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Abstract 
Due to the increase of global warming effects and new legislation in terms of consumption and 
emissions of engines, it is today of paramount importance to know exactly the flow behavior inside 
cylinders of engines to be able to improve the combustion process. Until now, at Scania, cylinder heads 
have been tested in terms of flow coefficient measurements and torque measurements using steady flow 
rigs. In this project, however, the non-intrusive and optical technique called stereoscopic PIV has been 
used in o  An important part of this 
project has been to study and put into place the PIV setup in order to get the best results from the 
measurements. Using the stereo technique, the three components of the steady instantaneous velocity in 
a plane perpendicular to the cylinder axis have been determined. The cylinder and cylinder head were 
mounted over a device pumping air through the inlet valves reproducing the intake stroke of the engine 
but with a steady flow. This is useful in order to do different measurements testing several valve lifts 
and pressure drop in a controlled way. A steady flow is assumed stating that the motion of the valves is 
slow in comparison to the timescales of the flow. The study of the ensemble averaged flow fields and 
the turbulence through an analysis of the anisotropic tensor showed an important dependence on the 
valve lift whereas small dependence is on the pressure drop applied could be noticed indicating that the 
in-cylinder motion is the same for all engine speeds. The results were then compared to LES simulations 
and honeycomb measurements and they were in a good agreement. 

Résumé 
es effets du réchauffement climatique et des nouvelles législations sur la 

primordial de connaitre avec exactitude le 
cylindres 

ion. 
testées en réalisant des mesures de coefficients de débit et du tourbillon dans le plan perpendiculaire à 

ment 
permanent 
placé en bas du cylindre. Pour ce projet, cependant, la technique optique et non-intrusive PIV a été 
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meilleurs résultats à partir des mesures. Grâce à la technique stéréoscopique, les trois composantes de la 
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Introduction 
I started my engineering studies in France at the engineering school ENSE3 (Ecole Nationale Supérieure 

) and then completed my formation with a double degree in 
Sweden at KTH (Kungliga Tekniska Högskolan). This master thesis has been realized as a part of my 
double degree.   

This project has been carried out at Scania facilities in Södertälje (Sweden). They deliver optimized 
heavy duty truck, busses, diesel engines and services. The head quarter is in Södertälje but Scania is an 
international company represented worldwide by approximately 100 national distributors and have 
production facilities in 7 countries (among them are Sweden, France and Brazil). Scania has more than 
35500 employees all over the world. Customer first, respect for the individual and quality are the core 
values of the company.  

The research and development center is located only in Södertälje and employs about 2900 people. The 
present study has been done as a project at the NMTP group which is a part of the engines research and 
development department. The 13 people working in this group are responsible for performance of the air 
inlet system, cylinder head, exhaust-, turbo-, EGR-system, compound, exhaust brake and future gas 
exchange systems. They simulate and perform engine tests to verify the performance of turbo matches 
and gas exchange systems. They also test cylinder heads, coolers and pipes using flow rigs. 

The project has been realized in collaboration with a PhD student of the NMTD group working on LES 
simulations using an Open FOAM code. NMTD is responsible for the numerical simulation of fluid 
flow phenomena within the engine and its intake and exhaust system. 

Motivation 

For the past 35 years, concern of people about global warming has increased. CO2 emissions as well as 
toxic emissions need to be carefully watched and controlled. According to the IEA (INTERNATIONAL 
ENERGY AGENCY, 2011), in 2009, the sector of transports was responsible for 23% of the worlds 
Carbone Dioxide (CO2) emissions and most of them are caused by road transports. The European Union 
decided to imposed strict limitations on the toxic emissions of road vehicles. This new legislation started 
with the Euro 1 in 1992, vehicles produced now must respect the Euro 5 legislation and the Euro 6 
legislation will come into effect in December 2012. Thanks to the European standards, emissions of 
Carbone Monoxide (CO), particulates matter or soot (PM), nitrogen oxides (NOx) and hydrocarbons 
(THC) have been strongly reduced the last 20 years. Since the decrease in fossil fuels sources, European 
legislations aim also to replace fossil fuel by bio-fuels. However techniques to produce bio-fuel are not 
enough evolved nowadays to replace all the fossil fuel. To decrease the engines consumption of fuel is 
therefore essential. 

Improving the combustion process of diesel engines is therefore of paramount importance to decrease 
fuel consumption and all emissions. To be able to do so it is important to increase the knowledge of air 
and fuel motion inside engines cylinders and Computational Fluid Dynamic (CFD) is an efficient tool to 
reach this goal. However, CFD uses models, meshes, numerical schemes and they need to be compared 
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to experimental measurements in order to validate the simulations. A PhD project is currently underway 
to simulate the in-cylinder flow up till start of injection using LES. The purpose of this project is to 
simulate the flow field with moving valves and piston. Until now, the only validation has been flow 
bench measurements of flow coefficient and swirl ratio under steady conditions. The historical reason 
for using steady flow conditions for measurements of swirl and flow coefficient is that it is assumed that 
the valves and piston move slowly in comparison to the time scale of the flow. Thus it is assumed that 
the flow can be considered quasi steady. This assumption has been satisfactorily so far when only first 
order properties such as the swirl ratio and single cylinder emissions have been considered. No detailed 
information of the flow field has been available though. Therefore a master thesis project was started to 
produce experimental data of the detailed flow field under steady flow conditions in a flow bench. 
Particle Images Velocimetry (PIV) is a non-intrusive technique which is able to give a -
cylinder flow and was therefore chosen as the measurement technique 

Objectives 

Objectives of the thesis are: 

 To set up Stereo-PIV experiments and be able to measure the three components of steady in-
cylinder flows. 

 To study in-cylinder measurements in terms of dependency to the inlet parameters and give an 
overview of the turbulence evolution. 

 To compare the PIV measurements to CFD simulations and honeycomb measurements. 

Layout of the thesis 

The first chapter of the thesis treats the theoretical background necessary to understand the study. The 
equation describing turbulent flows as well as an introduction to some special studies done for these 
flows are given. Then a part deals with general information about internal combustion engines and the 
flow bench used in the measurements. A review of previous studies about turbulent and in-cylinder 
flows has been done and concludes this chapter. 

The second chapter is about PIV measurements. It contains information about the experimental setup 
used in the project. This part can be read independently of the other chapters and seen as a small 

, processing and useful literature for PIV-related 
information are given there. 

In the third chapter, the results are presented and analyzed. The results are explained for the different 
cases tested and general conclusion about in-cylinder flows are discussed. Comparison with LES 
simulations are also summarized in the third part of this chapter. 

A final overview of conclusions about the study are drawn in the last part as well as suggestion for 
future work. 
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Chapter 1: Theoretical background 

1.1. Turbulent flows 

Most of the engineering flows are turbulent; it is in general wished for, for their mixing properties. 
Turbulent flows have the characteristics of being chaotic, unstable and to present a large, three 
dimensional, range of scales which make them difficult to predict. 

The following rules are used in the report to simplify for the reader (except in particular cases): 

 Bold characters correspond to vectors. 
 The low indexes refer to a component of a vector, that can be Cartesian or polar. 
 The high indexes is a reference to a particular instantaneous velocity field and/or the index of 

the sum in which it is contained. 
 The Einstein notation is used, the same index repeated twice implies a sum over all three 

components 

1.1.1.  The RANS theory 

The two equations that describe the evolution of incompressible flows are the following incompressible 
Navier-Stokes equations: 

 

 

with: 

  the density of the fluid, 
  the i:th velocity component in the xi direction, 
  the pressure and 
  the dynamic viscosity of the fluid. 

 

Reynolds Decomposit ion 
The first equation refers to the mass conservation and the second to the momentum conservation, both 
in the case of incompressible flows. Reynolds suggested a decomposition of turbulent flows in a mean 
part and a fluctuating part (POPE, 2000): 

 

 

where : 
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 , the instantaneous i-component of the velocity vector, 
 , the mean i-component of the velocity vector (mean values are denoted with capital letter or 

with brackets <>), 
 , the fluctuating i-component of the velocity vector. 

Capital letters refer to the mean part of the flow and corresponds therefore to a statistical average. This 
average is realized over a time period and in the case of flow with steady boundary conditions a time-
average is the same as a statistical ensemble average realized over N different states: 

  (1) 

When dealing with statistical averages it is often useful to evaluate the standard deviation also called the 
root mean square (RMS) defined as following: 

  (2) 

RANS equation 
When applying the Reynolds decomposition to the Navier-Stokes equations it results in the RANS 
equations (Reynolds Averaged Navier-Stokes): 

 

 

1.1.2.  The Reynolds stress tensor  

The term  refers to the Reynolds stress tensor defined as following in its Cartesian form: 

 

It can be characterized as a stress tensor since its dimension is the same as the one of the viscous stress 
tensor. Without this term the RANS equations would be exactly the same as the Navier-Stokes equation 
for the mean part of the flow. All the information about the contribution of the fluctuating part to the 
momentum transfer is therefore contained in this term. 

Turbulent kinetic energy  
In particular, the turbulent kinetic energy is defined as the trace of the Reynolds stress tensor: 

  (3) 

and corresponds therefore to the mean kinetic energy per unit mass contained in the fluctuating part of 
the velocity field. 
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Turbulent anisotropy 
Using the Reynolds stress tensor components, the importance of fluctuating velocity in the different 
directions of the flow can be characterized; this is the study of turbulence anisotropy. A special case is 
the isotropic turbulence when the fluctuations do not have any directional preference. To realize such a 
study the invariants of the anisotropy tensor are evaluated (LUMLEY & NEWMANN, 1977): 

 

 

 

Where  is the normalized anisotropy tensor: 

  (4) 

And  is the Kronecker operator defined by: 

 

In case of incompressible flows, the first invariant  is always equal to zero and Lumley (LUMLEY, 
1978) demonstrated that all the realizable states of turbulence are contained inside a triangle plotted in 
the plane of the invariants  and , and delimited by the cases of two-component turbulence and 
axisymmetric turbulence. Limits of the Lumley triangle as well as their meaning are depicted in Figure 
1. 

This kind of studies have been realized e.g. in (ESCUDIÉ & LINÉ, 2005), (SIMONSEN & 
KROGSTAD, 2005) and (LAMARQUE, ZOPPÉ, LEBAIGUE, DOLIAS, BERTRAND, & DUCORS, 
2010). The size of the triangle or its orientation can vary from a study to another depending if some 
constants are included in the calculation of the invariants or not but the meaning does not change. The 
definitions used here are the same than in (PASHTRAPANSKA, JOVANOVIC, LIENHART, & 
DURST, 2006). 

 
F igu r e 1 . L u mley t r iangle  a lso ca l le d an isot ropy - inva r iant map .  
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1.1.3.  The simulation of turbulent flows 

Turbulent flows are composed by a large range of scales depending on the Reynolds number. The 
simulation of all the scales DNS (Direct Numerical Simulation) gives the closest solution to the reality. 

of calculating DNS of complex flows. 
Two other choices are then possible. The first choice is RANS simulations, the total Reynolds shear 
stress is modeled usually assuming isotropic turbulence and only the largest scales of the motion (mean 
field) is resolved by calculation. This method is fast but a lot of information about the fluctuations is 
lost. The second option called LES (Large Eddy Simulation) is an intermediate solution.  

All the motion scales are responsible for a certain amount of turbulent kinetic energy; the smallest scale 
called the Kolmogorov scale contains the smallest amount and the largest scales contain a larger amount 
of energy. A length scale threshold value has to be defined; all the scales smaller than this limit will be 
modeled and the resolution of the Navier-Stokes equation will be made only for larger motion scales. 
The precision of the results is therefore higher when using the LES method than the RANS method if 
enough scales has been resolved. 

 
F igu r e 2 . T u r bu lent e ne rgy spe c t r um plot ted as a f unc t ion of wave numb e r .  

1.2. Internal combustion engines 

Heat engines convert chemical energy from combustion of fuel into work. They can be classified into 
two categories: 

 External combustion engines for which the fuel-air mixture is separated from the working fluid. 
It means that the combustion occurs in one part of the engine and then the rise in heat is 
transmitted to the working fluid through an interface. Stirling and steam engines are examples of 
external combustion engines. 

 Internal combustion engines are the ones of interest in this study. There is no interface 
separating the air-fuel mixture to the working fluid which is directly the product of the 
combustion. 

The internal combustion engines can also be classified depending on the method used to ignite the 
combustion of the fuel-air mixture; they can be either Spark-Ignited (SI) engines or Compression-
Ignited (CI) engines. The SI engines are also called Otto engines; the fuel is mixed with the air and a 
spark is at the origin of the combustion. The engines of interest here are the CI engines or Diesel 
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engines for which it is the compression of the air implying a raise of pressure and temperature of the gas 
and thus triggers the combustion. 

The engines produced by Scania are qualified as four-stroke reciprocating CI engines. That means that 
the working fluid will produce a movement of translation then transformed to a rotational movement 
using a mechanism composed of a piston, a rod and a crank. One cycle is composed of four strokes 
described below and in Figure 3. Two-stroke engines are also produced but not by Scania, a description 
of their mechanism can be seen in e.g. (HEYWOOD, 1988). 

1.2.1.  Four-strokes CI engines  

In order to describe the mechanism of the four strokes, one first needs to define terms commonly used in 
the context of piston-engines. The strokes of the piston is from the bottom dead center (BDC), for which 
the volume within the cylinder is maximal, to the top dead center (TDC) which corresponds to the 
minimal volume in the cylinder. The ratio of these maximal to minimal volumes is called the geometric 
compression ratio. 

The mechanism of the four strokes is described in Figure 3 and the valve timing process in Figure 4: 

 During the intake stroke, intake valves open and air enters into the cylinder when the piston goes 
from TDC to BDC. 

 Then the compression stroke occurs. The intake valves close and, going back to the TDC, the 
piston compresses the air rising its pressure and temperature above the auto-ignition temperature 
of the fuel injected at the end of this stroke. The combustion starts increasing even more 
pressure and temperature. 

 The power or expansion stroke is when this increase in pressure pushes the piston back to the 
BDC. The pressure continues to increase due to the combustion even when it already started to 
push down the piston. 

 Once the piston is at the BDC, the exhaust valves are opened, the piston goes from the BDC to 
the TDC to evacuate the products of the combustion; this is the exhaust stroke. 

 

F igu r e 3 . T he d i f fe r e nt phase s of a fou r -st rok e D ie se l  e ngin e  ( F ou r-st rok e d i ese l  e ngine) .  
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F igu r e 4 T o the l e f t , P r e ssu r e / V olume  d iagr am of d ie se l  c yc le . T o the r ight t heor e t ica l and r ea l va lve  
t iming p roc e ss in 4-st rok e cyc le (D i ese l  E ngine F undame nta ls) .  

1.2.2.  The fuel/air mixture 

The fuel is injected into the cylinder using the fuel injector at the end of the compression stroke. 
Because of the high pressure in the fuel and high pressure and temperature of the compressed air, the 
liquid fuel atomizes into small droplets and the combustion starts almost immediately. The short delay 
between the injection and the beginning of the increase in temperature due to the combustion is called 
the ignition delay. This phase is of paramount importance for the improvement of the engines in terms 
of reducing the consumption of fuel and the emissions since the way the fuel mixes with the air during 
the ignition delay has a direct effect on the combustion efficiency (ARGACHOY & PIMENTA, 2005). 

It is well known now that the design of intake ports and valves as well as the number of them used to 
introduce the air into the cylinder during the intake stroke has an effect on the in-cylinder air motion 
which has itself a repercussion on the fuel/air mixing at the end of the compression stroke. 

Actually to improve the mixing process, the ports and valves are usually designed in order to induce a 
swirl and a tumble motion in the air during the intake stroke. The swirl characterizes a rotating motion 
induced in the plane perpendicular to the cylinder axis whereas the tumble is a rotating motion in the 
plan parallel to the cylinder axis. The swirl will be conserved during the compression stroke whereas the 
tumble will break down into smaller scales increasing the level of turbulence of the compressed air. Due 
to the swirl motion, the fuel injected in the cylinder will travel a longer distance before hitting the wall 
and the increase in turbulence level will improve the fuel/air mixing. The in-cylinder mixing process is 
also improved thanks to both the swirl and the tumble, reducing the inhomogeneities such as pockets of 
exhaust gases. However, the swirl and the tumble motion need to be known and studied in detail since 
they can also have negative effects on the combustion process; a too high swirl may lead to the fuel 
sprays collide which drastically increases the local air/fuel ratio, increasing soot emissions and fuel 
consumption. 

In order to characterize the swirl motion, a swirl ratio can be calculated evaluating the angular 
momentum of the air around the cylinder axis (z-axis) equal to: 

 

Where: 

  is the density of air 
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  is the velocity vector 
  is the radial vector 
  is the normal vector to the surface (vector element of the cylinder axis) 
  is the velocity in the direction of the cylinder axis 
  is the surface element 

If the values are discrete, the integral can be transformed in a sum operator and the following equation 
applies: 

  (5) 

Where K is the number of discrete values or elements and  is the element surface. Then the Swirl 
Ratio (SR) is calculated with: 

  (6) 

With, S the stroke of the piston and  the mass flow. 

This SR can be calculated for different valve lifts and then a weighted averaged can be made over the 
different values in order to characterize a mean SR for the engine. 

1.2.3.  Measuring the swirl using a steady flow bench  

The test bench used in the experiments is designed for intake or exhaust port flow measurements (see 
Figure 5) . Here, only the intake port flow setup is considered. The rig consists of two settling chambers 
with a displacement pump flow measurement device in between. On top of the upstream settling 
chamber there is the honeycomb torque measurement device and the liner. The cylinder head is 
positioned on top of the liner. On top of the cylinder head there is the valve adjustment mechanism. On 
the inlet of the intake ports there is a plate with 10 mm radius allowing for a smooth inlet flow 
condition. On top of the downstream settling chamber there is a pipe with a T-junction. One end of the 
T-junction is connected to the fan and another to the atmosphere through a throttle. The throttle 
regulates the flow rate through the cylinder head. 

The standard measurement equipment measures the total pressure drop between the inlet atmosphere 
and the upstream settling chamber, the torque on the honeycomb, using a strain gage at the end of an 
arm connected to the honeycomb at the liner centre, and the flow rate. The temperature in the upstream 
settling chamber and the atmospheric pressure is also measured. The flow rate is proportional to the 
speed of the displacement pump at zero pressure drop between the settling chambers. 

The operator controls the valve mechanism to a fixed valve lift and then adjusts the throttle and the 
speed of the displacement pump to achieve a steady state condition with zero pressure drop across the 
displacement pump and the desired pressure drop between atmosphere and the upstream settling 
chamber. The swirl ratio and the flow coefficient is then calculated using the measured data. For further 
information see (LINDGREN, 2004)and (LINDGREN, 2003).  
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F igu r e 5 . I n ta k e por t f low and swi r l b enc h ( V a lve s and Por ts i n F ou r-St rok e E ngine s) .  

1.3. Previous studies 

Understanding of the in-cylinder flow field is indispensable to reduce the fuel consumption and the 
emissions of engines. As explained earlier, the swirl and the tumble are actors of this improvement. 
Simulations are conducted to be able to better understand the flow interactions from the intake stroke 
until the exhaust stroke and understand the effect of the piston, valves and port designs on the flow field. 
However, in-cylinder flows are turbulent. As explained in the turbulence part, all the scales of turbulent 
flows cannot be simulated since it is too time consuming. In the best case, one can simulate them using 
LES and by modeling only small scales below a certain threshold length. That means that experimental 
studies are still needed first for comparison and then to give information about the best model that 
should be used for the simulations. 

In-cylinder flow experiments have been strongly improved with the use of optical diagnostic techniques, 
first the LDV (Laser Doppler Velocimetry) and then the PIV (Particle Images Velocimetry). (REUS, 
ADRIAN, LANDRETH, FRENCH, & FANSLER, 1989) realized one of the first PIV investigation of 
in-cylinder flows. The PIV is nowadays commonly used to study the tumble motion in the plane parallel 
to the cylinder axis like in (MURALI KRISHNA & MALLIKARJUNA, 2011). E.g. in (KEROMNES, 
DUJOL, & GUIBERT, 2010), PIV measurement has been used to study the effect of different valve 
geometries on the tumble motion during the intake and compression strokes of the engine. Conclusion 
about the impact of these different geometries on the fluctuating part of the velocity field could been 
drawn using this technique. 

An important amount of studies of the swirl motion of the flow have also been made with the PIV 
technique e.g. (NORDGREN, HILDINGSSON, JOHANSSON, DAHLÉN, & KONSTANZER, 2003), 
(COSADIA, BORÉE, CHARNAY, & DUMONT, 2006), (HEIM & GHANDHI, 2011) and (ALGER, 
MCGEE, GALLANT, & WOLLDRIDGE, 2004). 
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In (HEIM & GHANDHI, 2011), PIV measurements have been made studying two different designs for 
the inlet valves. Results for the two components of the velocity in the plane perpendicular to the 
cylinder axis were in good agreement with solid body rotation. They also showed that the center of the 
solid body rotation could not be confused with the center of the cylinder and that the location of the 
center does not really vary with the engine speed. This PIV study, as many others e.g. (COSADIA, 
BORÉE, CHARNAY, & DUMONT, 2006) have been realized with motored engines in order to study 
the cycle-to-cycle variations and the engine speed effects. 

In (NORDGREN, HILDINGSSON, JOHANSSON, DAHLÉN, & KONSTANZER, 2003), authors 
compared PIV measurements made also on a single cylinder motored heavy duty diesel engine using a 
transparent piston to be able to take the picture from the bottom of the cylinder. Results have been 
compared to CFD simulations and honeycomb measurements of the torque and therefore swirl ratio. 
The engine speed was there constant and only the cycle-to-cycle variations during the intake and 
compression strokes have been investigated. Results were in good agreement with the simulations and 
showed that the cycle-to-cycle variations were more important for some crank angles than others. 
However, differences were clearly visible between the swirl ratio measured with the honeycomb and the 
swirl ratio evaluated with the PIV technique and the authors concluded that it is due to the loss of 
information of PIV for which the out-of-plane component of the velocity could not be evaluated. 

Finally, since the PIV cannot be used when too much light is in the field of view a technique called 
Combustion Image Velocimetry (CIV) has been used in (DEMBINSKI, 2011) in order to study the flow 
motion during the in-cylinder combustion process and the effects of the swirl motion and the injection 
pressure of the fuel on the mixing process. This technique is similar to the PIV but instead of using a 
laser lighting up some droplets, the soot were directly used as particles. This study has been made by a 
PhD student at Scania and showed interesting results on the effects of the swirl on the combustion 
process like the fact that the solid body rotation could not be observed anymore at the end of the 
injection. The author also showed that the swirl motion is not centered with the cylinder and that the 
increase in vorticity increase the mixing process. The pressure injection of the fuel has also been studied 
there and showed to influence the flow field quite considerably. 
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Chapter 2: PIV measurement technique 

2.1. Introduction and PIV principle 

Particle Image Velocimetry (PIV) is a method used to get the instantaneous velocity components of the 
flow in a wide domain. It is an optical method using laser and one or more cameras linked to advanced 
software used to do the acquisition and the processing of the data. 

This makes it possible to observe the flow and get velocity components in a plane and not only in one 
single point, without being intrusive as the case with methods using probes like the hot-wire 
anemometry method. 

Different types of PIV methods have been developed depending on what is needed to be observed; 
classic PIV, to get the two components of the velocity in a two dimensional domain, is the most 
common. Micro PIV in order to observe fluids in micro channels or even in droplets are also used. 
Stereoscopic PIV (S-PIV) or PIV techniques like the tomographic PIV make it possible to include the 
third component of the velocity in the results. During this project, stereoscopic PIV has been used to 
observe and evaluate the three components of the instantaneous velocity in a horizontal plane of an 
engine cylinder. 

2.1.1. PIV evaluation 

 
F igu r e 6 . P r inc ip l e  of Pa r t ic le I mage V e loc i me t r y . T he came r a ta k e s one f r ame of each lase r  pu lse ,  

t . (R A F F E L , W I L L E R , W E R E L E Y , &  
K O M P E N H A NS , 2007) 

With classic PIV, the two components of the velocity in a two-dimensional domain can be observed. In 
order to be able to see the flow, particles are injected as tracers. A thin laser sheet lights up the plane or 
area of interest as well as the particles present and one camera takes pictures of these illuminated 
particles seeding the flow.  
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The laser is actually constituted of two lasers organized with mirrors in order to produce exactly the 
same beam at the same position and it is able to produce two pulses (one from each laser component) 
with a short interval time t (cf. Figure 6). A correlation algorithm is used to determine the distance 
covered by the particles between the first and the second laser pulse, s. Thanks to this information and 
the known time interval between the laser pulses, the two components of the instantaneous velocity of 
the particles can be determined. 

Two different types of PIV evaluations are possible. The first option is to take only one frame exposed 
two times ; the first time by the first laser pulse at time t and the second time by the second laser pulse at  
time , and evaluate the PIV using an auto-correlation method. This technique was often used in the 
past because the cameras were not fast enough to take two frames with a sufficient small t. The 
problem of this method is that it is not possible to know which particles on the frame come from the first 
exposure and which ones come from the second thus the direction of the displacement is not available. 
The second technique is the one described in Figure 6; to take one frame for each laser pulse and then 
evaluate the PIV using cross-correlation between the different frames, it is the method used the most 
nowadays. 

Description of the  cross-correlation mechanism 
The principle of the PIV evaluation is described in Figure 7 and Figure 8. In the first step, the couple of 
frames is subdivided into small interrogation windows with few pixels, and then the aim of the cross-
correlation algorithm is to evaluate the light intensity shift. The cross-correlation algorithm will work 
with each couple of interrogation windows; it will determine the relative displacement needed between 
the two interrogation windows of the couple to match the intensity repartition on them. The accurate 
relative displacement between the windows will correspond to the highest value of the correlation 
function which is also called the correlation peak. 

To study the correlation map after processing the images is a good option to evaluate the results and the 
correlation process, as will be shown later. 

Mathematical background  
The theory of correlation applied in PIV is actually a statistical method close to the ones used in signal 
analysis. The two-dimensional cross-correlation used for this kind of analysis is: 

 

Where F and G are the signal functions. 

In the case of PIV evaluation the signal is the light intensity field. The images, as well as the 
interrogation windows, are constituted of pixels. So taking a couple of windows of size MxN pixels, like 
in Figure 7, each pixels has a certain position in the image and a certain amount of light. For example 
the intensity of the pixel at the position (n,m) in studied window of frame a (at time t) is (Figure 7): 

 

The cross-correlation, in a discrete form, used for the PIV evaluation is: 
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F igu r e 7 . Subd iv is ion of  the f r a mes in in t e r rogat ion w indows . I n th is case 25 w indows and no 
ove r lapp ing b e tw e en the m .  T he g r ey dots r e p r e se nt the pa r t ic le s .  

 
F igu r e 8 . P r inc ip le of th e c ross-cor r e l a t ion a lgor i thm to f ind the  in te ns i t y shi f t be tw e en the two 
f r ames and deduc e  th e instantaneous ve loc i t y of the pa r t i c le s . T he g r ey dots r ep r ese nt the pa r t ic les 
on one f r ame  a t a t ime  and the b lac k dots a r e the pa r t ic les p r e sent on the both f r ame s and so 
ove r lapp ing for  the app l i ed r e l a t ive d isp lac e me nt of the in te r rogat ion w indows .  
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The value of k and l for which the function R get its maximum (correlation peak) correspond to the 
optimal relative displacement between the two interrogation windows in terms of pixels. Thanks to a 
calibration step, explained later, the displacement in pixels can be evaluated as a distance and the vector 
velocity deduced from: 

 

This method gives the two dimensional instantaneous velocity vector for each couple of interrogation 
windows and not for each particle contained within so it is a statistical method based on the assumption 
that the displacement of all particles in the same window is homogeneous, if particles go in different 
directions and the velocity range is too large, the intensity pattern is not conserved between the two 
frames and the cross-correlation process cannot be used successfully. Applying this process to all the 
interrogation windows couples of the images will give the two dimensional instantaneous velocity field 
in the surface. 

It is commonly thought that the PIV algorithm tries to follow each particles between the two frames and 
determines the instantaneous velocity in that way. It is not the process used by PIV but it is an existent 
technique which is called Particle Tracking Velocimetry; the mean difference being that the number of 
particles per pixel needs to be much smaller in the case of PTV. 

2.1.2. Stereoscopic PIV, SPIV or 3D-PIV 

The stereoscopic PIV also called 3D-PIV or S-PIV is a PIV technique for which the three components 
taneous velocity can be obtained. This technique is quasi three dimensional since the 

three components are observed only in the plan aligned with the laser sheet and not in a volume. To 
realize S-PIV measurements, one more camera is needed. Classic configurations can be seen in Figure 
9. For classical PIV the camera is usually perpendicular to the laser sheet to get the most accurate 
results, in the case of S-PIV it is not the case anymore. 

 
F igu r e 9 . T h r e e d i f fe r ent conf igu r a t ions fo r  t he came r as whe n us i ng S-P I V  

Three different configurations are recommended for the arrangement of the cameras (Figure 9); in the 
configuration A the cameras are placed backward and forward from the laser sheet direction and so do 
not get the same amount of light (see the paragraph about the particles); arrangements with the aperture 
of one of the camera is needed to correct this difference. In configuration B and C the cameras are 
respectively placed both backward and forward from the laser sheet direction and therefore get the same 
amount of light. It will be explained later that the configuration C is actually the best one because the 
light intensity reflected by the particles in the forward direction is superior to the one in the backward 
direction. For the same reason the distance from the laser sheet to the lenses of the cameras should be of 
the same order to get the same amount of light. 
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The Scheimpflug criterion  
Using S-PIV, Scheimpflug adaptors are needed when the object plan is no longer parallel to the lens 
plane (as is the case when the cameras are not perpendicular to the laser sheet), to get the entire image 
plane focused. The tangent to the lens plane should intersect exactly at the same point as the tangents 
from the image plane and the object plane as can be seen in Figure 10 (PRASAD, 2000),(LAVISION 
GmbH, 2010). Scheimpflug rings or adaptors are used to rotate the image plane in order to get the 
coincidence between the three tangents. 

 
F igu r e 10 . C ondi t ion to r espe c t  the Sche impf lug p r inc i p le (Sch e impf lug p r in c ip le) .  

The S-PIV reconstruction mechanism 
The S-PIV process uses the same recording method as the simple PIV; each camera will take two frames 
with a defined interval time. The cameras need to be perfectly synchronized because both frames must 
be taken exactly at the same time to capture the same particles and get the third component of the 
velocity. When dealing with one picture or one image, the cameras take actually 4 frames. For example, 
a set of 100 pictures contains 400 frames. 

Then techniques from the PIV process and the ones used by human eyes and brain are very similar in 
order to get the three components of the instantaneous velocity. Indeed, it can easily be noticed that if 

distances towards and away from us; our eyes take two dimensional images and our brain is able to do a 
three dimensional analysis similar to the one the PIV software does. 

 
F igu r e 11 . P r inc i p le of Ste r eoscop ic Pa r t ic le I mage  V e loc i me t r y  
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The software realizes the PIV evaluation for the images of each camera; this process gives the 
displacements found by each camera in the two directions of the plane (dx1, dy1, dx2, dy2, the indices 
refer to cameras 1 and 2 respectively). Then the final displacements dx, dy (in-plane displacement) and 
dz (out-plane displacement) are determined using the following relations, (FEI & MERZKIRCH, 
2004),(RAFFEL, WILLER, WERELEY, & KOMPENHANS, 2007) , (the notations are visible in 
Figure 11): 

 

Several options are available for the acquisition of the images like the choice of the number of recorded 
pictures, the interval time between them etc, these options are controlled by the user through the 
software. Then, different processing plans can be applied to get accurate results. The following parts of 
this chapter will provide information about the PIV arrangements used for this project and general 
advices which could be starting points for further PIV or S-PIV measurements. 

2.2. Settings and recording of the images 

The most important and difficult part when using PIV measurements is to install all the equipment, 
cameras, laser and others, and to set recording parameters to be able to get pictures giving accurate 
results. Some conditions need to be respected in order not to induce large errors during the evaluation. 

2.2.1. Installation and material used 

 
F igu r e 12 . C onf igu r a t ion of came r as and lase r  she e t  opt ic s a round the  ense m ble head cy l ind e r -
cy l inde r  to ta k e  S-P I V  measu r e me nts in  a hor izonta l p lan e of the cy l inde r .  

As explained in the introduction, the aim of this project is to study the flow fields and the swirl motion 
which occurs in horizontal planes of the cylinder. The ensemble cylinder head and cylinder is mounted 
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over a fan which pumps out the flow coming through the inlet valves and therefore reproducing the inlet 
stroke of a engine. A glass cylinder is used to make possible it to take pictures through its wall. The 
final configuration can be seen in Figure 12. Only few positions of cameras were possible because of the 
size of the cylinder head and the fan. This one was the best one since it gives better results if both 
cameras are locking toward the same direction. An angle of about 90 degrees between them with a 
symmetrical disposition compared to the axis perpendicular to the laser sheet (  in Figure 
11) is also known to handle more accurate PIV evaluations (PRASAD, 2000). The angle here is a bit 
larger because the field of view was obstructed by the cylinder head if the cameras were too close to 
each other. 

Cameras 
Cameras used for this project are CCD cameras (Charge Coupled Device) called Image Pro X 4M 
(LAVISION GmbH, 2011). They have the advantages of a large optical aperture and a high dynamic 
range. The dynamic range of cameras correspond to the ratio between the maximum and the minimum 
intensity of light that cameras are able to measure and is therefore really important in the case of PIV 
measurements. The ones acquired by Scania have a dynamic range of 14 bits and a high spatial 
resolution of 2048×2048 pixels. These cameras are known to be slow with a frequency up to 14Hz (they 
cannot acquire more than 14 pictures per second). CMOS cameras have been developed with a much 
faster recording frequency (more than 1000Hz) and are used for time-resolved PIV. However the quality 
of the recordings is inferior to the one of the CCD cameras because their sensors have an 
inhomogeneous sensitivity and produces more noise (Cf. particles intensity part). The choice of CCD 
cameras to study non-time dependant flows like for this configuration is therefore relevant.  

The lenses of the cameras were mounted on Scheimpflug adaptors in order to get focus on the horizontal 
plane. 

Laser  
Lasers used for most of PIV measurements are called Nd:YAG lasers and produce a green beam with a 
wavelength of 532nm. This kind of laser is classified level 4 because they are really powerful and need 
to be used carefully with protective goggles. The pulse energy of the one used at Scania is up to 200mJ. 
It is a double-cavity laser because, as explained earlier, two lasers are actually contained to produce a 
total repetition rate up to 15Hz. The produced beam is brought from the box containing pump chambers 
and Q-switches components up to a light sheet optic thanks to an arm visible in blue in Figure 12. 

The user must verify that these two laser beams are perfectly overlapping over the surface of interest. 
This can be done taking two frames with a really short interval time (only 1 or 2µs). The particles of 
each frame are illuminated by a different laser beam and the PIV evaluation should therefore give a 
really small displacement if they are overlapping correctly. If it is not the case, it is possible to open the 
laser box and adjust the mirrors contained within to correct it. For more information on how to adjust 
laser beams see (LAVISION GmbH, 2011).  

A laser sheet thinner than 2mm was used for measurements, this thickness is the same all over the plane. 

Hardware and Software 
To run the PIV process and analyze the results, the version 8.0 of the software DaVis has been used and 
results have been exported to Matlab. This software is able to run PIV for a lot of different 
configuration, even if cameras and laser are not PIV ones, the only thing it needs is good quality 
pictures with particles. For example it has been used to process pictures of soot particles in the study of 
(DEMBINSKI, 2011). 



- 25 - 

This software is installed on a computer with a GPU (Graphic Processing Unit). This is needed to 
acquire the frames and record them with a high enough speed but it can also be used to run the S-PIV 
evaluation. Calculations are approximately ten times faster when using GPU than a regular CPU 
(Central Processing Unit). However the implemented code in the software to run the PIV is not the same 
if the process occurs on the CPU or on the GPU. Options available for the evaluation are not the same in 
the two cases. Most of the time in this study, due to the number of pictures recorded, the process has be 
made  

2.2.2. Seeding particles  

The size of the particles used to seed the flow depends on its physical properties. For air flows, like in 
this project, droplets (smoke made with oil or alcohol like in this project) with a diameter about 1 to 5 
µm are commonly used but for water that would be solid polystyrene or polyamide spheres in the range 
of 50 to 100 µm. The density of oil is obviously higher than the air density so it is important that the 
particles are small enough to be able to follow the flow correctly. 

Particle images size  and density 
An important parameter when using PIV evaluation is the size of the particle images meaning the size in 
number of pixels that particles cover on pictures. That can obviously vary with the physical size of the 
particles but also with the focus of the cameras by variation of their aperture or f-number (f#) (a large 
aperture corresponds to small f#). Decreasing the aperture, and so increasing the f#, increases the depth 
of focus and therefore the size of particles on images. For this project, the f# of each cameras were equal 
to 1.8. 

Too large particle images can overlap easily and induce noise in the pictures but too small particles will 
induce a consequent error called peak locking error due to weakness of the sub-pixel estimator of the 
PIV. Actually, when the PIV process occurs, if the particle images are small, the correspondent 
correlation peak will be really sharp; only one or two pixels large. This is due to the fact that the 
overlapping of the particles for the couple of interrogation windows is only possible for an exact 
displacement. The position of the maximum of the correlation function will therefore be known with a 
precision of one pixel. On the other hand, if the particles images are of order of 3 pixels, the correlation 
peak is spread over several pixels and a Gaussian interpolation can be made on the shape of the peak; 
the maximum can therefore be approximated with a better precision (inferior to one pixel), this is the 
sub-pixel estimator. 

The precision of the sub-pixel estimator can be estimated thanks to the probability density function 
given by Davis. Indeed this function handles the number of particle images over the range of pixels 
displacements. Three different functions are suggested; the best choice to evaluate the sub-pixel 

images displacements cutting-off their integer value, they are plotted in function of their decimals only. 
It can be seen in Figure 13, that when the particle images are too small all the values of pixels 
displacement are biased toward the integer values, this is called the peak-locking effect. For particle 
images large enough the distribution is more homogeneous; the sub-pixel estimator has been able to 
estimate displacements with at least a precision of one tenth of a pixel. 

The error due to a weak sub-pixel estimator is called the peak-locking error and can be read in the 
settings of the pdf menu (DaVis). This is a necessary method to judge PIV results. For example, in 
Figure 14, the PIV-evaluation giving the pdf to the left handles a peak-locking error of 0.245 instead of 
only 0.015 to the right. It says actually that even if the shape of the pdf on the left is saying that the sub-
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pixel estimator is not efficient, it is not that bad. Indeed the peak-locking error is always contained in the 
range 0-1 with 0 for really efficient sub-pixel estimators and 1 for poor estimators. 

However, it has been shown that the peak-locking error does not affect the mean velocity if the average 
is made on an efficiently large sample of instantaneous velocity fields, even in the case of absolute 
peak-locking error (equal to 1) (CHRISTENSEN, 2004). The lack of precision of results influences only 
the estimation of turbulent fluctuations and so RMS values. 

  
F igu r e 13 .  C ompa r ison of the cor r e l a t ion r e su l ts fo r  pa r t ic le image s s i ze s i n fe r io r  to one  p i xe ls( le f t) 
and pa r t ic le image s s i zes be tw e en 2 and 4 p ixe ls ( r ight) .  

  
F igu r e 14 . D ist r ibut ion of the pa r t ic le i mage s d isplac e ments ove r  the i r  f i r st  de c ima l eva lua ted . O n 
the le f t , pa r t i c le i mages too smal l and d isplac e me nt eva lua ted b iase d to in tege r  va lues . O n the r ight ,  
pa r t ic le image s la rge e nough to ge t  eva lua t ion of d isp lac e ments w i th one te nth p r e c is ion .  

The density of particle images in the interrogation windows should also be controlled. Here again an 
equilibrium is necessary; too many particles can induce noise and not enough particles would decrease 
the resolution. It is common to talk about a particle image pair because it corresponds to a particle image 
that is present in the interrogation window of both the first and the second frame. It will be explained 
later that particle images can leave the image during the interval time and are therefore not used in the 
evaluation step. It is advised to have at least 5 particle images pairs in the interrogation windows to get 
accurate results (RAFFEL, WILLER, WERELEY, & KOMPENHANS, 2007). This can be adjusted 
directly on the smoke machine or changing the size of interrogation windows. However the second 
method can induce errors and a loss of resolution as will be explained later. When using the recording 
menu of Davis and thanks to the panel on the left and selecting areas of interest, it is possible to get 
immediately values from a recorded image like particle image sizes and intensities (LAVISION GmbH, 
2010). However these values are strongly dependant on the quality of the images and can only be 
considered as an help. 

Particles light intensi ty 
As explained earlier, position of cameras in the case of S-PIV gives better results if it is forward from 
the laser sheet direction than backward. This is due to the way particles reflect the light from the laser. 
Reflection of the light around the particles corresponds to the Mie´s scattering theory describing the 
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electromagnetic radiation by a sphere. In Figure 15 is represented the Mie´s scattering of oil droplets 
around 1µm of diameter in air and using a 532nm laser. Other Mie´s scatterings for other diameters, 
particle materials and surrounding flows are visible in (LAVISION GmbH, 2011) and (PRASAD, 
2000). 

Sometimes it is not possible to arrange camera positions as whished. They can be both in the backward 
direction, like for this project, or one backward and one forward. In this cases, it is important to play 
with the aperture of cameras in order to capture the same light intensity with all cameras. Decreasing the 
aperture or increasing the f# of cameras, the light intensity is also decreased. Although that should be 
done carefully because it will also increase the particle images size as explained earlier. 

 
F igu r e 15 .  Sca t te r ing of t he l ight a round oi l d ropl e ts of 1µ m of d iame te r . L oga r i thmi c sca le s a r e  used 
to desc r ibe th e in te ns i t y  of l ight r e f le c te d by th e pa r t ic le dep ending on the angle of v iew of the 
came r a .  

During PIV image recording, the particles are illuminated by the laser sheet and the important parameter 
is actually the signal-to noise ratio meaning the contrast between light intensity reflected by particles 
and the light reflected by surroundings. This signal-to-noise can be improved by increasing the power of 
the laser and so the light reflected by the particles but the noise in the background needs to stay of the 
same order; if both are increased, the ratio remains the same; the results will not be improved but the 
camera sensors could be destroyed. A meticulous study of reflections coming from surroundings is thus 
needed. 

An important thing to remember with CCD cameras is that they are extremely sensible to the light 
intensity and their sensors can be destroyed if it surpasses a limit; in order to avoid this, the laser always 
need to be used carefully and its power increased little by little controlling the intensity on the images to 
be sure that it remains under the limit everywhere in the field of view. Using DaVis software, in the 

and maximum of light intensity recorded by the cameras for the image can be controlled there and 
should not reach the limit of 10000 counts. 

2.2.6.  Techniques used to reduce laser reflections  

The main problem that occurred when running PIV measurement for this project was the reflections of 
light. They were caused by reflections of the laser beam both on the front and the back of the glass-
cylinder and on surrounding objects. The ones on the cylinder wall are represented in red in Figure 16. 
Their intensities were strong enough to destroy the camera sensors if laser power were turned up from 
minimum during the pre-processing step (explained later). One needed 
a method to get rid of them before taking the pictures.  

caught them behind an opaque surface. Black adhesive tape has been placed on the cylinder surface in 
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front of both cameras to intercept reflections paths. This method is really efficient since no reflections 
are left and a high laser power giving really good view of the particles can be used. However, it presents 
some difficulties to be used. First, paths of the laser reflections (red dashed arrows in Figure 16) are 
actually not visible by the human eye without risk of injury so the only information to find the 
intersection with the glass cylinder (black dots) are the recorded images using the laser at low-power. 
This makes it difficult to find the exact location and a larger surface than the one actually needed is 
generally covered. The consequences are a reduced field of view, about 25% of the bore of the cylinder 
was hidden by this tape. Other techniques have therefore been tested. 

 
F igu r e  16 . R e f le c t ions of the lase r  on the glass c y l inde r  wa l l . T wo d i f fe r e nt k inds of r e f le c t ions in  
r ed ; on es p roduc e d by the lase r  be a m e nte r ing in the  cy l inde r  and on the bac k of  the  cy l inde r .  
D ashe d a r rows r ep r e se nt  the i r  pa ths f rom the r e f le c t ions sou r c e s to the c ame r as lense s . T he b lac k 
dots a r e th e in t e rse c t ion of the se pa ths w i th the fo r wa r d su r fac e of t he cy l inde r .  

The fluorescence principle  
The white light is composed by overlapping of all the color of the rainbow. Each color is an 
electromagnetic radiation with a certain wavelength and frequency. The laser used with PIV is green 
and composed by only one wavelength; 532nm. 

Fluorescence is an interesting phenomenon; fluorescent objects are able to shift some wavelengths 
coming toward them and so reflect a different wavelength than the source. This means that they can be 
lighted up only with the green wavelength of the laser and seen of a different color like orange. The 

 wavelength to a higher wavelength; e.g. an object 
iple of fluorescence is described in Figure 

17. 

Fluorescent particles are often used when running PIV measurements of liquid flows (LINDQUIST, 
2005), (GURLEK & SAHIN, 2010), this is even indispensable when running micro-PIV (OISHI, 
KINOSHITA, FUJII, & OSHIMA, 2011). Instead to reflect a light with the same wavelength as the 
laser, they reflect a orange light. A high-pass filter (Figure 17) for which only wavelengths above the 
threshold can go through is put in place on the lenses of the cameras in order to keep only the orange 
light. Green reflections of the laser on droplets in the liquid or on surfaces are therefore not seen by the 
cameras. Due to its high efficiency to remove reflections of the surrounding, this principle was tried in 
this project. 

This process is possible because the liquid is in general contained in a closed-circuit. For this project, 

the reverse was tried. Instead to use 
surrounding objects were painted with an orange fluorescent paint in order to transform all reflections 
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that could destroy the cameras sensors to orange. The fluorescent paint used has been chosen to be the 
same as the one used in (LINDQUIST, 2005) because the author showed that it has good fluorescence 
properties and even did a fine study of the wavelength reflected by the paint. Then, instead of using 
high-pass filters, band-pass filters 10nm large with a central wavelength of 532.5nm were applied on the 
cameras in order to let only the green reflected by the particles going through. 

First tests have been made using white paper and applying fluorescent paint in some places. These tests 
gave promising results (Figure 18), almost no light was reflected on the painted parts. However, other 
tests showed that this technique is only efficient when using it on mat surfaces. Since the conversion 
rate of the wavelength 
(there is always some other wavelengths going through), the reflections over the paint is still a bit higher 
than the one of the laser directly on the transparent glass cylinder. This technique can therefore only be 
used to avoid reflections from surrounding objects but not from the cylinder wall. However the filters 
remove some of the noise during the recording and make the calibration easier. 

 
F igu r e 17 . P r inc i p le of the f luor e sc e nc e . T h e f l uor esc ent ob j e c t  shi f ts wave lengths of the c u r v e 

N d : Y A G  lase r . A  h igh-pass f i l te r  is a lso r ep r ese nte d . ( L I N D Q U IS T , 2005) 

 
F igu r e 18 . T e sts of the o r ange f luor esc ent pa int  on whi te pape r  us ing a band -pass f i l te r  on the  
came r a .  



- 30 - 

2.2.3. Calibration 

In order to convert camera pixels to the physical length scale, [m], calibration is needed. 

With PIV and a camera perpendicular to the laser sheet and taking direct pictures of the flow, only a 
scaling step is necessary in order to achieve pixels dimensions. The user uses in 
Davis, taking an image and selecting two positions on it with a known distance. Giving this information 
to Davis, the algorithm is then able to do the conversion pixels to meters that is needed. 

When the view of the cameras is not at 90 degrees and/or if the images are distorted, conversion 
responds to a more complex algorithm than just a scaling, a complete calibration is then compulsory. S-
PIV measurements always need this step since the cameras are not perpendicular to the laser sheet. 
Moreover this step makes it also possible to couple the images from the cameras. To do the S-PIV 
reconstruction for the PIV evaluation of each camera, the algorithm needs to know where a physical 
position (x0, y0) is represented on the images of camera 1 (x1, y1) and camera 2 (x2, y2). Finally, the 
calibration will also correct distortions of the images due to the recording through the glass cylinder. 

The calibration for S-PIV measurement is therefore more complex than the scaling for PIV and can 
induce errors in the PIV results whereas a wrong scaling step induces only errors in the conversion of 
the PIV results. 

S-PIV calibration principle and mapping function  
The calibration for S-PIV is made using a 3D calibration plate with marks on two levels to be able to 
calibrate the three dimensions of space (Figure 19). Obviously the calibration plate has to be placed at 
the same place as the laser sheet or at least as close as possible. Although it is sometimes not feasible 
and so techniques have been developed to solve this problem (Cf. later), (WIENEKEN, 2005). 

 
F igu r e 19 . P ic tu r e s of th e ca l ib r a t ion p la te w i th c ame r a 1 (le f t) and came r a 2 ( r ight) . Y e l low ma r ks 
use d to cor r e l a te t he came r as a r e v is i b le is the  c ente r  of the p la te .  

When starting the calibration step, a coordinate system is chosen (in this case a left handed one with z-
axis turned downward), the type of plate used is chosen, the focus for each camera is done and three 
identical marks for all cameras are pointed on the images. These marks have to correspond on the same 
physical dots on the calibration plate for all cameras in order to get a correct correlation. The software is 
then able to identify the white dots on the calibration plate thanks to the difference of light intensity. 
Positions of these dots are used to evaluate coefficients of mapping functions which are applied to 
correct the distortions due to the glass cylinder, determine angles of view ( 1

 and 2 in Figure 11) and fit 
together images coming from the two cameras; it converts the 2D recorded planes into the 3D physical 
plane. With S-PIV measurements, two mapping functions need to be determined (one for each camera) 
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in order to transform the pixels localizations (s1, t1) for images from camera 1 and (s2, t2) for images 
from camera 2 into the (x, y) coordinate system and then (x, y, z) with the S-PIV reconstruction. 
Different mapping functions can be used with DaVis software; the pinhole model or the third order 
polynomial. For this project the pinhole is not recommended since the images are taken through a glass 
cylinder and are therefore subjected to strong distortions (WIENEKEN, 2005), the appropriate model is 
the third order polynomial which is (FEI & MERZKIRCH, 2004): 

 

 and  are the global coordinates while s and t are the coordinates in the recorded planes. This is the 
mapping function for only one camera. When using the third order polynomial mapping function, it is 
recommended by LaVision to use a calibration plate large enough to cover all the area of interest. The 
algorithm calculates the coefficients of the mapping functions using the white dots and their global 
coordinates already known by the software. It tries to fit a maximum of points but it is never perfect 
even in cases with no distortions, so the deviation between the global coordinates of dots and the one 
given by the mapping functions is evaluated for each mark and averaged over all the plate. The mapping 
function giving the smallest deviation is then chosen by the software. The remaining averaged deviation 
is the so called RMS of the function and should be less than 0.3. However, dealing with strong 
distortions, in general, a so small value cannot be reached but can be corrected with the self-calibration 
step. 

Once the calibration step is finished, the laser sheet can be put in place using the calibration plate to be 
sure that it is in the focused area and horizontal. The cameras need to be protected during this step 
because even if they are off, reflections of the laser sheet on an object can destroy their sensors. 
Although, the laser sheet will never fit perfectly the position of the calibration plate and so the focus of 
the camera needs in general to be adjusted when using the particles and a step of self-calibration must be 
executed with few recorded images. More details about how to realize a correct calibration step are 
given in (LAVISION GmbH, 2011). 

Self-calibration 
Since the adjustment of the laser sheet position is done manually on the calibration plate, they cannot be 
perfectly aligned; there will be a remaining angle or translation between them that can induce errors 
during the processing step. Indeed when the laser sheet does not coincide with the calibration plane used 
to determine the mapping functions, one particle can be seen at different positions by the cameras and so 
be interpreted as two different particles. So stereoscopic PIV measurements need a step of 'self-
calibration' in order to line up the calibration plane and the laser sheet.  

 
F igu r e 20 . R ep r ese nta t ion of one d ispa r i ty ve c to r , the came r as look a t the same pa r t ic le in the l ase r  
she e t  p lane  which is not a l igne d w i th the  ca l ib r a t ion p lane .  T he  pa r t ic le is t he r e fo r e  se en as two 
d i f fe r e nt pa r t ic le s se pa r a ted by th e d ispa r i ty ve c to r  in th e ca l ib r a t ion p lane ( W I E N E K E N , 2005) . 
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To realize this step, between 20 and 100 images should have been recorded and a size of interrogation 
windows chosen (usually it can be 64×64 pixels). An option doing several passes (as when doing PIV 
evaluation as explained later) can be chosen. However it takes longer time and  give better 
results. The software will then compute the disparity vectors linking two representations of the same 
particle in the plane of the calibration plate (Figure 20). Using a triangulation methods, DaVis is then 
able to determinate the global coordinates of the particle in the laser sheet plane and therefore adjust the 
mapping functions to this plane and decrease its RMS value (from 1.2 to 0.04 for example in one of the 
studied cases). 

Once the step of self-calibration is finished, the user has the choice to accept the new calibration 
parameters or not and to re-calibrate the images already recorded or not. One needs in general to repeat 
the step several times (between 2 and 4 times is in general enough) to give satisfactory results. The user 
should chose to accept the new parameters each time but wait till the end of the last step to re-calibrate 
the images because it can be time consuming. 

2.2.4. Time delay between frames 

As it has been explained earlier, the most current method to take the pictures consist in taking one frame 
of each laser pulse with each camera in order to proceed to a cross-correlation and be able to determine 
the direction of the movement . The two laser pulses and recording times of the cameras have to 
separated by the same time delay called t.  

This the velocity range of the flow in the area of interest. If the time delay between 
the two frames is too small, compared to the velocities, the displacement of some particles during this 
time could be less than one pixel. In these cases, the determination of the exact value of displacement 
and the velocity of these particles will only be determined by the sub-pixel estimator. A peak-locking 
error as small as possible is therefore necessary to get accurate results. On the other hand, a too long 
time delay also gives errors in determination of both out-of-plane and in-plane velocities. If too many 
particles went out of the laser sheet between the recording of the two frames, due to the out-of-plane 
velocity, too much information is lost and the maximum velocity in this direction will be determined to 
be inferior to the exact one. Particles that would eventually remain in the laser sheet could cover a too 
long distance during the interval time and the algorithm will need large interrogation windows to do the 
correlation; the resolution of the results will be decreased. In some particular cases for which the 
velocities are too widely spread, it is not even possible to find a time delay which makes possible to 
catch the lowest and the highest velocities of the flow and different studies with different t is need to 
be made to study all of the flow area. 

To avoid problems due to the out-of-plane velocity, displacements perpendicular to the laser sheet 
occurring between the two laser pulses should remain inferior to one quarter of the laser sheet thickness 
(KIGER). Since the velocity parallel to the axis of the cylinder is known to be higher than the ones in 
the observation plane in the case of the intake stroke, this law can give an order of idea of the time 
interval that should be used. The characteristic velocity in the case of the in-cylinder flows of internal 
combustion engine is known as (HEYWOOD, 1988): 

 

The time delay have been tested  with a pressure drop of 981 Pa across the test section: 
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Recall that the laser sheet thickness was about 2 mm: 

 

This characteristic velocity corresponds to a maximum value that the flow could reach somewhere in the 
cylinder, in general close to the valves. As it will be seen later, the maximum velocity parallel to the 
axis of the cylinder in the plane used for this study is much smaller so the interval time can be increased. 
Anyway this law is interesting because it gives a first approximation of t. 

Another method to determine the optimal time delay is to look at the pixel-displacement of the particles 
between the frames. Starting with a really small time delay like 1µs, t is increased step by step until the 
displacement of particles reaches 5 pixels; the last one correspond to the optimal one for the 
measurements. That can be done directly by the user taking one picture of two frames for each dt and 
processing it directly in the recording dialog of the software. Holding the shift  key and sweeping the 
vectors result with the curser, the displacement of the windows of interrogation can be read in the right 
and low corner of the software window. In recent versions of Davis an option called  
appeared. This option uses exactly this iterative method to find the best time delay taking into account a 
maximum particles displacement of 5 pixels and controlling at the same time that the correlation values 
are still correct. This option needs some adjustments; the user needs to select an area of interest where 
the flow occurs. Actually, the option algorithm tries to determine a dt for all the 
image whereas some parts of it are not flow, but it should be kept in mind that this area should cover all 
range of velocities; if the highest velocities 
be small enough and the other way around. To use the option, only one camera must be working at a 
time and taking two frames.  that the interval time should be between 
16 and 20µs. 

 
F igu r e 21 . E volut ion of the mean out -of-p lane ve loc i t y in func t ion of t he t i me in te r va l  appl ie d 
be tw e en the f r a me s .  

Different time delays have been tested in order to show ra
same experiment has been run with time intervals from 4 to 100µs. It can be seen in Figure 21 that, 
when the time interval increases, the maximum out-of plane velocity catching by the PIV decreases, the 
particles having higher velocities went out from the laser sheet and so are not considered. It can also be 
observed that the results for times delays equal to 16 and 20µs are really similar. The differences in the 
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mean velocity between the two cases is inferior to 0,1 m/s which is perfectly acceptable with PIV 
measurements. The results for t equal to only 4µs seems to give an even higher result for the third 
coordinate of the velocity. However, the complete pdf of the instantaneous velocities shows that the 
range of displacements of particles during the interval time is too small when t is only equal to 4µs; 
only 2 pixels in each direction for x-displacements instead of about 3 pixels with 20µs (Figure 22). The 
results are therefore not accurate because of an important lack of precision. 

- s to be a correct and fast method to determinate the accurate interval time and 
was therefore used for other measurements of this project. 

 

 
F igu r e 22 . P robab i l i t y D ens i t y F unc t ion of one i nstantaneous ve loc i t y f ie ld a long the x -ax is fo r  t 
equa l to 4µs (h ighe r  one) and t e qua l to 20µs ( low e r  one) .  

2.2.5. Number of pictures  

As explained earlier, each picture or set of 4 frames handles the instantaneous velocity field of the flow 
so the number of pictures that need to be acquired is only dependant of the studied flow. Indeed, most of 
the observed flow with PIV are turbulent flows and therefore an average on time or sample needs to be 
executed to get a mean flow field.  

For example, in this project a large number of pictures has been taken, in general between 1000 and 
1500 images and the mean velocity field has been calculated with all of them but the results showed that 
an average over a sample of about 750 images would have been enough. 

2.3. Processing and evaluation of the results  

Once images with good quality have been recorded, one can start the S-PIV evaluation. The software 
DaVis contains a lot of different options to realize it. The usual method to get the most accurate results 
is to apply successively. 

 a pre-processing to increase the quality of the recorded images, 
 the process or evaluation can also be realized in different ways, choosing the windows of 

interrogation and their size as well as the number of evaluations with the multi-pass option, 
 finally a post-processing over the velocity vectors in order to remove all the spurious ones. 

This method is used to get the instantaneous velocity components. However it is sometimes helpful to 
start the process applying only the simplest PIV evaluation to the recorded pictures in order to judge 
their quality; one can send the pictures and/or the ve
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may use the three dimensional view for better understanding and interrogation windows of the same size 
as the one used for the evaluation. Figure 23 shows two different correlation maps giving extreme 
information. On the left, it can be observed different peaks with the same height and no one higher than 
the others. The dominant peak on the picture on the right corresponds to the maximum of the correlation 
function as earlier explained. It has to be clearly identifiable among the others to validate the resulting 
velocity vector. 

 
F igu r e 23 . E xample  of two th r e e d i mens iona l cor r e l a t ion map us ing in te r rogat ion w indows of 64 �64 
p ixe ls . O n the l e f t , the cor r e l a t ion func t ion cannot f ind an opt i ma l p i xe l  shi f t whe r eas on the r ight i t  
hand les a dominant pea k cor r espond ing to the max imu m of the cor r e l a t ion func t ion .  

2.3.1. Improvement of the pictures quality through the pre -processing 

Masking function  
The first step of the pre-processing of the images is to apply a mask on the parts that are not interesting 
for the study. The algorithm will not work on these areas when processing and therefore time will be 
saved and errors reduced. Even the step of self-calibration gave better results when working on the 
masked images than with the whole picture.  

There are different methods to mask the images available in DaVis. The simplest way is to draw a 

mask will be applied to all the images. For this study, the observed horizontal plane where the flow 
occurs is only limited by solid and immobile surfaces like the cylinder glass or some pieces of tape. The 
geometric mask could therefore be used. When the limit between the studied flow and surroundings is 

different options to create a mask that will adapt for each image. For example, the user can chose to 
mask the pixels for which the intensity is below a certain value because they correspond to pixels 
outside from the flow field. In the other way around, it can be chosen to mask pixels with a light 
intensity higher than the one produced by the particles. These options need to be used carefully because 
pixels useful for the PIV evaluation can be masked and so generate a lack of information and errors. 

(LAVISION GmbH, 2011). 

Improvement of the signal -to-noise ratio  
The parameter of paramount importance when using PIV evaluation is the ration between the light 
intensity from the particles and the one coming from the surrounding; the signal-to-noise ratio. Different 
methods can also be used to, first, reduce the noise and even improve the ratio.  
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The first method consists in separating the two types of noises present in the pictures. The first one is 
the noise due to the camera. It is the one visible when recording an image with the caps on, called a dark 
image. The resulting picture is not totally black; the light intensity is of order of 100 counts and not 
zero, as it would be. The second type of noise is due to the background of the observed area. This 
method needs to be prepared before recording the pictures since a dark image (with the caps on the 
cameras) and an image of the background (in exactly the same conditions as the recording will be, same 
laser power, same area but without the particles) needs to be recorded too. Then the light intensity 
captured by each pixels on these two images will be subtracted to the one of the recordings with the 
particles (HONKANEN & NOBACH, 2005). One can chose to subtract it directly during the recording 
of the data and therefore get already corrected images but in order to keep a maximum of information it 
is better to subtract it oneself once the image have already been recorded. In Figure 24, the process of 
correction is described, the picture on the left is a recorded image without any correction except the 
application of a geometric mask and the plot below is the light intensity along the red horizontal line. 
Then subtracting the dark image from it, the noise from the camera is corrected; it can be read on the 
intensity plot that at the extremities, where there is no particles, the intensity is now equal to zero. The 
last step is the correction of the background reflections. The most visible one is the reflection on the left 
of the red line, between the limit of the mask and the particles, on the intensity plot; this reflection 
induced a strong peak that has been removed on the plot on the right. 

 
F igu r e  24 . C or r e c t ion of the noise  due  to came r as and r e f le c t ions f rom bac kgrounds .  T he  r e pa r t i t ion 
of the l ight in te ns i t y on the r ed l ight is p lot ted be low the r e cor ded p ic t u r e . T he i mage on the le f t  has 
not be e n cor r e c te d ye t , i n th e middle  the  da r k  i mage has be e n subt r ac t  and f ina l ly on the r ight one 
the bac kground is r e mov ed .  

This method gives visible improvement but other processes that can be used with Davis are actually 
more efficient because they work both on the correction of noise and reflections but also improve the 
particle image sizes and their distinction with the background; all the aspects of the signal-to-noise ratio. 

This process can be executed either in the menu pre-
e- -  

The first option using the pre-processing panel of the S-PIV evaluation is executed in three steps (Figure 
25); 
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of intensity over a number of pixels. This quantity needs to be defined by the user and should be 
equal to 4 or 5 times the particle image size. Then this minimum is subtracted to the image. 

 The second step corresponds to the particle intensity normalization: A length scale needs also to 
be set here and should be this time equal to more or less the particle images size. Two maxima 
are computed; a local and a global. The local correspond to the maxima over a windows with a 
size of the length scale. The global maximum is computed over a window with a size of ten 
times the length scale. Then the ratio between the global and the local maxima is calculated. 

 Finally the results from the two first steps are multiplied. 

 
F igu r e  25 . T he t h r e e  st e p of t he s igna l -to-noise cor r e c t ion us i ng the  p r e -p roc ess i ng of t he S-P I V  
d ia log , th e f i r st  ste p cor r espond to the  subt r ac t  of a s l i d ing bac kground and the ste ps 2 and 3 a r e  the  
ones of the pa r t ic le i n tens i t y nor mal iza t ion  ( L A V ISI O N G mb H , 2011) . 

 
F igu r e 26 . E volut ion of t he pa r t ic le i mages 
the f i r st  and se cond  nor mal i za t ion b e fo r e the th i r d i mage .  

-series PIV: subtract absolute min over time
set one after the other in order to find the minimum of intensity of each pixel through the set. This is the 
main difference with the previous option; it was applied at each pictures whereas this one is working on 
all the set of pictures together. The result is therefore an image created thanks to all these minimums and 
is then subtract to each image of the set. This method is giving good results in most of the cases and has 
been the one used when using S.PIV evaluation on GPU. Although this could not be perfect if the 
reflections are not stable and move during the recording, since this option is looking for the minimum of 
intensity, it could miss them and not remove them. 

2.3.2. The multi-pass option of the S-PIV evaluation 

Once the pictures have the best signal to noise ratio, the evaluation of the vector field can start. The 
process explained in the introduction of this chapter is the principle of PIV evaluation and has been 
strongly improved these fifteen last years. Nowadays, several evaluations with varying interrogation 
windows size can be applied successively. A pre-shift of their position, also called window deformation, 
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improving the determination of the pixel displacements can be used as well as other interesting options 
that will be explained here. 

As previously explained, the interrogation window size is a determining factor for the quality of the 
results. Each couple of interrogation windows handle one instantaneous velocity vector. A subdivision 
of the images using large windows will therefore decrease the resolution of the results. Moreover, the 
particles contained in the same window must have a homogeneous movement since the correlation is 
working on the intensity shift; if all the particles move in different directions with different velocities, 
the grey distribution shape will be lost during the interval time. This notion is important dealing with 
turbulent flows especially in the center of vortices where the velocity direction can be really different 

. However, a number of 5 particle 
images pairs are necessary to get a correct correlation value during the evaluation. Depending on the 
velocity of the fluid and so of the particles, an important loss of particle images can happen during the 
interval time separating the two frames. The size of the interrogation windows can therefore not be too 
small either.  

A first solution using large interrogation windows is to add an overlapping between them (25, 50 or 
75%). The size will remain unchanged but the number of interrogation windows and so the spatial 
resolution will increase. However, the problem of evaluating flows with inhomogeneous movements is 
not solved, motions with scales inferior to the window size will not be taken into account. The best way 
to improve resolution and accuracy of the results if therefore to apply -
which the efficiency has been proved in (STANISLAS, OKAMOTO, & KÄHLER, 2003). 

Its principle is to execute successively several evaluations starting with large windows size and 
switching to smaller ones. The first evaluation handles an accurate but coarse vector field. Then the 

takes into account the previous results before to apply the algorithm of cross-correlation. Let s say that 
the first pass handled a pixel displacement of (dx, dy) between a couple of interrogation windows. 
Before to run a second time the evaluation, the algorithm will shift the first frame window of (-dx/2, -
dy/2) and the second frame window of (dx/2, dy/2) from their initial positions (Figure 27). In Figure 27, 
the interrogation windows size is kept constant but the user usually chose to decrease it since problem 
due to a too high loss of particle image couples is avoided using the window deformation, the resolution 
of the results is therefore increased. Figure 28 represents the steps of the multi-pass evaluation. Several 
of these steps are actually validation steps. 

 
F igu r e 27 . 
d isplac e me nt handle d by the p r ev ious eva lua t ion step (ds) . I n th is case t he  s i ze of the in te r rogat ion 
w indows is k e pt constant .  
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Different shapes of interrogation windows can also be used. The circular ones gives better results than 
the squared ones specially in regions near to borders but the process is more time consuming. To get 
more information about these window weighting function, see (LAVISION GmbH, 2011) and 
(LAVISION GmbH, 2010). When running S-PIV, this method is obviously applied to the recorded 
images from both cameras, Once the results for PIV evaluation for each camera are validated (see next 
part), the S-PIV reconstruction is applied.  

For this project, the multi-pass evaluation with decreasing windows size has been used. The first 
evaluation step was made with interrogation windows of 64 64 pixels and 50% of overlapping. Then 2 
evaluation steps were applied to circular windows of 32 32 pixels and overlapping of 75% which gives 
a distance of 632 µm between each evaluated vector. 

2.3.4.  Vector validation 

Once the evaluation of the velocity vectors has been done, methods to validate them are applied in order 
to reduce errors. This step of validation is applied to the final vector field but also between each pass of 
the multi-pass S-PIV evaluation as Figure 28 shows. Different filters can be used with DaVis to get rid 

 

The different options that are available are well explained in (LAVISION GmbH, 2010) and 
summarized here: 

 If the flow behavior is already known, a range for the velocities can be used. All the velocity 
vectors outside from this range will be deleted. 

 A filter working on the correlation value can also be used. One can chose to delete vectors with 
a too small correlation value or look at the ratio between the highest peak and the second peak. 

 The median filter works with a mean value calculated over neighboring vectors. The RMS 
between this mean and neighboring velocity vectors is calculated as well as the deviation 
between the considered vector and the mean. A threshold is defined by the user to either delete 
the vector or replace it using the second or the third highest correlation peak.  

Other functions are available to interpolate or smooth the final velocity vector field like smoothing 
function but the user should be careful using to strong post-processing not to lose information and 
finally induce errors. 

During this project, PIV evaluation using only the CPU of the computer and PIV with the GPU have 
been run using the multi-pass option. This option include automatically a post-processing step that the 

el. The algorithm for the PIV on CPU and the one on GPU being slightly different, their 
results showed some differences. The results of the evaluation on the CPU showed few spurious vectors 
in some instantaneous velocity fields. A post-processing step has therefore been applied on the velocity 
fields resulting from the evaluation with the CPU. The vector evaluation deleted all vectors with a 
correlation value inferior to 0.6, used a median filter to remove the ones for which the deviation to the 
mean value calculated over neighboring vector is 1.5 times higher than the RMS of the neighboring 
values with this mean. After this last step, differences between resulting velocity field from both PIV on 
CPU and PIV on GPU were not visible anymore. 
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F igu r e 28 . D esc r ip t ion of the mul t i -pass S-P I V  e va lua t ion p roc e ss . O n th e le f t , the images f rom 
came r a 1 a r e ana lyze d ; t he one s of ca me r a 2 a r e  on the r ight . T he r e su l ts f rom p r ev ious eva lua t ions 
a r e used to r ea l i ze  the ne xt step and ve c to r  va l ida t ions a r e appl i ed in or de r  to r e move some spu r ious 
ve c to rs . H e r e squa r ed int e r rogat ion w indows w i th 0 %  ove r lap a r e r e p r e se nt ed .  
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Chapter 3: Intake in-cylinder flows; 
results and discussion 

3.1. Introduction 

The cylinder head with ports and valves used for testing was a model usually produced for the six 
cylinders inline Scania engine.  

Positions of the inlet valves 1 and 2 can be observed in Figure 29. The coordinate system used to present 
the results is also shown in Figure 29. A left-handed coordinate system has been used in order to 
represent the component of the velocity parallel to the cylinder axis which is positive when the flow is 
going from the head cylinder to the flow bench. 

The horizontal plane studied is 165mm below the valves (Figure 29) which is only few centimeters 
above the plane where the honeycomb was placed to measure the swirl ratio in the steady flow bench. 

   
F igu r e 29 . T o the le f t , t he p ro j e c t ion of the in le t  va lves ( r ed c i r c les)  is r e p r esente d on the a r ea of 
in te r e st  (when look ing f rom above the cy l ind e r ) , the por t and va lve  des igns as w e l l  as the a r ea of 
in te r e st  (da r k  su r fac e) a r e v is ib le to  the  r ight .  T he f igu r e in the  middle  r ep r e sents t he le f t -hande d 
coor dina te syste m use d to p r esent th e r e sul ts .  

3.1.1. Plan of experiments 

Different cases with different inlet parameters have been studied during this project. As explained in the 
first chapter, many in-cylinder flow measurements have been performed in non-steady conditions, 
working with a piston and for different crank angles in previous studies. The study here has been 
performed without piston and at steady mean flow and valve lift utilizing the flow bench used for 
honeycomb measurements. Different inlet valve openings have been used; the valve lift can later be 
mapped to the crank angle for computing the mean swirl ratio (Figure 4). When the valve lift is equal to 
5mm, the valves are almost closed and when it is equal to 15mm, the opening is close to its maximum. 
Different pressure drop measured between the atmospheric pressure in the room and the pressure at the 
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end of the flow bench have also been used for each valve lift. This parameter is a function of the speed 
of the engine, since higher engine speeds give higher piston velocity and thus a higher pressure drop. 

The table of experiment (Table 1) summarizes all the parameters tested and names the different cases. 
Constant values used during experiments can be found in Table 2. 

 

Case Number open valve Valve lift 

[mm] 

p 

[mmH2O] 

p 

[Pa] 

A ir density 

[kg/m3] 

A1 2 5 80 784 1.195 
A2 2 5 140 1372 1.193 
A3 2 5 245 2402 1.188 

B1 2 11 80 784 1.195 
B2 2 11 140 1372 1.193 
B3 2 11 245 2402 1.188 

C1 2 15 80 784 1.195 
C2 2 15 140 1372 1.193 
C3 2 15 245 2402 1.188 

D1 1 11 80 784 1.195 
D2 1 15 80 784 1.195 

T abl e 1 . E xpe r i menta l pa r ame te r s fo r  P I V  measu r e ments  

 

Room 
temperature 

A tmospher ic 
pressure 

Distance between 
measurement plane 
and cylinder head 

Cylinder 
diameter 

Piston 
stroke 

274 K 1.013×105 Pa 165 mm 130 mm 154 mm 
T abl e 2 . C onstant pa r a me te rs fo r  P I V  measu r e me nts and r esul ts eva lua t ion  

The air density has been evaluated for each case as the average of the density calculated by the 
atmospheric pressure (patm) and the density evaluated with a pressure equal to patm- p, which means that 
the air density is slightly different between all cases. The flow can be seen as incompressible in the area 
of interest since the Mach number is less than 0.3. 

Knowing the pressure drop, the type of valves, the valve lift and the density of the air, the exact volume 
flow across the valves has been measured for each case tested using the honeycomb measurement 
procedure (LINDGREN, 2003). From this volume flow and the diameter of the cylinder, the bulk 
velocity corresponding to each case has been determined and used to normalize most of the results. 
Various positions like the position of the area of interest will be normalized by the diameter of the 
cylinder. The weighted averaged swirl ratio evaluated for the cylinder head using the honeycomb 
measurements has also been used to normalize the swirl ratios (SR) resulting here. These SR have been 
evaluated using the formula described in the chapter about internal combustion engines (eq. (5) and (6)). 

As can be seen in Table 1, some experiments have been run with only one valve open. The valve kept 
open is number 1 in Figure 29. 

Since the recordings have been made with constant pressure drop, valve lift and thus steady mean flow, 
an ensemble average has been used to get the mean field of each case (eq. (1)). More than 1000 
instantaneous velocity fields was measured for each case. Most of the studies have been made over all 
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the available data even if the results showed that neither the estimation of the mean nor the studies of the 
fluctuations needed more than 750 instantaneous velocity fields.  

3.1.2.  Field of view 

It was not possible to determine the position of the center of the cylinder by simply looking at the 
images. But in some images of the particles taken with both the camera 1 and 2, the cylinder wall was 
visible in some places (Figure 30). Applying the mapping functions evaluated by DaVis to these 
pictures, global coordinates of these positions at the wall have been acquired. Then they have been used 
as centers of circles with the same diameter as the cylinder (at the right of Figure 30). The intersection 
of these plotted circles is the position of the center of the cylinder. Unfortunately, the center cannot be 
determined with a better precision than one millimeter. 

 
F igu r e 30 . M e thod used to de te r mine t he c e nte r  of the cy l inde r  in t he obse r v ed a r ea .  

 
F igu r e 31 . V iew of the cy l inde r  f rom the top (b lac k c i r c le) and r e duc ed a r e a for  which P I V  da ta a r e 
ava i lab le (ha tc he d r ed c i r c le) .  

The diameter of the cylinder is 130 mm but, as explained in the PIV chapter; to take pictures of the full 
horizontal plane was not possible since some blockage was used to hide reflections of the laser of the 
glass cylinder and that obstructed the field of view of the cameras. Finally the largest circular area 
centered on the cylinder center that could be studied had a diameter of 98mm. This area will usually be 
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called the reduced surface and is depicted in Figure 31. Results from PIV has been plotted in this area 
except in indicated cases. 

3.2. Analysis of the PIV results 

3.1.1.  The mean velocity field; Impact of inlet parameters on the flow motion 

In a first step, the mean velocities evaluated with the ensemble averaged (eq. (1)) are studied to get an 
overview and understanding of the in-cylinder flow. 

The normalized mean Uz velocity (velocity in the direction of the cylinder axis also called out-of-plane 
velocity) has been plotted with the streamlines of the in-plane mean motion. All cases from A1 to C3 are 
shown in appendix A. 

In Figure 32, plots are shown for the cases A3, B3 and C3 and therefore show the evolution of the out-of-
plane velocity for different valve lifts.  

 
F igu r e 32 . P lot of the no r mal iz ed mean ve loc i t y compone nt V z (color s) and in-p lane st r ea ml ines fo r  
cases A 3 , B 3 and C 3 .  

It can be observed that the in-plane motion is totally different between the cases A3 and B3; the flow 
seems to separate in two different parts in the first case whereas a swirling motion appears over all the 
reduced surface in the second case. Differences are less visible but still important between cases B3 and 
C3; the swirling motion becomes more circular in C3. 

The same be used for the three cases since the range of normalized Uz were too 
different from one case to another. The magnitude of the in-plane velocities has also been evaluated and 
the range of normalized velocities are listed for cases A3, B3 and C3 in Table 3. When looking at the Uz 
range, it can be noticed that it is large for the case A3 with a small valve lift; the range of Uz velocity 
decreases with an increase of valve lift. The reverse behavior is observed for the magnitude of in-plane 
velocities; the range is larger as the valve lift increases. The in-plane motion increases as the out-of-
plane motion decreases. 

The same study has been made comparing data for the same valve lift but with different pressure drops. 
As expected the influence of the pressure drop on the mean flow is negligible compared to the influence 
of the valve lift. This can be observed in the color plot of appendix A and on the evolution of the SR for 
the different cases with two inlet valves open in Figure 33. It shows that the SR and therefore the mean 
motion is much more dependent on the valve lift than on the pressure drop. This is highly desirable 
since it ensures the same flow structures for all engine speeds. 
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Case Range of normalized Uz/Ubulk  Range of normalized 
magnitude of in-place 

velocities (/Ubulk) 

A3 5.6 1.0 
B3 2.3 1.8 
C3 2.0 2.0 

T abl e 3 . T h ic k ne sses of ve loc i t y r ange fo r  the nor mal iz ed out-of-p lan ve loc i t y and the nor mal ize d 
magni tude of i n-p lane ve loc i t y .  

 
F igu r e 33 . E volut ion of th e Sw i r l r a t io as a f unc t ion of the p r essu r e d rop and the va lve  l i f t .  

3.1.2.  Comparison with the solid body rotation theory 

The theory of the solid body rotation is often used and compared to the motion of in-cylinder flow to 
evaluate rotations in a plane perpendicular to the cylinder axis. The azimuthal velocity of the 
experimental data has been studied to see if the in-plane motion could be considered more or less close 
to a rotating solid body. In case of solid body rotation, the azimuthal velocity at a position (x,y) around 
the center (x0,y0) is equal to the product between the angular velocity and the radius 
( ): 

 

Since color plots are not always easy to evaluate, plots of the evolution of the azimuthal velocity along 
different lines in the horizontal plane passing through the center of the cylinder have been realized. The 
lines are visible at the top left in Figure 34. The azimuthal velocity has been calculated around the center 
of the cylinder and are plotted for the cases A3, B3 and C3 (Figure 34). 

It can be noticed that these plots confirm the previous conclusion that the range of in-plane velocities 
becomes larger when the valve lift increases.  

For a small valve lift (A3) the distribution of the azimuthal velocity ( ) is random; there is no 
correlation between its evolution along the different lines. This can also be observed in Figure 32; 
streamlines in case A3 do not describe a swirling motion. When the valve lift increases (B3), the 
evolution of  along the four lines starts to be more linear but the coefficient of linearity is 
nevertheless different depending on the position in the reduced area. Finally at high valve lift (C3), the 
linear behavior is increased and a constant coefficient of linearity could be found to link the evolution of 
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 with the radius. Although there is a gap in the evolution of  around the center of the cylinder (r=0) 
which indicates than the center of the swirl cannot be confused with the center of the cylinder. 

Since cases A and B seems to have an azimuthal velocity too different from the one of a rotating solid 
body, this theory has therefore been applied only to the three cases C1, C2 and C3 (with a 15mm valve 
lift). 

 
F igu r e 34 . A t the top l e f t , l ine s a long whic h the az imutha l ve loc i t ies have  be en p lot ted . T he t h r e e  
othe r  p lots r ep r ese nts t h e d ist r ibut ion of the az imutha l ve loc i t y ca lc ula te d a round the c e nte r  of the 
cy l inde r  a long the fou r  l i nes fo r  case s A 3 , B 3 and C 3 . 

An algorithm was developed that tried to fit a solid body rotation to the experimental data for different 
positions of the center over the reduced area. For each position, the RMS (standard deviation) over the 
surface between the angular velocity of the solid body rotation and the angular velocity of the mean 
flow field was evaluated. The center position (xsbr, ysbr) and the theoretical solid body with angular 
velocity of sbr ([rad/s]) giving the smallest RMS correspond to the closest one to the experimental data. 

Results for case C3 are shown in Figure 35. The two first plots (at the left and in the middle) have been 
realized using PIV data. At the left, there is the normalized azimuthal velocity computed around the 
center of the cylinder and in the middle the normalized azimuthal velocity is computed around the 
center found with the solid body rotation algorithm. The plot to the right is the normalized azimuthal 
velocity of the closest rotating solid body from the experimental data. It appeared that the center of the 
closest rotating solid body is the same as the center of the swirl (which can be evaluated with the 
streamlines in Figure 32).  
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Information about the corresponding solid body rotation for each experimental case can be read in Table 
4. The distance of the solid body rotation from the center of the cylinder seems to be slightly different 
for the different pressure drops tested. However, the difference remains below 1mm and therefore is 
close to the precision than can be ensured by PIV measurements so this difference cannot be interpreted 
as a direct consequence of the increase of the pressure drop. The same remark can be made over the 
results for the normalized angular velocity; even if it seems to slightly increase with increasing pressure 
drop, it is not sure to be a direct consequence of the varying pressure drop. Once again, the engine speed 

-cylinder flow. The strength of the swirl needs to 
be controlled in order to prevent problems of fuel sprays colliding, it is therefore interesting to know 
that this strength can vary during the opening of the valves but not as a function of the engine speed. 

The RMS (standard deviation over the surface between the angular velocity of the solid body rotation 
and the angular velocity of the mean flow field) normalized by the bulk velocity between this closest 
theoretical solid body rotation and the experimental azimuthal velocity around the center of swirl is not 
superior to 0.15 for all cases C1, C2 and C3. Comparing this RMS to the range of the azimuthal velocity 
in the reduced area, it is small enough to conclude that the theory of the solid body rotation is in good 
agreement with the experimental data of cases C1, C2 and C3. 

This study gives interesting results about the in-plane motion. However, since Stereo-PIV measurements 
have been made in this project, one can therefore say that this is actually an oversimplified way to 
describe the in-cylinder flow since the out-of-plane component of the velocity is not constant for all the 
reduced area (Figure 32): The gradient of the Uz velocity is too important to correspond to a solid body 
rotation, even if probable solid deformations are taken into account. 

 
F igu r e 35 . P lots of t he nor ma l ize d az i mutha l ve loc i t y for  the  case  C 3 .  T he ye l low dot r e p r esents the  
c ente r  of the cy l inde r .  

 

Case (xsbr ; ysbr) 

[mm] 
 

[mm] 

 
R MS/Ubulk 

C1 (-0.4 ; 6.7) 6.7 4.0 0.15 
C2 (-0.1 ; 7.7) 7.7 4.1 0.16 
C3 (-0.8 ; 7) 7.0 4.2 0.15 

T abl e 4 . I n for mat ion about the c lose st  sol id body rota t ion theor ie s f rom the  e xpe r ime nta l da ta ;  
c ente r , d istanc e f rom the c ente r  of the cy l inde r , no r mal iz ed angula r  ve loc i t y and nor mal i zed R M S .  
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3.1.3. Study of the fluctuations looking at the instantaneous fields and the 
Reynolds stress tensor components  

After obtaining a good overview of the mean flow field, it seems important to look at the instantaneous 
velocity fields as well as the Reynolds stress tensor components in order to understand the behavior of 
the fluctuations. 

Instantaneous velocity fields  
Looking at the instantaneous velocity fields (cases A3, B3 and C3 in Figure 36) it can be noticed that the 
in-plane motion is much more random for case A3 than for the two other cases and that scales of the 
motion are smaller than those observed in the two other cases. Actually, the largest scales can be 
observed for case C3 when the valve lift is equal to 15mm, it seems that the swirling motion is already 
visible on the instantaneous velocity fields. One can also remark here again that the range of the out-of-
plane velocity decreases when the valve lift increases. 

 
F igu r e 36 . R andomly chosen instantaneous ve loc i t y f ie lds fo r  cases A 3 , B 3 and C 3 . C olors r e p r e sents 
the nor mal ize d instantan eous  ve loc i t y compone nt v z and st r eaml ine s r e p r e sent the in -p lane mot ion .  

Here again comparison between cases tested with the same valve lift and different pressure drop seems 
to show that flow fields are not dependant on the pressure drop. No greater difference can be noticed 
between two instantaneous velocity fields taken with different pressure drop (same valve lift) than 
between two fields taken for the same case (same pressure drop and same valve lift). 

Analysis of turbulence anisotropy  
 

 
F igu r e 37 . F ou r  r ad ius a long which th e evolut ion of the an isot ropi c inva r ian ts have b e en stud ie d .  
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The invariant theory described in chapter 1 has been used to understand the dynamic of the fluctuating 
velocity field. To do so, the second and third invariant have been calculated at each position inside the 
reduced area using 1000 instantaneous velocity fields for each case. 

Once again no noticeable differences were visible between cases with the same valve lift and different 
pressure drops which indicates that even the fluctuating motion of the flow field is not dependent on 
engine speed. 

 

 
F igu r e 38 . L u mley-N ew man r ep r ese nta t ion of the t u r bule nc e an isot ropy for  cases A 3 , B 3 and C 3 .  P lots 
on the  le f t  r ep r e se nt a l l  t he da ta (i n r ed) ove r  the  r edu c ed a r ea . T o the  r igh t , a zoom is r ea l i ze d ove r  
the in te r e st i ng pa r t of the t r iangle and p lots r e p r esent the inva r iants a long d i f fe r ent r ad ius . T h e 
b lac k a r rows point  a t t he inva r iants a t the c ente r  of the cy l inde r .  



- 50 - 

Figure 38 shows plots of the anisotropy invariants for cases A3, B3 and C3. Red plots on the left column 
represent the second invariant as a function of the third invariant calculated for all position inside the 
reduced area. It can be noticed that for all cases all the data (red dots) are contained inside the Lumley 
triangle. That means that the measurements probably are of good quality since there is no non-physical 
data. A clear difference can be seen for the case A3, there is more values centered between the two limits 
corresponding to axisymmetric anisotropy. For the two other cases, the values are closer to the right 
boundary. That seems to indicates that even in the fluctuating field, a dominant motion is axisymmetric 
for a high valve lift but not for a small valve lift. For all cases, all the red dots are in a small region close 
to the lower corner, a zoom on this region has therefore been made for plots depicted in the right 
column.  

Finally, even if the data are close to the isotropic region, it can be seen by zooming that there are no 
isotropic turbulence specially for the case of high valve lift. This conclusion is only available about 
scale motions that the PIV is able to identify but recalling that the step between each velocity vector is 
about 0.6mm, even quite small scales are observed here. This is an important information for the 
simulation of the in-cylinder flow since as explained in the part about turbulent flows, when using 
RANS simulation the Reynolds stress tensor is often assumed isotropic. The conclusion is thus that a 
LES model is useful when studying such flows. 

3.1.4.  Effects of the use of two intake valves  on the mean flow 

 made by opening only one 
intake valve ; the valve number one in Figure 29. Tests B1, and D1 have been made with the same inlet 
conditions (valve lift of 11mm and pressure drop of 80 mmH2O) as well as tests C1 and D2 (15mm of 
valve lift and 80 mmH2O).  

 
F igu r e 39 . R esul ts fo r  the out-of-p lane  component nor ma l ize d mean ve loc i t y  V z and in-p lan e 
st r eaml in es fo r  cases w i th one o r  two va lves open (B 1 , D 1 , C 1 and D 2) 
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Results for the out-of-plane component of the normalized mean velocity and in-plane streamlines are 
shown in Figure 39 for the four cases. The first comment is that the range of this Vz component is 
clearly higher in cases for which one intake valve is open than for the corresponding case with two 
valves. However the volume flow is more or less the double in cases with two valves than the 
corresponding cases with one valve. This shows that the motion in the plane parallel to the cylinder axis 
is more important when only one valve is open than two. Moreover it can be noticed than the swirl 
motion is less visible in cases D1 and D2. In the first case, two different swirling motions in different 
directions appear (one clockwise and the other anticlockwise). In the second case, the one with a 
maximum valve lift, a swirling motion is visible but clearly less circular than when two intake valves 
are open. 

These results confirm the fact that the design of ports and valves as well as the interaction of the flow 
with the cylinder wall are not the only actors of the swirl creation; the interaction of flow from the 
different open intake valves is also a reason for which the motion is important in the plane perpendicular 
to the cylinder axis as well as in the plane parallel to the axis. Moreover the swirling motion is 
established faster and becomes more circular thanks to the interaction between flow from the two valves 
which is also wishes since the fuel spray will be more homogeneously distributed with a circular swirl 
motion than with a swirling motion like the one of case D2. However, the effect of the compression 
stroke on these swirls should be studied with meticulous care before drawing such conclusions. 

Finally the results of SR calculation for the four cases are listed in Figure 40. It can be seen that the SR 
do not really change between cases with one or two intake valves open. However, as concluded before, 
the motion is clearly different. This is due to the fact that the SR is a quantity integrated for the whole 
area and shows the importance of using experimental methods like PIV to achieve information for the 
whole area. 

 

 B1 (11mm / 2 valves) D1 (15mm / 1 valve) C1 (15mm / 2 valves) D2 (15mm / 1 valve) 

SR 1.1 1.0 2.0 2.0 
F igu r e 40 . Sw i r l R a t ion of the 4 case s B 1 , D 1 , C 1 and D 2 .  

3.2. Comparison of PIV measurements with LES 
simulations and honeycomb measurements 

3.2.1.  Qualitative study of the mean flow fields  

There are results available from LES simulations for cases A2, B3 and C3 that can be compared with the 
PIV measurements. Comparison between LES and PIV results of the radial, azimuthal and out-of-plane 
velocities for the three cases are shown in Figure 41, Figure 42 and Figure 43. Color scales used for the 
comparison of the same velocity component in the same case are the same for the PIV and the LES. 

The results seems to be in qualitative good agreement, specially when looking at the normalized Uz 
velocity component. When looking at the radial and azimuthal components, gradients of velocities 
seems to be higher for the LES results than for the PIV results. For example the normalized azimuthal 
velocities for the case C3, recalling that the PIV U  has a constant gradient along the radius of the 
cylinder, compatible with the solid body rotation, this kind of behavior does not seems to occur for the 
LES U . An important increase of the LES U  is visible in the region close to the center of the cylinder; 
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U  varies from -0.6 to 1.5 along a normalized radius of 0.3, then the azimuthal velocity continues to 
increase but only from 1.5 to 2.1 for the outer region (normalized radius from 0.3 to 0.7). These 
differences are as small as they can be due to differences in the geometry between the PIV and LES. 
The complete geometry of the rig (Figure 5) has not been simulated since it was too complicated and 
would have needed an important number of cells to be meshed. 

 
F igu r e 41 . C ompa r ison of r ad ia l , az i mutha l and out -of-p lane ve loc i t ie s be tw e en P I V  measu r e ments 
and L E S s imu la t ions fo r  case A 2 .  

 
F igu r e 42 . C ompa r ison of r ad ia l , az i mutha l and out-of-p lane ve loc i t ie s be tw e en P I V  measu r e ments 
and L E S s imu la t ions fo r  case B 3 .  
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F igu r e 43 . C ompa r ison of r ad ia l , az i mutha l and out -of-p lane ve loc i t ie s be tw e en P I V  measu r e ments 
and L E S s imu la t ions fo r  case C 3 .  

3.2.2. Comparison of the swirl ratios and extrapolation of PIV results.  

Another method to compare the results from the three different studies (PIV, LES and honeycomb 
measurement) was to compare the SR. 

Unfortunately, as explained earlier, due to reflections of the laser on the cylinder,  the cameras could not 
take pictures of the whole horizontal plane and therefore velocity fields over only a reduced area could 
be compared. The SR calculated over the reduced area for cases A2, B3 and C3 are presented in Table 5 
and are in good agreement even if the PIV seems to give slightly higher velocities than the LES 
simulations. This can be due to the fact that the method used to find the center of the cylinder and 
explained earlier has only a precision of 1mm and the areas compared between the experiments and the 
simulations can be slightly different. 

In order to compare data for the whole area, results from the study of the solid body rotation have been 
used; the mean in-plane motion could be extrapolated in the area not visible on the PIV images using the 
angular velocity of the closest solid body rotation. A study has then been made of the evolution of the 
mean out-of-plane velocity along the radius to see if this component could also be extrapolated outside 
from the reduced area. The evolution of the Uz velocity component as a function of the radius has 
therefore been plotted as function of the radius for the case C3 since it is the only case for which the 
azimuthal velocity component could be extrapolated. In Figure 44, all the values of the Vz velocity 
component from the Stereo-PIV experiments are plotted in red. Then an average along the radius has 
been made (blue curve). Finally, using a second order polynomial interpolation (green curve), the value 
of the mean out-of-plane velocity could be extrapolated outside from the reduced area and an 
extrapolated SR has been calculated for the whole horizontal area. Here the influence of the boundary 
layer at the wall has been ignored. 
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Data of the normalized SR calculated for the whole area is visible in the Table 5 and are close to each 
other confirming the fact that the three studies, PIV measurements, LES simulation and honeycomb 
measurements are in good agreement. 

 
F igu r e 44 . E volut ion of the nor ma l ize d out -of-p lane ve loc i t y as a func t ion of the r ad ius . T he r e d 
sca t te r  da ta a r e  the va lue  of V z ve loc i t y compone nt ins id e the  r educ e d a r ea r esu l t ing f rom th e Ste r eo -
P I V  measu r e ments . T he b lu e cu r ve is t he ave r age of the sca t te r  p lot and th e g r e en c u r ve r e sul ts f rom 
the in t e r pola t ion of the b lue cu r ve .  

 Reduced area Complete area 

Case L ES SR PI V SR Honeycomb SR L ES SR PI V SR 
(extrapolation) 

A2 0.2 0.3 0.2 0.2 × 
B3 1.1 1.1 0.8 0.8 × 
C3 2.0 2.2 1.0 1.1 1.0 

T abl e 5 . Nor ma l ize d Swi r l R a t ios (SR) 
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Conclusion 

Summary of results 

Thanks to the non-intrusive stereo-PIV technique, the three velocity components of the steady flow in a 
horizontal plane of the cylinder situated 165 mm below the cylinder head have been measured. In this 
thesis, different valves lifts and pressure drops across the flow bench have been tested.  

All the results for the ensemble averaged velocity and the fluctuations show that the in-cylinder flow is 
strongly dependent on the valve-lift and so that strong variations occurs in the in-cylinder flow of a real 
engine since the valve lift evolves with the crank angle. When the valve lift is small, two different 
motions appear in the plane perpendicular to the cylinder axis, the flows from the two different valves 
do not seems to interact with each other. Then, when the valve lift increases, the interaction is stronger 
and only one swirling motion appears for the entire plane. This swirling motion becomes more and more 
circular with the increase of the valve lift until the two-dimensional in-plane motion becomes highly 
comparable to a two-dimensional solid body rotation. As expected, the center of the swirl does not 
coincide with the center of the cylinder probably because of the tumble affect. However, results for the 
different pressure drops applied through the flow bench did not show any remarkable differences. It 
means that the in-cylinder flow motion is only weekly dependent on the engine speed. This is highly 
desirable since it means that if valves and ports are chosen for their efficiency to improve the fuel/air 
mixture, this efficiency will be kept whatever the speed of the engine. 

The study of the anisotropic invariants showed that even though the turbulence is fairly close to the 
isotropic limit, it cannot be considered as isotropic. The choice of LES simulation is therefore relevant 
and seemed in a good agreement with the PIV results even if some disparities could be observed partly 
due to differences in the geometry downstream of the cylinder. Results for the swirl ratio, SR, using the 
three methods, PIV, LES and honeycomb measurements have been compared and are close but the 
study of the effect of opening only one intake valve showed the importance to use experimental methods 
for which values for the complete area or volume are available. Due to its complexity, integral 
parameters are far away from being sufficient to describe the in-cylinder flow. 

Future work 

A Proper Orthogonal Decomposition (POD) as Lumley proposed in (LUMLEY, 1967) could be applied 
to the set of data. This method has given interesting results in many in-cylinder PIV studies and could 
bring more information about the flow (FOGLEMAN, LUMLEY, REMPFER, & HAWORTH, 2004), 
(KEROMNES, DUJOL, & GUIBERT, 2010). The POD has actually been tested using the DaVis 
software during this project, modes seemed correct and the amount of energy in each of them showed a 
good convergence. However, the energy in the first mode was only of 10% due to the fact that the mean 
flow is first subtracted from all modes. DaVis being a commercial software it is not possible to know 
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exactly which code is applied to realize this POD and therefore it could be more interesting to realize all 
the decomposition oneself.  

The PIV setup could be used to study the flow in a plan perpendicular to the cylinder axis closer to the 
valves in order to study the way the flow from each valve interact with each others. A lot of laser 
reflections will have to be corrected but to paint the parts of the cylinder head with the fluorescent paint 
could probably solve many of them. It could also be interesting to study the tumble motion with the PIV 
but the difficulty is to find in which plane parallel to the cylinder axis this motion occurs, this plane is 
probably not the same for all the valve lifts. 

The results shown in this report are based on just a small part of all the available data. In total more than 
1Tb of experimental data was collected and there is plenty of room for further analysis which probably 
will provide further insight into this kind of flows. 



- 57 - 

Appendices 
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A. Normalized mean Vz velocity (colors) and in-plane 
streamlines 

 
F igu r e 45 . P lot of the nor mal iz ed V z ve loc i t y (colors) and in-p lane st r ea ml ine s fo r  cases A 1 , A 2 and 
A 3 .  

 
F igu r e 46 . P lot of the nor ma l ize d V z ve loc i t y (color s) and in-p lan e st r ea ml in es fo r  case s B 1 , B 2 and 

B 3 . 
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F igu r e 47 . P lot of the nor mal iz ed V z ve loc i t y (colors) and in-p lane st r ea ml ine s fo r  cases C 1 , C 2 and 
C 3 .  
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