111)

Ipx = u
@u

@x
+ v

@u

@y
(112)

Ipy = u
@v

@x
+ v

@v

@y
(113)

The absence of local z direction derivatives limits the interest of such analysis
to swirl plane measurements, when the flow has become regular. This analysis was
performed on the most regular mean velocity field obtained, i.e. in the case with
high swirl head, 40 cm from the valves, with a 15 mm valve lift. In this case the
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swirling structure is well established. Such hypothesis cannot hold in tumble plane.
However, even then, it remains challenging to obtain information of su�cient quality
to distinguish some flow features. Indeed, noise is strongly amplified each time a
derivative is computed using finite di↵erences. While this is not a critical issue for
the calculation of inertial terms where only first order derivatives are used (figure 50),
no information can be obtained directly with finite di↵erence calculations for second
order derivatives terms (figure 49).

It was however possible to obtain information regarding the viscous partial terms
by performing a spatial filtering of the fields obtained by finite di↵erences, as pre-
sented in the second line of figure 49. Filtering has also proven able to improve the
quality of inertial terms results. A filtered fields F is obtained by processing the
initial data matrix D with a blurring filter of constant weight on a disk area, which
can be written as:

F (x) = (D ⇤K)(x) (114)

where the kernel function K is chosen as 1/(⇡r2) in a disk of center the origin (0, 0)
and radius r defined by the user by trial and error, and is set to 0 outside of the disk.
⇤ is the convolution operator on the domain of measurement ⌦:

(f ⇤ g)(x) =
Z

⌦

f(x� t)g(t)dt (115)

which is used in discrete form in the actual algorithm. All those functions are already
implemented in Matlab, and can be accessed through the commands fspecial to define
the kernel and imfilter to perform the filtering.

When the point where convolution is computed lies too close to the borders of ⌦
it is not possible to get data on the whole non zero area of the kernel, and the result
of convolution is then set to 0 by convention. This explains for the loss of area visible
on figures 49 and 50. The whole filtering treatment correspond simply to doing a
local averaging of the initial field. The results presented in figure 49 are however
quite striking. While no pattern is visible on the fields obtained directly from the
finite di↵erences, the filtered data exhibits clear structure that are very correlated to
the flow observed. The use of a blurring filter also has some negative impact on the
data and one should be aware of it. The area in which information is available is
reduced. Some of the strong gradients that may have a physical meaning are smeared
out. Depending on the local values of the second order derivatives, information can
be altered. This is in particular true near the center of the swirling structure, and
we can expect that one should avoid to perform physical interpretation of blurred
quantities there.
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Figure 49: Analysis of the part of the viscous term of the Navier Stokes equation
avaiblable through Mono PIV measurements in the swirl plane, 40 cm from the
valves and for a valve lift of 15 mm in the high swirl configuration. Top: Lpx (Left)
and Lpy (Right) terms, as calculated directly with finite di↵erences from Mono PIV
data. Middle: B(Lpx) (Left) and B(Lpy) (Right), obtained by filtrering the initial
signal. Bottom: norm of the blurred result. Arrows indicate the flow pattern of the
mean velocity field.
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Figure 50: Analysis of the part of the inertial term of the Navier Stokes equation
avaiblable through Mono PIV measurements in the swirl plane, 40 cm from the valves
and for a valve lift of 15 mm in the high swirl configuration. Top: Ipx (Left) and
Ipy (Right) terms, as calculated directly from PIV data. Middle: B(Ipx) (Left) and
B(Ipy) (Right), obtained by filtrering the initial signal. Bottom: norm of the blurred
inertial term. Arrows indicate the flow pattern of the mean velocity field.
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The general structures observed make sense physically. The x and y components
of the terms presented in both figures 49 and 50 are symmetric with regards to the
swirl centre. The norm of the viscous terms may indicate that two di↵erent areas
are present in the swirling structure. It seems that one can identify a core region
where some viscous e↵ects are present, and a region further form the swirl center
where viscous e↵ects are overall less important (depending, however, on the direction
considered). This observation may be related with the profiles presented in figure 45
that become (depending also on the direction considered) nearly linear close to the
wall.

Interpretation of the pattern observed for the norm of the inertial term is more
di�cult. The corresponding pattern is very striking, and its shape seems di�cult to
relate to the swirling motion itself. An hypothesis for explaining this pattern would
be that it indicates the region where the flow dives down in the continuation of the
valve jets. Indeed, tumble measurements proved that the downwards motion of the
fluid is concentrated in some parts of the cylinder where the flow is much more active
than in average in the whole domain. This active region could be expected to have a
strong influence on the intensity of the di↵erent terms in the Navier-Stokes equation.
Another element which may strengthen this hypothesis is the fact that, as observed
on the last series of plots presented in Appendix 1 figure 61, this area is also the one
where the highest in plane velocities are observed.

4.6.7 Comparisons with other works

Many other studies have investigated swirl in engine related situations which results
and conclusions can be compared with the present work. Simulations using LES
have been conducted at Scania with some other cylinder head designs. However,
some general features found in our case are also present in the LES results (figure
51). Both the clean swirling motion and the double vortex structure can be observed
depending on the valve lift. A strong recirculation bubble is also observed in some of
the cases, and the downwards flow concentrates near the walls. This tends to prove
that the swirl features observed in our study have some general characteristics that
can be observed in other configurations.

Similar structures have also been observed in some experimental studies, such
as [14]. The situation investigated is quite di↵erent from the one in the present work
(spark engine, only one admission valve, piston present in the experiment). However,
several structures can be compared with our results. Depending on the valve opening
and piston displacement, double vortex, single vortex or transition situations can be
observed in the swirl plane. Similar to our case, a strong recirculation bubble dom-
inates the flow and the highest downwards velocity is observed at the wall opposite
to the valves.
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Figure 51: Results from LES simulations conduced at Scania and KTH. Elements
such as recirculation bubble, jets, strong flow near the walls, double vortex and single
swirl vortex structures can be identified. Color on the bottom figure indicate the value
of velocity component in the vertical direction. Reproduced from [34]
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Some authors take advantage of extensive accurate data available from numeri-
cal simulations to perform extended analysis of the flow. A particularly interesting
technique consists in automatically detecting the critical points of the flow in order
to analyse flow configuration, as presented in the article [58]. Such type of analysis
could be a good track for flow characterisation in further work on the subject.

Finally, the results presented in [59] give some indications about vortex breakdown
mechanisms that should be considered for a critical analysis of our results. In this
article, a lid driven swirling flow in cylinder was analysed for di↵erent Reynolds
numbers and heights of the cylinder. It appears that vortex breakdown mechanisms
depend strongly on the cylinder height. In particular, the number of fractioned vortex
created during breakdown depends on H/D and Re. Even if the range of Reynolds
numbers investigated in the corresponding article is quite di↵erent from the one in our
experiment, one should keep such factors in mind as a warning about validity when
designing and performing experiments. This is specially true when long cylinders
are used for experiment convenience as it is the case with measurement sets 5 to 13.
However, the good agreement with measurement sets 1 to 4 and the similarities with
other works conclusions seem to validate the swirl plane measurements performed
with the long cylinder.
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5 Summary and suggestion for future work

Flow dynamics in the cylinder of a diesel engine have been investigated by means of
Mono and Stereo PIV. Measurements have taken place both in the Tumble and Swirl
planes. 3D3C flow fields have been reconstructed from sets of Tumble plane fields.
Emphasis has been placed on swirl motion analysis. Results between the di↵erent
measurements are in good agreement together, as well as with previous works which
gives good confidence in the conclusions of this work.

Some general features have been observed in the flow such as the existence of a
strong recirculation bubble, collision of the air admission jets with the wall oppo-
site to admission valves position, and the presence of general flow patterns in the
swirl plane. The flow seems to evolve with increasing distance to the valves from a
jet configuration to a single swirling vortex structure by going through a reorgan-
isation phase, that often involves at some point a double vortex structure. It has
been proposed that evolution of the flow in the test rig with increasing distance to
the valves can be analogous to evolution in time of the corresponding structures. It
is interesting that several of those flow features are also observed in quite di↵erent
engine configurations as reported in the corresponding papers quoted in this Thesis.
An artificial flow field generation approach has been presented to o↵er an analysis of
POD modes and try to understand their physical origin.

Due to the experimental di�culties implied by PIV measurements, some infor-
mation about the flow is missing. In particular, flow information near the wall and
momentum calculation slice by slice in the swirl planes would be of interest for fur-
ther analysis. The objective of such knowledge would be to get the ability to tune
the swirl value while paying less µ� penalty for high swirl heads. The experimental
configuration also presents limitations (no piston head, in particular) that should be
investigated by the means of simulations.

It can be expected that the exact separation mechanisms happening on the valve
seats are critical for all the phenomena happening in the cylinder. Therefore, the flow
in the admission channels and at the valve seats should be investigated. A simple
method to get an idea about the existence of recirculation bubbles, stable or unsta-
ble detachment and other important phenomena could be to use oil visualisation on
channels walls to observe the main flow characteristics. If such approach could be
implemented, one should be able to use the knowledge gained to increase flow quality
in the channels and therefore µ�.
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8 Appendix 1: Exhaustive swirl plane measure-
ments

Figure 52: Mono PIV swirl measurements at valve lift 3 mm with the cylinder head
DWTT5A2. From left to right: in plane velocity magnitude and velocity vectors, 2D
streamlines and RMS distribution. Measurement position (from top to bottom): 2,
4, 6, 8 cm under valves.
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Figure 53: Mono PIV swirl measurements at valve lift 3 mm with the cylinder head
DWTT5A2. From left to right: in plane velocity magnitude and velocity vectors, 2D
streamlines and RMS distribution. Measurement position (from top to bottom): 10,
12, 14, 40 cm under valves.
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Figure 54: Mono PIV swirl measurements at valve lift 6 mm with the cylinder head
DWTT5A2. From left to right: in plane velocity magnitude and velocity vectors, 2D
streamlines and RMS distribution. Measurement position (from top to bottom): 2,
4, 6, 8 cm under valves.
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Figure 55: Mono PIV swirl measurements at valve lift 6 mm with the cylinder head
DWTT5A2. From left to right: in plane velocity magnitude and velocity vectors, 2D
streamlines and RMS distribution. Measurement position (from top to bottom): 10,
12, 14, 40 cm under valves.
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Figure 56: Mono PIV swirl measurements at valve lift 9 mm with the cylinder head
DWTT5A2. From left to right: in plane velocity magnitude and velocity vectors, 2D
streamlines and RMS distribution. Measurement position (from top to bottom): 2,
4, 6, 8 cm under valves.
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Figure 57: Mono PIV swirl measurements at valve lift 9 mm with the cylinder head
DWTT5A2. From left to right: in plane velocity magnitude and velocity vectors, 2D
streamlines and RMS distribution. Measurement position (from top to bottom): 10,
12, 14, 40 cm under valves.
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Figure 58: Mono PIV swirl measurements at valve lift 12 mm with the cylinder head
DWTT5A2. From left to right: in plane velocity magnitude and velocity vectors, 2D
streamlines and RMS distribution. Measurement position (from top to bottom): 2,
4, 6, 8 cm under valves.
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Figure 59: Mono PIV swirl measurements at valve lift 12 mm with the cylinder head
DWTT5A2. From left to right: in plane velocity magnitude and velocity vectors, 2D
streamlines and RMS distribution. Measurement position (from top to bottom): 10,
12, 14, 40 cm under valves.
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Figure 60: Mono PIV swirl measurements at valve lift 15 mm with the cylinder head
DWTT5A2. From left to right: in plane velocity magnitude and velocity vectors, 2D
streamlines and RMS distribution. Measurement position (from top to bottom): 2,
4, 6, 8 cm under valves.
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Figure 61: Mono PIV swirl measurements at valve lift 15 mm with the cylinder head
DWTT5A2. From left to right: in plane velocity magnitude and velocity vectors, 2D
streamlines and RMS distribution. Measurement position (from top to bottom): 10,
12, 14, 40 cm under valves.
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9 Appendix 2: Comparison between the swirling
structures obtained in HSC and LSC

Figure 62: Comparison of Mono PIV measurements in the high (HSC) and low (LSC)
swirl configuration, 10 cm from the valves at valve lifts 3, 6, 9, 12, 15 mm (top to
bottom). From left to right: in plane velocity magnitude and vectors (LSC), 2D
streamlines (LSC) and in plane velocity magnitude and vectors (HSC).
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