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Résumé

/IHV PpFDQLVPHYV G f-EmpozicVdésRs@Qucited tWikthuentes instationnaires
tridimensionnelles, et en particulier ceux rencontrés aux plus grandes échelles gt enc

PDO FRQQXV ,0V VRQW SRXUWDBQMQ V@ DPEUDIVYH GHY SKQ KV
cequi condui trés souvent a une diminution de la performance des systemes énergétiques.
Malgré les progres substantiels réalisés par la simulation numériqueé@mique des

fluides au cours des deux derniéres décennies pour capter ces instationnarités dans les
pPFRXOHPHQWY ' OHV DSSURFKHV H[SPpULPHQWDOHYV GHF
physique et la compréhensicBHY SKpQRPgQHYV GDQV @§ Hey BabdsH UpHO
GYHVVDLV IRQW VRXYHQW IDFH j XQ Jwib&ecsu@ieméest/ H GH FF
DILQ GYDVVXUHU OD ERQQH SUpFLVLRQ GHV PHVXUHV 'D(
O 1D Q D O\ Meéinpre8I® ek Rstructures a grandes échellass da chambre de
FRPEXVWLRQ GI1XQ PRWHXU DXWRPRELOH TXL YRQW DPSO
air/carburant et donc la qualité et les produits de la combustion. Cette étude est effectuée

HQ VIDSSX\DQW VXU OHV GpYHOR Sdsimétrie sy Vma@eHdé SO XV |
particules (PI1V) et les méthodes de traitement du signal associées. Ainsi, la PIV haute
cadence (TRPIV) et la PIV tomographique (TorrBlV) ont été appliquées et adaptées au

banc moteur optique du laboratoire CORIA. Trois condit@§DGPLVVLRQ HW GHXJ[ Y
de rotation ont été considérées. La-BR9 D SHUPLYVY GYDERUG GYREWHQLU
GH OfpFRXOHPHQW GDQV OH F\OLQGUH GXUDQW XQ PrPH
variations cycliques en fonction des conditions fdnctionnement du moteur. La
décomposition propre orthogonale (POD) a été employée afin deesdps différentes
PFKHOOHV GDQVHW®YWY ©OAR XQWH PHQW L6 HDQ WS HIWAWY GH SRVLW
spatiotemporel des plus grandes struct@m@sble durant s cyclesnoteur La Toma

3,9 D SHUPLV HQVXLW H HOA iPW N @ G WHHV OvdiieRGRopieHat 8eD FH W UL
IRXUQLU XQ FRPSOpPad gwwgure TP | Ran® 2 WdvRIR TomaePl1V,

faisant intervenir quatre caméras en position angularété adaptée et appliquéeun
environnement de géometrie complexe ayant un acces optique restrairddetisantdes

déformations optiques importantes. Notamment, le processus de calibration des modeéles

de caméraafait OTREMHW G { X Q HieeWalrHapdde Ri@ capihenvért Ee 1@

chambre de combustion. Pour cela des procédures originales de calibratio® INoord

ete développées et validées pour les environnements confinés a fortes déformations
optiques tels que le motelra complémentate desrésultats 2D et 3[d montré le role

fondamental que joue la combinaison banc moteur optigge9 GDQV OIDPpOLRUDW
compréhensions des phénomeénes physiques et en consétpenmsentiels de cette

approche poutO 1 D P p O leRdvBlidatidrd®@s modéeles industriels.

Vil
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Introduction

Nine out of ten people around the globe live in areas where the air pmilutite
exceeds official health limiteStatement of the World Health Organisation

The dominant cauder this alarming statemerg the burning of fossil fuels that are
still indispensablen W R Gibdusstvial world.Particularly the automotive indstry stands
as a major source of pollutiorwith thermal vehicles i.e. Internal @mbustion (IC)
engines,producingmore than 2% R1 WKH ZRUetiGsfovisin addition toother
harmful pollutant particles such as sulphates, NOx andw@{@h makesthe tansport
sectora main contributor to globavarming {tspdataporta). And with the increasing gravity
of global warming emissions regulations are becoming more and more sever. In
November 2016,a two degree warming scenariDS) was agreed uporby the
international communitgnd is bein@vidly pursuedoday It translates ito implementing
deep cuts irall sectoreemissions, as much as 70% 2050 For the automotive industry,
this translates into 60% emission reduc‘iﬁl’érnationaEnerqv Agency).

Urgent actionsare thereforerequiredin order to improve efficiency and engine
emissions, to reduce pollution levels and limit from global warming. In this context,
alternative fuels and electric technologies are witnessing great progiess current
potential isstill however limited and until alternative methods are mature end@gh,
engineswill remain to occupy the majohare of the market, exceeding 70% in 2030 and
60% in 2050{ADEME] & RQV H T X H Q W®angipeslake laptihubiisly in the making
and while aiming forreduced emissions on one harah the other hand lies the
automakergequirementgo ensue high engine performancehich also depends on the
combustion quality and its efficiency.

Hence the H Q J L €@dJUstion process needs to be optimised.

In this context,IC engines are characterised withvary short duration of the
combustion process 7T KHUHIRUH RSWLPLVLQJ WKHgiRPIEXYVWLRQTV
easily controllable and it proves easier to continel initial conditions of the reaction in
order toguideits products. Amongstmany IDFWRUV WKH FRPEXVWLRQYV L
relate to the aerodynamic structure of thefa@l mixture at the end of the compression
stroke.This structureundergoedargescde variations on a cyclic baswghich cancause



an increasein pollutant emissions, knock or even misfifehis directly and drastically
DIITHFWV WKH H Q drdXxhiclfid/asiishind EhietdfQré& heeds to be controlled

Consequently, identifying aylinder aerodynamics at the momeiignition is key
to understandingand directing the cyclic phenomenaAdditionally, a spatiotemporal
analysis of thecyclic flow evolution is ess#tial to achieve a betteunderstandingpf
engine operation sincthis evolution is correlated to cyclic fluctuatiom$ energetic
efficiency. In order tocarry outthe spatiotemporal analysishe need arises tsualize
and interpret the complemerodymmic processes taking plac&ithin WKH HQJLQHTTV
cylinder.Researcherarethuscontinuously working to develop and improwe catalogue
of numerical and experimental toolgiming to achieve the bestmodelling and
understandingf the occurring phenomenahe efforts of this study lies in this category.

Experimentalmeasurements agerequiremento validateany numerical modelling
of a physical processThe combination oftommercially availableoptical diagnostic
techniques and optically accessible IC aegiprovides the mean performinstantaneous
measurementsf real life operation condition, i.e. production engiogeration Despite
the numerous advancememstnessedin these areasone remaining challenges the
extent to whichcan a measurement d¢bnique provideinformation with the desired
accuracy and spatial and temporal resoluti®asticularly in the context dfiC engines,
PDQ\ FRQVWUDLQWY DULVH UHJDUGLQJ WKH HQJLQHTV Jt
confined cylindrical combustion ember especially when twadimensional or three
dimensional measurements are required.

In this study, the evolutionof internal aerodynamics in directinjection ark
ignition engineis analysed during intake and compression sg0R& aimin paricularto
provide insight onthe cyclic variability of largescale coherentstructuresthat largely
influence the air/fuel mixture and coulémit the HQJLQHYIV RSHUBWLQJ UDC
understanding and controlling cyedecycle variabilities (CCV) in the ©ombustion
chamber isundamentato optimize engine performance while meeting isguatemission
standards.Moreover, having encounteredharsh conditionsfor 3D measurementi
enginesan adapted experimental procedure is introduced



¥ Manuscript plan

In the first chaptera brief bibliographic review presentbe role played by optical
engines and emerging laser diagnostic techniques in furthering our understanding of in
cylinder phenomendhis review focuses oparticle image velocimetr{P1V) technique
that allowus today to obtain instantaneous velocity measurements with high spatial and
temporal resolutions in relatively largeontinuousinvestigation domai inside the
HQJLQHYV FRPEXVWLRQ FKDPEHU

Then thetwo PIV experimental setups used in the rsguof this study are presented
in the second chaptefPart onedescribes thligh speed PIV setup that allows ustuiain
the cyclic evolution of ircylinder flow. Part two treat the tomographic PIV setup
allowing us to obtain the thresimensional flowfield. A bespokecalibration procedure is
developed and validated for the application of tomographic PIV in confined environments
with restricted optical access.

The third chaptethenpresents the results of-aylinder flow variationswith respect
to different engine conditions, i.e. three inlet flows and tealistic engine speedand
their effect on cycld¢o-cycle fluctuations The 2D timeresolved measurements are
completed with the 3D phasecked results providing additional information otherwise
missed in planar measurements.

Finally in the last chapter, the conclusions of this study are summgditibec: steps
aresuggeste@nd perspectives are presented.






IC engines and optical diagnostic techniques

1 IC engines and optical diagnostics:
bibliographic study

This chapter is divided intthree main parts. The first part describes theylmder
flow dynamics and presents an overview of the optical diagnostic techniques used to
visualise it. The second addresses particularly the particle image velocimetry technique
used in the course ohis study and its application on IC engines. The advancements it
allowed for incylinder measurements are relayed as well as the challenges it faces
especially when thredimensional measurements are desired. The third part finally
VXPPDULVHV WeKié &likvdrss) Wi tbfdefine the thesis objectives.

1.1 Overview

Along the decades, engines have been classified according to their different
operating characteristics ranging from the type of ignition, to the type of fuel, the mixture
preparation, the maber of strokes per cycle, and many others. However, all internal
combustion engines share the fundamental principal of cyclic operation converting
chemical energy into mechanical energy within the confinement of a cylinder. Nowadays,
the most common engencycle consists of 4 strokes. The efficiency of the engine highly
depends on the efficiency of the occurring combustion process during that cycle, which in
turn is affected by a number of variables. Particularigyiinder aerodynamicdictates
the comXVWLRQYTV LQLWLDO FRQGLWLRQV 7KHUHIRUH XQGH
crucial for the production of more efficient engines. In order to do so, researchers seek to
visualise the flow by developing the corresponding optical diagnostic techroquine
one hand and by adapting their use to the engine configuration on the other hand. In this
section, the engine operation mode and the main characteristics -ayfliniter
aerodynamics are first described in 81.THen, an overview of the laser baskagnostic
techniques used for4eylinder flow visualisation are relayed in 81.1.2

1.1.1 The engine cycleand in-cylinder aerodynamics

The recurrent engine cycle denotes two crank shaft revolutions, i.e. 720 crank angle
degrees (CB), accompaniedby four trarslational movements of the piston along its
cyindHU OLQHU )RXU VWURNHV KHQFH WD Nilkistta@ed®iFH DQG |1

Figurel-1
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The first phase of the cycle is called the intake stroke in whiehntake valves
open and air is drawn into the cylinder with high speed and large Reynolds number, i.e.
the flow is highly turbulent. This intake flow then develops toward the bottom dead centre
(BDC) in the confined environment of the cylinder with iqgrinteractions and jewall
interactions.

The second phase of the cycle is the compression stroke in which the valves close
and the inlet charge motion induced by the intake flow stops. The piston pushes the flow
towards the TDC in a highly confined eronment thus creating an extreme alteration of
WKH IORZYfV VWUXFWXUHYV /DUJH YRUWLFHV EUHDN LQW
dissipated into heat which causes a decrease in turbulence at the end of the compression
stroke.

The third phase is theower stroke, i.e. where combustion takes place and the
burning gases expand pushing the piston back to the BDC. Naturally, the efficiency of this
stroke is highly dependent on the preceding one, i.e. compression stroke, which will
dictate its initial condions and influence its evolution. Finally, the forth phase of the
HQJLQHYV F\FOH LV WKH H[KDXVW VWURNH LQ ZKLFK H[KL
forced out of the cylinder.

Figure 1-1 Four strokesof an engine cycle (BDCbottom dead centre, TDC top dead centre)

The cyclic engine operation can then BDristrated by the incylinder pressure
evolution throughout théour strokes as wellaW KH SLVWRQYV SRVLWLRQ ZLW
top dead centre OC) as the example shown [Figure 1-2| Even though the working
principle is a relatively simple one, yeaah phase is influenced by a large number of
parameters affecting the efficiency and sustainability of rengiperation(Heywood,
1988)(Mdiller, 2012)
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Figure 1-2 Example of (a) incylinder pressure evolution and (b) piston position with respect to top
dead centre versus the crank angle degree of a 4 strokes engine.

In fact, the incylinder flow is norstationary, complex and turbulent. Understanding
the evolul RQ RI GLIITHUHQW VFDOH VWUXFWXUHYV GXULQJ W
researchers and engine designers who mainly seek to control and optimise the combustion
process. This is possible by mastering the generation of turbulent motions capable of
optimisng the initiation and propagation of the flaifuschbeck et al, 201ZPera et al,
2015) (Zentgraf et al, 2016)Creating tis smaltscale turbulence is particularly done by
addressing the storage of momentum and energy in large scale structures that are less
GLVVLSDWLYH WKDQ WKH IRUPHU DQG FRQVHUYH WKHLU |
cycle.

The creation of large BDOH VWUXFWXUHYV LV XVXDOO\ HQVXUHG
shape, by the number and the position of the valves as well as by the geometry of the
combustion chambdBaby, 2000) Two main rotational structures can then be idekifie
tumble and swirl. Tumble has an axis of rotation perpendicular to the cylinder axis and

swirl has an axis aligned with the cylinder aﬁig@rel—S .

Momentum and energy are stored in these motions hencedipigthe means to
manipulate ircylinder dynamics during the engine cycle whether by forcing the
breakdown of their coherent structure, thereby releasing its energy into turbulence, or by

driving the generation of new structures that can aid the fuelpweingrocesgBorée &
Miles, 2012)

Particularly in spark ignition engines, the increase of turbulent kinetic energy is due
to tumble breakdown taking place near the end of the compression stroke. Their energy
transfers thus to the small scale turbulence that are sadgtever, this energy also
transfers in part to cycl®-cycle variabilities that can cause undesired instabilities.
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(@) (b)

Figure 1-3 In-cylinder (a) swirl and (b) tumble rotational motions.

In fact, amajor challenge for engine designers is understanding, modelling and
controlling the cycleo-cycle variations (CCV) which can cause severe irregularities in
the engine operation, excessive noise, higher emissions, and potentially lead to engine
damage(Goryntsev et al, 20091 he nonreproducibility of consecutive engine cycles is
mainly caused by the temporal and sdatandomness of the velocity field on the one
hand and by the instability of the periodic movement of the piston and the valves on the
other handLengyel, 1995) Large scale cyclic fluctuations hence occur and coexist with
small scalgurbulence. Their corresponding fluctuations are both accounted into the total
kinetic energy of the combustion chamber and should therefore be separated to avoid
RYHUHVWLPDWLQJ WK H(HFIOcR, 2990 VoiXiteEeXaD B@QBH OHYHO

Many factors have been shown to create CCV, such as the mixture preparation
process, the fuel composition, the combustion kinetics, the spark plug characteristics, the
heat transfers, and the evolution of-cylinder aerodynamicg§Enaux, 201Q) The
consequences of CCV can be described as the variation of 4hdinder maimal
pressure from one cycle to the following caused by the fluctuating movement of large
scales structures, or the low frequencies, i.e. coherent structures. Pyticulspark
ignition engines, CC\tan be observed in the fluctuations of the tumbl@® UHfV ORFDWL
from one cycle to another.

Despite the numerous existing studies, the cause and effect chain of CCV is still not
fully unravelled.lt has been showfor example in an experimental study that the cyclic
fluctuations increase during the corapsion process. At the end of compression
nevertheless, thauthorsreached a level of fluctuation similar to what was obtained at the
beginning of the intake proce¢Bruault et al, 2005)In another study, CCV of the-in
cylinder flow structures were linke the CCV in the intake manifol@Justham et al,

2006) And in a similar context, CCV were linked variations in valve liffLiu et al,
2012) These studies, and many others that coupled the measurement of cyclic fluctuations
with the varying of engine parameters, showed that the presence and the management of
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strong coherent structuresnckower the CCV of ircylinder aerodynamics and therefore
improve the stability of engine operation.

ORWLYDWHG WR EHWWHU XQGHUVWD @gind&Klew,FRPSOH][|

researchers have looked for ways to visualise and quantify the occuroogsges.
Particularly in recent years, there has been a dramatic increase in available experimental
data thanks to the progress witnessed by optical engines on the one hand and laser
diagnostics on the other hand, which has been allowing throughout dne gebetter
conception of more environmentally friendly and more efficient engines. A brief overview

of optical enginedhistory and their coupling to optical diagnostics is presented in the
following.

1.1.2 In-cylinder flow visualization and historical background
For more than a century, optical engines have been playing a fundamental role in
furthering our understanding of the complex physical phenomena having place in the

HQJLQHYVY FRPEXVWLRQ FKDPEHU ,W L \cylirQe mbligg HVVHQW

process and the ensuing combustion in order to comprehend the operation of an engine
and its ancillary devices and improve its efficiency and emissions. Moreover, with the
arrival of numerical simulations, optical engines assumed the additional role atprgd
guantitative databases over a large unobstructed spatial domain with higkacghk
degree resolution in order to validate and enhance the conception of various engine
systems.

One of the first experimental concepts to visualise theylimder aeodynamics
goes back to the 1800s and consisted on using smoke from cigarettes drawn into a thin
transparent cylinder to track-gylinder motions. Several models where then derived from
that concept in the aim of visualising the mixing process in a ma@iestre engine
cylinder and study the role of-cylinder aerodynamics in the ensuing combustion. These
models were then classified as optical eng{feshdan & Thirouard, 201Miles, 2015)

$W WKH EHJLQQLQJ RSWLFDO HQJLQHV ZLWQHVVHG

initial geometry in order to allow further optical access. Small transparent windows were
implemented on the combustion chamber and-gadees wee used making it possible to

record the exact ignition timing and the flame propagation speed by stroboscopic
measurementfRicardo et al, 1927{Marvin and Best, 1932)Many variables were also
examined for the first time such as fal ratio, compression pressure and the impact of
residual gases on slowing the flame. Small windows were then replaced with one
rectangular quartplate fitted on tle head of the combustion chamber and coupled with a
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specifically developed camera thus introducing temporal measurements into account
(Withrow & Rassweiler, 1931)After that, the quartz windows were inserted to the
F\OLQGHUTY ZDOOV WR HQ(WEtS K LioytiBakd 1P3RDMheRBed DFFHV
of a liner consisting of larger quartz plates rapidly followBassweiler and Withrow,

1936)

Naturally after hat, researchers were motivated to extend the optical access to a full
transparent cylinder on the one hand and to develop high speed cameras in order to refine
recordings and the experimental data on the other |fragake 1-4|{shows one of the first
reported full opticallyaccessible engines where a 12.7 mm thick glass liner is supported

by a steel castinglLee, 1939) Having this extended accedsbe means to visualise the
aerodynamic Bw structures were sought and one of the first tracer particles used to study
the interaction between the flow and the spray consisted of choppedfgatsssand
individual feathersvhosedisplacement provided a gquantitative measure of the velocity at
afixed crank angle.

The next breakthrough in the optical engine industry was the extension of the piston
cylinder assembly to allow the insertion of a 45° inclined mi(Bowditch, 1961) This
allowed the combustion chamber to be viewed with a larger degree of opticas acces
ensured by the mirror and the quartz piston head eliminating thus the need to alter the
FRPEXVWLRQTV FX . W& RdvaMcements and discoveries were
then made possible by optical engineshsas the effect of different inlet ports, different
piston heads, different injection mechanisms and the impact of exhaust gas recirculation
on the combustion process.

Figure 1-4 Optically accessible engie equipped Figure 1-5 Bowditch optical cylinder design
with a full quartz cylinder (Lee, 1939) (Bowditch, 1961)

The number of studies conducted in optical engines continued to increase
significantlywith the commercial availability of lasers in the 1970s. This is mainly due to
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the appeal ofdser based optical diagnostics for fluid flow measurements due to their non
intrusive nature. In other terms, it was npwssible to observe the changes in the fand
recordthem at the same time that they occur, withoahpromisingW KH TORZfV QDWX
Possible incylinder measurements then included continnwase laser Raman
spectroscopy for fuel and air concentrations, pulsed laser Raman spectroscopyitypr dens
fluctuations, highspeed cinematography for flow visualization, and laser Doppler
velocimetry (LDV) for one point or multiple points measurements vefocities and
turbulence intensitieRask, 1979jJohnston et al, 197%loch, 1990)Particularly, LDV

has been widely used since it can dmsily adapted to study flows in hard to reach
geometries such as the valve exit flow or the bumping clearéacmumanis &
Whitelaw, 1985)

Along to advancements in optical diagnostics, optical engines continued witnessing
progressand higher compression ratios and rotational speeds were reached and operation
conditions were closer to real life production engii8seinberger et al, 1979)or
instance, e square piston emerged with two opposed cylinder walls made of quartz
followed by making all four cylinder walls from quartz plaf&taly et al, 1990)A CR of
10:1 was achieved and an engine speed®002pm allowed the examination of turbulent
combustion models and the application of optical diagnostics such as Laser Induced
Fluorescence (LIF) for fuedir mixing studies and Particle Image Velocimetry (PIV) for
flame rates studies. Moreover, coupleedasurements using LDV and PIV provided
complementary information about the motion of tumble during compregsiarc et al,

1997)

The full cylindrical transparent liner found increagiinterest amongst researchers
(Arcoumanis, 1982)Shortly after the squared piston, the use of transparent cylinder
engines followed and only motored conditions where posgiRiehman & Reynolds,
1984) (Marko et al, 1986)YRegan et al, 1987(Bates, 1988)Using a form ofparticle
tracking velocimetry, lowspeed flow visualization, and flame imaging studies, earlier
observations of intake jet flapping and significant cytoleycle variability in the
combustion development were confirmed. Moreover, the attained real@ti@aton
conditions and extended tgal access allowed taking a greater step in validating
numerical simulation§Kuo and Reuss, 1995)

Another profitable feature introduced to the optical engine was the incorporation of
a separating cylinder liner that permits rapid cleaning of thelawis (Espey and Dec,
1993) This was quickly adopted and enhancedléyelopinga hydraulic system allowing
a quick release of the cylinder, i.e. a rapid and repeated disassembly and cleaning
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(Sunnarborg, 2000)The entire combustion chamber was now accessible optically and
mechanically which motivated the attemptsatttesshe threedimensional nature of the
HQJLQHYTV IORZ 2QH RI WKH ILUVW D\BWdKde?,399TVWhMWeR GR VR
used a drum scanner to record different planes at feigétitionrates and observed the

splitting and shearing of inylinder vortices.More recently, the thredimensionalin-

cylinder flow was investigated usirige latestadvancements iRIV (Bucker et al., 2012)

(Peterson et al., 2016)

The advancement of optical diagnostic techniques and itfteasingavailability
coupled with the rich history of optically accessible engines and their importance as a tool
to obtain the detailed analysis of thecylinder phenomena allowed recovering a very
diverse database of informatigwitze, 1996)(Richter, 2008) A non-exhaustive listcan
be found in the following table.

Optical diagnostic techniquesand types of

measurements
- Laser induced fluorescence (LIF)
- Absorption
- Raman / Rayleigh
- Chemiluminescence
- Particle image ®locimetry (PIV)
Flow - Laser Doppler Anemometry

(LDA/LDV/PDA)
- Tagging techniques
- LIF

Temperature - CARS (Raman)
- Rayleigh
- Absorption spectroscopy
- Shadowgraphs
- Spray penetration
- Spray angles
- LIF (Evaporatioi
- LIF tracer(Fuel/air mixing
- Ignition events
- Flame propagation
Combustion characteristics - Flame quenching
- Knock centres
- Low / high temperature regions
- Causes of misfires
- LIF NOx
- LIl Soot
- Unburnt HC

Type of database

Species distributions / concentrations

Mixture preparation

Pollutant formation

Table 1-1 Available information via the increasing availability of optical diagnostic techniques
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Particularly, when interested in the-aglinder flow evolution, a wide range of
velocity measurements and measured components is covered today goirumér@mint
measuremest to planar measurements, obtaining the full threeimensional flow field
along to its temporal evolutio. Amongst the techniques emerging as
indispensable for fluid flow visualisation is particleage velocimetry that has become a
primary diagnostics tool for both industrial needs and fundamental res@uoakier,
2012)(Tropea, 2007)In its different forms, PIV allows obtaining instantaneous velocity
fields and describing the local, temporal or thgienensional evolution of the flow
(Schroder and Willert, 2007)Ilts application in IC engines has led to numerous
observations enhancing our comprehension of the different engine strokes and resulting in
better engine modelling. Some of the approaches of PNicagiphs in IC engines found
in literature and relative to the scope of this study are relayed in the following.

Figure 1-6 Measurement domain and measured components of laser velocimetry techniques
(reproduced from (Scarano, 2012)

1.2 Particle image velocimetryand applications in IC engines

Despite the advancementin accessing the internal combustion engines
configuration, transient processst#ll need to be visualized in an optically challenging
environmaét of a confined thick cylinder Moreover, obtaining instantaneous
measurements of the local flow and mixture conditisnsnportant to characterize their
influence on ignition and consequently on combustion performance. For the last few
decades, these m&urements have been particularly possible via the particle image
velocimetry technique based on a relatively simple principle allowing aintsive
visualisation of a crossection of the flonKigure1-7). Thefluid is seeded with particles
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which are generally assumed to faithtuh TROORZ WKH IORZtVis @eQDPLFV
motion of thesdracerparticles from which the velocity information is calculated. This is

done by taking two images shortly after onetheroand calculating the distance particles
travelled within this time between the two imag@eth images are divided into a number

of subimages called interrogation windows and a correlation coefficient is computed to

find the twocorrespondingvindows The maximal correlation signal detected refers to the

most probable displacement of particl&se velocity field isthen obtained by dividing

the displacement fidlby the known separation tinbetween imageand he translation of

the image plane to thebject plane is obtained using a calibration target engraved with
previously defined coordinates.

In recent years, the number of PIV applications on engines witnessed a great
increase tackling the evolution of theaglinder processes with respect t@ tthange in
engine parameters such as pisstrapesinlet ports, intake valve lift, spark timing and
others. Hereafter, previous studies amresented andseparated into 2D and 3D
measurements in order to highlight tadvancements that PIV allowed for-cylinder
flow analysis.

Figure 1-7 Working principle of particle image velocimetry
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1.2.1 2D in-cylinder measurements

One of the first applications of PIV to an internal combustion engine was carried out
by Reus et al. who performed planar velocity measurements under motored operation at
600 RPM (Reuss et al, 1989)In a relatively more recentperiod Justham et al.
simultaneously used two PIV systems to study the intake flow and-thydimader flow of
an IC engine at the same ti. This provided an insight to the relationship
between cyclic variations of flow structures within the runner and those during the
HQIJLQHYTV F\FOH 7KH ODFN RI WLPH KLVWRU\ ZDV KRZHYH!
to correlate the two measured flogkistham et al., 2006 his wasalso highlighted by
Towers and Towers who pointed out that single snapshots of the velocity vector fields as
obtained from a typical doubleame PIV camera are not sufficient to separate the cyclic
variability from the turbulenceThus the importance ofme-resolved measuremenis
revealedparticularly when a range of operating conditions needs to be companedrs
and Towers, 2008)

Figure 1-8 Schematic of the simultaneous intake and haylinder PIV setup (Justham et al., 2006)

With the advances in technology giving way to cameras with high frame rate and
high resolutions, timeesolved measurements became achievablgllert, 2015)
Moreover, the timeesolved data was then compared to the standargfidéss to make
sure that no sma#cale related information is lost or altered in the process and a correct
evaluation of the turbulent kinetic energy dissipation, frequently used in flow modelling,
was found(Falchi and Romano, 2009\ wider range of statistical and analytical studies
was now possible with the availability of timnesolved data, giving the researcher access
to a greater amount of informatig8emeraro et al, 2012%ick et al. particularly describe
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the progress that high speed imaging witnessed in the last decades with focus on
applications to sparlgnition directinjection gasoline engines and how time resolved PIV

fits in the study of every phase of the engine cycle and its corresponding physical
phenomen&Sick et al, 2010)

In one of the early studies using a tinesolved PIV system, Jarvis et al. measured
the incylinder flow under motoredonditions and thus described the evolution of the flow
during the engine cycle as well as during a series of consecutive ¢Jategs et al.,
2006) By calculating thedifference between cycle averaged and ensemble average
velocity fields, the authors provided a time resolved indication of cyclic variations yet the
possibility of finding more descriptive parameters of CCV was ar. This
was then addressed f§osadia et al, 200%ho replaced the standard statistical approach
by coupling timeresolved measurements with the proper orthogonabrdposition
technique (POD) allowing to extract coherent structures and presenting an optimal
technique as far as the kinetic energy contained in consecutive modes is co(g&fhed

Figure 1-9 Example plot of a) Instantaneous u velocity, Ensemble averaged u velocity, and Cycle
averaged u velocity, b.) Calculated Cyclic variation at a given (x,y) location within velocity fiel@Jarvis
et al., 2006)

In another study, the change in the fundamental structure of-thyéinler flow was
evaluated with respect to the change in engine sf{&tadsfield et al, 2007 lassical PIV

PHDVXUHPHQWY ZHUH FRQGXFWHG LQ WKH V\PPHWU\ SODC(

crankshaft angles and for three rotational speeds, 750, 2000 and 3500 RPM. The average

velocity field was then odd LQHG DQG WKH LQIOXHQFH RI WKH HQJLC

aerodynamics was described via the evolution of tumble rate. In the same context, time

UHVROYHG PHDVXUHPHQWY ZHUH FRQGXFWHG LQ WKH HQJ
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different charge moties and different engine spee@iuller et al, 2010) In addition to

cycle average and ensemble average velocity fields, cycle to cycle variations were
guantified using the fluctuatioria kinetic energy of the time resolved data at 500, 1000
and 2000 RPM. This showed a larger gradient for decreasing kinetic energy at higher
speeds as well as an earlier decbifi¢heturbulent kinetic energguring thecompression

stroke at higher speetFigurel—lOl.

Figure 1-10 Ensemble average of the spatial averaged kinetic energy E (a) and turbulent kinetic
energy k (b) for 500, 1,000 and 2,000 rpm. Valueseanormalized by the square of the engine speed
relative to the standard case of 1,000 rpriMiller et al., 2010)

In addition to the intake flow and engine speeds;yiimder flow aralyses were
conducted with respect to the change in the inlet duct. Towers and Towers for example
used a butterfly valve placed in one of the inlet ducts to vary toglimder axial swirl
level and showed that the cyclic variability peaked at differenttp in the engine cycle
for the different configurationgTowers & Towers, 2008)it is interesting to note that at
the time, available laser power was averagethatithe price ohigh speed acquisition
rate(up to 12 KHz)was thereduction of the field dimensions and image resolution.

However, with the continuous improvement in lasers and sensor technologies,
Kapitza et alwere able to obtain a larger field of view using hggeed PIV, also aiming
to identify the relationship betweehe instantaneous velocity fields in the cylinder and
the change in the intake flo{iKapitza et al, 2010)These measurements were carried out
by fixing a set of different inlet valve lift (3 or 9 mm), different flow rates (50 or 100 kg/h)
and an open or closed tumble flap introduced to thet thict. Thredrequencies could be
determined bydescribing the transient behaviour of the flow: the vortex detachment
frequency induced by the valve geometry, the limiting frequency leading to instabilities of
the boundary layer through the valve slatdahe frequency corresponding to the flow
fluctuations associated with the shear layer downstream of the edge of the tumble flap.
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Many other parameters such as the effect on theylinder flow of piston head
shape, the intake valve lift, the mass flmate and the engine stroke solicited great interest
of researchers who employed PIV measurements to quantify ((Memali Krishna and
Mallikarjuna, 2010)(Liu et al, 2012)(Cao etal, 2014) Similar studies were conducted
using high speed PIV that showed additional valuable information otherwise missed using
classical PIMBuschleck et al., 2012(Bode et al., 2016)

1.2.2 3D in-cylinder measurements

In a complementaryeffort to reach the thregimensional description of the-in
cylinder flow, Danneman et al. carried out planar tiesolved PIV measurements in 8
planes at several crankshaft angles in an internal combustion engine operating without
ignition (Danneman et al, 2011)The flow fields were reconstructed from two
dimensional velocity fielsl of different crank angles leading to what were referreasto
guasithreedimensional fields The authors showed that the flow inside the motored
engine has a strong thrdanensional character and presented a 3D description of the
large vortex structuseand their corresponding temporal behaviour. Despite the ability to
describe the ensemble averaged 3D flow field, these findings were unable to capture 3D
flow structures for instantaneous cyctes resolve 3D gradient based flow properties.

Another appoach to obtain the 3 velocity components is employing stereoscopic
PIV. This PIV approachiepicts thaby using two distinct axes of views to simultaneously
record one region of interest, sufficient information can be obtained to extract the out of
plane notion of particlegWillert, 1997) This technique introduces however a distortion
of image fields with a varying magnification factor associated with the corresponding
imaging configuration. This is usually accounted for by using an accurate calibration
procedure based on solving the projection equations for each of the two céPmasasl,
2000) While dealing with optical engines, stereoscopic PIV faces additional distortions
DQG H[SHULPHQWDO FRQVWUDLQWY FDXVHG((Hgureft KH FRP

1-11). Although the technique has proven advantageous in obtaining the 3D description of

fluid flows, its application in IC engines is hardly discussed in litergtDedendini et al.,

2000) (Bucker etal., 2012)(Karhoff et al., 2013) Themain ensuing findings descrilze
dominant tumble vortex that varies significantly regarding shape, strength and position
throughout intake and compression strokes. Moreawme-resolved stereoscopic PIV
measurements showed a high rate of turbulence production during instantaneous intake
cycles due to the shear layers between the inlet jets and-thdinder flow. Despite
providing a thorough description of mean quantitias, extended 3D description of
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instantaneous flow features is still limited by the planar nature of stereoscopic
measurements.

Figure 1-11 Experimental setup for stereoscopidPlV measurements(Karhoff et al., 2013)

Most recentlythe tomographic PIMechniquehas prova to be an extremely useful
tool for quantifying the 3D flow structures within a light sheet extended to a continuous
volumetric domain instead of a single plane or a series of 4plaliar measurements
(Elsinga, 2005)Scarano, 2012Based on the PIV principle, tomographic PIV allows the
instantaneous measurement of the 3 velocity components of thdanflancontrollable
measurement volume that could be adapted to very small volumes of the ordet a$ mm
well as very large volumegigure1l-12). However, this technique necessitates on the one
hand a large degreef freedom for optical access, since it involves multiple cameras
viewing the volume (commonly 4), and on the other hand an accurate calibration process
across the investigation volume, which limits its application in confined environments
with difficult optical access, such as optical engines.

In fact, like for stereoscopi®IV studiesyvery few papers can so far be found in the
literature about tomographic PIV measurements in IC engines. One is Baum et al. who
argues the feasibility of the techniqgueammotored engine regarding the limited optical
access that requires small camera angles, as well as imaging of particles through a thick
curved glass cylinde(Baum et al, Q13) They used acamera setup in a Scheimpflug
arrangement around the centre axis of the cylitiisrensured a similar distortion for all

four cameras. Themployedcircular p :shapediconfiguration is shown ifrigure 1-13
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Two investigation volumes were considered, of 4 mm and 8 mm thickness respectively. A
precision within 10% for the velocity gradient tensor was found, i.e. the same order of
magnitude as volumetric flow measurements conducted in generigea@ifons, leading

to the indication that tomographic PIV measurements are applicable within a motored
optical engine. Furthermore, ensemaieraged flow fields shown in the central plane
were compared for the two measurement volumes, which revealedctiystlifferent
velocity behaviour outside the 4 mm thickness demonstrating the strong three
dimensionality of the flow field. Also, the 2D turbulent kinetic energy (TKE) field showed

a region of large velocity fluctuations in the centre of the image plaeee the flow from

the intake jet interacts with the reversing flow from the piston. In comparison, the 3D TKE
field showed that high values of TKE are further extended toward the intake valves,
revealing a zone of high turbulence that is influenced ey dutof-plane velocity
fluctuation. Finally instantaneous 3D velocity fields were used to reveal cyclic flow
variations in the volumetric flow by revealing differences in local velocity magnitude,
velocity direction, and regions of strong vortical sttmes embedded within the flow field
during compression.

Figure 1-12Working principle of tomographic PIV reproduced from (Elsinga et al., 2005)
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In another tomographic PIV configuratipthe 4 camerasvere plane from one side
of the measurement domaim a circular horizontal area around the cerdaxis of the
cylinder, alsoensuring similar distortion for all camer@@verbriigge et al, 2013Figure
. In their set up, 17 calibration planes were used to calibrate and match the viewing
planes for each camera and the effect of the distortion caused by the liner was assumed as
a systematic error for all measurements. The ensemble ageralgeity fields, the TKE
and the vortex centre were analysed at 3 cycle phases, i.e. 3 crank angle degrees during
intake and compression stroke®esults provided a 3D description of inlet vortices
propagation and tumble formation.

A more recent study b¥eterson et al. also addressed the reliability of applying
tomographic PIV in an IC engine by applying mass conservation principle and found it as
reliable astheir high-speed PIV measurementione for enginespray environment
(Peterson et al, 2016 The setup consisted of 4 cameras placed like in the Baum study
from both sides of the central plane, on a circular perimeter configuration digplaider
angles from one side where an additional high speed camera was insertadefor
resolvedrecordings. Measurements, done for 5 cranks angle degreesRP8OGpatially
guantified the increase in TKE, shear and vorticity from injection andildisons in
comparison to noimjection operation, otherwise not available with planar PIV.

Figure 1-13 Circular X shaped Tomo-PIV Figure 1-14 Circular arc shapedTomo-PIV
configuration (Baum et al., 2013) configuration (Overbriiggen et al., 2013)

1.3 Thesis objectivesand frame of work

The development of clean and efficient internal combustion engines is constantly
faced wth the complexity of the heylinder phenomena. Today, optical engine
configurations allow@aching realistic engine speeds watltomplete visualisation of the
HQJLQHTV FRPEX¥3MWMeIRa] pErfobDrihbntltiple measurementat the same
time. Prowded a compromise is achieved between engine operation ranges and maximum
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visibility of the in-cylinder processes, measurements of realistic engine operation are
feasible and reliableAdditionally, the advancements in optical diagnostic techniques
allow the extraction of further information about theciylinder flow dynamics, otherwise
inaccessible viaconventionally embedded sensors. Particle image velocimetry in
particular has proven to be a trustworthy technique in capturing the instantaneous and
trangent nature of the heylinder aerodynamics and high speed and volumetric recordings
are now giving way to further spatial and temporal analysis of the cyclic nature of the
engine flow.

As seen so far, many parameters influence the nature of-thdinder flow. The
HITHFW RI LQWDNH IORZ HQJLQH VSHHG YDOYH OLIW FRF
others have been investigated by means of PIV and time resolved PIV that allowed
obtaining a spatiotemporal description of correspagigioccurring changem the flow.

Recent efforts seek to gain better understanding of the flow field by obtaining fully three
dimensional quantitative measurements. For that purpose, tomographic PIV have been
assessed and found consistent for measurements in IC engineseagbrement errors
reaching 12% in motored conditionBhe few &isting 3D studies consist odescribing

the threedimensional ircylinder aerodynamics and sprangduced turbulent flow at
relatively low rotational speeds (below 1000 RPM). The consideredhtige conditions

are limited by experimental constraints caused on the one hand by severe optical
deformations due to the thick curved cylinder visualised from different angles and on the
other hand by the confinement of the combustion chamber limitieg8Eh calibration
process.

Hence, the characterisation of-aglinder phenomena in their thremensional
nature require further investigations, and the constraints imposed by teJEQH TV
environment necessitags adequately adapted experimental pgec€or this reason, we
aim in our work to investigate the changes in the tdigeensional flow field during
intake and compression strokes with respect to the changes in the intake flow at different
realistic engine speeds, thusnepiling a unique databa for n-cylinder flow analysis.

For that purpose, #let duct cross sections are considered by adding different flaps
perpendicularly to the inlet flow while running the engine at 2000 and 3000 RPM
respectively. Moreover, the experimental process igmiggd to respond to the
difficulties facing the application dbmographidPlV in an engindike configuration, i.e.

to ease measurements in a complex geometry with confinement, restricted optical access
and severe optical deformations. This is done byeldping a novel esitu calibration
procedure combining both mathematical and expenial approaches
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Furthermoretwo-dimensional time resolved PV is first implemented on the engine
test bench in order to obtain a spatiotemporal description of tbginder flow on the
one hand and validate 3D data on the other hand. We aim thus to identify the variabilities
of the incylinder aerodynamics and quantify the amplitude of cyclic fluctuations in the
mid-cylinder plane under thedescribedperation conidions.

Experiments are lead ohdoptical engingest bench oCORIA laboratory. Itis a
transparent 4alve directinjection sparkignition (DISI) singlecylinder engine
developed byAVL. It can operate at rotational speeds up to 3000 RPM, in botmdsive
combustion conditions and at an injection pressure reaching 200 bar. It is installed on a
vibration-absorbing base in order to avoid disturbing optical measure.
One of the main characterissi of this test bench is the interchangeability of the cylinder
liner allowing the passage from an opaque configuration (i.e. metallic cylinder) to an
optical configuration (i.e. quartz cylinder). The conversion between configurations is
done via a high mssure hydraulic system that also ensures a rigorous sealing at the
cylinder head during engine operation. The simple handling of the hydraulic system
facilitates removing the glass cylinder for cleaning during the experimental runtime and
repositioning itwith great ease. The transparent cylinder of 25 mm thickness has an
LQWHUQDO ERUH RI PP DQG D VWURNH RI3 Futer WKH HQ
characteristics of the engine aieem inTablel1-2

Additionally, it is possible to change the intak®anifoldsto include a blocking flap
perpendicularly to the axis of thelet duct |Figure 1-16). Two different flap sizes are
available such as 50% or 25% of the intkict cross section is admissible therefore
bringing alterations to the intake flow. Consequently, three engine inlet conditions can be
tested Hereafter, V100 indicates the original intake flow in the absence of any flap; V50
and V25 correspond to theafls reducing the intake flow to 50% or 25% of its initial state
respectively.

7TKURXJKRXW W K HaddwsXiGihe Zerbfiyd@nicshhside the combustion
chamber during intake and compression strokes in motored condition, i.e. without
injection nor fring. The engine therefore aspires only air, via a stmizatbranched to
the output of a compressed air supply allowing to control the intake flownanatain
similar working conditions during all measurements, emvironmental conditionat 1
atm ard 300 K
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Figure 1-15 AVL optical engine test bench

Figure 1-16 Interchangeable intake flaps

Characteristics Description | Characteristics Description
Type DISI Bore 82 mm
Strokes/cycle 4 Capacity 450 cnd
Number of cylinder 1 Compression rate 8.5

Stroke 86 mm Polytropic coefficient 1.35

Lever 144 mm Maximal pressure 40 bar

Table 1-2 AVL Optical engine characteristics
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2 Experimental procedures

The purpose of this chapter is iotroduce the experimental setps usedand
developedn the scope of our studyf in-cylinder aerodynamicdt is thus divided in two
main parts. The first describethe establishedprocedures for twalimensional
measurementperformed using high speed PITR-PIV), the constraints facedre
addressed and the dagaality is evaluated. The second pdéscribes the adjustments
made for 3D measuremenising tomographic PIM(Tomo-PIV). The choice of volume
thickness for valid ircylinder measurements is then demonstrated. Furthermore, we
particularlyadd UHVV WKH ' FDOLEUDWLRQ SURFHGXUHV IDFLQJ
combustion chamber anitk severe ptical deformations caused ke thick optical
cylinder.

2.1 Time resolved PIV and 2D flow measurements

In order to perfform 2D TR3,9 PHDVXUHPHQWYV LQ WKH HQJLQHYV F
a number of constraints dealing with establishing the measurement field and adequately
instaling measumments equipment ned¢d be addressedhis mainly involves the camera
setup, the optical arrangement, the laser tedtiming unit, as well athe quality of
seeding particlesall of which are detailed hereafter.

2.1.1 Geometrical considerations and optical amangement
The laser used is a linearly polarized DDarwin-80, i.e. a dual pulsed PIV laser
ZLWK FDYLWLHYVY FRPELQHG EHIRUH WKH ODVHUfV RXWSX
provides 25 mJ per puls&/hile the engine runs, vibrations and thermatftliations are
induced. This could cause an unstatperatingof the lasemhich is therefore placed in a
URRP DGMDFHQW Weénci K blatk QuaheQtidugh Wedxalinks both rooms
and ensureshe passage of the laser bearhe optical assmbly is then carried out to
ensure expediency for adjustmentsneeded during operation. The desired field of view
is obtained via an optical alignment carefully evaluated along four independent parts: the
laser theengine the lens assembly and tleeording system.

The optical access in the combustion chamber was first achieved by the 45° mirror
placed under the transparent piston head. The obtained laser sheet in the combustion
chamber goes through a combination of one spherical lens and oneicglitehs fixed
prior to the mirror on a separate bench from the engine in order to avoid any vibrations of
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the lengs Then, optical alignment is achieved that thdield of view correpondsto the

F\OLQGHUYV V\‘Fi@dﬂe\ﬁlli.\ SODQH

Figure 2-1 Mid-cylinder measurement Figure 2-2 TRPIV experimental setup
plane

The laser is coupled with adh speed camarPhdron equipped with a 85mm -
f1/4 lens placed parallel to the light sheet plajfegre 2-2). It was observed that the
REWDLQHG ILHOG RI YLHZ LV OLPLWHG E\ WKH PLUURUTV
considerably smaller than the \O L Q G H aa)m This fact, combined with
the fact of dealing with a thin light sheet configuration, motivaéitedestingof an optical
access directly through the tsgarent cylinder, along its symmetry plane. The obtained
field of view is wider than the previous gniee. more information is accessiblend
therefore this configuration was retained fbe 2D TR-PIV measurement

(b)).

Despite the thorough alignment process, the curved geometry and the thickness of
the quartz cylinder produce strong reflexions that are likely to increase noise level in the
background and therefore reduce the signal to noise ratipadicle images. For this
reason, the inner background of the cylinder was painted in black. In addition, reflexions
occur between the internal and external surfaces of the cylinder caused by the direct
optical access and augmented by the surroundingl metumns otthe hydraulic system.

Black stripes are therefore fixed on the front external surface of the cylinder, at the borders
of the field of view.
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As a result, he achieved field of view has a resolution of 768x768 pixels
corresponding to 91x91 mm2However, eliminating reflexions and optimising
calculations led to obtaining velocity fields of 74x84 mMareover, one distinctive trait
of experimentally investigating engine flows is the dynamic change of the visualized field
during every engine cycld his iscaused by the pistdhwovement from BDC to TDC
and viceversa. This trait is addressed with a dynamic masking step for each recorded
crank angle degree, further described2nl#

() (b)
Figure 2-3 Particle images in the midcylinder plane obtained (a)via the 45° mirror and (b) via direct
access through the liner

2.1.2 Seeding
The quality of PIV measurements and the validity of data sets are higrdpndiayg
on the choice of seeding particlésm excess in particle density andfmarticle response
time can mask the initial flow, as an insufficient number of particles can cause a loss of
information.

An in-house aerosol generator is used to provide ssgdparticles for our
measwements and is shown @ It is subject to alignment sensitivity of the
air/liquid nozzles that mainly affects the particles density. This generator allows producing
tracer partles having a diameter of 1 to 5 um that are small endodaithfully follow
the flow.In a first stage, the substance used wakthyl-Hexyl-Sebacat (DEHBwhich is
a colourless and odourless liquid suitable for producing steady aerosols. DEHS ensures
having spherical particles with wekhown optical properties as well as having an easy
cleaning/maintenance process. However, it was observed that when reaching the end of
the compression stroke, the droplets signal reduced. Thispwasrily linked to te
reduction in droplets diameters as flow temperature rises during compression. Therefore,
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DEHS was substituted in a second stage with olive oil that is able to sustain higher
temperatures. On the one hand, signal to noise (BN&)increased duringheaurements

since particlessize and numbewere maintained along the engine cyden the other

hand, it was nowecessary to reduce engine operation time in order to clean more often

WKH F\OLQGHUTV ZDOOV WK D weéwAtbstahceHbngel iGeasuréadtD UH G E \
campaigns consisted of recording series of 50 consecutive cycles separatetinby tife

cleaning the quartz cylindeRuring experimentshe desired quantity of seeding particles

is specified by a Bronkhorst flometer operated via LabVI®. Finally, the VHHGHUV
outputflow is introduced far upstream of the engine valves in ordetondisturb the in

cylinder aerodynamics.

Figure 2-4 PIV seedingparticles generator

2.1.3 Synchronisation

In an emine configuration, the synchronization of the PIV chain is one of the main
challenges thatncountethe experimenter. In order to capture particle images at a certain
crank angle degree, pulse timings of all components laser, camera and enginbave
to be centralised and controlled. Only then, the same phase of the engine cycle is recorded
each time an acquisitiasf particle imagess desired

While performing high speed measurements in particular, a series of multiple crank
angle degrees arecorded during each engine cycle. This is not the case for classical PIV
recordings, where the same crank angle degree is recorded every few engine cycles.
Therefore, it was essential fost determine the crank angle resolution for recordings
correspondig to each of the considered engspeeds, i.e. 2000 and 3000 RPMe
angular position of the engine is provided dy AVL timing unit connected to the test
bench. It allows extracting a reference pulse at the beginning of every engiaevitiich
precsion of 0.1 CAD. This reference is used to trigger a sequence of pulses via an

external programming unAcquiteksuch as detailed |Schemati02-1 where the shown
signals correspond to:
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1. Cyclic trigger that startshe recording sequence withe beginning of every engine
cycle, i.e. the beginning of intalet-360 CAD,

Reset of gternal Acquitek unit,

Trigger of external Acquitek unit,

Camera triger (f = 3 KHz),

Camera frame 1 dlosure 3301S),

Laser 1 (f = 1.%KHz),

Camera frame 2 dtoosure= 330 M9,

Laser 2 (f = 1.5 KHz)

© No s~ wDd

The maximal permissible frequency for recordings is imposed by the camera to 3
KHz at the chosen image resolution. Hence the laser frequency is set at 1.5 KHz for each
laser head. By dividQ J W KH O D \ovteulfevinte iHédddd @ achieve 1 CADtation
at a given engine speed we obtain the reagrdliequency during one engiegcle. As a
result, at 2000 RPM,re image pairis recorded every 8 CADf the cycle. Similarly, at
3000 RPM,one image pairis re@rded every 12 CB (table 21). In total, 3@ engine
cycles are recorddor each engine operation condition

Schematic2-1 TRPIV Synchronisation, wWKHUH "W LV W kKépaBatinlitond, Pts the frame
separation time during intake stroke and “t, is that during the compression stroke.

In the course of this study, we are mainly interested in the intake and compressio
strokes, i.e. 360 over 720 @of the engine cycl. Therefore, recordings are
ceased during expansion and exhaust strokes which results in 45 recorded phases per cycle
at 2000 RPM, and 30 phases per cycle at 3000 RPM.
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Finally, theuse of a singlédrame separation timeés insufficientto resolve the wide
range of incylinder velocitiesand spatial scales encountered throughout the engine cycle
(Abraham et al, 2013) 7TKHUHIRUH D YDULDEOH "W LV LPSRVHG DV
degree via theAcquitek programmable unit. écording to the ircylinder dynamics
VP DOOHU ardimpdsed WhkWreater velocitymagnitudesare expected.e. during
intake strokeand O D U Jafiddet dAring the compression stroke

Engine speed (RPM) 2000 3000

Engine cycle duration (s) 0.06 0.04

1 CAD duration (us) 83.33 55.55

Image recording resolution 1 pairevery 8 CAD 1 imagepair 12 CAD
“tyiv during intake (Us) 10 10

“toiv during compression (us) 20 15

Table 2-1 Engine operation point considered fofTR-PIV recordings

The recording conditions detailedTiable 2-1|are usedor all 2D measurements the 6
engine operation conditioms order toprovidecompaabledatasets othe flow.

2.1.4 Data processingof TR-PIV measurements

In order to obtain accurate and reliable velocity fields, PIV measurements rely on
the quality of paitle images on the one hand and on the precision of the calibration
process and adaptation of PIV algorithms with respect to flow characteristics on the other
hand.

2.1.4.1 2D calibration and image prgrocessing
It is essential to establish the correspondencedmat image plane and object plane
in order to describe spatial resolution dadorrect optical deformations. This is done by
XVLQJ D EODFN PHWDOOLF FDOLEUDWLRQ WDUJHW HQJUD®
“\ P Bpecial symbols allowixing the origin (x = Oy = 0) of the gridThe target
is fixed at the centre o0 F\OLQGULFDO EDVH KDYLQJ D GLDPHWHU F
diameter to ensure that the calibration plane collides with the measuremen@(

2-5). The coordinates of each grid point are extracted using a pattern recognition algorithm

with subpixelprecision‘Figure2—6 andtwo main results are theteduced

1) A 5" degree polynonail function describing the deformations caused by the
cYLQGHUYV FXUYDWXUH DQG WKLFNQHVV
2) The magnification factor, i.e. 0.125 mm/px
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Figure 2-5 Calibration target engraved with regular grid

Figure 2-6 Extraction of grid coordinates by pattern recognition algorithm. The raw target grid is
shown in red. The gridcorrected via the deformation functionis shown in blue Distortions are
minimal at the centre of the image and maxima at borders of the image.

The deformation functionis obtained using the least square method to find the
correspondence between pixel coordinates (X,Y) and real coordinawg¥ ¢k target
points in order to transform them onto gukar coordinates system:

9 9

Ll T =5 (2-1)
(o4 Ve
9 9

WLl bosye4y (2-2)
(0% Vs
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These functions are then used to corrdttrecorded particle imagegrior to PIV
calculationsand eliminate optical deformations of the raiginder plane (Figure 2-6
&OHDUO\ WKH F\OLQGHUTVY JHRPHWU\ GRHVQ TWtidh® XVH RQC
such as astigmatism that modifies particles shape. However, in the course of this study,
astigmatisimhas no significant effect since the camera is place parallel to theyimder

planeand onlyoptical distortionsre corrected

Moreover, particd image dimensions vary as a function of crank angle degree with
UHVSHFW WR WKH SLVWRQYfV SRVLWLRQ EHWZHHQ %'& DQ(
corresponding filtering technigue and a dynamic mask algorithm is applied during
calculations. Br this purpose, a mean particle image is calculated at every phase and
represents a constant backgroumége On the one handyy dividing all images at that
phaseby the obtained backgroun8NR is increase®n the other handaehbackground
image serves as base for creating a mask that renders a zero value to regions surpassing
the frameof particlesfield therefore eliminating all residu&tflexions. As a
result, particle image p#grocessing allowedincreasng the signal to noise ratio
facilitating the identification of particlesduring the correlation stepnd thusobtaining a
high validation ratef velocity vectors after PIV calculations.

(a) -274 CAD (b) -274 CAD (a)-178 CAD (b)-178 CAD

(c)-274 CAD (d)-274 CAD (c)-178 CAD (d)-178 CAD
Figure 2-7 (a) Mean particle image, (b)variable mask image, (c) particle image before prgrocessing,
(d) particle image after pre-processing.
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2.1.4.2 PIV algorithm

Instantaneous velocity fields were obtained using amoumse PIV algorithm based
on pattern correlation in particle imaggscordier, 1997)A multi-pass correlation h
subpixel iterative shiftis realised over interrogation windows going from 32x32 to 20x20
pixels corresponding to 2.4x2.4 mm? with 50% overlap. The final interrogation window
size is well adapted to the velocity gradients of the flow so that velaeltdsfare not
excessively smoothed. Moreover, the 50% overlap makes it possible to better follow the
speed evolution in the gradient zones with more vectors. The number of iterations for the
FDOFXODWLRQV LV G\QDPLFDOO\ R&daDdhAtEristicsRA WKH
maximal displacement filter, a minimal signal to noise ratio and a median filter are applied
over a squared interrogation area. Finally, the number of iterations normally ranged
between 3 and &nd he dynamic masking/asintegratedn the velocity field calculation
therefore reducing error propagation during the iterative process. These medset$o
the image prgrocessing step artie dynamic frame sepation time described in28L.3
ensuré having a high rate of validated vectoggceeding 95% in all resultingefds

Figure2-8).

Full vector field
|
|
|
|

Zoom on upper leftegion

(a) (b)

Figure 2-8 (a) Velocity vector field before validation step and (b) after validation steghowing less
than 5% erroneous vectors
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2.1.5 TR-PIV data validation

It is essential to evaluate data validity under the employed measurement conditions
prior to any flow anlysis. Therefore, convergence of velocity measurements is evaluated
at 3 crank angles degrees representing a range of variabjinder dynamics. Moreover,
measurements recorded at BDC where the field of view is at its largest dimensions are
isolated ad treated fothe detection of pealocking bias Finally, a statistical analysis is
performed comparing mean velocity fields and fluctuations obtained fromréisodved
PIV measurements to those obtained from classical PIV measurements previously
perfformHG RQ &25,%$YfV HQJLQH WHVW EHQFK

2.1.5.1 Convergence of velocity measurements

7TKH WXUEXOHQW QD W xyikteRflowNdgriamidQrédu@sHr vhahyQ
variations of the instantaneous velocity fields. It is therefore necessary to record a certain
minimal numler of images in order to ensure the convergence of average quantities. This
is more critical for classical PI\CPIV) measurementslealing with low frequency
recordingsbut nevertheless verified for the present high speed PIV recordings. Particle
images reorded at 2000 RPM and V100 intake condition are considered for the
convergence study 8tcrank angle degrees, ig@uring intake at274 CA°, near BDC at
178 CA° and during compressn at-82 CA°. Ensemble average velocity offering a
general descriptioof the incylinder flow is thencalculated for an increasing N number
of cycles such as:

c
A | S 1 . A I -
QTS L 5 I Qs TaJ; (2-3)

Ve
wherev; is the velocity component atfixed point(x,y) in the instantaneous velocity field
i and @ is the ensembleaverage velocity componedt that point computed ovex
velocity field. Then, by varying N between 25 and 300 with a step of 25 fields, 12 mean
velocity fieldsareobtained and interpred for convergence analysis. For this purpase,
example of velocity profiles is extracted at the middle of the fieldesfvThisexample is
representative of the convergence across the field.

Similarly for velocity fluctuatios, equations (&) represat the ensemble averaged
velocity fluctuationscomputed over N velocity fields

¢

¢ , S . ;

WrarL 5 1 QuTal (2-4)
)
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As a result, mean velocity magnitudes converge rapidly with only 50 pairs of
particle images needed to ensure convergence. This is shown in tmi@‘
showing mean velocity profiles extracted from thrgestfield of view at-178 CAD. The
same tendencypf mean velocity magnitudet® converge stéing 50 velocity fields is
verified across the lole engine cycle. The second roffFigure2-9|meanwhileshows a
later convergence of velocity fluctuations waminimum of200 pairs of particle images
needed to ensure convergence. Moreover thiree consided CAD reveal very different
flow dynamics going from larger magnitudes at the ieigig of intake stroke-274 CAD)
to smaller magnitudes towards thedenf compression stroke-82 CAD). This is
represented in the different scalesFojure 2-10)where velocity fluctuation profiles are
shown at-274 CAD and-82 CAD confirmingthe conclusion that a minimum number of
200 particle image pairs should be recorded for each engine phkasaly, in our
measurements, 300igine cycles were oerded for each considered casel convergence
is attained.

Figure 2-9 Convergence of mean velocitprofiles and velocity fluctuationsat -178 CAD (Y=46 mm)
from TR-PIV measurements
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Figure 2-10Convergence ofvelocity fluctuation profiles during intake (-274 CAD)and compression

2.1.5.2 Peaklocking bias

Particle imagesvhose dimensions are much smaller than those of the CCDrsenso
can generate critical cases of signal sampling where the Nyquist criterion is no longer
respectedAs seen in|8.1.7 tracer particles used for PIV recordings have a very small
diameter of 1 to 5 um. Hence, in order to coll@ satisfactory signal frora particle
diffusion, the laser power is set to maximum output and the lens aperture is relatively
large. Consequently the image of asmall particle is much smalker than the pixel
(Lecordier and Trinité, 2006)

This translates in reality into the pehldcking bias that directly affects the
measurements quality as a consequence of a decrease in the linear response to particle
displacement and an increaseparticle dispersion. Pealocking appears when certain
integer velocity categories are privilegedthe measured field. Therefore, a common way
to demonstrate the presence or emtt® of peakocking consistsof plotting the
distributions of velocity components and making sure it doesnaotifestany periodic
feature of integer nature or any discontipudor half-pixeled values(Lecordier et al.

2001)
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The histograms of bbtu and v components [Figure 2-11] are plotted from
cumulating 300 instantaneous velocity fields obtained from recordings at B&Ghe
largest field of view availablegand show that our measurements do notidedany peak
locking bias. This result is a combination of the recording parameters and the PIV
algorithm that employs sybixel shift (Lecordierand Trinite, 2004)

Figure 2-11 Histograms of velocity components distribution

2.1.5.3 Statistical analysis and comparison to Classical PIV measurements
Previousphaselocked 2DPIV measurementaere performedon the optical engine
test bench likewise used in this stydlgmetayer, 2016)}or their measurementseferred
to as classical PIV measuremer{@GPIV), cameras othigher resolution (2048x2048
pixels)and lower recording ratinan those presently used for -FHRV were employed at a
double frame recording frequency of 2.Ha this section, we aim to demonstrate the
validity of our 2D timeresolved datd3 KHz, 768x768pixels) by comparing the mean
engine cycle obtained at 2000 RPM to the reference case in the previous study also
treating measurements at 2000 RPM without firing or injection. In fact, although the
HQJLQHYV LQWHUQDO DHURG\Qdnkehdehal BowHit PreseRP SOH[ W
PHDQZKLOH VRPH FKDUDFWHULVWLF VWUXFWXUHYVY VSHFLI
measurements are done in the same symmetry plane and under same intake conditions of
pressure and temperature, it is possible to compare thel glottex structures during
intake and compression strokes in +imimg conditions for both campaign3herefore,
keeping in mind that the instability of engine tbshch operations and the great amount
of time separating the two campaigns can induce stiffegences, phaskecked data are
extracted from the timeesolved measurements and are compared to the previous classical
PIV measurements.
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Intake stroke

Figure2-12)showsthe incylinder flow of a series of ank angle degrees duritige

intake stroke Different flow regions can be identified for each phase and are found to be
similar for both measurements. In the left hand column, mean velocity fields obtained
from classical PIV measurements are shown. Onigjit hand side, meavelocity fields
obtained from time resolvedlV measurements are showis important to note that the
spatial resolution of classical PIV measurements is 2 times greater than the present time
resolved PIV measurement&n assessmérof the measurement errors relevant to the
spatial resolution can be foumd literature,revealing that the high spatial resolution data
captures the lower velocity magnitudes with greater resolatahbetter capture velocity
vectors of higher magnited Abraham et al., 2013)This explains the finer contours of
velocity regions of classical PIV images.

Moreover, the incylinder flow can be descrideby identifying 3 main regions
during the intake stroke for both measurements:

1. The frort valve jet in the uppdeft part of the combustion chamber,

2. The rear valve jet in the right part of the combustion chamber, and

3. The flow region in the lower part of the combustion chamber, i.e. nearest to the
piston head.

Region 1 consists of the largelocity gradient during the engine cycle reaching values
around 50 m/s. The air flow entering the chamber heads in a downward direction toward
the left side wall and meets the piston head. This drives the formation of a vortical
structure with zero veldty regionsunder the exhaust valve. Region 2 consists of the air
flow entering the chamber through the rear valve jet, rebounding on the right side wall of
the chamber on the one hand and meeting the piston head on the other hand. A second
vortex structuH WKXV VWDUWYVY WR IRUP LQ UHJLRQ QHDU WKH ¢
the right half of the measurement plane as the pstarsmoving towards BDC. In this

region, surrounding the vortex, velocity magnitudes reach values over 2Maonéover,
Figure2-12|revealfor both campaigns the high velocity fluctuations in region 1 exceeding

20 m/s and decreasing as they go towards regyeomd 3 and towards the end of intake.

Compression stroke

In addition to the similarities observed during the intake str@,

Figure2-13|show the mean and fluctuatingcylinder flow during the compression stroke
for both classicaPIV and timeresolved PIV measurements. As previouslgaied for

the intake, similar behaviour and orders of magnitudes are observed with both types of
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measurements during the compression stroke: the air in a downward direction is strongly
VORZHG E\ WKH SLVWRQYV XSZDUG PRY HiRk® Ype&i@G LV GH
the air in an upward direction is maintained along several crank angle ddgrgmsthe

compressionTowards the end of compression, near the piston head, the flow accelerates
and reaches again velocities of around 20 m/s. The tuminietige is observed to be
compresse with the rise of the pistorAdditionally, velocity fluctuations reveal similar
distributions across the field of view in both cases. Orders of magnitude are maintained at
the beginning of compression and a slight inseeis revealed at the end of compression

as the piston moves closer to the TDC.

CPIV
CAD =-288
CAD =-276
CAD =-264
CAD =-220

Mean velocity

TR-PIV
CAD =-282
CAD =-274
CAD =-266
CAD =-226
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Figure 2-12 Ensemble averagedrelocity and fluctuations fields during intake stroke obtained from
classtal and time-resolvedPI1V

CPIV
CAD =-180
CAD =-140
CAD =-100

CAD =-80

Mean velocity

TR-PIV
CAD =-178
CAD =-146
CAD =-98
CAD =-82
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Figure 2-13 Ensemble averagedelocity and fluctuations fields during compressionstroke obtained
from classicaland time-resolvedPIV

2.1.6 Summary of time-resolved meaarements

Time resolved PIV measurements were performedaosingle cylinderoptical
engine test bench in order tapturethe spatiotemporal evolution of the-gglinder
aerodynamics during intake and compression strokes. All experiments were carried out
with air at environmental conditions (1 atm and 300 K) and without fidngumber of
settingswereimplementedn order to adapt the application of timesolved PIVto the
engine setupaking into accounthe optical accessoptical deformationlight reflexions,
theseedhg andthe synchronisation process

The considered ata validationapproach addressethe convergence of mean
magnitudes, the absence of peak locking bias and the comparison of flow features that are
characteristicdo the engine operatn cycle with respect toneasurements done using
classical PIV under same experimental conditiohs.a result, the 2D timeesolved
measurements fulfilled all validation criteria and are considered as reliable data sets
study then-cylinder aerodynanas.

For the test campaign300 engine cycles were recorded for each ofstkeengine
operation conditionstwo realisticrotational speeds.e. 2000 and 3000 RPNMndthree
inlet flow conditionsprovided by adding differenports to the inlet ductyielding an
intake of 100%, 50% or 25% of the initial inlédw. Recording resolutions per cycle
were set to limage pairrecorded every 12 and 8 CAr 2000 and 3000 RPM
respectively Table2-2). During eachcampaigq, the engine was stopped in order to clean
the cylinder walls smeared by the tracer particles and avaidybimages. Therefore,
eachof the 6campaigs was performed by recording series of 50 engine cycles at a time,
i.e. approximately 2000 particle inga pairs. In total, 7250 particle image pairs are
obtained for PIV computationssulting in 71250 velocity fieldsThe in-cylinder flow
characterisation during the different casediscussed in chapter 3.
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Intake N = 2000 RPM N = 3000 RPM

duct Number Recording | Image pair | Number Recording | Image pair
opening | of cycles | resolution | per cycle | of cycles | resolution | per cycle
V100 350 12 CAD 45 350 8 CAD 30

V50 300 12 CAD 45 300 8 CAD 30

V25 300 12 CAD 45 300 8 CAD 30

Table 2-2 Summary of TR-PIV measurement campaignsiuring intake and compression strokes,
[-360, 0] CAD.

Although alterations in engine operation regarding parameters of speed and inlet
flow have been previously treated in literature, their exg@an to 3D experimental
investigation essential to further understanding the flow and to better validate numerical
models,is still very limited Therefore, m order to access the thrdenensional nature of
the flow experimentally, tomographic PIV offeran extension of 2D2C PIV
measurements into volumetric 3D3C measurements (81). It allows investigating 3D flow
dynamics experimentally and obtaining more reliable data for the validation of numerical
simulations. However, implementing this technigiaees many constraints due to the
complex engine geometry in terms of confinement, of optical access and of optical
deformationsand thus the challenge of obtaining accurate 3D measureminthis
context, the application and development ofib-PIV to the opical engine are addressed
in the following.
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2.2 Tomographic PIV and 3D flow measurements

In this section first the procedures implemented in order to perfdraomo-PIV
measurements in the engine, i.e. a confined geometry with restricted optical aceess
described in§2.2.4 and consequent 4aylinder measurements are described|2#
Then, the data processing techniques used to obtain thedthremssional descrin of
the incylinder flow aredetailedin All tomographid?IV codesused for volumetric
reconstructionare thosedeveloped byPPRIME institute ofthe University ofPoitiers.
Results arghenvalidatedin §2.2.4and the choice of theptimal investigation volume
used during the course of this study is demonstrated. Finally, a eesgl calibration
technique aiming to optimize the experimental proeesbkovercome the confinement of
the chambeis developed andalidatedin §2.2.5

2.2.1 The experimental setup

Our objective here is to adjust and calibrate multiple angles of view to a relatively
small and highly confiad space with severe optical deformations and reflexions. High
speed laser and camera-sptused for timgesolved measurements are substituted with
lower frequency equipment for phaleeked measurements which yields to a different
synchronisation appreh. In addition, the calibration process is extended from the plane
to a volumetric domain.

2.2.1.1 Geometrical considerations and optical arrangement

In contrast to TRPIV, TomoPIV deals with a thick laser sheet, instead of a thin
one, as well as high laser emgr, over 10 times greater than TRIV, and greater
sensibility of the CCD sensorsyhich aggravates the problem of reflexions and light
deviations caused by the curved surfaces of the thick cylinder. Therefore, the optical
access in the combustion chamigeno longer possible directly through the cylinder wall
as descgbed in B.1.1 It is now achieved via the 45° mirror placed under the piston head
Figure 2-15| (a)). In addition, the light sheet configuration is achieved using one
cylindrical lens of focal length.f, = -100; the spherical lenssed during 2D measurements
is no longer needed to bring the laser beam to farwuks henceeliminated in order to
exploittheEHDPV GLDPHWHU IRU UHDFKLQJ WKH ODUJHVW LQY

A thorough alignment i€nsuredbetween the laser, the periscope, the cylindrical
lens and the 45° mirror in order to establish the desired investigation volume at the middle
of the @mbustion chamber, i.e/ertically centred at the midylinder plane previously
considered for TRPIV measurements. Knife edged cutters are then used to control the
laser sheet thickness and are placed between the cylindrical lens and the mirror tparallel
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the laser sheet. By in

stalling them on micrometric translations and defining the mid

cylinder plane aghe referenceplane Z,=0, different investigation volume tknesses
ranging between 1 andrBm could be testely widening the intecuttersdistancearound

Z, position(Figure2-15(b)). This was verified bymagingthe laser sheqirofile reaching
the incylinder investigation volumevith respect to the intezuttersdistanceand results

are shownri|Figure2—14

| The laser sheet crosses an optical path passing by the lenses, the

mirror and the piston h

eadhis path as well as the divergence of lihger sheeg¢xplain

the differences between the measured thicknesshendutters position8eyond 8 mm
thickness, the laser shdesesits top-hat profilethusdegrading the quality expected for
particle image reconstruction.

Figure 2-14 Laser sheet thickness measureith the investigation volumewith respect to fixed inter-
cutter distanceand accompagniedschematicof the laser shee$§ optical path

It was then observed that residual reflexions prompted from illuminating a closed

combustion chamber
Therefore, the quartz p

surrounded by various Hietacomponents were inevitable.
iston head was patrtially painted in black in order to minimize them.

This allowed ony the light sheet to go through the piston head and elimirthtedany
reflexions caused by the inner piston backmd. Moreover, dealing with multiple angles
of view resulted in reflections manifesting differently with respect to the considered angle
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of view on the one hand and to the considered crank angle degree on the other hand. For
thisreason, an adjustableitenedged system is designed and installed in front of each lens
which allows correcting reflexions for each angle of view in an independent manner
(Figure2-16). Finally, remaining reflexions are eliminated iniavage preprocessing step
detailed in|®.2.3

Figure 2-15 Tomographic PIV pyramidal configuration: (a) 45° mirror (b) knife edge cutters

The Tomo-PIV recordirg system used consists of four 4Kx4Hxels Hamamatsu
CCD cameras and a PIV Spectra Physics laser delivering 350 mJ per pulse while at 532
nm and 10 Hz. The cameras are equipped withEPK@icro NIKKOR lenses (45mm
f/2.8D) with Scheimpflug adapters for ppextive control allowing both tilt and shift
corrections. Unlike what is found so far in the literat(Baum et al., 2013)Peterson et
al., 2016) a compact pyramidal disposition of the cameras is chosen to ensure 4
independent angles of via@. However, the restricted optical access into the
chamberGHSLFWV SODFLQJ WKH FDPHUDV DV FORVH DV SRV
FKDPEHU DV ZHOO DV FRQVLGHULQJ VPDOO DQJOHV RI YL
Therefore the considered angles range between 20° and 30° and a minimal distance of 25
cmis set between the cameras and the investigation volume. Finally, the achieved field of
view has a resolution of 2048x2048 pixels corresponding to 81x81 mm2. However,
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matching the field of view for the 4 cameras, eliminating reflexions and optimising
calaulations led tabtaining velocity fields of 51x515Z mn?,

Figure 2-16 Knife edge cutter for reflexions Figure 2-17 Atomiser particle generator with
control impactor for seeding refinement

2.2.1.2 Seeding

As previausly seen, the quality of tracer particlasd seeding densiig crucial for
PIV measurements. For themo-PIV setup, the same particle generator se
giving tracers of 1 to 5 um diametisrused. Hwever, the particular sensitivity ofomo-
PIV to triangulation errotsi.e. errors in identifying a particle in the 3D investigation
volume, necessitates further refinement of the seeding oMt particles concentration
(Atkinson et al., 2011(Thomas, Tremblais, & David, 2014)

Therefore, seeding density is adjusted with respect to volume thickness in order to

maintain adequatparticle distribution for each caséd always obtaiaround0.005 ppp

A series of test recdings were performed in order to determine this denbiyfixing
different input to the Bronkhorst flometer whose output is always introduced far
upstream of the engine valves in order not to disturb theylinder aerodynamicsThe

ppp value waghengiven via the TomdP1V algorithm computing the number of particles

in the volume divided by the number of active pixelgha considered image, which

turn are defined as the pixels whose line of sight (LOS) is crosisengolume

Finally, particle poduction is refined by adding an impactor in the generator that
prevents by aerodynamic selection the larger particles from crossing to the output flow
Figure 2-17). Eliminating the largest drops limits the aeypdmic response times and
thus allows avoiding bulky spotlights on the particle images which improves the
homogeneity of particle images.
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2.2.1.3 Synchronisation

In order to obtain phadecked data, it is essential to make sure of retrieving the
same crank angleeference at every recording. Unlike tiresolved measurements where
high speedlaser and cameraallow recording several crank angle degrees per engine
cycle, it is not possiblen Tomo-PIV measurements timmposeone cyclic referencpulse
andonea crark angle resolution per cyclgince recordings are performed at the same
crank angle degree for a series of engine cy@dssdocked measurements necessitate
identifying the considered engine phase in each cycle, then synchronising this pulse with
laser frequency The latter meanwhile oscillates at 10 HZ + 1Hz ahd Ecording
frequency is impose\ W KH F D P H UdD 2 Mzifr @ 8dkeRFramé\modd herefore, 1
every 5 laser pulses is retained and synchronised with the em@pending on the
H Q J k §pEEfl, every few cycles, thesiredphase referengaulse will coincide with the
retainedlaser flash light pulse. When this condition if fulfilled, an authorisation pulse is
sent to the cameraand the laser heads switoh in order to start particlemage
acquisition and record the phaseked data.

In order to implement this process, tpeogrammableAcquitek synchronization
board isagain used to collect and command the different pulses of image recording

sequencesAs shown inSchematic2-2| the authorisation pulse ideducedfrom the

accordance betweehe enginephase and theetainedaserpulse If no accordance is met,

the Acquitek board retains a loop of recurring cycles withaany particle image
acqusition. This schematic can therefore be divided into 2 main parts for the sake of
clarity, the recurrent cycles sequence and the recording sequence that are further detailed
in|Schemati@-3|andSchemati@-4{respectively.

') LQGLFDWHV WKH ODVHUfYVY IODVK ODPS WLPH GHOD\ z
and depends on the engine rotational speed and hence on the corresponding period of one
crank angle degree at thgteed.

DQ is the laser beam switch delay with respect to the flash lamp; it is a specific
characteristic of the laser that is imposed in order to operate in optimal conditions, i.e.
deliver maximal laser energy at the considered recording frequency. Toougur
measurements, the cameras impose a frequency of 2 Hz. As a consequence DQ is fixed at
215 ps allowing us to obtain a maximum of 300 mJ per pulse.

J)LQDOO\ "W LV WKH 3,9 IUDPH VHSDUDWLRQ WLPH FK
phase in order to follow at best the flows dynamic range. Therefore, during the intake
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stroke where velocity magnitudes are larger than during the compression stroke, a shorter
"W LV VHW

Schematic2-2 Synchronisation principle for TPIV measurements The engine pulse depends on the
engine speed

Schematic2-3 Recurrent cycleloop

Schematic2-4 Acquisition sequence
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In conclusion, the recurrent cycle allows a stable functioning of the lasers which will
run at a frequency of 10 Hz as long as the reference and authorisatios gols®t
coincide. Cameras are not triggered and no images are recorded. Once the authorization is
given, the recurrent cycle loop is stopped and the recording sequence is exBguted.
implementing this synchronisation procedure, pHasked measurementgan be
performed for different engine speeds while maintaining@imal operation of the laser
as well as ensuring the parallel recording of the 4 cameras without any loss of images.

2.2.2 In-cylinder recordings and 3D calibration

In addition to geometrical csiderations, optical arrangemesgeding homogeneity
and synchronisation accura®@ptaining a precise calibration of the investigation volume
is vital to the quality of3D data. It consists on establishing the link between the image
space and the objespace, the latter being a volumetric domain in this case. As a
consequence, o0mo-PIV requires multiple calibration planes to be recorded across the
volume so that each camera moclildfaithfully backproject the investigation domain

However, the copiexity of the engines geometry introduces important calibration
restraints caused by:

x the confinement of the combustion chamber that makes it rather impossible to move a
calibration target with precision alonedirection,

x the limited angles of view forptical access due to the columns and surrounding belts,

x the variable optical distortions as a function of the depth of field cabgdtie
F\OLQGHUYY WKLFNQHVY DQG FXUYDWXUH

These factors cause calibration errors to accumulate and measurements ptecision
decrease. So far in literature, this was considered as systematic errors, i.e. unavoidable,
resulting in omo-PIV measurement errors up to 12%entgraf et al., 2016)Peterson et

al.,, 2016)(Baum et al., 2012) Commonly when indicated, a doublevel targetis used

to calibrate images and match viewing planes from multiple cameras. This is still however
limited in the number of planes available for the calibration as well as in the number of
dots per plane available for the model computatitnasad2000)

Motivated hence to obtaia precisedescription of the inveégation volume and
enhance measurements accuragg introduce in the following a calibration procedure
allowing us to obtain a complete-aylinder calibration accounting for volume ¢kness
and the occurring optical distortions. Throughout the rest of this manushrgiyill be
referred to as thm-situ calibration procedure
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YIn-situ calibration

In order toaccessthe entire investigation volume, a new set up eliminating the
chambHUYV FRQILQHPHQW REVWDFOH LV PR){@QH[W W R
It consistson first installing the cameras assembly on a translation rail in front of the
engine which allows moving it without ompromising the cameras adjustments.
Moreover,a nmetallic arrangement replicatinge baseR1 WKH HQJLQHYV TXDUW] F
installed coaxidy to the combustiorthamber so that thposition of themid-cylinder
plane % is preserveavith respect to theamnerasFor this purposehte baseés mounted on
several translation plates allowing its displacement itY ddnd Z directions. Using these
translations along to a laser level indicatgfigure 2-18| (6)) allows obaining a
PLFURPHWULF SUHFLVLRQGsitohing KH F\OLQGHUTV QHZ

The first adjustments of the 4 cameras are made wsirggular gridcalibration
target placed at the midylinder plane Zinside of the original combustion chamber,
similarly to what isusually donefor classical PIV measuremen@ncethein-cylinder Z
plane is recordkedWKH UHFRUGLQJ DVVHPEO\ LV WUDQVODWHG D
position with respect to the CCD sensors is verified by removing the calibration target and
the quartzcylinder from the engine and placing them on the new set up where-the in
cylinder domain is easily accessiby comparing thegrid coordinated of th@ew in
cylinder Z planeto the previously recorded one, ttepositioningof the cylindercan be
obtanedwith a pixel precision.

In this new configuration, it is now possible to freely move the calibration target
across the whole investigation volume in the presence of the cylinder which in turn is easy
to place or to remove. In order to do so, the tapipe is fixed on a translation stage that
ensures a displacement precision up to 5um. Using this stage, 21 calibration planes are
recorded over a 10 mm range, i.e. covering the desired investigation volume range,
centred aZ, and separated byZ = 0.5 nm:

Z=-5mm<4<Z=5mm.

Using the in-house pattern recognition algorithm |281.4, grid coordinates can be
extractedwith subpixel precisionfrom the 21 iRcylinder target planes with respect to

each of he 4 cameras in order to compute their corresponding camera model referred to as
the in-situ models herafter. After obtaining the target images at the known span wise
positions, the cameras are translated back to their initial position in order to peesed

locked particle images for the selhlibration step of camera modéieneke, 2008)For

this purpose, particle images of very low dengity005ppp) arerecorded at BDC, i.e.
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180 CAD, wherehe piston is at its lowest position in the combustion chamber and hence
the field of view is the largestThis calibration procedure allows obtaining valid camera
models described in the following paragraph, resulting in a high quality volumetric
reconstuction of the ircylinder flow.

Figure 2-18In-situ calibration setup: 1. Recording assembly 2. Micrometric translation and
calibration target 3. Cylinder base 4. Combustion chamber 5. Cylindricblens 6.Level indicator
7.Translation rails

¥ In-cylinder measurements

Knowing that the ircylinder aerodynamics consist of a highly thoemensional
IORZ LW LV EHQHILFLDO WR H[WHQG WKH LQYHVWLJDWI
admissible ones in order teach more information and enhance our understanding of the
in-cylinder flow. However, the thickness of the illuminated investigation volume is one of
the main parameters influencing the quality of 3D velocity measurements. It particularly
limits particle ©ncentration to less than 0.1 particles per pixel (ppp) in all cases.
Additionally in IC engines, optical distortiorad astigmatism effect on particlesused
by the cylindelf V P-Budved Llglass interfacmtroduce further limits to the size of the
investigation volume due to their alterations in areas surrounding the focus plane.
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For thisreason multiple sets of ircylinder recordingsare performed in order to
validate data with respect to the increase in volume thiskmes zdimension, and select
the largest admissiblénvestigation domainThe seeding densitig then simultaneously
adjusted in order to optimizeomo-PIV computationsThree volume thicknesse¥ = {3,
5, 8} mm arefirst investigatedat BDC i.e.-180 CAD, by varying the space betee the
knife edge cutters placeatior tothe 45° mirrorand verifying the laser sheet thickness by
sheet profile measurinq@. +HUHDIWHU GDWD FRUUHVSR®&ELQJ WR
referred to as L3, L5 and L8 respeelly. Low density recordingat 0.0® ppp served for
the selfcalibration of camera models. Higher density recordaids05ppp served for the
volumetric reconstruction of velocity fields

After ensuringthe good quality of Tomo-PIV measurements and couatptionsfor
the largestvolume andvalidating the choice of investigation domain,piAaselocked
recording campaignsvere performedin order to describéhe in-cylinder flow during
intake and compression stroke&imilar campaigns were done for tlsex cansidered
engineoperation conditions.e. for the 3 intakéows at 2000 and 3000 RPK41.3). The
consideredengine phaseare chosen to correspond withoserecorded during THIV
measurementis order toshav the contributiorbroughtby 3D measurements with respect
to planar measurementdence 500 particle imagearerecorded aCAD = {-274,-250, -
226, -178, -130, -106, -82} by correspondingly adjusting particles densayd frame
separation timéor eachcase.

2.2.3 Data processingof Tomo-PIV measurements
As seen in 82,1it is essential to optimize the quality of recorded particle images for
PIV calculations and adjust the PIV algorithm accordingly.

2.2.3.1 Image preprocessing

Particularly while performing dmo-PIV measurements, different sets of particle
images are obtained with respect to each angle of view and therefore need to be assessed
separately before 3D reconstructidrnis is a critical step since it reflects directly on the
weighting matrix that representhe contributionof the intensity in each pixel of each
camera irthe intensityof each voxel.

In order to makesure image prprocessing is optimizednd eliminate any residual
reflections, a mean background image is obtained for each laser headspiht to each
of the 4 cameras and is then subtracted from all corresponding particle images. Then a
division by a mean particle iage is performed and a 3Xaussian filter is applied. This
significantly reduces the noise for image reconstruqh?igureZ-lQ andFigure 2-20). It
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is particularly worth noting that these image-precessing steps allowed particleshe
bottom of the field of viewotherwise confused witthe cylinderbase background to stand
out and be easily identified.

Figure 2-19 Raw patrticle image Figure 2-20 Particle image after pre-processing

2.2.3.2 Camera nodels and seltalibration

After extractinggrid coordinateof the 21in-situ target planesa Soloff model is
calculated for each of the four cameras. Projection errors of approximately 3 pgixels
are noted for each. dfumetric selcalibration stegWieneke, 2008)s then performed
using the 500preprocesseDUWLFOH LPDJHV LQ RUGHU WR UHILQH
functions and minimise triangulation errors. Images of low particle densitiesusedeor
the selfcalibration procedure that was iterated, starting with a search radius of 6 pixels
gradually reduced to a final radius of 2 pixels. After the final iteration ofcadiliration,
projection errors decreaf®m 1 to 1.5pixelsto about 002 pixel, and triangulation errors
are lower than 0.12 pixels in the entire domain.

Using the reconstructed particles in sedfibration, the laser intensity profile is
calculateddisplays the laseprofile in zdirection IRU ~= PP DQG VKRZ
approximately 10% of ghost particle level indicated by the remaining normalized intensity
at thetails of the light sheetkeeping in mind that ghost particles occurraigpinside the
investigation volume cannot be easily accodnter. Further tests to enlarge the light
sheet width resulted in ghost particle leaelthe edgesH [FHHGLQJ IRU "= o PP
Consequently, volumetric investigations were fixed to 8 mm or smaller, thus the choice to
test 3, 5 and 8 mm volume thicknesses
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Figure2-21 1IRUPDOL]HG LQWHQVLW\ SURILOH FDOFXODWHG E\ WKH UHFRQ
mm

2.2.3.3 Tomo-PIV algorithm

By means othe codes developed by PPRIME institute, -precessed images are
reconstructed using multi-pass $art Multiplicative Algebraic Technique (SMART)
with SMART_FAST initialization method that encompasses a minLOS first step. a
minimum line of sight intensity initialisatiomnd n iterations of SMART_FAST.e. a fast
version of the SMART algorithniThomas et al., 2014Ywo iterations wih raytracing
interaction method and variable relaxation parameter are employeadally, a 10%
enlargement of volume dimensions was imposed in order to ensure that the laser sheet
profile intensity is correctly reconstructed.

Moreover the combination of &olumeGaussian filter with a volume threshold has
been shown to increase reconstruction quality. Therefore, different threshold levels were
testedduring the volumetric reconstruction stepere intensities are normalized between
0 and lamd a value of 0.001 volume threshold was found to provide an optimal
reconstruction qualityThe volume threshold level is a linear function of the image signal
ratio Ns; defined as the percentage of ndBODFN SL[HOV LQ WKSd¢alaioWLYH SL|
2013)(Thomas et al., 2014)

The three investigation volumes had similar spatial resolution and similar volume
steps of 0.18x0.18x0.054 nminmence 295x301xk volunwid dimensions where k = {55
90, 170} for L3, L5 and L8 respectivel\As a result, high quality reconstructed particle
volumes 0f53x5371 "= P Pare obtained, i.e. bagiojection qualities exceeding 80in
all cases
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Velocity fields are then computed from pairs of volumes by means of normalized
3D crosscorrelation with Gaussian syixel peak interpolation methodnd a Spline
image interplation method The spatial resolution is similar between the different light
sheet thicknesseh the iterative calculation process, the fipakss doneover 20x20x20
pixel® interrogation window size corresponding to 0.8x0.8x0.8*mith a 75% overlap
factor. A grid of 50x50xk vectors is obtained.

Finally, 250 instantaneous velocity fields are calculatedefich of L3, L5 and L8
and the 3 datasets are compaegdl analysedn order to validate ktylinder engine
measurements and the choice of ingzdton volume.

2.2.4 Tomo-PIV data validation and choice of investigation volume

2.2.4.1 Convergence of mean quantities

The statistical convergence of the three velocity components and their corresponding
fluctuations is evaluated across the 250 velocity fields inrdoddetermine the sufficient
number of recorded cycles for data analysis.

This is obtainedfor the three volume thicknesséy calculating theensemble
averagedrelocity field Frnear(X,y,2) of N number of fieldd(x,y,z) VXFK DV R
increasing\ by a step of 2%5ields:

C
Fecyr, (28Y4; L E&: 284 ; (2-5)

i
-

olw

wheref is the velocity vectory,v,w).

Figure 2-22|describeghe ucomponent of the L8 ensemble averagéocity fields
and fluctuations obtained from N = 50, 200 and 250 fisliswing greater differences
between N = 50 and N = 200 than between N = 200 and N =H&&te, 250 pairs of
recorded imageseem to baufficientto ensurgheconvergence of mean quantities

This is shownfurthermore in|Figure 2-23| showing profiles of @ R&and %

components as well a&f’ Feand &3 Al profiles are extracted along-Hirection at Y =5

mm and Z = 0. This illustrates athe one hand a more rapid convergence of u and v
components than w componerathough in all case50 velocity fields ensure statistical
convergence. @the other hand a more rapid convergence of the mean velocitydaids
be observed with respect to the convergencelafcity fluctuations.
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Nfields 50 200 250

Y%

Jo

Figure 2-22 Convergence of mean velocity component u and mean velocity fluctuation u'
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Figure 2-23 Convergence of velocity profiles and velocity fluctuatios along u, v and w components

2.2.4.2 Statistical analysis

In order to validate data for tHargest investigation voluméZ = 8mm the global
mean incylinder flow at BDC is described for L3, L5 and L8 then statistical quantities are
compared at the midylinder plane gas well as at common border planes, i.e. at Z =+1.5
mm.

2.2.4.2.1 Mean velocity fields

Mean velocity fieldsare slown in|Figure 2-24jfor an engine operation condition of
2000 RPM and 100% intake flow. Velocity vectors represent the 3D velogitym and
discrete levels of velocity magnitudes are displayed by 3Dsusfacesfor each
measurement volume. Four flow regions can thus be identiffesll cases

The first is the upper right of the field, where the largest velocities appear. It
represents the tail of the intake jet, the intake valves being on the upper rigtgidend
Similar velocity magnitudes can be noted for L3, L5 and L8 while comparing the same
spatialdomain reaching values over @8s. Particularly in this region, flow field captured
for L8 show distinctly different velocity behaviour outside the L3 andrigasurements
boundaries, revealing the strong thoemensionality of the ircylinder flow.

The second region is the upper leflesiof the field where several-¢haped iso
surfaces manifest velocity magnitudewer than 7 m/$n the 3 cases. The thirégion is
the lower right of the field where a strong vortex structure forms, i.e. the tumble motion,
and velocities tend to zero magnitude at approximately the same position for the 3 volume
thicknesses.

Finally, the forth region at the centend lower &ft of the field of view show
parallelC-shapedso-surfaces with velocity magnitudes decreasing as the flow is met on
the one hand by the left side cylinder wall and onother hand by the tumble motion.
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In order tofurther visualise thesglobal similarities |Figure 2-25/shows themid-
cylinder planeZ, extracted fromeachvolume. It confirms again that 4 regions can be
identified and are desceld similarly for L3, L5 and L8Figure 2-25| also shows the
ensemble averageatlocity fluctuations for L3, L5 and LB Z, plane In the 3 cases, the
vortex and intake regions show the greater fluctuationthe field decreasing as they
meet in the middle and as we move towdh#gbordersof the fieldof view.

L3 LS L8

Figure 2-24Mean (up) and fluctuating (down) velocity fields of L3, L5 and L8

L3 L5 L8
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Figure 2-25Mean (up) and fluctuating (down) velocity fields extracte at mid-cylinder plane Z, of L3,
L5 and L8

2.2.4.2.2 Instantaneous velocity fields
Having found similar global behaviour of mean flow dynamics, it is essential to
evaluate instantaneous veldWi\ ILHOGVY HYROXWLRQ GXULQJ D VHULH\
to refine the comparison between the three volumetric measurements at BDC, particularly
in the common area, and validate the obtained @ata.to the unsteady nature of the in
cylinder flow, individual instantaneous velocity fielddbtained from L3n L5 and L8 at
separate timesannot be compared for the three thickeasRather a statistical approach
LV FRQVLGHUHG WR GHVFULEH WKH IORZYfY HYROXWLRQ D

(@) (b) (c)

Figure 2-26 Example of instantaneous velocity fields of (a) L3 (b) L5 and (c) L8

The example ofvelocity fields in [Figure 2-26| show thevery different velocity

magnitudeghat can be observemh the same instantaneous field well aghe different
vector directions and vortical positiongvealing the wide range afinsteadyflow
dynamicsin the engineAlthough individual fields cannot be comparedisitpossible to
statisticallyanalyse WK H 10 R Z { Valéhlg & §eNds Rf>eblgine cyclésor this purpose,
spatial mean velocity components and their corresponding standard deviation are
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computedaccordingwithin different plamr positionsof the 250 instantaneousrelocity
fieldsat BDCaccording to:

éa ay
s . . -
O QPL 3.7 I 1 Q:Tas (2-6)
5 5
az aa
O QP > i1 QT
fd g !l T @7

wherei is the velocityfield i and (r,ny) is the number of points (x,y) in theonsidered
planeof the field i.

Three planesin the commorregion of L3, L5 and L8 are particularlgescribed
hereafterthe midcylinder planeZ, = 0 andthe border planes ¢fie commorvolume,Z =
+1.5mm |Figure 2-27|first shows the evolution oimeanu-component in g&planeas well
as its fluctuationO & Pfor L3, L5 and L8.It can clearly be observed that the turbulent
nature of internal engine aerodynamic induces many variations from daetameous
velocity field to amther.However, the amplitude of variati@@ems to be similar for the 3
cases This is then summarized ithe first graphof [Figure 2-28 where error bars
correspond to velocity fluctuatiolangelFigure2-28jalso illustrates the behaviour of the 3
velocity componentsn each of 4, Z = +1.5 and Z= -1.5 mm for L3, L5 and L8
Consequently, similarange of variation®f u and v components sbservedfor the 3
volume thicknesses with a slight shifttbE mean components b8 velocity fields.When
consideringthe w-componentin particulayr the comparison appears more subgeause
of the near zero mean valuasd 3 different magnitudes are rewzhfor the 3 volume
thicknessedn addition to the8 data sets being recorded at different time perithdsshift
in magnitudes valuesan be causely thefact that as the volume thickness increaaed
while maintaining a constant particles density in all cases, the number of particles
describing the flow decreasedoreover, the integrated number of ghparticles in the
investigation volume increases. These factsiraultaneouslydecreasethe quality of
volumetric reconstruction. Although, as note backprojection quality exceeds
80% in all cases, it istill greater for L3 case than for Lshich in turn is greater thar8.

In conclusionnWKH IORZfV HYROXWLRQ DFURVYV IRU WKH WKU
similar global behaviour ofesults in thecommonregion This fact, added to the main
interest of obtainig a 3D characterisation of the flow, promoties use of an 8 mm light
sheet for ircylinder measurements.
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Figure 2-27 Spatial averagedu component and standard variation of instantaneous velocity fids at
Zyfor L3, L5 and L8

Z=-15

Z=+415

Figure 2-28 Mean velocity componentgannotations)and standard variation (error bars) of
instantaneous velocity fields for L3, L5 and L8

62



Tomographic PIV and 3D Flow Measurements

2.2.4.3 Conservation dmass
In order to validate furthermore the quality of our 3D measurements, the uncertainty
of the 3D velocity data is quantified for the thre#ume thicknesgsasesat BDC, i.e. the
largest field of view(Zhang et al. 1997)(Baum et al., 2013)For this purposehe mass
conservation principle is applied:
s 06 _0Q,
¢ IFIQ E 0Ty

Lr (2-8)

Moreover, atBDC, the term é?° @éAis neglected because densitys assumed to be

uniform with timesincell—g is commonly found to bewvo ordes of magnitudes below the

divergence of the velocity field\s a resultcontinuityat BDCcan be approximated by:

g—%L r (2-9)
Considering control volumes of 4x4x4 grid regioorresponding to 3»& vectors, the
YHORFLW\ IOX[ "9Y cad then bealculated in order to quantifis relative
deviation from mass conservation. For this, the used velocity vectors are the averaged
vector normal to the surfagef the contrololume. Thepdf of velocity flux are shown for

L3, L5 andL8 in[Figure2-29

By normalizing the velocity flux with respect to the averaged velocity entering each
control volume, its deviation from the &walue $ found by equation-21 (Overbriiggen
et al., 2013Jor each investigation volume thickness.

U . ¢, % . ¢, % 0e
éL - 2 Fl ~ -
zFU , + op Y0008 , + oo J00] (2-10)
%0 02 %o 2

According to literature, this deviation is on the one hand associated with the discretization
errors ofthe velocity measuremen{Zhang et al., 1997)like inhomogeneous particle
distribution within an interrogation volume and limited spatial resolution, and on the other
hand it may be aftvuted to vibrationsof the enginef ¥nvironment as well as residual
distortions from the curvature of the thick cylingBaum et al., 2013)

7KH REWDLQHG Y DrnaeXrwhileRithid 10961 6t 2EsCand are therefore in
good agreement with other tomographic measurements in turbulent configurations which
demonstrates the validity of our 3D velocity measurem@ritvio Scarano & Poelma,
2009)(Zhang et al., 1997Overbriggen et al., 2013)
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Figure 2-29 PDF of velocity flux for L3, L5 and L8

Volume thickness Deviation of mass conservatior
"Z=3mm éL ugt”
"Z=5mm éL yau
“Z =8 mm éL zav”

Table 2-3 Deviation of velocity flux

2.2.4.4 Comparison to 2D measurements

The last step for validating the tomographic PIV measuremsnits compare the
resulting velocity fields, particularlynid-cylinder plane of the investigation volume, to
time-resolved measurements piaysly performedin X and Y-directions,thedimensions
of Tomo-PIV field of view arereducedwith respect to TRPIV field of view as is shown
in the blackdashedsquare @La} The presented velocity éids have different
origins of coordinate system due to the use of different calibration targets for the two types
of 2D and 3D measurementBroperly rescaling the two coordinates systems onto the
same origins revealed to be inaccurdiigs current origis are retained and the common
zone is isolated from THRIV measurements and exploited for comparison with the Tomo
PIV velocityfields (Figure2-30|(b) and (c)).

It is then clear that globamean characteristics foin-cylinder flow fields are
similarly observed irthe midcylinderplaneof the 3D dataThe main structures at each
CAD are found and velocity magnitudes are generally of the same Bededifferences
andadditional observations are howewvesrth notng.

One observation is the reduced-dimension of 4 fields of view near the piston
headfor certain engine phases, such-a850 CAD or-106 CAD, with respect to 2D
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measurementsThis is causedy the positioning of theknife-edge cuttermeededto
eliminae the saturation of CCD sensdpy light reflexions causedthe thick laser sheet
crossing the piston he%@ and hence reducing the field of vielm addition to
the cuttes, the automatically generatechagemaskingmainly influenced by image noise
levelrefines thel L H @i@dngion and can furthermore reduce it.

Similarly, the common regions of FRIV velocity fluctuations fields are compared
to the midcylinder plane ifFigure2-31{ A globaly inferior order of magnitudeis noted
for the different CAD with respect to 2D measurements. This can be producad by
number of factors. One the greater measurement errors implied by 3D technisues
as theunavoidble presence ofesidualghost particlesnside the investigation volume
despite the advanced image jprecessingRecalling thata ghost particle is present in
both images of a recorded TordV imagepair since it is linked to the psence of true
paricles in thoseémages. Hence, the displacement of ghost patrticles is derived from the
displacements of the true particles as their mean value and it therefore leads to an
underestimation of velocity gradientatkinson et al, 2011) Another factor is théower
spatial resolution of Tom®@IV measurements with respect to plaRdv: abeit their
capacity to provide accurate flow descripti@patial resolution is limitedrinally, the
separated periods of 2D and 3D experiment thane also influence the rd&ibecause of
possiblydifferent engine operatisn

b) TR-PIV and TPIV
a) TRPIV commonzonefrom c) TPIV

(@)

CAD =-274
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=-106

CAD

CAD =-82

Figure 2-30 (a) Ensemble average velocity field from TRPIV measurements. The black square
represent the common region with TomePI1V measurements. (b) Isolated common region of ensemble
average velocity field from TRPIV measuremants (c) Mid -cylinder plane of ensemble average

velocity field of Tomo-PIV (L8)
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a) TRPIV b) TR-PIV and TPIV
commonzonefrom (a)
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Figure 2-31 (a) Ensemble average velocity fluctuations from THPIV measurements. The black square
represent the common region with TomePI1V measurements. (b) Isolated common region of ensemble
average velodyy fluctuation from TR -PIV measurements (c) 4-plane of ensemble average velocity

fluctuations of Tomo-PIV (L8)
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2.2.5 Ex-situ calibration process

2.2.5.1 Objectives

As seen so far,KH FRPSOH[LW\ RI WKH HQJLQHTV JHRPHWU\
constraints like the edinement of the chamber due to its nature and the limited angles of
view for optical access due to the columns and surrounding belts. These constraints limit
the applicability of Dmo-PIV and particularlylimit the possibility to perform a full
volumetric calibration inside the combustion chambemnd obtain accurate camera
modelling. This fact motivated the search for an alternative calibration process that is able
to overcome confinement and optical distortions yet accurately describe the investigation
volume while avoiding the need to install additional set ups to the test bench or move the
tomographic recording system. For this reason, a newsitu processs developed and
evaluated for the waylinder flow ands found to be a suitable solution teetproblem.

To be able to make this assessment, volumetric reconstructions resulting from the
ex-situ process are compared to those resulting fitbwn classicalin-situ calibration
described in To peformWKH ODWWHU WKH FRQILQHPHQW RI W
chamber had to be eliminated in order to gain free access necessary to move the
calibration plate through the entire investigation volume.

We aim with this procedure to overcome the need forifullitu calibration for
confined geometries by using te&situ process that includes a polynomial deformation
function to be applied on particles images allowing thus to cross to-window
configuration. Having reduced optical deformation, lower order cam@dels can be
used reducing thusomputatiortime.

2.2.5.2 EXx-situ Procedure

Placing the calibration target at the measurement region and moving it with
precision inside the combustion chamber is a rather impossible task to achieve. It requires
accessing a hidy confined chamber and fixing the target plate parallel to the mid
cylinder plane (i.e. controlling the axial and rotational orientations) then scrolling it for
multiple positions scanning the 3D investigation volume.

In the absence of these constrairdscalibration target is usually placed on a
translation stage and recorded across the whole investigation volume at previously fixed
locations. A mapping function is then computed, based on a linear or -Gnean
approach(Basanta J. et al, 2013p describe how each element of the thdimeensional
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physical domain relates to the tglomensional image domain. This cannotdmhieved
however without a certain level of accessibilitjo the investigation volume.

Therefore, the approach proposed here establishes the correspondence between an
originally confined investigation volume and its mapping function computed in the
absnce of confinement. A full 3D calibration process is done in the absence of the optical
window and is then associated to a single fixed calibration plane recorded at the central
position of the confined investigation volumee. in the presence of thetmal window
The optical distortion introduced by the window is compensated by ts#uwegalibration
model obtained by performing four main steps:

(1) The first step is recording the calibration target in multiple planes across the
investigation volumen the absence of the optical window, i.entinement. A reference
plane % is used to identify the central plane of the investigation volume. The recorded
targets are then used to extract grid coordinates at all consid@@sitibns and compute

the majping function of each camera using adequate modelling such as pinhole, Soloff,
polynomial or other.

(2) The second step is recording the calibration plate-ptafieof the confined chamber,

i.e. inthe presence of the optical window. Then, a deformétioation is computed to

describe the transformation between two grids:RZE W Dib-@H Q QR Z Ty dbQiked=
ZLWKZLQRERZYT +DYLQJ WKH VDPH FDOLEUDWLRQ WDUJHW
coordinates in that space, referred to as real coordirateshe same with and without

window:

| POp=| P (2-11)
[e2) p4
where the subscripts r_i and r_n refer to reavindow and real navindow coordinates

respectively. However, the mesponding pixels coordinates are different as a result of the
change in the optical path after adding the window. This difference is described via a
deformation function & such as:

n

| ™ p=Fer | " (2-12)
4 n4y

n
where the subscripts p_i and p_n refer to pixelsvimdow and pixels navindow
coordinates respectively.
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(3) Thedeformation functior4es is thenused to projecall particle images recorded-
windowon theno-windowdomain. Hence, a new spatial domain is obtained whegeld
deformations are taken into consideration and corrected.

(4) In a last step, a volumetrgeli-calibration step is performed using the projedtas
densityparticle images of (3) to refinedhensuing camera models compuiedl) thus
resulting in theexsitu camera models which will be used for volumetric reconstnaif
the new newindow domain

As a result, the esitu procedure allows overcoming confinement while reducing
optical defornations which in turn highly impact computation time since they usually
necessitate high order camera models in order to be taken into account in flow
reconstruction.

In order to test and validate the-situ calibration process, a comparison is made
betwea its resulting volumetric reconstructions and those resulting élessicalcamera
modelling previouslyobtainedvia the in-situ calibration processThe three dtasets L3,

L5 and L8recorded aBDC are considered, i.e. measurements at three volumendssks
and arengine operation condition @00 RPM and 100% intake flow.

Figure 2-32Ex-situ FDOLEUDWLRQ SURFHVV LQ WKH HQJLQHYV FRPEXYV
2.2.5.3 Validation of exsitu process

2.2.5.3.1 Qualitative analysis
In order to evaluate the validity of the new&tu procedure, identical parameters as
described in|8.2.3were used for volumetric reconstruction of L3, L5 andin.&he no-
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cylinder domain, i.e.using theexsitu camera models. All particle images were thus
projected beforehand usingeFthat isnow defined as a ' degree polynomial function
given by equationg-1)(and(2-2)| Ex-situ amera models am@btaina similarly to thein-

situ procedureusinga Soloff approach and the salalibration step is performed using the
low density projected particle imageSimilarly to in-situ camera models, projections
errors prior to seiftalibration are of the order of gixels while after seltalibration,
projectionerrors decrease to less than2gixels in the entir@o-window investigation
volume.

Results obtained from both-Bitu and exsitu processes are then compared. First,
the ensuing ensemble averdgevelocity fields are shownfor the 3 casesinD
Figure2-33\where isesurfaces reveal magnitudes oé thelocity andheir fluctuations are
shown in|Figure 2-34{ This first result reeals identicalmeanflow characteristics in
consequence of both calibration processes. In both cases, a decrease in mean velocity

magnitudes is noted as the flow gets further away from the intake jet and an increase in
velocity fluctuations is seenear he vortical regions of the flonmMoreover|Figure 2-35
show velocity profiles extracted at different positions of thepkane. Velocity profiles
ensuing from thexsitu calibration are overlaid to those ensuingni thein-situ process

and show perfect correlation.

In further analysis of the mediow fields, meanplanar propertiesO ‘“$ Pand

O 8p are extracted across-dImension in order to evaluate the effect of the
deformation function described §2.2.5.2over the change in optical deformation across
the invesmation volume. This is shown|Figure2-36jandFigure2-37|for all planes £ of

L8 datasetvith k varying from 1 to 31n a4 mmrange A perfect correlation evidently

appears in the midylinder Z-plane from which derives the deformation function.
Meanwhile, the relative error between the mean valuem-sftu and exsitu planes
slightly increases while moving towards the borders of the investigation volume.
However, the maximal deviations noted at Z = £4 mm are still less than 2.5% of the initial
value and therefore are considered acceptable.

Moreover, by closely exaining the border planes in the velocity profilesFagure
guastidenticalin-situ and exsitu deduced velocity magnitudes are revealed in the
entire field with slight differences for the region nearer ® ¢klinder wall. It can hence
be deduced that the observdifferences irIuFigure 2-36|reflect the inclusion of regions
closer the cylinder wall where optical deformations are most stringent.
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In-situ calibration Ex-situ calibration

L3

L5

L8

Figure 2-33 Ensemble averagedrelocity fields obtained fromin-situ and ex-situ calibration processes

74



Tomographic PIV and 3D Flow Measurements

In-situ calibration Ex-situ calibration

L3

L5

L8

Figure 2-34 Ensemble avergaedrelocity fluctuations obtained from in-situ and ex-situ calibration
processes
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Figure 2-35 Profiles of meanvelocity magnitude extracted at midcylinder planes

Figure 2-36 Mean velocity magnitude in XY Figure 2-37 Mean velocity fluctuations in XY
planes across L8 forin-situ and ex-situ planes across L8 forin-situ and ex-situ
calibrations calibrations

Z=-4mm

Figure 2-38 Comparison ofin-situ and ex-situ meanvelocity profiles of L8 in planes Z = £4 mm
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2.2.5.3.2 Quantitative analysis

The cyclic and turbulent nature of engine operation makes it essential to characterize
the different scale structures of thecylinder flow. Therefore, making sure that the
situ process is capable of faithfully reporting these scalesthie reconstructed

instantaneous velocity fields is of paramount im@we Figure2—39l.

In a first step to reveal the correlation between the two techniques, the evolution of
velocity components is described mdpthe 250 instantaneous velocity fields obtained
from the two processes|Figure 2-40; Both O QP and O RP conponentsreveal exact
similarity of instantaneous velocity fields. A slight shift apigedowever inO~ P
component. This is believed to reflebe averaging over the whole volume and thus the
accumulation of relative errors. Then in orderrefine the comparisonnstantaneous
velocity profiles (u,v,w)are extracted along-direction at 3 different ypositions in the
mid-cylinder plane & and boundary planeg = +4 mm(Figure 2-41). The described
similarities areagain observed across the enticdume with increasing shift at the regions
closer to the cylinder wall, in the border planes.

In-situ calibration Ex-situ calibration

L3

L5
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L8

Figure 2-39 Instantaneous velocity fields obtained fromin-situ and ex-situ

Figure 2-40 Comparison of instantaneous velocity fields obtained frorm-situ and ex-situ calibrations

Figure 2-41 Example of instantaneous velocity profilegxtracted from L8 mid and border planes
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In order to additionally refine the comparison, u, v andomponents are extracted
at one random point in space (X,Y,Z), frometR50 velocity fieldgFigure 2-42|thus
represents the instantaneous (u,v,wsgX components versus (u,v,w}situ components
at the same spatial location. Strong symmetry of u and v components reveals the high
agreement between the two techniques. The comparison is more delicateciopanent
considering tB small velocity magnitudes indirection at the middle ahe combustion
chamber, i.e. aoss our investigation volume. Nevertheless, a clear correl&igiween
in-situ andexsitu procedure is revealed thus validating the reliability of the latter.

)

(b)

(©)

Figure 2-42 Ex-situ vs. in-situ local components for a) L3, b) L5 and c) L8
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2.2.6 Summary of Tomo-PIV measurements
Experimentally describing the thremensional ircylinder flow is fundamental for
understanding the real behaviour of internal engine aerodynamics. It is possible nowadays
to access such three dimensional flow structures viadhmdraphic PIV technique.
However, its application to environments with complex geometries still faces a great deal
RI FRQVWUDLQWYV OLPLWLQJ WKH LQYHVWLIJDWLRQ YROXPI
This is particularly the case for the present emgaonfiguration whose combustion
chamber consists of a highly confined geometry with severe optical deformations since
these characteristics prevent the calibration process from properly describing the domain
in question.

For that reason,ain-situ calibration setup wasrst developed and applied to the
optical engine test bench. It consists on mounting the tomographic PIV recording system
on translation rails theon associatingt, in an adjacent position to the engine, to an
additional assembly rephting with precision the position of the investigation volume
with respect to the camerda. this configuration, the calibration target is free to move in
the presence of the cylinder thus allowing us to establish a complete description of the
investigaton volume.

Moreover, as the volume thickness is a primary concern for the accuracy of 3D
measurements, particle images for three volume thickneésses 3, 5 and 8 mnwere
recorded in order to determine the largest admissible volume for 3D measurements and
confirm the validity of the resulting datBhe main flow characteristics were compared for
a series of 250 velocity fields.

It was found that the different volumetric measurements reveal similar global flow
characteristics in the common regions with ateet of information given by L8 in the
regions beyond +2.5 mm. Moreover, instantaneous velocity fields demonstrated similar
flow evolution across the recorded engine cycles and showed the extremely turbulent
nature and the wide dynamic range ofcylinder flow. Moreover, by quantifying the
deviation of mass conservation for each volumetric domain, values in the range of 10%
were found and the validity of data was proven and therefore the validity of measurement
campaigns at'Z = 8 mm was demonstrated.ist also worth noting that beyond 8 mm,
ghost particle levels become unacceptable and exceed 25% which impilm@d® be the
maximal investigated thicknesAs a result of data validatiophaselocked measurements
for the 6 considered engine operationditions were recorded for 7 crank angle degrees
during intake and compression strok@slding 29 velocity fields for each case. In total,
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12000 particle images recorded by the 4 cameras allowed obtaitatgl of 1500three
dimensionakelocity fieldsfrom TomaePIV calculationgTable2-4).

CAD -274,-250,-226,-178,-130,-106,-82

Intake N = 2000 RPM N = 3000 RPM
t . . . .

duc , Number of Particle images | Number of Particle images
Opening | cycles per camera cycles per camera
V100 250 500 250 500
V50 250 500 250 500
V25 250 500 250 500

Table 2-4 Summary of Tomo-PIV measurement campaigngluring intake and compression strokes

The in-situ process provided the means totaab a complete calibration of the
investigation volume otherwise confined and unreachable in its totality. However, it
implicated a displacement of the recording system as well as a cost for an additional
DVVHPEO\ FDSDEOH RI UHSO VMDWRIQ F WDRH HHIOIM. GRY\L W RR @
great trust in the used equipment is essential to judge the new system as highly accurate.

These facts motivated further optimization of the calibration prosesbkatdirect
calibration of the investigation volume possible at its initial location. This was then
called theexsitu process since it consisted of obtaining a model from a 3D calibration in
the absence of the optical cylinder associated to cuglimder plane Having both mid
cylinder planes recorded ith and without cylinder, a deformation function can be
calculated and used to obtagxsitu camera models capable of describing the entire
confined investigation volume without the need &mlditional measures. Applying the
deformation function to all qrticle images prioto self-calibrationresultsin volumetric
reconstructioafaithfully describing the flow.

In order to demonstrate the validity of thgsitu process, mean and instantaneous
velocity fields were compared with results obtained friomsitu calibration and were
found identical inthe mid-cylinder plane andessthan 25% mean error was noted the
border planes, i.e. z = £4 mm.

In conclusion, theex-situ techniqueallows overcominghe obstacle of confinement
while eliminating opticatieformationsand ensuring computations accuracy
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3 In-cylinder flow characterisation:
from 2D to 3D

This chaptercarries outa detailed analysis of eylinder flow dynamics by means
of 2D and 3D tools presented so far and develdpeldermoreheredter. Theevolution of
coherent structures duringtake and compression strokas well agheir variations with
respect to engine operation conditioa® reported extending 2D information to 3D
Throughout the chapter, the six engine operation conditéwe treated and comparéd.
first, engine speed is fixed artlde mean ircylinder flow in the tumble planas well as
the mearvelocity fluctuations aredescribedfor the different inlet flow conditiondrom
TR- PIV measurementd.hen, he influence okengine speed on{plane aerodynamias
presented for each inlet flow conditiauring intake and compression strokd$e
combined effectof inlet flow and engine speed variations on flow characterisation
qguantified with respect ttumble vortexpostioning in the field of viewas well as the
variations of turbulent kinetic energyhe correlation between both engine parameters is
deduced. Ta third part of the chaptedescribesthe changes witnessed ke
instantaneous flow field, particularbyclic fluctuations ofin-cylinder coherent structures
obtained vialR-PIV. In order to visualise coherent structyrése large range axisting
flow dynamicsis filtered using theproper orthogonal decomposititechnique Finally, a
threedimensionaflow analysisis reportedor 7 CAD measured via TomBIV, showng
the essential contributioimattomographicPlV measurements bring to the understanding
of flow evolution.

Operation| Engine Speed 2000 RPM 3000 RPM
condition | Intake V100 V50 V25 V100 V50 V25
TR-PIV | Number of 45 per | 45 per |45 per |30 per | 30 per | 30 per
CAD cycle cycle cycle cycle cycle cycle
Numberof | 255 1300 |300 [350 300 |300
cycles
Range (CAD) | [-360,0] | [-360,0] | [-360,0] | [-360,0] | [-360,0] | [-360,0]
Tomo Number of
PIV CAD 7 7 7 7 7 7
Numbaof |55 1250 250 [250 250 | 250
cycles
Range (CAD) | for each case274,-250,-226,-178,-130,-106,-82

Table 3-1 In-cylinder measurements
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3.1 Influence of intake flow onmeanin-cylinder aerodynamicsfrom TR -PIV

In order to study the effect tiie inlet flow motion on the waylinder flow dynamics
during intake and compression strokélse mean flow fieldand its corresponding
fluctuations ardirst compared focasesv100, V50 and VZq@ at 2000 RPM
The air intake pressure was maintained at 1 atm during all measurements hence the
primary intake flow is preservetbr each engine rotational speetihe main factor
contributing to the change inthe in-cylinder flow characterisation is the intake flap
opening, thus the speed of the flow in the intake runnine results of 2DTR-PIV
measurementsn the tumble planeare presentedto describethe spatiotemporal flow
evolution during the engine cycl8ince45 engingphaseper cyclewere recordeat 2000
RPM, only a selected number ofelocity fields areexplicitly shown while other
representative quantitieslefined along the chaptedescribe the resolved intake and
compression stokeand the complementary fieldartbe found in annexie

3.1.1 Ensemble averagediow in tumble plane

The cyclic nature of internal combustion engine flows implies the use of an
ensemble average velocity offering a general description of thglimder flow. This is
shown in equatigf3-1)|revokedhereafterfor the u velocity component

©
. S . Ta
@ Tak, L o I Qs TdJ, (3-1)
uab
where N is a significant number of cycles amnthere the subscript i denotes the
instantaneouselocity componentConsequently, the mean kinetic egyecan be obtained

according to:

- :TéUé\/,L—ts:@:TéuaszF@:TéUév:Es@:TéUé\/:; (3-2

Figure 3-1{shows the ensemble averagfethe incylinder flow computed ovethe
300 velocity fieldsobtainedfrom TR-PIV measurementdA first observation cathenbe
made during the intake stroke, i.e. befor&80 CAD, thatas the inletduct opening
decreasg an increase of velocity magnitudes observed in the regions nearer to the
intake valvesMoreover, wth respect to the initighlet condition of V100, anncreasdn

the regions near the piston haadbserved for V5@t -274 CADwhile a slight decrease
appears in theeregionsfor V25.

Going farther in the intake strokee. at-250 CAD, the front valve jet travelling
towards thdeft cylinder wall undergoes a considerabierease in velocities that exceed
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50 m/sin all three cases, particularly remarkable for VbBeintake flow hen rotates to
the middle of the field of view. For V100 and V50Y KH | @Rty \continues to
increaseexceeding 35 m/sear the piston headhile it remains around 20 m/s for V25.
Regons of low velocity magnitudes (< 10 m/s) propagate from the agirder wall and
are mostemarkablgor V25.

Near the end of the intake stroke, an opposite behaviour appears between the flow
near the intake valves and the rest of the combustion chamber. As the intake duct opening
GHFUHDVHV WKH |DuwegZ ®Hh\coNldOdRy Intvdade Reaithe valves while it
decreases in the middle of the field. With respect to V100, this decrease is more important
for V25 than V50 and continues to be so at the beginninlgeafompression stroke, i.e.

178 CAD, where domant regions of velocities less tha@ m/s can be observed.

In all cases, a tumble structure can be observed in the logerof the fidd of
view. And & the compression takes place, the tumble magoesfrom a vertically
elongatedshapeto amorecompactone Particularly rearthe end of compressipshown
at-82 CAD, V25 reveas velocity magnitudegpproximatelytwo times smaller than V50
and V100 and aneantumble structure that is clas® the piston head. Meanwhile, the
tumble structurén thecases of V50 and V106 transportedhearer to the exhaust valves.

In conclusion, as the inlet flow section decreases, nlean in-cylinder flow
exhibits higher velocity magnitudes in the regions of the front ingakeParticularly at
50% of the originkintake flow, large velocities in an upward direction appear near the
piston head during the intake stroke and the forming tumble structure is comgressed
the bottom righto the top left of the field of viewluring the compression strakét 25%
of the original flow, the rear intake jet presents larger velocities under which regions of
much smaller velocitiesake ovey propagate and persist until the end of compression
where the tumble structure seems closer to the piston headtbtttentop left uder the
exhaustvalves. These observations reveal a different behaviour of theylinder flow
with respect to the inlet condition. Particularly at the end of compression, the initial
conditions marking the ignition qualitwill be affected andconsequety WKH IORZ{V
evolution during intake and compression strokes has a direct influence on the development
of combustion. Ensemble average velocity descriptaifes a general description of the
in-cylinder flow butremains meanwhile of limited capacity furtherdetailing theflows
characteristics. In the following, vortex identification technique and velocity fluctuations
are presented in order to complete the mean flow analysis and a detailed description of
cyclic flow evolution is presented afterwaiids$3.3
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a) V100 b) V50 c) V25
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-130

CAD

-106

CAD

CAD =-82

Figure 3-1 Ensemble averagedrelocity fields at 2000 RPMfrom TR -PIV

3.1.2 Vortex centre identification and Temporal tracking of tumble

One meanto quantify tie described flowcharacteristis andfurther compare the
effect of thethree inlet flow conditionds identifying the tumble centréocation and
tracking it across the engine cydier each case

A survey on the most popular vortedentification methods used such as the Q
FULWHULRQ WKH 7 driteriow ¢ait heRa@ndDi@ Gar\\280H) Particularly in
our study, e vortex centran 2D measurements LGHQWLILHG XVLQJ WKH +
(Graftieaux et al, 2001that is a simple yet robust technique based on the topology of the
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velocity field. It is determined as the normalized angular momentum across a predefined
grid area:

ALS . 1/&2 84 ag 33
0 i.1/& @8&

where S is the grid surface aroundNDjs the number of points in S38s the velocity
vector at point M andds the unit ector normal to S.

Figure 32 9RUWH[ FHQWUH LGHQWLILFDWLRQ E\ + FULWHUL

This criterion suggests then to find the zone in which the angle between the velocity
vector at a point in space and thegment linking this point to the centre of rotation is
maximal. Thus, valuesof Arange betweenl and 1, the sign of which depends on the
rotation direction. An example @ Ascalar field obtainedrom a mean vector fieldt
BDC is shown ifFigure3-3| Surfaces of 1@nm2were considered for calculationhen it
remains to follow the evolution of\a in order to follow the tumble across the engine
cycle as is shown |Rigure3-4] and evaluate the influence tbfe inlet flow conditionon
in-cylinder aerodynamicsThe two observedrajectoriesof V100 and V50show slight
differencesat the beginning of intakeMeanwhile, as the inylinder flow develops
towards the BD@nd through the compression strpgesitionaldifferencesbecomemore
important These differences are most remarkable between-intale and mid
compression strokesMoreover the mean tumble trajectory of V2@itnessesvery
significantvariationsduring the intake than during the compression stréecomparing
the 3 mean trajectoes across the engine phase#25 also revealsa straighér and
narrower path than V50 and V10Matdraw more elliptical oneA generallower tumble
location closer to thepiston head and closer to the centre of the field of vieabserved

in V25 velocity fieldsand isverified via the + F U L Whid ddnDbe linked during the
intake stroke to the stronger front inlet jet segRigure 3-1|with respect to the other two
cases.The intense downward motiaeaching the left cylinder walieneratesn intense
recirculation of the ircylinder flow impactingthe piston head anmavelling back to the
centre of the field of view. Finally, the lower tumble positioning for V25 during the
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compression strokean be related to the lower velocity magnitudeseoved at thend of
compressiorthus a slower transport of the vertical structure across the Mislthe whole

V25 in-cylinder flow decelerates more than V50 and V100 during compression, the
tumble travels slower through the field.

(a) (b)

Figure 3-3 Tumble centre identification via £criterion: (a) vector field (b) £scalar field

Figure 3-4 Mean tumble trajectory at 2000 RPM with respect to the diférent inlet conditions

3.1.3 2D ensemble averaged velocity fluctuationg tumble plane

In addition to the mean velocifiow field, ensemble averageatlocity fluctuations
are presenteth|Figure3-5(andAnnexel| In this section, velocity fluctuations refer to the
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term ensuing frm the classicaReynolds decompositiomhich separates an instantaneous
velocity y into the sum ofa mean componenand a fluctuating component With this
definition, the magnitude of velocity fluctuations averaged over a sHrieki engine
cyclesis obtained according tine following equation (3):

il S o (3-4)
Wh T L5 T Qi Ta
Va3
Consequently, theurbulentkinetic energyT KE canthenbe deducedaccording to:

S (i
B4 TauA L < OS-Taky, E RS Taky E 8-Talv,;, (35

Moreover, a mean TKE can be computed in order to represent each velocity field
fluctuations by a generic value. This value integrates the different scales of fluctuations
inside the same field but can be used tmgare the same field under different operation
conditions. This is given ithe followingequation (36):

4z qa a4y
i1 1 e-'gTasav
5 5

3-6
OBNSP L (39

Jedi Ji

By comparing the three engiim@et conditions at 2000 RPMuilling theintake strokeas
shownin|Figure3-5{for -274 CAD, it can be seen thaanalogoudo theevolutionof mean
velocity magnitudeg) [increasesear the intake valvess the inletluctopeningdecreases

and as the intake stroke progres$&aticulaly in the casef V50, u [alsoincreases at the

end of intakeand the beginning of the compression strok¢éhe regios near the piston

head while it continues to decrease the middle of thefield of view. During the
compression strokeyelocity fluctudions reveal an opposite behaviour to velocity
magnitudes previously described. While the latter decreases with the decrease of inlet
flow, velocity fluctuationsincrease, particularly for V25This is further illustrated in

Figure 3-6| showing 6“*$at every CADfor the three inlet conditions through the two

recorded engine phasexcalling that 62000 RPM,1 phase was recorded every 8 CAD
The differencesn velocity fluctuations ofV50 and V25with respect to V100 are most
important between-274 CAD and-106 CAD i.e. midintake andmid-compression
strokes, reflecting the differences observed with respect to tumble location previously
describedIn the same range of CAM100 reveals smaller viations of 6<$than V50

and V25that demostrates a steep increase reaching a pea&tCAD, i.e. near the end

of intake, followed by a steep decrease until7’l8 CAD is reachedAfter that, & the
beginning of compression, the decreasebifi® occurs less intenselyith respect to the
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end of intake for the three inlet cases, with greater magnitudes for V25 than V50 and
V100.

Although 6%$is representative of the global flow behaviour with respect to the
HQJLQHYY RSHUDWLRQ FRQGLWLRQ RQH VKRXQ6& NHHS L
variationsare taken into consideration in the total velocity fluctuations. Then it remains to
separate the contributi@and the effecof each on the heylinder flow characterisation.

a) V100 b) V50 c) V25

=274

CAD

=-178

CAD

=-226

CAD

Figure 3-5 Ensemble averaged velocity fluctuations in tumble plane from THPIV measurements at
2000 RPM
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Figure 3-6 Temporal tracking of turbulent kinetic energy TKE of the mean engine cycle at 2000 RPM
for V100, V50 and V25(recording resolution =8 CAD).

3.2 Influence of engine speed omean in-cylinder aerodynamicsfrom TR-
PIV
Using 2D PIV measurements, it has been shown kddtHQJLQHYYV VSHHG VLJQ
influences inAcylinder aerodynamics due to the accompanying variations of inlet air flow
motion (Stansfield et al., 2007)n this section we aim to show thaeinfluenceof engine
speed also depends tre initial inlet flowcondition, i.e. the two parameters are strongly
correlated In order todescribe thisorrelation mean tumble location iagain identified
using the Acriterion (Graftieaux et al., 20013nd mean tumble trajectoriase compared
for the differeninlet casesat 2000 and 3000 RPM

3.2.1 2D ensemble averaged flow in tumble plane

The ensemble averagelocity fields computedver 3@ engine cycles recorded via
TR-PIV measurementsat 2000 and 3000 RPMre shown at different CADor the
different inlet cases in figures&to 311. At 3000 RPM, he effect ofinlet flow on the in
cylinder aerodynamicean be described similartp what was observed at 2000 RPM in
83.1, with higher velocity magnitudes involved.

With respect to engine speedstrong increase in velocity magnitudes is obseirved
the front intake jedt -274 CAD, goingfrom the intake valveto the left of thefield of
view (Figure3-7). The inlet flow meets the left cylinder wall and heads back towards the
middle of the combustion chamb&rming a tumble structure in the upper left side of the
field of view. For V100,velocitiesarearound ® m/s when at 2000 RPM armckceed40
m/snear the piston heashenat 3000 RPMFor V50 at 3000 RPM, velocity magnitudes
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in the same regions exceed 50 @swell as in extended regiotsvardthe middleof the
field andfartherat therear inlet jet.For V25, the increase in velocity magnitudes with
respect to engine speedtiee most important in the regions of the front intake jet and the
bottom left of the field of view.

Approaching towardghe end of intake, ta226 CAD shownin|Figure 3-8| the
tumble structure is located in the lower right of the field of view in all inlet c&sssons

of low velocity magnitudes (less than 10 m/s) accompanying the tumble structure at 2000
RPM are greatlyfessened at 3000 RPM where velocities surrounding the tumble exceed
20 m/s. For V100 and V50, a similar global behaviour is observed with velocity
magnitudes increasing near the left cylinder wall and the piston b&ededing 50 m/s

for V50. For V25, ths increase seems to be more significant in the rear jet regions and the
middle of the piston head with magnitudes exceeding 25 misaléo worth noting that,

with respect to engine speed, the increase in velocity magnitudes while going from 2000
to 30@M RPM is more important for V50 than for V100 and V25.

Then near BDC at-178 CAD (Figure 3-9) marking the beginning of the

compression strokeelocity magnitudes continue to increase predominantly near the
cylinder walls and most significantly for V50. Meanwhile for V2&e rearintake flow
witnessesa more significant increasa the upper right regionsf the field of view as a
consequence of theigh velocity magnitudesbservedduring the intak stroke.One can
then deduce that the effect of engine speed on tbhgimder flow during the intake stroke
highly depends on the investigated region and the corresponding inlet flow condition.

Furthermore,during the compression strokeglocity magnitudes seem to be
maintained across sever@AD (Figure 3-10). However,they are greater for an engine
speed at 3000 RPM than at 2000 RFMdrticularly &the end of compression, tkielocity
distribution surrounding théumble structure reaching undethe exhaust valve reveals
greater magnitude®r 3000 RPM than 2000 RPMhereregions of velocity magnitudes
lower than1l0 m/s arerather dominant

In order to further characterise the described flow with respect to the variation of
ergine speed, the mean tumble trajectory is identified and compared for each inlet case at
2000 and 300RPM inFigure3-11] YLD WKH + first shdwid tdL\DL00 very slight
differences at the beginning of ik These differences increase from +fimthke tomid-
compression stroke, particularly indirection. Furthermore, thenean tumble trajectories
of V50 (Figure 3-11|(b)) reveal greatenlterationsof tumble centrdocation during the
compression stroke between 2000 and 3000 RRMothx and ydirections.Finally, the
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influence of engine speed on the mean tumble trajectory of{Mgare3-11|(c)), while is
important duringhe whole engine cyclés more significant during the intake than during
the compression stroke. Moreovet, 3000 RPM as at 2000 RPNhe mean tumble
trajectory of V25 drawa straighe¢r and narrower path than V50 and V100

In conclusion, the influencef engine speed on meandglinder aerodynamics is
not occurring in a regular direction, with respect to inlet flow, and can be summarized as
follows:

- During the intake stroke: differences in velocity magnitudes between 3000 and 2000
RPM are more pronowed with respect to V50 and V25 than they are for V100,

- At BDC, an increase in engine speed influence theyimder flow in case of V25
and V50more considerablthan in case of V100, and

- During the compression stroke: V100 reveals a greater velocityease
accompanying the increase in engine speed compared to V50 and V25.

a) V100 b) V50 c) V25

2000 RPM

3000 RPM

Figure 3-7 The effect of engine speed on inylinder flow at -274 CAD with respect to nlet flow
condition
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a) V100 b) V50 c) V25

2000 RPM

3000 RPM

Figure 3-8 The effect of engine speed on iaylinder flow at -226 CAD with respect to inlet flow
condition

a) V100 b) V50 c) V25

2000 RPM

3000 RPM

Figure 3-9 The effect of engine speed on inylinder flow at -178 CAD with respect to inlet flow
condition
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a) V100 b) V50 c) V25

2000 RPM

3000 RPM

Figure 3-10 The effect of engine speed on inylinder flow at -82 CAD with respect to inlet flow
condition

(@) V100 (b) V50

©) V25

Figure 3-11 Mean tumble trajectory defined via £,.xat 2000 and 3000 RPM for (a) V100, (b) V50 and
(c) v25
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3.2.2 2D ensemble averaged velocity fluctuations in tumble plane

Using the Reynold definitio velocity fluctuationsof the mean flow at 3000
RPM arecompared fortte different CAD tdluctuationsat 2000 RPMor V100, V50 ad
V25.[Figure3-12|thenshows the increase during the intake stroke in velocity fluctuations,
particularly in the upper part of the field of view, witspect tdhe decrease in inlet duct
opening Moreover, the inverse behavioabserved at 2000 RPM of velocity fluctuation
with respect to the velocity magnitudes evolufleigure 3-5|is againobserved at 3000
RPM where higher velocity fluctuations are observed during the compression stroke for
V25 than V50 and V100.

Additionally, TKE is calculatedto represent the global behaviour of velocity
fluctuations fieldsthenan influence ratio IR is computed to quantifigtevel of influence
of theengine operatiospeedn order to draw its correlation to engine intakeh as:

063 P; 4424

+ﬂ- L (443
O 6“3 Pg444za

(3-7)

where V is the inleflow condition V100, V50 and V25 he resultingatiosare compared
with respect to inlet floncondition ConsequentlyFigure 3-13|showsa more important

increasan TKE, and therefore of velocity fluctuationacrassthe intake and compression
strokesat 3000 RPMhan at 2000 RPMAdditionally, at 3000 RPMYV50 reveals higher
amplitudesthan V25 between the beginning and the -midke strokei.e. before-226

CAD. A rapid decrease in TKE of V50 then follows stagtiat -226 CAD, remaining
greater than TKE of V100 bubnsiderablyess than V25 during the compression stroke.
This is better illustrated with the IR |igure 3-14 showing that V50 and V25 undergo
greater variabns than V100 with the change in engine speed. Moreover, these variations
are more important for V50 during intalile for V25 during the compression stroke.

a) V100 b) V50 c) V25

=274

CAD
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=-178

CAD

CAD =-82

Figure 3-12 Velocity fluctuations at 3000 RPM for different CAD at (a) V100, (b) V50 and (c) V25

(a) (b)
Figure 3-13 Temporal tracking of TKE of the mean engine cgle at(a) 2000 RPM (recording
resolution =8 CAD) and (b) 3000RPM (recording resolution =12 CAD) for V100, V50 and V25

Figure 3-14 Influence
ratio of engine speed
with respect to inlet
flow condition
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3.3 Influence of engine parameters onnstantaneous incylinder flow from
TR-PIV

3.3.1 Cycle-to-cyclevariations

In addition to a mean flow analysis, teongly unsteady and turbulent nature of
engine flows depictasessential the study of the instantaneous enffime In fact, two
consecutive engine cycles never reveal an identieaylinder flow. This motivates, for
decades now, the search for the underlying chain of cause and effects of this non
repeatability (8.1).

Traditionally, turbulence has been defined using the Reynolds decomposition as
shown in equatiof{3-4)| as the sum of a mean compone®ftime independentand a
fluctuating componenti i However, velocity flictuations are not necessarily linked only

to the random variations in space and time of the velocity fields during the engine cycle
but can also include cycle-cycle fluctuations of the mean flowherefore,u; ican be
separatednto two components ofurbulence( X.J) andcycle-to-cycle variations( X:§) so

that the velocity decomposition is described in equiBes)|as:

U= Q2 i <yl (3-8)
The identification of CCV cathenbe done with respect to the coherent structures cyclic
positioning. The behaviour of coherent structureshenceof paramount importance for
the fuel/air mixture andhe combustion that will folloveince they can contribute to up to
30% of the total turbulent kinetic energy inside the combustion chafWbesine et al
2010)

In many flow configurations, the fluctuations in position of large scale coherent
structures remas difficult to characterize. These instabilities influence the magnitude of
the fluctuating velocity field obtained by a classical Reynolds decomposition. It is thus
difficult and essential to dissociate their fluctuations from those associated with the
chaotic character of a turbulent flow. One of the techniques regularly adopted is the
filtering of temporal signals, which consists of stopping the spectrum of the velocity field
at a certaincut-off frequency so as to leave, when returning to the reaesmmly the
structures corresponding to a desired frequency range. However, the problem in this
method lies in the choice of the eif frequency(Nobach, 2007 Towers & Towers,
2008) (Jarvis et al., 2006)(Falchi & Romano, 2009JOlgmen, 2012) This ambiguity
arises from the fact that in order tocswalize the structures intended to explain a poorly
known phenomenon, one should already know the characteristic frequency of this
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phenomenon. This contradiction, often avoided by an empirical approach of filtering,
weakenghe reliability of the conclusits.

One of the means concerning the structural study of turbulence is the Proper
Orthogonal Decomposition, POumley, 1967)(Holmes, 1997)Sirovich, 1987) This
method proved in a variety of flows to be adapted to the understanding of energy transfer
phenomena between the different structymessent. This has been particularly discussed
IRU WKH H-Qlirndér Haw whe@e POD proved to be advantageous for analysing
CCV since it is designed to extract the most energetic structures from the turbulent flow
making it ideal for the study of mble breakdownFogleman, 2005YOlcmen, 2012)
(Cosadia et al., 200{Cordier & Bergmann, 200§Chen, Reuss, & Sick, 2012)iu &
Haworth, 2011)Voisine et al., 2010)Hence in this chapter we suggest to use the POD
with our experimental results for the extraction of coherent structuresherahalysisof
correspondingdinetic energy

In the following,the working principle of PODis first presentedThen results of a
phasedependandecomposition of the engine floare discused. This PODapproach
corresponds to the decomposition of a set of instantaneous fields belonging to the same
engine phase. Even though this method has its limitations with respect to a phase
independent decompositidhat takes into account all engineagks at onget is retained
in our study in order to compare results with the ptasieed 3D data.

3.3.2 Proper Orthogonal Decomposition

POD is essentially a linear procedure which consists in determining a basis of
orthonormal modes representative by defimtof the most likely occurrences. The key
idea of POD is to reduce a great number of interdependent variables to a much smaller one
of uncorrelated variables while keeping as much as possible of the fluctuations of the
original variables. Compared to othiechniques, the POD does not require an a priori
knowledge of the flow and offers an optimised process from an energetic point of view
detailed farther in this section.

Having a set of velocity fieldsidiion DQ RUWKRQRUPDQ-1ERMLY I XQFW
determined such as:

¢
QLT %y (3-9)
Y@s
The basis functions, or modes, are determined by minimizing the expression:
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As QF ASgs ¥y \ IEJ (3-10)

ZKLOH LPSRVLQJ RUWKRJRQDOLW\ DQG WKXV PD[LPL]JLQJ
scale between the basis and the ensemble of velocity fields u. Eaehspfatiotemporal

coefficients G is obtained by projecting LR Q W Rach velocity field us referred to as a

shapshot.

In fact, whereas the classical POD carries out a spatial-coossation of the data,
the snapshot method performs a correlatdrtimely shifted data at the same spatial
location (autocorrelation). This approach was proposed for the first tim@&ikovich,
1987)and has distinctive advantages in comparison to the classical POD in cases where
the number of points in space (here velocity vectors) is significantly larger tkiea
number of points in timénumber of snapshots, here velocity fields).

The velocity field from the" engine cycle can be reconstructed by summing all the
modes multiplied by their respective coefficient for that cycle using equati8h &nce
T ys normalized and Qs the amplitude, the kinetic energy that {lenode contributes to
the f" velocity field is given by:

L _f %8 (3-11)
Then the total kinetic energy is the sum of; lé&er all the mods:

©
~"acol [ -y (3-12)
Y@b
Finally, for phasedependent POD,;is a set of velocity fields obtained at a single

crank angle from multiple cycles. The intent is to extract dominamictares at a
particular engine phaséiowever, this method has its limitations. This decomposition
gives rise to defined modes for each engine phase as if the flow at a given phase is
LQGHSHQGHQW IURP WKH RWKHUV 7K X3%eneigy ol@ngihe/ L QJ WK
different phases of the flow amounts to comparing the energy of modes which do not
come from the same decomposition.

It would be more relevant to trace the evolution of a mode coming from the same
decomposition. This is known by phaseariant PODn this casesnhapshots sampled at
multiple crank angles and from multiple cycles are analyBedVare et al, 2014)They
provide a mgle set of modes that is representative of the flow dynamics over the full
engine cycle(Semeraro et al, 2012Although phasénvariant POD is advantageous, it
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requires timeresolved measuremertts properly convergeSince our 3D data are phase
lockedand offer 250 velocity fields per phagsbe present analysis will restrict a first

time to the use fophasedependant POD for both 2Dn@ 3D data in order to suit the
comparison process€oherent structureare identifiedat each considered CAD and their
cycleto-cycle variations are described with respect to instantaneous tumble centre
location.

3.3.3 ldentification of cycleto-cycle variations from TR-PIV measurements
Snaghot PODis performed on the 3Dinstantaneous velocity fieldsbtained from
TR-PIV measurementd he first POD modes, i.e. most energetitg used to reconstruct
velocity fields and separate coherent structures of the flovguantify their cyclic
variations.The number of retained POD modes is identified vignatic energyanalysis.
At eachphase POD is performed over 50 modes whaserespondinginetic energy is
presentedn|Figure3-15

As seen, the first POD mode referred to as ribdentains the greatest fraction of
the kinetic energy exceeding 85% of &k in all casesThe topology of this modé is
very similar to the ensemble average veloéigyd (Figure 3-16) although not identical,
and thus it constitutes an excellent estimate of the mean flow. -Pladso shows the
dominant presence of the mean flstructures in all engine cycles.

V100 V50 V25

2000 RPM

3000 RPM

Figure 3-15Kinetic energy per POD modeln each plot, each curve corresponds to a CAD
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(a) (b)
Figure 3-16 Example of (a) Mean velocity field atBDC (V100, 2000 RPM)and (b) POD mode0
obtained at the corresponding CAD
Then in order to determine the number of POD modes needed to reconstruct the
instantaneous coherent structures,di@ulative energy fraction of POD modespiotted

in|Figure3-17| where energy fraction if given by:

Y

— . (3-13)
¢ag

This shows agairthat mode0 contains over 85% of the energgd that mdes 0 to 4
contain over 9% of the energy. Therefore using the first 5 POD modes for the
reconstrgtion of velocity fields appear to be suitable for the separation of coherent
structuredrom the flowand thedentification of their cyclic variabilities/hile conserving
WKH JUHDWHU SDUW. R e¥akple bflté¢ @i@dinéd MalbEity féld feer

reconstructions shown irlfigure3-18

Figure 3-17 Cumulative energy of POD modes (example shown corresponds to POD at BDC)
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(@) (b)

Figure 3-18 (a) Instantaneous velocity field (snapshot) (b) Velocity field reconstructed via the 5 first
POD modes

¥ Flow configurations andCCV with respect to tumble position
Having all filtered velocity fields at each CAa the 5 POD modeghe location of
instantaneousimble centre is identified usingtt@fUHYLR XV O\ SUHVHeQ/HG + FUL
the variations of tumble centre from cycle to cycle can be observed for each engine

operation conditionFigure 3-19| then illustrates CCV of the studied engine operation
conditions as well as the corresponding mean tumble trajectoridtsis clear that in all

cases, the greatest dispersions of tumble centre locapartgularly in ydirection, are
observediuring thecompressiorstroke(Voisine et al. 2010)as is showinereparticdarly

for -162, -138 and-122 CAD at 2000 RPM and fefl78,-154 and-130 CAD for 3000
RPM. Moreover, the global differences between V50 CCV and V100 CC¥eas in
areless significant than those observed betwésd and V25 The RMSof X

and Y coordinates aréghen computed in order to better compare CCV of tumble centre
location for the different operation conditions and strewn for the three inlet flow cases

at 2000 and 3000 RPM |Rigure 3-20 and|Figure 3-21| respectively.In all cases, V25
seems to globally exhibit the largest fluctuations particularly during early intake and late
compression strokes. This leads to a first assioh that aeducedinlet flow is a source

of excessive cycle to cycle fluctuatioasross the engine phas&eanwhile, V50 reveals

the lowest fluctuations at 2000 RPM in both x andirgctions during intake. Moreover,

the evolution of V50 fluctuationpresend a similar behaviour to V100 iiX and Y-
directiors at both 2000 and 3000 RPM with slightly higher fluctuations observdidea
beginning of compression. Overall, the alterations of tumble centre location are the
greatest during intake in-Hirection and during compression in-dfirection. This can be
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explained by the inlet jets driving the flow sideways during intake and the piston pushing

the flow upwards during compression. The differences in magnitudes are mainly related to
the present TKE of thigelds aspreviouslyseen.

2000 RPM 3000 RPM

V100

V50

V25

Figure 3-19 Cycle to cycle variations of tumble centre location for different CAD
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Figure 3-20RMS of X and Y positions of tumble centre at 2000 RPM

Figure 3-21 RMS of X and Y positions of tumble centre at 3000 RPM

Finally, in order to study the influence tie spatial cydic variationsof tumble
cenreRQ WKH LQVWDQWDQHRXV YHORFLW\ IOXFWXDWLRQV
was done with respect to the tumble position. For this purpasea8 of 4x4 mm? centred
aroundthe mean tumble positiomeredefinedas is shown othefirst plot in|Figure 3-19
Correspondingristantaneous velocity fieddvere then sorted in each zone with respect to
the tumble centre position (x,\ereafter, his approachs shown and interpted for an
engine operation at V100 and 2000 REedmsidering the flow at250 CAD where larger
fluctuations of tumble position are commonly found.

Figure 3-22(a) first shows the mean velocity fieldi of a categoy of fields referred

to asgroup5 whose mean tumble centre is marked with a red x. The mean tumble position
of the 8 remaining categories are represented with a black x, noting that the 9 mean fields
reveal similar global structureShen the fluctuatiorbetween the 9nean fields of the
different groups is computed and showrnFigure 3-22(b) reveaing the mainzone of
variations between theategories which is in the region of the tumble centre positions
correspadingly to our classification criterionMoreover, ensemble average velocity
fluctuations of each category of fields is computed and the example of group 5 is shown in

Figure 3-23| Then a mean fluctuating field dmputed from the 9 obtained fluctuations
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fields and is shwn in|Figure 3-24{a). The aim of this illustration is then to insulate the
contribution of spatial variations of tumble position to the global velocitgtidktions.
Therefore, the ensemble average fluctuations computed over the 300 instantaneous
velocity fieldsareshown inFigure3-24{b).

As a result, the fluctuations observed in the tumble region of the enserabdged
field significantly decrease of approximately 30% in magnitddies shows that the main
cause of higher fluctuations in these regionthéspositional variationof the tumble that
were now removed i@@. Additionally, since the cyclic variations of tumble
can be linked to a variation in position as well as to a variation in intensity or size of the
structure, it can be deduced thla¢ effect of tumble position outweiglhe effect of its
intensity that seemto undergo less significant cyclic variatioat a considered engine
phase By applying thistype of classification approach, or other more elaborated
techniquegVoisine et al. 2010) to the ensemble of engine phases, a cyclic evolution of
the tumble position§contribution to the total kintee energy can thus be obtained offering
a more realistic estimation of the RMS (or TKE) of each individual engine cjhls.
contribution is then expected to be more significant during the compression stroke where
the greatst RMS of tumble positions were observed.

@) (b)
Figure 3-22 (a) Example of ensemble average velocityfrom group 5. The 9 marks show the mean
tumble position for eachof the 9categories(b) Velocity fluctuations obtained from meancategories
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Figure 3-23 Example of ensemble average velocifjuctuations u ffrom group 5.

(a) (b)
Figure 3-24(a) EnsembOH DYHUDJH Y HORFL\250 DAX (yWKlarky HiRiQatkds D W
obtained from the averagefluctuations of categories

In conclusion,t was seen in a first step thdentifying thepositional variations of
coherent structuresf the incylinder flow is essential to quantify their contribution to the
total of velocity fluctuationsobtained by a @ssical Reynolds decomposition. This
information has been previously reported in literature but is still however limited to the
mid-cylinder plane and doesot allow an extended analysis of the thdemensional
nature of the flow. Therefore, in a second step, the thraensional analysis that Tomo
PIV measurements allowed is presented in the following paragraph and an extended
description of the volumetrivelocity field is discussed.
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3.4 3D analysisof in-cylinder aerodynamics from Tomo-PIV measurements

As seen so fara temporal tracking of the flown the midcylinder planeand a
conditional analysis of flow fluctuationallowed quantifying the contributionof cyclic
variationsto global fluctuations for different engine operation conditionsorder to
further visualise the flow in its thredimensional naturepur experimentaktudy was
pursued by 3D tomographic measuremerstslescribeth 2.2 Recording campaign®r
the 3 intake flows at 2000 and 3000 RRMre performedt 7 engine phaseAD = {-
274,-250,-226,-178,-130, -106, -82}, corresponihg to TR-PIV measurements in order
to show the contribution brought by 3D aserements withrespect to planar
measuremenitsResults observed in the maylinder planeare foundequivalent to 2D
measurementsnd are relayedin |Annexe 3| Hereafter volumetric velocity fields are
described ath analysed to further characterize theyfinder aerodynamics.

3.4.1 Ensemble average®D flow fields
Considering the three inlet flow conditior&) ensemble average velocity fields are
shownduring intake, near BDC and during compressifqﬁigure3-25||Figure3—26|and

Figure 3-27| respectively,for an engine speed &000 RPM and 3000 RPM/elocity

vectors represent the 3D velocity, {, w) and discrete levels of velocity magnitudes are
displayed for each CAD by 3D issurfacesFor all operation conditionshé¢ flow can be
globally characterised by high velocity magnitudes in the lower regions of the field of
view during the intaketsoke, i.e. in the regions near the piston head as it travels towards
the BDC. As the inlet charge motion stops with the closing of intake valves, -the in
cylinder flow meets the abrupt motion of the piston in an upward direction thus slowing
the flow field across the compression stroke and pushing the tumble stracdidfewer
velocity regionstowards the exhaust valveslthough these characteristiapply to the
general incylinderengineflow, the order of velocity magnitudes and velocity distribution
within the fields at dixed CAD highly dependon the intake flow condiin as well as the
engine speed, as wasdso described for the 2D measureme(ﬂ;gfor an

illustration of allphaseaveraged Tom®&IV measuremen}s

During theintake stroke in particular, shown aR50 CAD in|Figure 3-25| iso-

surfaces parallel to the flow directishowthe precipitation of the front intake jet towards
the left cylinder wall ad its recirculation in an upward direction above the piston head
high speedThe upper right corners of images reveal the tumble motion complemented by
the 3D isesurfaces showing its threkmensional shapand how it varies in position and
magnitudewith respect to engine speed and inlet conditions.
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V100 V50 V25

2000 RPM

3000 RPM

Figure 3-25Volumetric Ensemble average velocity fields at250 CAD at 2000 and 3000 RPM from
Tomo-PIV

Just &ter BDC, d@-178 CAD,shown inFigure3-26| the phasaveraged flow field is
no longer characterized by large velocities of an inlet jet, but exhibits smaller velocities
due to the braked piston movement and mézsing of the intake valve$loreover,with
respect to the intake duct opening25 reveals the smallest velocity magnitudieghe
field of view while during intake it revealed the largesagnitudesThe tumble centrat
this CAD is located at the botto right of the imaged volumé& he direction of tumble
core can be observed differently across the volfiiaimension. However, a portion of
the tumble structure is not visible within the field of view for V25. This is the case for
several CAD{Annexe 3.

As the compression stroke progresses, 3D velocity-sisdaces and velocity
magnitudesat 2000 RPM or 3000 RPMemain at a similamagnitudedevel throughout
the stroke|Figure 3-27| shows in particular the phase average velocity field at mid
compression stroke revealing velocity magnitudes close to what was observed at the
beginning ofcompressionMoreover, the threedimensional fields during compression
reveal less significant 3D structure alterationsomparedto what is observed for the
ensemble averadg®w fields during intake.
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V100 V50 V25

2000 RPM

3000 RPM

Figure 3-26 Volumetric Ensemble average velaty fields at -178 CAD at2000and 3000RPM from
Tomo-PIV

V100 V50 V25

CAD=-82at 2000 RPM

CAD =82at 3000 RPM

Figure 3-27 Volumetric Ensemble average velocity fields ai82 CAD at2000and 3000RPM from
Tomo-PIV
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3.4.2 Ensemble average velocity fluctuationand turbulent kinetic energy

From the Reynolds decomgition, defined in equation {8), ensemble average
velocity fluctuation fields are computed for the different engine operation conditions
the following velocity fluctuation fields are showior the reference case WfLOO intake
conditionat 2000 RPM. During the intake strolehown at250 CAD in|Figure 3-28|(a),
fluctuations across the measment field reveal the highest magnitudesnparedo the
rest oftheother phases of the engine cygarticularly in the upper regiotisat areneaer
to the engine valves. At178 shown irjFigure 3-28| (b), fluctuation magnitudes are the
largest at the righside of the field, particularly in the tumble zora the bottom They
decrease gradually whilmovingto the left of the fieldAt that phasgthe inlet valves are
still open and the intake flow meeting thiston head and the cylinder walls is recirculated
in anupward motionUntil this phase, issurfaces of velocity fluctuations reveséar3D
alterations of magnitude®uring the compression stroke, shown-&2 CAD in|Figure
(c), velocity fluctuations remain under 5 m/s and revess$ significantlterationsn
Z-directioncomparedo the precedingngine phases.

Moreover, profiles of velocity fluctuationX § YT D& @5 §AD, arefirst
extracted aross Zdimension attie middle of the field of viewX=0 mm) for different
positions along Ydirection andare shownin|Figure 3-29| In the top region of the field
(profile extracted at Y=15 mm)Y § FR P SR QM (hé&Nargadtrtdgnitudesmpared to
X9 DQ@® tizay region. This s H[SODLQHG E\ WKH LQWDNH IORZYV G
motion in the area under the intake valves as well as the occurringeinieteractions.
Additionally, the alterationof Y { P Dud&@ BN/ more important in the front of the
LQYHVWLIJDWLRQ YROXPH =! ZKHUH YY GHFUH®VHYVY DSS
valuein the midcylinder plane, while it deceases around 15% inrd& investigation
YROXPH = :LWK UHV Sy theviludiurRtiah Tpréfils BistiRofviely shows
D VWHHS GHFUHDVH LQ PDJQ LcarrEspohdindtovtheVviididerE Bfth€ HU V § S
laser sheet. This decreasan be attributed to the propagation of computational errors and
lower measurement preasi in these planeg:inally, considerable differences in flow
dynamics can be noted within the same field during intake gvithter 3D alterations as
well as greater magnitudes seen in the top region of the field than in the lower regions
(profile extraceéd at Y =-5 mm). This infield difference is howeveless considerable
farther in the engine cycle.

Figure3-30 WKHQ VKRZV X ddfhg differént éngin® phases revealing
the decreasan magnitudes ofvelocity fluctuationsas we move from the intake stroke
towards BDC and the compression stroke as well as smaller alterations of the profiles.
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This is also illustrated by the corresponding TKE profiles across the investigation volume.
Particularly duringintake, he cRPELQHG HIIHFW RI JUHDWHU PDJQLWXG
the field and its dissymmetric variations with respect to theaylithder plane is reflected

in the TKE profile(Figure3-30|(a)) revealinga FOHDU GRPLQDQFH RI WKH FRQ
to the TKE in the region near the intake valves.

(a) (b) (c)
Figure 3-28 Ensemble average velocity fluctuations from tomd°1V at V100 and 2000 RPM at (a}250
CAD (b) -178 CAD (c)-82 CAD

(a) (b) (©)
Figure 3-29 Velocity fluctuation profiles at 250 CAD near the top ofthe field of view (Y=15 mm) and
near the bottom of the field (Y =-5 mm)at X = 0mm

Near midintake Near BDC Near midcompression
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(a) (b) (c)
Figure 3-30 Velocity fluctuation profiles along Z-direction at X=0 mm, Y=15mm and corresponding
TKE profiles for (a) -250 CAD (b)-178 CAD (c)-82 CAD

3.4.3 Characterisation of the threedimensional instantaneous flow by?OD

In this section, an analysis of the large scale tumble structure and it®nzds
fluctuations revealed by 3Domo-PIV results is proposedBased onthe POD of the
volumetric fieldsand the determination of 3B F U L Wytli¢ lv&i§ions of the tumble
structure are describedgardingthe 3D location of tumble cores. Moreoverconditional
approach of in-cylinder flow characteristicsis suggestedbased onthe enegetic
contribution of POD modes coefficients.

In the literature POD has been applied to reconstruct the 3D mean velocity. field
This approach relied ofelds obtained in parallel PIV planes or orthogonal planes of the
in-cylinder engine flowto calculae mean coefficients of the first POD modes and
eventually interpola and extrapola these coefficientdDruault & Chailbu, 2007)
However, the discontinuity of the planar PIV domains brings uncertainties that can
propagate along the reconstruction procedwvéh the possibility to obtairthe third
velocity compament from TomePIV measurement$?OD can now bdirectly apgied for
the characterisation of the-aylinder flow by separating the different scales of structures
and classifying the flow motions with respézthe coefficiera of POD modes (33.3.

3.4.3.1 Cycleto-cycle variationsof 3D tumble structure

In a first stepa volumetric description afycle-to-cycle variations of thén-cylinder
flow is presentedinstantaneous velocity fieddare reconstructed via PO. The
number of POD modeshosen for the volumetric reconstruction is fixed, similarly to 2D
measurements, after an analysis of the POD modes cumulative kinetigy revealing
again over 90% of the total kinetic eneiigythe first 5 POD modes#\n example of 3D

vector field at -178 CAD is representedn |Figure 3-31| (a) before and (b) after

reconstruction via 5 POD modes. One every three vectors is shown.

Havingisolatedthe tumble structureshé tumble core cathenbe determined irhe
volumetric domain.)RU WKLV SXUSRVH Hs adaptedl fdf HivdeR Q
dimensional computations by defining a 7x7x3 investigatiolmmesand extracting the
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location of tumble centrevith respect tan-volume depth (4z), Y<(z)). The regions of
hax DOORZ WKXV LGHQWLI\LQJ D YR UWBOHshap&kdndHtherefard- UL EL Q <
adding information to what could have been identified in 2D.

,Q RUGHU WR LOOXVW U D Whd twnble oes\fikét showw fisriher FULW H |
meanvelocity fields at 2000 RPM for V100 and V50 and at 3000 RPM for v

3-32||Figure 3-33|and|Figure 3-34{respectively Both volumetric and iplane (XZ) and

(YZ) representations are shown for eadse.In the volumetric domains, istontours
represent the regions of. that seem to have a similar extent in diameter for the 3
considered fields implying alosesize of tumble core for the different engine operation
conditions.With respect tgositionalong Y-direction the tumble core ithehighest in the
field of view for the case V50 at 2000 RPlhd isthe lowest for V100 at 2000 RPM
which is in agreement with observations madel@aB CAD in the miecylinder plane via

2D measurement. For V50 at 3000 RPM, theimble core is close in position

to V50 at 2000 RPM which is in agreement with observations nmB&gure 3-11{from

2D measurement&dditionally, the comparison of tumble cone the XZ-plane show a
common shape of the structurewhich is a straight core along Z-direction at the
corresponding Xange.The main differenc@bserved between the fieldppeas in YZ-
plane where an upward curved shapecvealednly for V100 at 2000 RPM in the front
regions of the vinme (Z > 0)and a slight curvature appears in the lower regions for the
two other casesThese mean curvatures from one side or another of the vaooibe
related taa smalldissymmetryeffectof the intake flows in the midylinder domain

(@) (b)
Figure 3-313D-POD : (a) instantaneous velocity fieldat -178 CAD, 2000 RPM, V10Q@b) filtered

velocity field reconstructed via 5 POD modes
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XZ-PLANE

YZ-PLANE

Figure 3-32 + F U L Wahd4un®I@® core for 2000 V100at -178 CAD (near BDC)

XZ-PLANE

YZ-PLANE

Figure 3-33 + F U L WaRdU4UundI® core2000 V50-178 CAD (near BDC)
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XZ-PLANE

YZ-PLANE

Figure 3-34 + F U L WaRdU4Uuni®I® core3000 V50-178 CAD (near BDC)

Using a similar extraction approach\artex coresand applying it to reconstructed
velocity fieldsat consecutive engine cyclésis now possible to deribe and quantify the
3D CCV with respect t8D tumble positioningand shapillustratesa series
of instantaneous tumble conesvealingthe 3D fluctuatingcharacteof the structuralong
engine cgles.The variations of tumble core diametee observed between the different
cycles as well as its variatiomith respect to irvolume depthZ. Moreover,unlike the
straight mean tumble coramulti-curved behaviouof theinstantaneousore is reveald
across the volme. This clearly shows the need for a 3D description of theylimder
flow structures in order to provide a more realistic analysis of the accompanying
phenomena.

In some cases, the tumble travels fartimethe combustion chambénan what is
captured in the field of vieyFigure3-35(h)). However, a main structure is found and can
be the subject of further analydiy correlating the experimental data to a numerical
vortex modelling and findinghe best fit This canthus provideadditional informatia
concerning the position, size and shape ofajatolume tumblesMoreover, his outof-
plane tendency occurs for several crank angle degheesg our measurements is
shown inannexes 2 and Farticularly n the case of V25, a complete tumble position
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often escapes the field of viesincethe tumble reaches lower locations along the vertical
axis Y, as also seen via the 2D measuremdritsally, the three operating conditions
chosen for illugations herafter are at -178 CAD for (V100, 2000 RPM), (V50, 2000
RPM) and(V50, 3000 RPM) since thg best capture the entitemble structurein the
investigatedvolume for the majority of recordings. Twmarametriccomparisos are then
allowed; onewith respect teengine rotational speeahd another with respect to inlet flow
blockagesection

For each one of the three studied cases, analysis ofdiftebution of the
instantaneous tumble locati@ne performed in the mid cylinder plat Z= 0 and athe
border plals at Z =-3.79 and Z = 3.7}rigure3-36|below illustrates theapturedresults
and initial findings indicate similadistribution of the instantaneous tumble location

betweerthedifferent planesHowever, thalistributions differ for each case.

For the case V100 at 2000 RPM, tumble centre locations draw a circular envelope
centred at the mean tumble location in that plane qo#d Particularly at the bottom of
the envelope, we can note a numbktumble locations limited by the lower border of the
field of view in phnes Z =3.79 and Z = 0. These tumble locatioaiect howeveralues
Rl + FULWHULRQ WKDW DUH fhgyHapehst-helceds&rily @rroneoDsp@ W KH U H
can rather bdurther investigated via an adaptedrtex modellingtechnique Finally,
tumble locations are gerally higher in plane Z = 3.A¥hich reflectsthe meanupward
curvature of tumble core observe@ This & also shown by the mean tumble
location in plane Z = 3.7Tred dot)that has a highetocation compared to the mean
centresn the other two planes.

For the case V5@t 2000 RPM instantaneousumble centre locations draw an
elliptical inclined enelope n the different planes with thean locationn plane Z =-
3.79 positioned slightlylower in Y-direction, correspondinglyo the slight curvature
observedn the mean field @ In both X and Y directin, tumble centres seem
to be more dispersed than in the reference case \Figélly, for the case V50 at 3000
RPM, tumble centre locations draw a horizontal ellipticaletope in the different planes
showing a greater distribution of tumble centres alrdjrection.

In conclusion, 3D velocity fields obtained by TofRtV and filtered by POD allow
the identification of instantaneous 3D tumble structures that in turn prthedeears to
analyse the htylinder flowvariationswith respect to different gine conditions.
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(@) (b) (c)

(d) (e) (f)

(9) (h) (i)
Figure 3-35 ,Q VW D Q W D Q H R X \d tumBl&Jdo frobh kefe@@nEe@ase 2000 RPM at V100
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Figure 3-36 Instantaneous am mean tumble centre locationin mid-cylinder planes and border planes
for three engine operation conditions

3.4.3.2 Classification of incylinder flow patterns

In a second ste@, conditional approactor the characterisation afi-cylinderlarge
scale structuresgs suggested based on the rgedic contribution of POD modés
coefficients.In fact, one of the main challengkes the analysis oW KH H @Jdyl@def] V
flow is identifying a number of characteristic flow patterns enabling the classification of
engine cycles under wellefined céegories. The aim of this classificationtasprovide for
a group of cycles sharing common characteristecshell allowing to distinguish their
particular flow structures, quantify the velocity fluctuations within the shell and finally
estimate the conbution of this defined group of flow structures to cyclic variations.
Consequently, engine cycles can be individually evaluatédn the shellwith respect to
their contribution toW K H | @dRal fuvbulent kinetic energy with higher precisgnce
CCV are mined out of the evaluatioRurthermore, this classification aims to find
correlations between the different categories of flow structimesrder to extract
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information linking theconsequenbehaviour of one category to anotterch as the
postioning of the tumble structure LQ WKH FRPEXVWLRQ FKDPEHU DQG
interactions

In order to perform such a conditional classifications of velocity fields, a multitude
of methods can be considerseth as:

1. Using an analytical modelling technig to find flow parameters enabling
minimisation between flow structures defined beforehandthadgeexperimentally
obtained. However, this method necessitates a prior knowledge of recurrent flow
structures such abe type of vortices othe intensityof a flow structure in order to
apply the minimisation approach and classify fields.

2. Defining flow categories based on prefixed flow characteristich as tumble ratio,

tumble geometry or tumble posititike whatwaspreviouslypresentedn paragraph

3.3.3and[3.4.3.1 This method allows gquantifying the kinetic energy associated to
specific flow characteristics and describes their influence on the global flow.

However,it is still limited when darge number ofjlobal flow characteristeeneeds to
be assessed simultaneously.

3. Classifying flow patternsvithout prior knowledge of the flow field characteristics
using conditional statistics to distinguish categories of flow configuratiGre
exampleis the resemblance coefficieodbmputedby (Cao et al., 2014¢nabling them
to build a cluster of categories and observe the exchange of energy between these
categories (partidarly the transfer of energy from large scale structures to smaller
structures near TDC at the end of compressi@nhther example igVoisine et al,
2010) using phasénvariant POD and muHiime statistics to distinguish flow
structures into groups that are then used foditimmal statistics

4. Applying deeplearning techniquesould in futureworks offer a particular approach
for the identificationof recurrent patterns and for finding correlations between
categories of structures

In our study, the third classification rhed is addressed, i.e. no prior knowledge of
the flow characteristics iequired A similar approach to what was proposed(¥gisine
et al, 2010)is carried outln their sturdy, each group of engine cycles was obtained by
evaluating the projection @achfield onto the firstglobal POD modémode0) that was
found to bea good indicator of the level of tumble breakdowafter observing that its
decrease in kinetic energy during compression was accompanied with an increase in
kinetic energy of the other modeshéir use of moe0 allowedidentifying categories of
flow behaviourswith respect to their resemblance to the mean flow.filed
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Our correlation coefficientaneanwhileare computedfor a given engine phase,
between each instantaneous cycle and a rflean (F,,) obtained fom velocity fields
reconstructedsia the 4POD modes following mod@ at that phasend not including
modeO in the reconstructianin other words, the dominant structure of the mean flow
field is excludedfrom K, and onlythe most recurrent large scala® retained.Then
instantaneous velocity fields)(fre reconstructed via the first 14 POD modes that contain
DSSUR[LPDWHO\ eRergWeigtte BO R Zhally, a normalisedprojection
coefficientC; is computed betweenyfand the instantaneous velocity fieldeconstructed
such as:

O» U:Té.]é\/:éa :TadJAV, Psageag
%ol > — > - (3-14)
¥0 Q}T&WQ}TWQ TaUﬁ\/:Q :TdJé\/: PééBéé\@
where the subscriptu denotes the u velocity componemtdenotes thanstantaneous
velocity field andm denotes theneancomponenbf Fn,. Using a similar equation to-384,

C, and G, are also computed.A null projection coefficienttrarslates aminimum of
correlationto Ry, translating into a maximum of correlation to the mean flow fietuich
increasesas the values of C; approaches 1 ofl, the sign of which depends of the
directions of velocity componenA classification ofinstantaneougycles can then be
performed by distinguishing their level of correlationtbhe velocity components ¥,
which mainly describes the largscales cyclic fluctuationsFinally, this analysisis
illustrated in the following for few engine phases dhe referencecase V100 at 2000
RPM.

Figure 3-37|first showsfor the 250 velocity fields at178 CAD, the correlation
coefficiens C;, C, and G, ranging betweenl and 1.Five groups spamng the
distribution ofthe correlationcoefficientin intervalsof equalwidth of 0.4 are defined in

order to perform a conditional analgsibased on theesemblance of, and f flow
structureswith regect to each velocity componeithe velocity field in each group are

then averaged and a mean flow field as well as a flow fluctuations field are obtained for

each of the five groups. Moreover, a statistical probability is computed for eagh @fro

fields asshown inFigure3-38for C,. Then, fRU HDFK JURXS WKH FRUUHVSRQ
RI WKH JURXSY{V P H bo@putedRandephréesénted linvthe oplane of the

investigation volumein [Figure 3-38| Iso-contours repHVHQW WKH PDJQLWXGH |
vectors represent the-plane velocity. The main observation drawn from thean +

fields of the different groupsbtained from @ distributionis a clear displacement of the

mean tumble centre location towards the right ef fileld in an upward direction. This

revealsa direct correlation between our classification approach with respect to the first
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POD modes and a recurrent cyclic positioning of the tumble strucilwenced bythe u
velocity componentindeed, theneantumble centre positon of group 3 (£D) compared

to thetumble position in the mean flow field at78 CAD is found to be similar thus
confirming that the level of (s representative of the disparity of instantaneous velocity
fields from the mean flow.

Cu CV

Cw

Figure 3-37 Distribution of correlation coefficients C,, C,, C,, obtained from velocity fields at-178
CAD (near BDC) for V100 at 2000 RPM
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Figure 3-38 Classification of velocity fields at-178 CAD (V100, 2000 RPMYegarding C, coefficient

C, and G, are then presented in a similaanner inFigure 3-39/andFigure 3-40
respectively Both distributions show a maximum probability of velocity fields to be in
group 3.Thetwo figuresalsoshow very light variationsf the mean tumble location in-X
direction with respect to the different groups qfadd G, at-178 CAD.One exception is
group 1 of G where the mean tumble location is seen displaced upward to the left. This
mean field is however computed from a very small number of velocity fields
corresponding to the very low probabiliwy fields to bein groupl. It is hence considered
erroneous and thigariation of tumble locatioms assumed inaccurate conclusion, the
correlation along +component seems toffer the most demonstrative wdpr the

classification of large scatemblestructures at178 CAD.

This is further illustratedin|Figure 3-41{wherethe JU R X SV BDRHDI® cors
obtained via th&D + F U L \@relilltRt@d in the volumetric domain. Group 1 reveals
an incomplete tumble structure thetceedshe lower borders of the field of view. As
noted inthe midF\OLQGHU SODQH W K Hs thehRoisBrvVell rieddibgQupwierdP E O H
to theright of the field of view to finally reach the highest positionY -direction for
group 5.A quasi constant tumble core diameter is observed for the 5 groups with a
cylindrical shapealong Zdirection Particularly for group 5, curves along the core are
observed.

J)LQDOO\ WKH ILYH IOXFWXDWLQJ YHORFLW\ ILHOGV >
obtained from ¢ distribution are presented |figure 3-42|in order WR VKRZ WKH IORZ
variations within one group and coare these variations to the global velocity fluctuation
field obtained from the ensemble of 250 engine cycles. As a result, fluctuations of the five
groups are very alike and show low magnitudes within the same group thus revealing the
resemblance of flomdynamics in that group. The likeness of the five velocity fluctuations
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fields also shows the reliability of the presented approach for the classification of velocity

fields sharing common recurrent flow characteristics. Compared to the global velocity
fluctuation field, over 50% of reduction in magnitudes is observed. This considerable
GHFUHDVH LQ PDJQLWXGH EHWZHHQ JOREDO DQG JURXSVT
Y-§omponent ifFigure 3-43|that also show WKH UHVHPEODQFH EHWZHHQ W
IOXFWXDWLRQ ILHOGY *URXSV DORQJ ZY FRPSRQHQW V
presented here since the contribution to TKE of the very small magnitudé$aof178

CAD is minor.

Figure 3-39 Classification of velocity fields at-178 CAD (V100, 2000 RPMYyegarding C, coefficient

Figure 3-40 Classification of velocity fields at-178 CAD (V100, 2000 RPM) regardingCw coefficient
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Group 1 Group 2 Group 3

Group 4 Group 5
Figure 3-41 3D tumble core of the fiveconditional groups mean flow fields

Group 1 Group 2 Group 3
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Group 4 Group 5 Global velocity fluctuations
Figure 3-42 X feldcity fluctuation of the five C, conditional groups and global velocity fluctuations
averaged over the esemble of 250 velocity fields

Group 1 Group 2 Group 3

Group 4 Group 5 Global velocity fluctuations
Figure 3-43v 1 elocity fluctuation of the five C, conditional groups and global velocity flictuations
averaged over the ensemble of 250 velocity fields
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Using a similar classification approach for velocity fields acquireela® CAD
(during the compression stroke) whereeamponent is more considerable than near BDC,
groups of flow structuresbtained from G distribution is presentedin [Figure 3-44
showinga maximal probability of fields in group 4 and a minimal probability of groups 1
and 5. )RU HDFK RI WKH ILYH PHDQ JURXS IORZ ILHOGYV
presentedn the Z-planeof the volumetric domain. The main tumble structure is observed
in the upper left regiorof each field and small variations of its centre location are
observed along Mirection. Group 1 revealing the least probability of fields is considered
inaccurate withe@spect to mean tumble location since the number of fiedssaveraged
is small. Furthermore, for each group, the mean flow field is presersedontours
correspond to the mean-@@omponent and vectors represent theplane velocities.
Groups 3 and 4hen reveal clear similarities in magnitudes and velocity distributions
while groups2 and 5reveala reversed effeaf velocity distribution. Thav-component is
negative on thaupperleft (directed towards the rear of the investigation volumaue)
posiive onthe lower right (directed towards the front of the investigation volummi)he
meanfield of group 2 andhis isreversd for group 5.Thisis illustrated in thevolumetric
domain irjFigure 3-45/leading to the conclusion that each group defined with respect to
C, distribution reveal a very distinctive flow characteristic whose contribution to the total
TKE can now be individually addressed.

Figure 3-44 Classification of velocity fields at-130 CAD (V100, 2000 RPMYegarding C,, coefficient
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Group 1 Group 2 Group 3

Group 4 Group 5
Figure 3-45 Z  eldcity fluctuation of the five C,, conditional groupsat -130 CAD

¥, Probability maps of C,, C, and C, correlation coefficients

In a last step, probability maps of the thoeerelation coefficients are presented in
in order to crossorrelate groups of maximal probability of fields. This step
aims to identify a correton between groups of structures and define, if possible, a
physical link of cause and effelbetween the behaviours of these groupgwee types of
mapsareshown. The first plots the five groups @rsus those of (the second plots,C
versus G and he third plots G versus G. The three plots are shown for each of the 7
crank angledegrees of the reference case V100 at 2000 R¥3M\ result, a peak of cress
correlation is rarely seen between common flow structures identified froend G.
Meanwhile crosscorrelation peaks are often noted between groups obtained froamd
C, on the one hand and those obtained froma@d G on the other handAround mid
intake for example, shown aR74 CAD, groups 3 of velocity fields show strong
correlations wih respect to the 3 velocity components. Therefore, it can be concluded that
flow structures in that group are most recurrent and most resembling daadFhence
contribue the most the TKE of CCV as that engine ph&aaing midcompression,
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shown at-106 CAD, strong crosgorrelations appear between group 4 obtained frgm C
and groups and 4 obtained fromg &d G,. This implies a dominant behaviour of the w
component at mitompression that corresponds to the flow characteristics of group 4 and
that this kehaviour is mainly linked to the behaviour of u and v components in groups 3
and 4.

In conclusion, thelassifyingof flow patterns without prior knowledge of the flow
field characteristics using conditional statistics drawn from pdapendant POD and
based on the correlation to a mean flow fi€ld describing the CCV at fixed engine
phases alloed distinguishing specific categories of flow configurations as well as
correlating these configurations trace back the chain of cause and effect linking them
However, in this first analysis, we did not establish a strong physical correlation between
particular groups of flow structures that could explain for example the tumble position
with respect to the flapping on intake jet the dissymmetry of the flown the mid
cylinder domain.In order to complete this study and furtheterpretthe experimental
results,a phaseénvariant decompositionis requiredto be ablethen to correlate the
different engine phases and describe the large scale structures chumipgession with
respect to those during intaka example Neverthelessthis analysis was made possible
by the information brought by TomBIV measurements that allowed a volumetric
visualisation of tumble cores in the nragllinder domairand revealedhe necessity of 3D
measurements to further our understanding of tfaylinder phenomena.
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-82
CAD

-106
CAD

-130
CAD

-178
CAD
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-226
CAD

-250
CAD

-274
CAD

Figure 3-46 Cross-correlation maps got reference case V100, 2000 RPM
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4 Summary and Outlook

The characterisation of unsteady confined flows is vital to uncetstad control
their dynamics. Hencecquiring a temporal tracking as well as a 3D description of the
flow paves the way to ahining the required thorough spatiotemporal analysis. With the
technological advancements witnessed in the world today, industrial products can be
simplified into experimental benches capable of reproducing the same operation
conditions and outputBy cowpling these advancements to the progregimessed by
diagnostis and measurement techniquess ipossible today to measurdéaage number of
flow parameters. In particular, nantrusive laser diagnostic techniques allow visualising
the flow and measurg its properties without compromising their natural portrayal. One
WHFKQLTXH WKDW KDV SURYHQ LWV UHOLDELOLW\ WR UHS
theparticle image velocimetrtechnique, PIV

In the course of this study, two typesRIV were applied and adapted to @tical
spark ignition engine which ian excellentapplicationof complex confined geometries
and unsteady flows. The first technique is tirasolved PIV. The goal was to describe the
temporal evolution ofthe in-cylinder unsteady flow and identify its variabilities with
respect to different operation conditions. The second technique is tomographic PIV. The
goal was to extend the collected data into the real-fireensional space and investigate
the extent of reliabity of 3D measurements with respect to experimental constraints.

In addition to developing the application of the PIV techniqueder difficult
experimental conditions VW X G\L QJ W kKHindeQaktoQyHdmiced Garticular was
mainly motivated by two reasons. The first ishe fundamental roleof in-cylinder
aerodynamicsin influencing the quality of the air/fuel mixing process that in turn
influences the quality of combustion and cyclic pollutant emissions. The second more
global reason, derivinfjom the first, is the dominamiaceof internal combustion engine
in the transportation sector of the’2dentury and its main contribution to global warming
thatis being urgently addressed wititernational policies angbgulations

Consequently, thefforts of this thesis consisted on one hand of investigating the
internal engine aerodynamics with respect to realistic engine operation conditions by
means of the optical engine test benohCORIA laboratory.On the other hand, it
consisted of developg new processes to adapt the applicatiorB@f TomaPIV to
complex confined geometries, facilitating thus the investigation of flows facing similar
experimental constraints.
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The bibliographic study presented in chapter one first revealed the neisddtise
WKH HQJLRBIQGHYWTY DHURG\QDPLFV DQG TXDQWLI\
Advancements witnessed in the optical engine configuration and the additional
measurements it allowed via the combination to optical diagnostic techniques were
thereforebriefly described showing their mutual role in visualising theyilinder flow.

The role of particle image velocimetry was particularly emphasised for its
importance in providing an accurate description of flow evolution. A survey of the
working princide of the main PIV techniques as well as results obtained from PIV
experimental studies in IC engines was presented revealingokhef this work in
furthering our knowledge of the-gylinder flow. Although planar PIV measurements are
wide-spread todaynd well adapted to the optical engine configuration, the experimental
process of implementing them still faces a number of constraints that needs to be carefully
addressed. And as a 3D descriptisessential for a coherent and realistic understanding
of the underlying phenomena, the application of 3D tomographic PIV to the engine test
bench proves to be a challenging task since itlimgusing a thick laser sheet and
dealing with acurved andtonfined optical geometry. However, 2D and 3D measurements
remain complementary in the sense where the first ensures higher measurements accuracy
and the second provides information otherwise missed.

The objectives of this work were set to measuring via 2DPTYR and 3D Tome
PIV the physical properties of the end¢irf Vicyli@er aerodynamics during intake and
compression strokegarticularly the large scale tumble structukdlequate experimental
procedures were needed and six engine operation conditions were considered while
varying intake duct opening conditiof$00%, 50% and 25% of the total intake duct
opening) and testing 2 realistic engine rotagpeeds (2000 RPM and 3000 RPM) while
preserving environmental inlet conditions of 1 atm and 300 K, without firing.

Chapter two consisted of two main parts. Thstfireated the 2D timeesolved
measurements (2D2C) and the second addressed the 3D tomographic measurements
(3D3C).

For the implementation of IV, a highfrequency Photron camera was associated
with a dual pulsed Darwi80 laser delivering an energy 25 mJ at 1 KHz per cavity.
The measurement light sheet was fixed in the vertical plane between the two intake valves,
the tumble plane, with the laser directly crossing through the cylinder. The field of view of
the camerawvas set t091x91 mm?2 correspaing to an image resolution of 768x768

Wi

pixels. The flow was seeded with oil particles of approximately 8 P LQ GLDPHWHU

faithfully following its dynamics. These particlegereintroduced far upstream of the inlet
valvesto notdisturb the ircylinder aerodynamics. A procedure for optimizing the quality
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of particle images and eliminate strong reflectiaas performed consisting of a variable

masking algorithm and a subtraction of a mean background ifiageresulted in 74x84

PPd YHORFLW\ ILHOGVY GLPHQVLRQ Wasdavdopddid &nsd V\Q FK L
WKH WLPH LQWHUYDO 0%i& B \pariclédipages) Wit HeldpeStX theH
HQJLQHTV SKDVhd eGorqiny Rredudhcy was fixed to 3 KHz which translated

into 45 recorded phases per cycle at 2000 RPM, and 30 phases per cycle at 3000 RPM.
Velocity fields were tbn obtained fronthe preprocessed particle images via arhuse

developed PIV algorithnwith subpixel shifing precision Data validation relied on
investigating the convergence of velocity components, the peak locking bias, and
comparing TRPIV ensemble average velocfields to those obtained from classical PIV
SUHYLRXVO\ SHUIRUPHG RQ &25,%$fV HQJLQH WHVW EHQFK

For the desired TomBIV measurementghe investigation volume was fixed by
establishing a thick light sheet between the intake valves centred at theHtWifidv WXPEOH
plane(Daher et al., 201@paher et al., 2016 Access into the combustion chamber was
dore through a 45° mirror fixed under the transparent piston head. The light sheet
thickness was controlled via kniglge cutters fixed on micrometric translation plates
placed between the cylindrical lens and the mirror, parallel to the laser Ishest.feet
profiles were measured to establish the relation betweendutier distance and light
sheet thicknessThe laser used was a double pulsed PIV Spectra Physics delivering 350
mJ per pulse while at 532 nm and 10 Hz. It was coupled to four HamamasudD&ras
equipped with P€E Micro NIKKOR lenses (45mm /2.8D) with Scheimpflug adapters for
perspective control. Unlike what has so far been reportdtigditerature, a compact
pyramidal configuration of the recording systémstalled at the engine tebenchwas
chosen. This configuration ensured 4 independent angles of view ranging between 20 and

GHJUHHYV ZLWK UHVSHFW WR WKH F\OLQGHUYV D[HV 7KH
with respect to each of the 4 cameras were reduced via anaftjukhife edged system
independently placed in front of each lens. Tiousesynchronisation box was adjusted
to ensure phasecked measwments at 7 CAD going from midtake to mid
compression-@74,-250,-226,-178,-130,-106 and-82 CAD). Beyondthese limits, the
field of view was obstructedrinally, the achieved field of view Haa resolution of
2048x2048 pix®V FRUUHVSRQGLQY WR 1 1'= PP

The main constraist for TomoPIV were defining the investigation volume
thickness on the one hand amiotaining an accurate 3D calibration of the camerathe
other hand. fBce the investigated volume is highly confinend moving a calibration
target across the entire domain in the presence eofcyfinder isnot possible, afirst
calibration procedure was introduced using an additional setup that allowed translating the
recording system and reproducing the test segimsitioning with respect to the cameras
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thus granting free access into the cylinder. Usingithsstu calibrationprocedurejn-situ
camera models were compdtand corrected via the sedflibration technique using low
density particle images. Th&campaigns for ¥olume thicknesse8, 5 and 8 mmyvere
considered in order to establish the largest admissible do@Rinvelocity fields were
obtained from preprocessed particle imageassing TomePIV codes developed by
PPRIME institute after optimisatio of the codesinput parameters. Then-cylinder
measurements werthen validated for the thickest domaiwf 8 mm in zdirection by
evaluating the convergence of velocity components, assessing the mean and fluctuating
velocities as well as the evolutionioktantaneous velocity magnitudes for a series of 250
engine cycles. Moreover, conservation of mass was applied and results in-tinaidr
plane were compared to 2D measurements and were found equivalent.

In a second ste@ndto avoid any displaament of the recording systamaddition
to overcoming confinementa novel exsitu calibration procedure was introduced
associating the displacement of a calibration target in the absence of confinement to a
geometrical transformation acquired from trentral plane of the confined investigation
volume.This translates into a deformation function used to project-a&iylinder particle
images onto a noylinder domain then use them for the smlfibration of theexsitu
camera modelsThis combination esultedin 3D camera models that take into account
optical deformations introduced by the confinemant that areable to ensure high
quality of volumetric reconstructiowhich was performed after projecting all recorded
particle images using the computdeformation functionResults of theexsitu process
were compared to those of thesitu process andvere found quasidentical with less
than 2.5%differencesn the planes farthest fromyzplane.

In chapter three,esults obtained from the higdpeedPIV measurements in the
combustion chamber were analysed and interpreted for the 6 engine operation conditions.
First the ensemble average velocity fields and their fluctuations were described. A global
tracking of turbulent kinetic energy showed the kigHuctuations of V25compared to
V50 fluctuations which in turrwere higher thanV100. UVLQJ WKH +HorFtheL WHULRQ
identification of vortices based on the topology of the velothtg,position of the tumble
centre was identified for the different reded engine phases and mean tumble trajectories
were compared. Few similarities were observed between V50 and V100 while V25
revealed a very different trajectocgntred in the field of view.

Furthermore, usingphasedependantproper orthogonal decompasih (POD) the
coherent structures in instantaneous velocity fields were isolated at the same engine phase
and their cyclic variabilities were identifiedth respect to tumble centgositioning The

first 5 POD modes were used fitre reconstruction ofelocity fields after a cumulative
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kinetic energy analysis showed that they contain over 95% of the total eAergyalysis

of tumble centre locatiomariationsat a determing crank angle degregas conducteébr

the 3® recorded snapshots. The RMS ofad Y positions at each crank angle degree
were then deduced to show the tumble centre fluctuations with respect to the engine
operation condition. This showegteatervariationsof tumble centrealong Y-direction

during compression, in all casd3articubrly in the case oV25, high fluctuationsare
revealedduring both intake and compressiostrokes Depending on thenlet flow
blockage(V100, V50, V25) the behaviour of cyclo-cycle fluctuations wh respect to
engine speed varieth a nonuniform mamer. This was revealed by computing an
influence ratidR betweenTKE at anengine speedf 3000 RPM and TKE at 2000 RPM,

for each of the thremlet flow conditiors. CaseV50 exhibiedgreaterR duringtheintake
strokecompared to the other cas#g®wirg a greater sensitivity to the increase in engine
rotational speedvhile V25 revealedthe greatestR values during the compression stroke.
Furthermore,a classification approach of velocity fields was performed regarding the
instantaneous tumble positiondence,the influence ofthe spatial cyclic variations of

tumble centreRQ WKH LQVWDQWDQHRXVYYH®BY¥LWX\DI®OW EM M B WLGRC
to contribute up to 30%o the local TKE.This approach of classification of engine cycles
with respect toa fixed flow characteristic (tumble position) allows more realistic
estimation of the TKE of each individual engine cyelgh respect to the global TKE
since CCV are removed from the evaluation.

Results obtained from TomBIV measurements showedgreder 3D character of
the incylinder flow during intake than during compressiam.other words, the third
velocity component w is more important during intake than during compresEien.
flows behaviour with respect to the six engine operation conditas examined,
similarly to the 2D measurementwith an extension of information beyond the mid
cylinder planeWith respect to velocity fluctuations, the very small magnitoickne third
velocity component weomparedo the other velocity components egfted in a very small
contribution R1 2§ the total turbulent kinetic energy in the investigation volume
particularly near BDCWhen studying small scales turbulence, it is believed @iat
measurementsan provide greater accuracy than volumetric measents With respect
to studyingthe cyclic fluctuationsof coherent structuresomographic PIV measurements
provided a continuous overview of the complete 3D vortex core otherwise difficult to
obtain via 2D measurementor this purpose,haselocked D-POD was performed over
250 snapshots to separate large scale structures from small turbulence in instantaneous
velocity fields. 7TKHQ WKH + FULWHULRQ ZDV DG h$ tefiieg WR W KH
7x7x3 investigation windowslhis allowed obtaining a description of instantaneous and
mean tumblesF RUHV { S RThiedVdpBr&ihdcdnditionsere chosen for illustrating
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cyclic variabilities with respect to tumble positioniatyr178 CAD for (V1002000RPM),
(V50, 2000 RPM) and(V50, 3000 RPM) since thg best captured the entitemble
structurein the investigated/olume. In the cases of incomplete tumble structure, the
applicaton of a vortex modelling technique is suggested arguing that input parameters
from the incomplete tumble structure obtained from experimental measurements can be
essential to obtain a complete tumble model amyide valuable informationFinally, a
condtional approach for the characterisation ofcwlinder large scale structures is
VXJJHVWHG EDVHG RQ WKH HQHUJHWLF FRQWULEXWLRQ
engine phase, a correlation coefficient was computed for each velocity component
betweennstantaneous engine cycles (reconstructed via the first 14 POD modes containing
R1 WKH e@eRyy fBwd a mean flow field (obtained from velocity fields
reconstructed via the 4 POD modes following mOdsithout including the latter in the
reconstuction.) Hence, three correlation coefficients were obtained for each engine phase,
Cu, G and G, describing the resemblance between instantaneous cycles and the most
recurrent large scaledloreover, a classification approach was performed based on the
distribution of G, C, and G,, and was foundeliable forthe separation otharacteristic
flow structures ito groups. This was reflected in the mean flow field and the fluctuating
velocity field of each group which revealed much smaller variatmompare to the
global ensemble average fluctuatinglocity field. This analysis was illustrated for the
reference case V100 at 2000 RPM, near BDC and neacanighressionFinally, cross
correlation maps where presented in order to reveal common peaks ohtoorsel
between groups obtained from, ©, and G,. The possibility of tracing back these groups
of velocity fields to find a link between their corresponding behaviours was discussed.
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Outlook.

The results obtained in this study open the way for futuoekwising the PIV
technique to further investigate unsteady confined fld®esticularly in the perspectives
of the 3D in-cylinder flow computation an evaluation should be made of tesitu
volumetric reconstructionwhich takes into account a part of épal deformatios, using
lower order camera models thus reducing computation thadeitionally, the phase
locked measurements presented in this work can be complemented bgdoived 3D
measurements allowing3D temporal trackingf coherent structes fluctuationsacross
WKH HQJL Qétculaf) dudrid the compression stroke

The conditional analysis of 4aylinder flow characteristics can be complerted in
two mainmanners One isleadingan iterative classification process consisting sihg
the mean fields of groupebtained from the distribution of correlations coefficiept G,
and G, as an input field fin equatio@‘in order to refine each group of fields by
minimising the fluctuations between thelfls comprised in that grouphe second way is
to performa phasenvariant POD establishing one basis function ftre entire engine
cycle and extraatg thecause and effect chaof cyclic variabilities on the one hand and
the relation between the flo at thedifferent engine phasem the other handising the
proposedrosscorrelationof coefficiens C,, C,and G,.

In the context of spray/flow interactions studies such as the previous waukiex
Lemetayer applying PIV. RQ WKH &25,%$ TVt beagh 130 HempokaV PIV
measurementsan complement their resulésd provide an extended description of-gas
droplet dynamics in the engines combustion chamf@metayer, 2016) The 3D
distribution of dops @n thus be obtained providirmgpupled information of position and
velocity of a droplet in the 3D domaimhis might remain limited however with respect to
light reflexions and optical visualisati@inceaccessing itylinder regions nearer to the
fuel injector or ignition spark plulgy meais of multiple cameras is an extremely difficult
task Greaer precision can be obtained by performing-dimensional stereoscopilV
allowing to obtain the 3 velocity componera$ the in-cylinder flow (2D3C). While
limited instantaneously compardd TomcePIV measurements offering coherent 3D
velocity gradientStereePIV can offer a description of the meanaylinder flow in the
entire volume of the engirfiecombustion chambéra series of multiple planegcordings
are performed.

Finally, the results obtained in the course of this work show the possibility of
applying equal procedures to different experimental setups facing similar geometrical
constraintf confinement, difficult optical access andrshoptical deformation.
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Annexel
¥, Ensemble average velocity fluctuation from TRPIV at 2000 RPM
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¥, Ensemble average Mecity fluctuation from TR -PIV at 3000 RPM
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Annexe 2

¥, Phase averaged velocity fieldsfrom Tomo-PIV measurementsat
2000 RPM

V100 V50 V25
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¥, Phase averaged velocity fields from TomePIV measurementsat
3000 RPM

V100 V50 V25
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¥, Phaseaveraged  velocity
measurementsat 2000 RPM

V100

fluctuations

V50

149

from

Tomo-PIV

V25



0€T=Avo

90T= AvO

¢8=Aavo

150



CAD =226 CAD =250 CAD =274

CAD =178

¥, Phaseaveraged  velocity
measurementsat 3000 RPM
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Annexe3
¥4, Zy-plane average velocitywith respect to inlet flowat 2000 RPM

Similarly to the 2D analysighe three inlet cases are displayed at the considered
rotational speed of 200(RPM. The deduction made for VQ0in §.2.4.4 of the
manuscript where the 3D data was compared to 2D data, can be made for V50 and V25.
In other terms, the three cases show the same engine flow characteristics as the 2D
recorded data in thiglane, more accurately in the common regions of measurements. This
observation on the one hand validates furthermore the quality of our 3D tomographic
measurements. On the other hand, it allows us to draw thedestptionabout the inlet
IORZ TV te@h@h¥ He@odynamics in the tumble plane during intake and compression
strokes.
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Y4 Zy-plane fluctuationsfrom Tomo-PIV measurementsat 2000 RPM
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¥, Z0-plane average velocitywith respect to inlet flowat 3000 RPM

Ensemble aveged velocity fieldsand fluctuationst Zy-plane obtained from Tomo
PIV are shownfor the three inlet caseat 3000 RPM. The same engine flow
characteristics as the 2D recorded data in the common regions of measurements are again
observed with the slightlgmaller velocity magnitudeg38l).
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Résumé

/IHV PpFDQLVPHV G TgenmpdedaNdeR Qtrust@&sWurlilentes instationnaires
tridimensionnelles,eHQ SDUWLFXOLHU FHX[ UHQFRQWUpV DX[ SOXV J
GH SKpQRPqQHV GILQVWDELOLWpP TXL FRQGXLVHQW WUQqV VI
GHV VA\VWqgPHV pQst léJgasv tek Xvdriationg fchdecycle dans le moteur a

comhustion interne. Malgré les progrés substantiels réalisés par la simulation numérique en
PPpFDQLTXH GHV IOXLGHVY OHV DSSURFKHV H[SPULPHQWDOH\
la compréhension des phénoméphgsiques ayant lieuDans ce travail de ése, deux types

de vélocimétrie par image de particuld3I{) ont été appliqués et adaptés lzanc moteur

optique du laboratoire CorilERXU pWXGLHU OfpFRXOHRohQtWhsHI® IRQFWI
fonctionnement du moteuka PIV Haute Cadence 2D2&€permis i DERUG GYREWHQLU X
WHPSRUHO GH OfpFRXOHPHQW GDQV OH F\OLQGUH GXUDQW .
variations cycliguesLa PIV Tomographique 3D3CD SHUPLV HQVXLWH GIpWHQGL
PHVXUpHYVY YHUV OfHV.9b Fdo®\ {ai® inteeRivV 4. Ba@€)dd @n position

angulaire visualisant un environnement de géométrie complexe, confinée, ayant un acces
optique restreint et introduisant des déformations optiques import&@etsa nécessité une

attention particuliere vis-vis du processus de calibration 3D des modéles de canigess.
DQDO\WHV FRQGLWLRQQpHY " HW ' GH OYpFRXOHPHQW VRQ\
sur la décomposition propre orthogonale (PQi2ymettantde séparer les différentes échelles

de structureHW OH FSHWPHMWD QW OJLGHQWLILFDWLRQ GHV FHQW!

Mots clés: Aérodynamique moteur, PIV haute cadence, PIV tomographique, Calibration 3D,
Confinement, Mesures tridimensionnelles

Abstract

The unsteadyevolution ofthreedimensionallarge scaldlow structures can oftetead to a
decrase in the performance of energetystems. This is the case of cytbecycle variations
occurringin the internal combustion engine. Despite the substaaiisancementmade by
numerical simulatiosin fluid mechanicsexperimental measurements remain a requirement to
validate any numerical model of a physical procésshis thesis two types of particle image
velocimetry (PIV) were applied and adapted to the optical engisidbench of the Coria
laboratoryin orderto study than-cylinderflow with respect tsix operating conditiong=irst,

the Time-ResolvedPIV (2D2C) allowed obtaimng a temporatrackingof thein-cylinder flow

and identifying cyclic variailities. Then bmagraphic PIV (3D3C) allowed extendinghe
measured data the threedimensionaldomain The TomePIV setup consisted ef cameras

in angularpositioning, visualizing a confineenvironmentwith restricted optical access and
important optical deformationsThis required a particular attentiomegarding the 3D
calibration processof camera models2D and 3D conditional analyses of the flowvere
performedusingthe properorthogonal decomposition (POD) allowing to separate the different
scales oflow structues DQG WKH + FULWHULRQ DOORZlcénre8WKH LGHQWL

Key words. Engine aerodynamics, Higépeed PIV, Tomographic PIV, 3D Calibration,
Confinement, Thredimensional measurements
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