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Résumé étendu

La réduction de la trainée aérodynamique des véhicules terrestres est devenue un enjeu
crucial en raison des normes strictes des émissions de CO2. Ce travail se focalise sur les
roues et leur interaction aérodynamique avec le véhicule. A titre indicatif, entre 20% a
40% de la tralnée aérodynamique est originaire de la trainée des roues et des passages de
roue. De ce fait, I'optimisation du systéme roue--passage de roue--véhicule nous offre la
possibilité d’'une réduction substantielle de la trainée aérodynamique ainsi que de la
consommation d’énergie. Pour mieux comprendre l'interaction entre les roues et le
véhicule, les expérimentations sur une maquette a l'échelle 2/5iéme équipée d'un
diffuseur et de pneus Michelin sont effectuées. La géométrie du véhicule, basée sur le
modele ASMO, a été modifiée précédemment a ce travail afin d’obtenir un angle d’attaque
de I'’écoulement sur les roues avant et un équilibre du sillage réaliste en présence de
quatre roues tournantes. Cette configuration a servi de référence dans le cadre de cette
étude.

Chapitre 1

Avec le durcissement des objectifs de réduction des émissions de CO2 et autres gaz a effet
de serre, les constructeurs automobiles du monde entier cherchent les moyens de rendre
les véhicules plus économes en énergie et plus écologiques. Le systéme pneumatique
constitue une piste de recherche prometteuse car il joue un réle essentiel non seulement
dans la performance du véhicule et la sécurité, mais aussi dans la consommation d'énergie.
En effet, leur contribution représente entre 20% a 40% de la trainée aérodynamique
totale, et peut ainsi permettre une réduction importante de trainée, et donc de
consommation d’énergie. Néanmoins, l'influence des roues sur l'aérodynamique des
véhicules devra étre étudiée plus en profondeur. Dans ce contexte, le travail vise a
améliorer la compréhension de l'interaction aérodynamique roue-véhicule. Cette partie
bibliographique présente et analyse les études précédentes portant sur I'écoulement au
soubassement, I'aérodynamique des roues, puis sur I'aérodynamique des véhicules en
conditions de roulement. Ainsi, on sait que 1’équilibre du sillage d’un corps en proche
paroi peut étre modifié par un changement de garde au sol, de pertes de charge au
soubassement, ou de direction ou et de l'état turbulent de !’écoulement du
soubassement... Ensuite, on a dégagé le comportement 3D et complexe de 1'écoulement
autour des roues isolées et des roues a l'intérieur du passage de roues. Pour une voiture,
les roues étant situées dans le soubassement, les éléments bibliographiques ont mis en
contexte 'importance de 'aérodynamique des roues par rapport a l’ensemble du véhicule.

Chapitre 2

La premiere partie du Chapitre 2 décrit 'expérience réalisée ainsi que les outils de
traitement mis en place. La maquette de véhicule utilisée tout au long de I'étude est basée
sur le modele ASMO (Section 2.1.2). Sa géométrie a été modifiée précédemment a ce
travail de sorte que lorsque quatre roues tournantes sont présentes, 'angle d’incidence
de I’écoulement sur la roue avant est compris entre 10° a 15°, et que le sillage du véhicule
soit bien équilibré. Pour étudier les efforts aérodynamiques d'interférences entre le
véhicule et les roues, agissant sur le véhicule seulement, on adopte une méthode de
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mesure dit "wheel-off", ce qui signifie que les roues sont mécaniquement découplées du
véhicule, et qu'uniquement les efforts sur le véhicule sont mesurés. L’écrasement des
pneumatiques a échelle réduite est réglé, afin de reproduire la déformation réaliste du
pneu a I'échelle 1 sous charge. Les mesures du torseur aérodynamique ont été réalisées
avec une balance fixée al'intérieur de la maquette, composée de capteurs piézoélectriques.
La distribution de pression a la surface du véhicule est mesurée en 203 prises de pression
reliées a deux scanners de pression. Les mesures du champ de vitesse dans le sillage du
véhicule sont effectuées avec la technique PIV en trois plans différents.

La deuxieme partie du chapitre expose une bréve présentation du modele numérique
employé pour simuler certaines configurations. Il s’agit de la méthode lattice Boltzmann.
Les calculs ont été réalisés par I'entreprise GANHTHA, selon notre cahier de charges. Les
résultats numériques servent a compléter I'analyse physique de I'écoulement.

Chapitre 3

Comme présenté dans le chapitre précédent, la maquette est basée sur le modele ASMO.
Pour analyser les caractéristiques aérodynamiques autour de cette géométrie modifiée,
la maquette sans roues et avec les passages de roue fermés (configuration notée par N) a
été analysée (Section 3.1). Cette configuration a une déportance importante et une faible
tralnée. L’écoulement au soubassement présente une forte tridimensionnalité avec des
lignes de courant divergentes puis convergente. Le sillage du véhicule est aussi trés 3D en
raison de sa géométrie. Deux paires de tourbillons longitudinaux sont détectés dans le
sillage proche.

Le gradient de pression vertical sur la ligne centrale du culot est négatif. Il est cohérent
avec 'asymétrie du sillage dans le plan y=0. Mais cet équilibre du sillage est inversé par
rapport a une voiture de tourisme classique dans les conditions de roulement. Cela vient
de la proximité du sol, et de la géométrie du véhicule, ou I'angle du toit (10°) est supérieur
a l'angle du diffuseur (5°).

Les roues dans différents états (en rotation ou pas) et avec différents pneumatiques
peuvent étre considérées comme des perturbations placées au soubassement du véhicule.
Afin de simplifier ces perturbations et d’étudier I'impact du blocage au soubassement,
nous avons monté une paire d’obstacles profilés (demi-ellipse) au-dessous des passages
de roue arriere bouchés, rien n’ayant été monté a I'avant du soubassement. Nous
définissons le taux de blocage géométrique, noté 1, par le rapport entre la largeur totale
des obstacles (qui est deux fois le petit axe elliptique) et la largeur du véhicule. L'étude
paramétrique est effectuée avec = 10, 15, 20, 25, 30, 35,40 %. Deux régimes peuvent étre
observés en fonction de la largeur des obstacles. Le premier régime correspond aux
configurations pour lesquelles les sillages des obstacles se ferment, en moyenne
temporelle, en amont de la sortie du soubassement (1< 25 %). Dans ce régime, la pression
au soubassement diminue considérablement par rapport a la configuration M.
L’augmentation de la taille des obstacles, dans ce régime, a seulement des effets locaux
sur la répartition de pression au soubassement et au culot, mais ne modifie pasla pression
dans le plan de symétrie du véhicule. Dans le second régime (t> 25 %), les sillages
d'obstacles «non fermés» (vitesse longitudinale moyenne négative observable a la sortie
du soubassement) fusionnent avec le sillage du véhicule. Cela conduit a une modification
plus globale de I'’écoulement, se traduisant par une chute de pression a la surface entiere
du culot, et une augmentation importante de la pression a l'arriere du soubassement. En
résumé, 'augmentation du taux de blocage au soubassement augmente lentement la
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dépression au culot et la pression au soubassement dans le premier régime, mais
beaucoup plus rapidement lorsque on est dans le deuxiéme régime.

En ce qui concerne le sillage du véhicule, quel que soit le régime, 'organisation du sillage
n’est pas significativement modifiée. Pour tous les obstacles profilés testés, les sillages
moyens du véhicule semblent avoir une organisation similaire, avec une grande structure
de recirculation moyenne dans le sens horaire et une plus petite structure en sens inverse.
Cependant, comparés a N, leurs sillages présentent une asymétrie plus prononcée dans la
direction verticale. De plus, il y a une nette réduction de la longueur de la recirculation
lorsque le taux de blocage du soubassement augmente, ce qui indique une courbure
croissante des lignes de courant moyennes au décollement sur le culot.

Une expérience supplémentaire avec un modele a échelle réduite a été réalisée dans le but
de reproduire les deux régimes, avec une taille fixe d’obstacle au soubassement, mais a
différentes positions longitudinales par rapport au culot. Les résultats suggerent qu’avec
une paire d’obstacles progressivement éloignée du culot, nous pouvons discerner deux
régimes : «proche» et «éloigné» du culot. La sensibilité des coefficients aérodynamiques
globaux vis-a-vis de cette distance differe grandement entre les deux régimes. Les deux
régimes ont une analogie avec respectivement le régime de «grand» et de «petit» blocage.
Les deux expérimentations soutiennent I'hypothese que le sillage non fermé de I'obstacle
au soubassement géneére une interaction beaucoup plus forte avec le sillage du véhicule
et donc une influence plus importante sur la distribution de la pression a la surface du
véhicule.

Chapitre 4

Dans ce chapitre, les obstacles profilés sont d’abord remplacés par des roues arriéere
tournantes, configuration XR (Section 4.1). Les structures d’écoulement autour des roues
arriére tournantes sont présentées en s’appuyant sur les résultats issus de la simulation
numérique. Les phénomenes caractéristiques des roues tournantes présentés dans la
littérature, telles que le jetting, le pic de pression positive (Cp > 1) situé en amont de la
surface de contact et la dépression importante (Cp < —1) immédiatement derriere la
surface de contact, sont confirmés par la simulation. Le schéma général des structures
tourbillonnaires s’accorde bien avec ce qui existe dans la littérature. Par rapport a la
configuration N, la présence de roues arriere tournantes diminuent la pression au
soubassement entre elles car elles empéchent partiellement 1'écoulement extérieur de
pénétrer dans cette zone de basse pression, comme les obstacles de petit blocage
(Chapitre 3). Cependant, elles augmentent légerement la pression a l'entrée du
soubassement et considérablement la pression devant elles, ce qui augmente la pression
totale au soubassement et donc le coefficient de portance. Les roues arriere tournantes
ainsi que les passages de roue créent des zones de basse pression dans leur sillage. La
réduction de la pression au culot se traduit finalement par une augmentation de la trainée
du véhicule. Cette diminution de pression au culot est associée a la réduction de la
longueur de recirculation du sillage du véhicule. Les fortes fluctuations générées par les
roues augmentent l'instabilité de 1'écoulement a la sortie du soubassement. De ce fait,
I'entrainement dans le sillage du véhicule est augmenté, ce qui entraine la fermeture plus
tot du sillage moyen. L'effet des roues arriere peut étre vu, au premier ordre, comme un
effet de blocage. La rotation ou non des roues fait varier le taux de blocage dans le
soubassement. Les roues fixes générant des sillages plus larges et donc un blocage plus
important. Pour les roues arriere en rotation ou fixes, aucune modification n’a été
constatée en termes d’organisation de sillage moyen par rapport a la configuration N.



Dans la Section 4.2, on ajoute des roues avant tournantes. Cette configuration de base,
notée RR, est étudiée par rapport a XR. Trois aspects principaux peuvent étre notés a
partir des résultats de la simulation numérique. Premierement, I'angle d’attaque sur les
roues est différent. Deuxiémement, les roues avant de la configuration RR ont un déficit
de vitesse relativement faible dans leur sillage. Troisiemement, dans cette configuration,
les roues arriére ont un sillage plus large.

La présence de la roue avant augmente considérablement la pression au soubassement,
ce qui montre une réduction du flux au soubassement. La position du point d’arrét au nez
de la voiture est plus basse, ce qui est conforme a la variation de portance observée. Cette
diminution importante du flux soubassement, couplé avec la présence du diffuseur,
conduit a une inversion de I’'équilibre du sillage du véhicule dans le plan de symétrie. On
retrouve alors un sillage du véhicule bien équilibré. Le sillage des roues arriere est plus
large, ce qui entraine une interaction plus intense entre le sillage des roues et le sillage du
véhicule. Cependant, la diminution de la pression au culot localement en aval des roues
arriere est compensée par la recompression en haut du culot, en raison de l'inversion de
I'équilibre du sillage. Par conséquent, la pression moyenne du culot et la trainée restent
inchangées par rapport a la configuration sans roue avant.

Enfin dans la Section 4.3, différents états de roue sont testés sur les essieux avant et
arriere par rapport a la configuration de base RR. Tout d’abord, le champ d'écoulement
autour des roues fixes avant et arriere a l'intérieur des passages de roue est analysé en
utilisant les résultats de la simulation numérique. Les roues fixes créent un sillage plus
large. Lorsque la rotation de la roue avant est arrétée (configurations SR et SS), le sillage
des roues est plus large et une pression plus faible est mesurée dans leur sillage, ce qui
entraine un coefficient de portance plus bas. L’équilibre du sillage du véhicule est
légérement affecté. Lorsque la rotation de la roue arriére est arrétée (configurations RS
et SS), l'effet de blocage créé par la roue arriere fixe est accentué par le diffuseur. Il y a
une augmentation de la pression entre les roues arriére au soubassement, entrainant une
augmentation de la portance. La diminution du flux au soubassement se traduit par une
déviation du sillage du véhicule vers le sol.

Chapitre 5

Dans ce chapitre un fond supplémentaire a 'arriere du soubassement est ajouté pour
éliminer le diffuseur du véhicule. Cela permet une premiere analyse de la sensibilité de
nos résultats a une modification de la géométrie du véhicule. Cette configuration est notée
RR. Par rapport a la configuration avec diffuseur (RR), une augmentation de la pression
est observée au soubassement, en particulier sur la partie arriére. Cette diminution du
flux au soubassement provoque la plongée du sillage moyen vers le sol.

Cet effet global conduit a une insensibilité des coefficients aérodynamiques aux
perturbations au soubassement (présence des roues, état des roues, ...). Autrement dit, la
présence du diffuseur accentue (par son effet global sur I'aérodynamique du véhicule) les
effets locaux introduits par les perturbations au soubassement.

La deuxieme partie du chapitre présente I'analyse de I'effet d’'un changement du type de
pneumatique. Nous étudions ainsi (en plus du pneu de référence a 3 sillons longitudinaux)
un pneu ayant 3 sillons et des rugosités sur le flanc et un pneu lisse. Il est démontré que
le changement de pneu (avant ou arriere) peut étre interprété comme une modification
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du taux de blocage des roues (roue plus ou moins large) avec les mémes conséquences
sur les distributions de pression au culot et au soubassement que celles analysées dans
les chapitres précédents (mais avec un effet plus faible). Il a aussi été observé que le
changement de pneu arriére peut, dans certaines configurations, avoir un effet significatif
sur I’équilibre du sillage.

Enfin, la contribution des passages de roues sur la trainée du véhicule est étudiée pour
toutes les configurations mesurées. La roue en rotation équipée de rugosités sur le flanc
semble provoquer une force de «poussée» dans les passages de roue. La trainée du
véhicule et la somme des trainées du culot et des quatre passages de roue suivent une
dépendance linéaire. La pente, égale a 1, indique que le changement de trainée est corrélé
a environ 100 % a la modification de la pression au culot et dans les passages de roue. La
fonction affine entre la pression au culot et la trainée du véhicule présente une pente de
0,81. Ce qui signifie que la variation de la trainée des passages de roue représente a peu
pres 19% de la modification de la trainée du véhicule.

Chapitre 6

Le chapitre 6 résume les résultats présentés dans cette these. Pour les perspectives a ce
travail, il serait intéressant d’analyser plus finement la généralité des résultats obtenus
au regard de modifications de géométrie du véhicule. En ce qui concerne les stratégies de
réduction de la trainée, I'existence de deux régimes contrdlés par une paire d’obstacles a
'arriere du soubassement fournit des indications pour améliorer la trainée des véhicules.
Il semble ainsi préférable d’éloigner la roue arriere du culot pour limiter la trainée, ou
utiliser des roues plus minces, tout en veillant aux autres performances telles que la
sécurité et la stabilité.
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Chapter 1

Introduction and literature review

With the current conditions of the toughening of environmental legislation for CO, and other
greenhouse gas emissions, automobile manufacturers around the world are looking into the ways
to make the vehicle more energy efficient and therefore more environmentally friendly. The
pneumatic system is a crucial area as it plays an essential role not only in vehicle performance
and security, but also in energy consumption. Indeed, they are responsible for approximately
20% to 40% of the total aerodynamic drag. This evaluation quantifies the potential of drag
reduction by optimization of the wheel-wheelhouse-vehicle system. Nevertheless, the influence
of the wheels on the flow around the vehicles remains open issues. In this context, this work
aims at improving the comprehension of wheel-vehicle aerodynamic interaction. We provide an
overview of the current studies related to wheel aerodynamics. The scope of the investigations
undertaken in this work is then outlined.

Contents
1.1 Global context . . . . . . . . . ... 1
1.2 Influence of the underbody flow . . . . . ... ... ... ... ... ... 3
1.3  Wheels aerodynamics . . . . . . . . .. L Lo 5
1.3.1 Isolated wheels . . . . . . . . . . . 5
1.3.2  Wheels inside wheelhouses . . . . . . . .. ... ... . ... 8
1.3.3  Aerodynamics of road vehicle including wheels . . . . . . . ... ... 9
1.3.4 Rotating wheel modeling . . . . . ... ... ... ... ... 12
1.4 Outline of the thesis . . . . . . . . . .. . o 14

1.1 Global context

Human activities are estimated to have increased approximately 1°C of the average tempera-
ture on Earth since around 1880 (IPCC, 2018). While with the melting of polar ice sheets and
glaciers, the acidification of oceans, the accelerated rise in sea levels, the higher frequency of
heat wakes and more powerful hurricanes ... the effects of this climate upheaval are already
very tangible. At the current rate of greenhouse gas emissions, global warming is likely to reach
4.8°C by 2100, compared with the period between 1986-2005, which will doubtlessly cause dre-
adful consequences. In 2015, 195 nations signed onto the Paris agreement to curb greenhouse
gas emissions sufficiently to limit global warming to 2°C above pre-industrial levels by 2100.
At the same time, more than 100 nations called for a lower warming target of 1.5 °C instead of
2°C. To respond this request, in October 2018, the Intergovernmental Panel on Climate Change
(IPCC) released a special report on the impact of global warming of 1.5°C. They revealed that
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2 CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW

this half a degree can make a world of difference. We would see fewer life-threatening heat,
drought, precipitation extremes, less sea level rise, less ecosystems damage, fewer species lost,
with far-reaching consequences for humans and their activity. However, this goal is far from
easy. To do so we must achieve a net-zero carbon footprint by 2030. This means carbon capture
process in the atmosphere will need to offset emissions at that date. Thus it is essential to curb
greenhouse gas emissions, which requires rapid and unprecedented transitions in all aspects of
society: reducing industrial emissions, controlling urban sprawl, limiting animal-based protein
consumption, ensuring energy sobriety, increasing the percentage of renewable in the electricity
mix and revolutionizing transportation ...

Transport is the only sector in which greenhouse gas emissions are still higher than they
were in 1990 (EU, 2018). In the automotive sector, cars and vans produce about 15% of the
EU’s CO4 emissions. Average emissions by new cars rose to 118.5g CO,/km in 2017, following
a steady decline over the past few years. Under current rules, the average new car must not
emit more than 95g/km by 2021. In a plenary vote on October 3, 2018, MEPs (Member of the
European Parliament) proposed emissions should be cut respectively by 20% in 2025 and 40%
in 2030, than in 2021. New targets are expressed in percentages because the 95 g/km standard
(in 2021) will have to be recalculated according to the new more rigorous emissions test that
better reflects real driving conditions. Moreover, they propose that 35% of new cars sold from
2030 should be electric or hybrid.

With these stricter regulations and tax rates being introduced every year on CO, emissi-
ons, automobile manufacturers are pushed into seeking solutions that do not compromise the
vehicle’s global performance. Aerodynamics is one of the several fields where such solutions are
pursued.

The actual COy emissions of a vehicle depend on the vehicle’s driving resistances, the
powertrain’s efficiency and the energy demand of potentially activated auxiliary consumers.
The efficiency of the powertrain describes those parts of the total fuel’s energy content that can
be used for the mechanical propulsion of the vehicle. The majority of the employed chemical
energy gets lost by heat dissipation and friction in the powertrain. Engine efficiency varies
between different types of engines and also between different loads within the engine maps,
described by engine speed and engine power (or torque). The total driving resistance F, of
a vehicle follow basic physical principles, which consists of four parts: rolling resistance Fg,
aerodynamic drag Fa, acceleration Fi.. and slope of the road Fyg:

F, = Fr + Fa + Fac. + Fs (11)

Assuming a passenger car traveling at constant speed on a level road, the driving resistance
can be simplified into the following form:

1
F, = Fr+ Fy = famg + 5OU,USij; (1.2)

The two terms Fg and Fj as a function of driving velocity is given in Figure 1.1. The rolling
resistance is proportional to the vehicle load. The coefficient of rolling resistance fg depends on
wheel and road properties, and some other factors. It is rather constant at low velocities, but
increases strongly at high speeds. The aerodynamic drag is determined by the aerodynamic
shape of the body, described by the drag coefficient (C), and by the projected frontal area of
the vehicle (S). As the aerodynamic drag increases as the square of driving speed, it rises much
faster than the rolling resistance. At above 60km/h, the aerodynamic drag dominates over the
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rolling resistance, and becomes the main source of driving resistance. However it should be
noted that the figure is only schematic, as the real distribution of the forces and their absolute
values strongly depend on vehicle and tire characteristics.
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Figure 1.1: Aerodynamic drag and rolling resistance versus vehicle velocity for a typical passenger car
(Elena, 2001).

The focal point of this work is the wheel and its aerodynamic interaction with the vehi-
cle. To give some specific numbers on their importance, it is estimated that for a typical
passenger car, the wheels and wheelhouses account for approximately 20% to 40% of the total
aerodynamic drag (Pfadenhauer et al., 1996; Wickern & Lindener, 2000; Elofsson & Bannister,
2002). Consequently, the optimization of the wheel-wheelhouse-vehicle system provides us the
possibility of a substantial reduction of the aerodynamic drag as well as energy consumption.

As the lower half of the wheels are exposed to the underbody flow, their presence will un-
doubtedly modify the underbody flow condition compared to the basic vehicle body. Moreover,
wheels themselves create complex flow structures that will convect downstream, interfere in the
vehicle wake. To broaden our understanding of these behaviors, the following literature review
will start with individually the underbody flow and the wheels aerodynamics, then the existing
investigations on vehicle in on-road conditions will be presented.

1.2 Influence of the underbody flow

In a conventional vehicle, the underbody embodies exhaust pipes, mufflers, gearbox, propulsion
shaft, etc, which is far from smooth. These parts are important contributors to aerodynamic
drag and account for about 10%-30% of the total drag force (Passmore & Le Good, 1994;
Rossitto, 2016).

First stage studies are focused on the underbody flow effect on simplified vehicle geometries
by removing the complications of wheels. Then, once the wheels are ignored, at the ground
proximity, the underbody flow can be controlled by pressure loss system, passive devices, ground
clearance, unsteady actuation, etc. Their impact on the wake organization and the base pres-
sure level can be analyzed.

To simulate the underbody roughness and examine their aerodynamic impact, Perry &
Passmore (2013) introduced 5 horizontal roughness strips of different size in the underbody
of a square-back Windsor model. They revealed a significant impact of the underbody flow
condition on the base pressure and near wake structure, chiefly at lower ground clearance. With
an increase in underbody roughness, the drag raises as the lower vortex near the base becomes
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stronger and larger. The underbody roughness was also investigated in real car geometry.
Jakirlic et al. (2016) conducted computational study using VLES (Very Large Eddy Simulation)
on a ‘DrivAer’ car model with smooth and detailed underbody. A higher drag coefficient is
obtained with detailed underbody configuration than smooth underbody configuration.

Similar disturbance facility as used in Perry & Passmore (2013) was also applied in Barros
et al. (2017). Apart from one horizontal strip, they also tested a centralized circular cylinder
and uniform grid, with variable size, in the underbody of a rectangular bulff body in ground
proximity. The application of small disturbance facilities increases the wake lower vortex size,
sets flow symmetry in the wall-normal plane, and triggers bimodal lateral wake reversals. Furt-
her increase of perturbation size additionally enhances wake lower vortex, and the wake lateral
bistability is suppressed.

It can be conjectured that, in the previous studies, if they continued decreasing underbody
flow momentum by even larger perturbation, the wall-normal asymmetry will once again reverse.
This is what have been observed in Grandemange et al. (2013a), while they increase gradually
the underbody flow momentum by augmenting the ground clearance of a parallelepiped body
with rectangular blunt trailing edge. Three regimes can be identified when increasing the
ground clearance. When the ground clearance is small, the wake is similar to that of the
3D backward facing step as a result of the strong viscous effect in the underbody. While
increasing progressively the ground clearance, the underbody flow gains higher momentum but
separation occurs more downstream on the floor. It forms a curved jet that reattaches on
the upper part of the base. The recirculation length is significantly reduced, leading to an
important drag increase. For even higher ground clearance, the underbody flow has enough
momentum to prevent separation on the ground, and two counter-rotating vortices are formed
in the mean wake symmetrical plane. The drag decreases compared to the second regime but
then stabilizes. This evolution of the near wake characteristics is also confirmed by McArthur
et al. (2016) varying ground clearance with a GTS (Ground Transportation System) model. In
addition, in certain range of the body aspect ratio, lateral bistability behavior is observed in
the first regime, and in the third regime the near wake undergoes bistability in either lateral
or vertical direction.

At a constant ground clearance, similar flow regimes to those observed in Grandemange
et al. (2013a); McArthur et al. (2016) could be achieved by modifying underbody flow velocity.
It is the case in Castelain et al. (2018) where they mounted a pressure loss system to cont-
rol the underbody velocity from 0.15 of the free stream velocity to 0.86, beneath a simplified
tractor-trailer model with side skirts.

The preceding researches bring to evidence different wake wall-normal balance due to under-
body flow momentum variation. While by involving flow deviation devices at the rear trailing
edge of a bluff body, for example tapers and flaps (Grandemange et al., 2013¢; Littlewood &
Passmore, 2010; Perry et al., 2016), the shear layer is directly deflected, so does the mean wake.
The linear dependence between the lift coefficient and the bottom flap angle in Grandemange
et al. (2013¢) demonstrates that, in addition to the bottom shear layer deviation by bottom
flap, the underbody flow momentum is equally modified. Further observations indicate a qua-
dratic dependence of drag versus lift, revealing the potential of reaching drag minimum in road
vehicle applications by empirically setting the angles of the flow separations at the trailing
edges. This approach using flap and taper corresponds to the underbody diffuser applied in
real vehicles.

The diffuser is a passage of increasing area at the underbody exit. It can increase the un-
derbody flow at its entry while reduce the velocity at the exit, and thereby recovering pressure.
They were initially applied to race cars to increase downforce and improve high speed stability.
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Now they are commonly used in road vehicles to improve lift and drag performance. Cooper
et al. (1998) investigated the influence of ground clearance combined with different diffuser
angle using a rounded nose bluff body with side plates. With underbody diffuser, the effect
of the ground clearance is still consistent with those observed in Grandemange et al. (2013a);
McArthur et al. (2016). They reported increasing downforce and drag with the decreasing ride
height to a maximum, followed by a sharp decrease in downforce due to viscous effect at ground
proximity. Moreover, the optimum diffuser angles for downforce are between 13° ~ 16°. Above
25°, the diffuser is completely stalled. In terms of the drag, at high ground clearance, it is
similar to the drag variation seen in fastback vehicles, where increasing the back slant angle
from 0° reduces drag up to an angle of about 12°-15° (Ahmed et al., 1984). While at lower
ground clearance, the range over which the diffuser reduces drag is smaller (0°-5°) compared to
the fastback data (0°-15°). Eventually, one can mention multiple channel underbody diffusers,
they are proved to be more efficient than single channel diffuser, as with increasing diffuser
angle, significant downforce production is achieved with little increase in drag (Jowsey, 2013).

Another mechanism that can influence underbody flow condition is related to the experi-
mental set-up, the moving ground. More and more wind tunnels are equipped with different
moving ground systems with proper boundary-layer treatment to better reproduce the on-road
condition. Krajnovi¢ & Davidson (2005) showed that the influence of the floor motion on the
wake structure of a slanted surface body is qualitatively limited to the region near the floor and
near the slanted surface. It is anticipated that in a realistic case with a moving ground, the
flow regime classifications as evidenced in Grandemange et al. (2013a); Castelain et al. (2018)
depending on underbody flow momentum persist, however the transition between two regimes
may occur at different ground clearance or underbody velocity values.

1.3 Wheels aerodynamics

1.3.1 Isolated wheels

Before attempting to study wheel-wheelhouse-vehicle interaction, a more fundamental approach
is to start with the aerodynamics of isolated wheels.

A wheel is a bluff body thus the flow field around it exhibits strong three-dimensional pro-
perties and complex vortex dynamics phenomena (Pirozzoli et al., 2012).

The first aerodynamic research aimed at the automobile wheels was carried out by Morelli
(1969). In fact, when the wheel is in contact with the ground, it is required to separate the
aerodynamic forces from the reaction forces due to the ground. In order to avoid this, in their
experiment, a wheel was suspended without contact, onto a recess of a stationary plate simula-
ting the ground. The wheel was driven to rotate by a DC motor. The drive-shaft was connected
to a force balance. Due to the gap underneath the tire, a Venturi effect plus a Magnus effect
lead to important suction underneath the tire, eventually results in a negative lift. However
the observed downforce of the rotating wheel and the increase of the drag due to the rotation
of the wheel compared to the stationary one are their major results that are contrary to the
subsequent observations. This is because in reality the wheels are in contact with the ground,
and air can not pass underneath.

Fackrell & Harvey (1975) were one of the first who investigated experimentally the isolated
rotating wheel in contact with the ground. Their results are also the most accepted and
referenced in this subject area. They indicated that only in this realistic flow conditions could
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Figure 1.2: (a) The angle convention of a rotational wheel; (b) Static pressure distribution on the
centerline around stationary and rotational wheels (Fackrell & Harvey, 1975; Mears et al., 2004).

appropriate lift and drag be acquired. They performed wheel surface pressure measurements by
a set of pressure tappings across the tread connected to a microphone located inside the wheel.
The measured data was transported out from the rotating wheel via slip rings. The distribution
of the static pressure in the wheel centerline was measured for rotating and stationary wheels
(Figure 1.2). Neglecting the viscous force, and by integration of the surface pressure, drag and
lift coefficients were derived. They revealed that a rotating wheel has a lower drag and lift than
those of a stationary wheel, which is proven by later investigations (Wéschle et al., 2004; Mears
et al., 2004). The rotation of the wheel leads to a downward shifting stagnation point, and
an earlier separation from the top wheel tread, as shown in Figure 1.3. Compared to rotating
wheel, the later separated flow creates large suction region on the tire tread (approximately
from 130° to 310° in the Figure 1.2), accounting for a higher drag and a higher lift. Moreover,
in their measurements, a sharp rise of C, to greater than 1 was discernible at the upstream
region of the contact patch (Figure 1.2). This is due to the interaction between the oncoming
flow and the wheel/road juncture, producing an effective and significant ‘pumping’ of the air
out into the free-stream from either side of the wheel. This phenomena is called viscous jetting.

Figure 1.3: Smoke visualization of flow pass stationary wheel at left and rotational wheel at right,
flow coming from left to right (Fackrell & Harvey, 1975)

With this high pressure peak, Fackrell & Harvey (1975) expected a higher transverse velocity
of the flow emerging from the front contact patch underneath the wheel. Therefore, the lower
wake of a rotational wheel would be wider. However the contrary is often observed (McManus
& Zhang, 2006; Axerio & laccarino, 2009; Heyder-Bruckner, 2011; Diasinos et al., 2015). Two
reasons were proposed in the literature to explain the thinner wake of a rotating wheel: the
first is that the flow emerging from the front contact patch underneath the rotating wheel is
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deflected by full free-stream velocity, while the stationary wheel sits in a boundary layer of the
stationary ground, resulting in a slower dissipation of the transverse velocity of the emerging
flow (McManus & Zhang, 2006); the second is that for a stationary wheel, the late separated
flow on the wheel tread creates a stronger downwash behind the tire which fuels the formation
of the strong counter rotating ground vortex pair that enlarges the wake (Axerio & Iaccarino,
2009).

In addition to the high pressure peak, Fackrell & Harvey (1975) also predicted that the
sharp rise of the surface pressure would be accompanied by a drastic drop. A negative pressure
peak would exhibit immediately after the line of contact due to the divergence of the moving
surface. However it was not observed in their measurements. It is probably attributed to the
rising of the moving belt increasing the pressure immediately downstream the contact patch.
While it was subsequently observed by Mears et al. (2004) (Figure 1.2). The oscillations after
the negative pressure peak was believed to be induced by instrumental error.

The first detailed general schematic of the flow structures around an isolated wheel in
contact with the ground was presented by McManus & Zhang (2006) using unsteady RANS,
delineated in Figure 1.4. For a stationary wheel, the flow stays attached on the top tire tread,
as precedent observations, creating a strong downwash behind the wheel and forming a pair of
counter rotating vortices. For a rotating wheel, the flow separates earlier than in the stationary
case, giving rise to an upper arch shaped vortex. In the lower wake, a recirculation region forms
in the separation region. In general, an isolated rotating wheel creates a taller yet thinner wake
than a stationary one. Furthermore, the DES simulation of Heyder-Bruckner (2011) revealed
that both the upper and lower wake of a rotating wheel are composed of periodically shed
vortices released from the shear layer which is created as the flow separates from the wheel
surface.

(a) (b)

Attached Flow Separated Flow
Arch Shaped Vortex

Counterrotating Vortices Counterrotating Vortices

Figure 1.4: Schematic diagrams of the general isolated wheel flow (a) Stationary; (b) Rotating (McMa-
nus & Zhang, 2006).

In addition to the rotation of the wheel and the contact with the ground, another on-road
condition proved to be essential is the contact patch size. Rigid wheels made of carbon fiber or
aluminum are often used for scaled aerodynamic experiments, as the process of manufacturing
such a wheel is more accessible. Besides, to reproduce corrected deformable tire, it needs to
be preloaded, which would result in excessive wear of the moving belt. While the rigid tire
ensures durability and longevity of the test equipment. The investigation on contact patch
surface was carried out numerically by Diasinos et al. (2015) using steady-state RANS. They
included a small step around the wheel’s contact patch to simulate the contact with the ground.
However, they did not apply a real deformable tire shape on the wheel. By varying the height
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of the step from 0.0028d to 0.0085d (d is the wheel diameter), they observed a reducing wake
width with the increasing step height, and a decrease of drag up to 20% (0.1 in Cy). In their
numerical set-ups, increasing the step height increases the length of the contact patch more
than its width, resulting an aspect ratio change. Therefore the flow separation point moves
towards the rear of the wheel with a reduction in the lateral departure angle of the jetting
from the contact patch. The experimental research of Purvis (2003) seems to find the opposite
conclusion. They used a 50% scale deformable tire constructed from polyurethane foam, while
their tire did not have an accurate side profile. They demonstrated that the width of the wheel
lower wake increases significantly with the contact patch width. It may be difficult to conclude
which trend is correct, while from the results in Diasinos et al. (2015) it can be said that the
wheel wake is effectively dictated by the shape of the contact patch. Their findings emphasize
the importance of applying correct contact patch.

1.3.2 Wheels inside wheelhouses

The wheelhouses add considerable complexity on the system compared to isolated wheels.
Understanding the wheelhouse flow allows us to further investigate its interaction with the
remainder of the vehicle.

Nose Wheel house

e 3 Tatl section
section  section

Figure 1.5: The investigated simplified models, at left : Regert & Lajos (2007), at right: Krajnovié
et al. (2010).

A detailed structure of the flow field inside a generic wheelhouse around rotating wheel was
first published by Regert & Lajos (2007) using RANS and URANS, and later supported by LES
simulations of Krajnovi¢ et al. (2010) on simplified models (Figure 1.5). Wheel-specific vortices
were identified, independent of the grid, numerical scheme, turbulence model and the shape of
the body (Figure 1.6). Two longitudinal vortices correspond with the jetting vortices in the
case of an isolated rotating wheel, which are marked with L and R. The only discrepancy of
the two works lies in the existence of an additional pair L; and R; observed behind the wheel
by Krajnovi¢ et al. (2010), which arises from the entrained upward air by the rotation of the
wheel. The interaction of the up-flow entering the wheelhouse and the running surface of the
wheel moving in the opposite direction results in boundary layer separation over the upper part
of the wheel, which gives rise to the formation of vortex A. The upper arch shaped vortex in
an isolated configuration (Figure 1.4(b)) does no longer exist. Vortex B mainly results from
the flow entering the wheelhouse from its front leading edge, getting entrained by the wheel
rotation, recirculating inside the wheelhouse and eventually leaving the wheelhouse from the
rear upper part. Vortex H is generated by the recirculation of the separated flow at the entry
of the wheelhouse. Vortex C' and S are the results of boundary layer separations over the front
and rear edges of the wheel arch. Vortex E originates from the flow entering at the front of
the wheelhouse between the wheel and the inner wall, impinges on the downstream part of the
wheel arch and then stretched downwards to the underbody.
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Figure 1.6: Vortex skeleton of flow in a wheelhouse, at left : Regert & Lajos (2007), at right: Krajnovié
et al. (2010).

The flow entering the wheelhouse mainly leaves the volume from the upper part of the
wheel arch due to the wheel rotation. Gulyés et al. (2013) carried out PIV measurements in
several horizontal planes besides a rotating wheel inside the wheelhouse of an Ahmed body.
By analyzing the streamlines and flow-fields in these planes, they found a maximum amount of
outflow leaving the wheelhouse between the top of the wheel and the highest point of the wheel
arch curve. Bonitz et al. (2018) conducted unsteady surface pressure measurements downstream
a front wheel arch of a full-scale Volvo S60 production car of notchback type. They found out a
dominant frequency at the wheel rotational frequency in the upper part behind the wheelhouse,
revealing a coherent structure exiting the wheelhouse. It can be analogous to the A structure
found in Regert & Lajos (2007) and Krajnovié et al. (2010). The low pressure and high pressure
fluctuation region behind the front wheel arch corresponds the reattachment area of this vortex
exiting the wheelhouse. It then propagates horizontally downstream. In a real life scenario,
this vortex will cause most of the side contamination on the vehicle. It is further confirmed
that this coherent structure presents even under large yaw angle (£15°), no matter at leeward
or windward side. While it is not observed when the wheel is stationary.

It should be mentioned that in the experiment of Bonitz et al. (2018) it was the vehicle
being yawed to leeward and to windward. While even though this yaw angle is zero, the front
wheel approaching flow does not have a zero angle, as pointed out in Regert & Lajos (2007).
When the model is aligned with the oncoming flow, for a 1D fore-body, where the distance
between the fore-body and the front wheelhouse equals approximately to one diameter of the
wheelhouse, the yaw angle of the front wheel approaching flow is approximately 9.18°; for 2D
fore-body, it is 7.5°; for infinite fore-body, the yaw angle reduces towards 2.85°. For a typical
passenger car, this value is around 10 — 15° (Pfadenhauer et al., 1996). This yaw angle impor-
tantly influences the intensity and position of vortices A and B, while the position and size of
other vortices are less dependent of this parameter (Regert & Lajos, 2007). Bonitz et al. (2018)
also observed more or less pronounced frequency signals of the vortex at the upper part behind
the wheelhouse, when the measurement area was located leeward or windward.

The size of the wheelhouse also assumes important influence on the wheelhouse vortex
development as well as the global aerodynamic coefficients. When reducing the diameter of
the wheel arch, A, E decrease in size, while B gradually dominates the outflow from the upper
part as it is fed by unchanged inflow in the internal part of the wheelhouse (Regert & Lajos,
2007). A decrease in depth of the wheelhouse mainly reduces the size and intensity of vortex
B and E. The drag of the simplified model including wheelhouse and wheel globally decreases
with the reducing wheel arch volume but the effect of radial space on drag is more important
(Fabijanic, 1996; Thivolle-Cazat & Gilliéron, 2006). However, it was not easy to know whether
the increase of drag came from the simplified body or the wheel as the drag was measured



10 CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW

globally.

1.3.3 Aerodynamics of road vehicle including wheels

In vehicle aerodynamics, detailed numerical and experimental studies have been focused on
generic, simplified geometries, such as the Ahmed body (Ahmed et al., 1984; Krajnovid &
Davidson, 2005; Osth et al., 2014; Grandemange et al., 2013b; Barros et al., 2016; Li, 2017),
Asmo body (Perzon & Davidson, 2000; Nakashima et al., 2008; Tsubokura et al., 2009; Xflow,
2010; Aljure et al., 2014), and Windsor models (Howell, 1994; Littlewood et al., 2011; Perry
& Passmore, 2013; Perry et al., 2015, 2016). These simplified models are widely investigated
as they can reproduce importation flow structures around realistic road vehicles and favor the
comparison between different experimental and numerical studies. Recently, with the advances
in wind-tunnel equipment, more thorough investigations have become possible. Aerodynamic
investigations of generic models including wheels and wheelhouses are receiving more attention,
as they are more representative of real vehicles. Moreover, the wheels and wheelhouses are also
important contributors to the aerodynamic drag. For a typical passenger car, the wheels and
wheelhouses together are responsible for approximately 20% to 40% of the total drag (Pfaden-
hauer et al., 1996; Wickern & Lindener, 2000; Elofsson & Bannister, 2002).

The experimental study of Pavia & Passmore (2017) demonstrates that the inclusion of the
front wheelhouses and front wheels into a 1/4 scale Windsor model modifies mildly the drag.
The lateral bi-stable motion that exhibits in the wake of a Windsor model without wheels is still
recognizable. Moreover the state of the front wheels (stationary or rotating) shows negligible
difference. However, when rear axle is additionally included, significant pressure drop can be
noticed in the bottom half of the base. This results from the formation of a stable counter
rotating vortice pair in the gap between the two rear wheels, which also tends to stabilize the
bi-stable motion. Elofsson & Bannister (2002) claimed that in a wake balance point of view, the
inclusion of (four) wheels create interference effects between the wheel wakes and the vehicle
wake, causing the vehicle wake being far from balanced or elliptical !. Consequently, significant
drag increase is induced compared to the basic vehicle body.

The more important influence of rear wheels on the vehicle aerodynamic was also confirmed
by varying the state of the wheels separately at the front axle and at the rear. The experimental
studies of Elofsson & Bannister (2002) on a Volvo Sedan and a Volvo Squareback, and the
numerical investigations by Koitrand & Rehnberg (2013) on a Jaguar XF Saloon and a Jaguar
XF Sportbrake all illustrate higher variation in global lift and drag coefficients when altering
rear wheel state. Rear wheel rotation contributes to a decrease in the vehicle total drag (6Cy =
—0.03 ~ —0.02) and rear lift (6C; = —0.04 ~ —0.02) compared to rear stationary wheel
cases. Waischle (2007) interpreted the increase in base pressure as additional energy being
transferred into the vehicle wake by the rear wheel rotation and thus reduces the losses and
the wake size. Elofsson & Bannister (2002) assumed that rotating rear wheel creates local
upwash (Figure 1.7), compared to the large wake of the stationary wheel, and thus results in
smaller interference effect with the base region. However, it can be argued that, the upwash or
upward velocity downstream a rotating wheel is not observed in isolated situations at equivalent
distance, as shown in their PIV measurements in the wake (Axerio & laccarino, 2009; Heyder-
Bruckner, 2011; Sprot, 2013; Diasinos et al., 2015). It is thus conjectured that the observed
upwash visualized by the smoke is due to the vehicle diffuser (or its Coanda shape). While in

Iput forth by Morelli (2000), an elliptical cross-section of a vehicle wake is considered well-balanced.
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a stationary case, the wheel wake extends more downstream and can not be vectored by the
diffuser.

Figure 1.7: Smoke flow visualization behind the rear wheel, at left: rear stationary wheel, at right:
rear rotating wheel (Elofsson & Bannister, 2002)

It is sufficient to remark that in open-wheeled race car aerodynamics, the flow field around
the whole race car is severely affected by the front wheel (Sprot, 2013), in contrast to passenger
cars where the presence of the front wheels or the front wheel state has less significant impact
than rear wheels.

In context of vehicle with diffuser, Huminic & Huminic (2017) exposed a combined effect
of the wheels and the diffuser. By RANS simulation on a 1/4-th scaled 35°-slant-angle Ahmed
body without and with wheels at various diffuser length and angle, they brought to evidence
an increase of lift and drag in on wheels condition compared to same geometry without wheels,
as a result of the formation of the vortices originated from the rear wheelhouses. They showed
that the lift coefficients of the model without and with wheels both decrease with increasing
diffuser length and angle. While the decreasing rate becomes smaller with the increasing of the
diffuser angle when wheels are included (Figure 1.8(a)), revealing a reduced diffuser efficiency.
Moreover, from the drag measurements (Figure 1.8(b)) it can be noted that, there is possibi-
lity of reaching drag minimum over the range of diffuser angle and length when the generated
vortices from the rear wheelhouses have a smallest size.
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Figure 1.8: Lift and drag coefficient of a 1/4-th scaled 35°-slant-angle Ahmed body without and with
wheels at various diffuser length and angle (Huminic & Huminic, 2017).

In parallel, there are also investigations on the effect of more detailed parameters of the



12 CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW

wheel upon global aerodynamic forces and flow-field, for example, the rim design, tire edge
patterns...

It is reported that the wheel rim has an impact not only on wheelhouse flow but also on the
underbody and cooling flow and the base wake of the vehicle (Wéschle, 2007; Kuthada & Wie-
demann, 2008; Landstrom et al., 2009). A covered rim was found to be more favorable in terms
of aerodynamic drag. The CFD analysis of Bastian et al. (2015) ascribed the decrease in vehicle
total drag by applying covered rims mainly to the smaller drag generated at the wheels. For a
total reduction of 20 counts, up to 6 drag counts reduction is observed for front wheels and 11
for rear wheels, while the base and integral wheelhouse drag is only slightly affected. Moreover,
Landstrom et al. (2011b,a) proposed that optimizing the rear rims design has larger potential
in decreasing the aerodynamic resistance of the vehicle. Using statistical design of experiment
(DOE) methods, Berg & Brandt (2018) ranked the tested rim parameters (Figure 1.9) as fol-
lows, from the most relevant to the least in decreasing aerodynamic drag: Coverage area (high),
Rim cover distance (high), Rim cover depth (low), Rim cover angle (low), Depth of center (low),
Drop angle (high). The maximum drag difference induced by the most relevant parameter, co-
verage area, reaches up to-0.017 in Cd for a Volvo S90 Sedan and -0.012 for a Volvo V90 Estate.

Figure 1.9: The rim parameters investigated in Berg & Brandt (2018): 1. Coverage area; 2. Rim
cover distance; 3. Rim cover depth; 4. Rim cover angel; 5. Position of break; 6. Depth of center; 7.
Drop angle.

It is noteworthy that the different drag variations for different car geometries due to same
modification in wheels also present when altering the wheel state. The Volvo sedan tested
in Elofsson & Bannister (2002) also benefits more drag reduction with wheel rotation than
Volvo Squareback. These results reveal that the vehicle geometry plays an important role in
wheel-vehicle interaction.

The edge patterns on the tire are less investigated in the literature, as experimentally, tires
with different edge patterns are less accessible, and numerically, their simulation exhibits limi-
tations (see next section). Hobeika et al. (2013) investigated the tire edge pattern by applying
a rotating moving wall boundary condition on the tire surface. They claimed that the edge
pattern introduces a high vorticity in the flow. The interaction between the generated vorticity
and vehicle wake shows visible influence in base pressure plots, resulting up to 7 drag counts
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increase for a Volvo Sedan and 14 for a Volvo Sportswagen.

In a more realistic approach, vehicle ride height can be elevated by both aerodynamic lift
and the radial expansion of the tires due to centrifugal forces. Given the sensitivity of the un-
derbody flow to the ground clearance (Section 1.2), the rise in ride height is likely to modify the
underbody flow condition. The experiments of Bastian et al. (2015) on a BMW 3 Series sedan
demonstrated that when driving at 140kph, the on-road vehicle is measured to be elevated by
Smm-—Tmm at the front body. Moreover, when applying the elevated ride height in wind tunnel
they observed approximately 4 counts drag increase.

1.3.4 Rotating wheel modeling

An essential part of modeling the wheel rotation is in assigning boundary conditions to the
geometry, which affects the shear layers and developing flow-physics. The methods of imple-
menting wheel rotation in CFD have been investigated to some extent over recent years. In the
following we will present briefly the commonly used numerical approaches in rotating systems.

The simplest approach is to apply a Rotating Wall (RW) condition on the surface of the
rotating part by imposing the velocity at the wall tangential to their cell surface. However,
due to the complexity of the wheel geometry, this method alone sometimes fails to represent
the appropriate flow condition around the wheels. It is due to the fact that non-zero velocity
component could not be introduced to any cell surface whose movement is normal to the velocity
vector, as physically a solid wall could not have inflow or outflow. It is the case for certain
parts as inside the rim spokes and in the lateral grooves on the tire tread, shown in Figure 1.10
framed by the red boxes. It can be perceived that if rotating wall condition is applied on the
whole surface of the wheel, the velocity magnitude set in these areas becomes much lower than
reality. To address these problems, other approaches as Multiple Reference Frame (MRF) and
Sliding Mesh (SM) have been put forth.

Velocity Magnitude (m/s)

| |

5 10 15 20 25

Figure 1.10: Velocity distribution on a wheel obtained by Rotating Wall approach (Hobeika & Sebben,
2018); The red boxes indicate the regions where RW approach fails to apply correct surface velocity.

The MRF is a steady-state approximation in which individual cell zones move at different
rotational/translational speeds. Centrifugal accelerations and Coriolis effects are introduced
to cell zones having rotational motion. This approach is appropriate when the flow at the
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boundary between these zones is nearly uniform. For example, the MRF can be used for turbo-
machinery application in which rotor-stator interaction is small. While in the case of a rotation
wheel in a vehicle, if MRF is applied to the whole wheel, the flow around the wheel can never
be rotationally uniform over the interface with the main flow. Mlinaric (2007); Wiaschle (2006)
claimed that MRF volumes could only be used to each open region in-between the spokes.
The sensitivity study of wheel orientation in Landstrom et al. (2010) using MRF shows the
position of the spokes affects the flow field and aerodynamic forces. Therefore the MRF is not
considered the ideal method for modeling the rim or complete wheel rotation.

The SM model is considered to be the most realistic method for simulating flows in multiple
moving reference frames. With this approach, two cell zones are allowed to slide relative to
each other with an interface zone between them. At each time step the interface zones will
vary as the adjacent zones move relative to each other and the flux across the interface zones
from one to another are computed for the next time step. That is why this method is very
computationally demanding. In vehicle simulations, it is not very easy to be implemented for
the whole wheel due to the contact patch on the ground, yet it is a good method for the regi-
ons containing the rim, spokes and wheel hub and when high fidelity is required in modeling
rotating wheels. Figure 1.11(a) shows the implementation of SM on the rim.

Most of the CFD investigations on rotating wheels made many compromises, particularly
involving the blocking of through-hub flow, the lack of a rotating mesh (for non axially sym-
metric geometry rotations such as spokes), or a lack of rotating wall treatment (such as the
tread). Most of these are a consequence of resource restrictions. To compromise the accuracy
and the computational costs, the study of Hobeika & Sebben (2018) proposed a hybrid ap-
proach for simulating tire rotation. RW is applied on the external tire area; SM is applied on
the not closed rim (in the case of a closed rim, the RW method is sufficient as the closed rim
surface is tangential to the rotational velocity); And MRF is applied on the repetitive small
size lateral grooves (Figure 1.11(b)). This combined method is proved to be promising solution
as it can predict reasonably flow field and aerodynamic coefficients compared to a full sliding
mesh approach.
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Figure 1.11: (a) The sliding mesh setup (Berg & Brandt, 2018), with the sliding mesh domain (green)
and the outer domain (blue); (b) The hybrid approach proposed by Hobeika & Sebben (2018), with
sliding mesh applied on the not closed rim (brown) and MRF applied on the lateral grooves.

1.4 Outline of the thesis

The above sections have addressed the sensitivity of the global aerodynamic forces and wake
flow to underbody modifications, followed by the description of complex 3D flow behavior
around isolated and shrouded wheels. For a passenger car, as the wheels are situated in the
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underbody, these bibliographical elements have put into context the importance of the wheel
aerodynamics in relation to the whole vehicle.

Furthermore, as encouraged by MEPs, the electric vehicles will be more prevalent in the
future. The electric vehicles have a smoother underbody, as the battery package is located
between the wheelbase of the underbody, and there is no exhaust pipes. These lead to the
lowering of the drag contribution coming from the underbody, whereas the increase of the drag
ratio in other areas, including the wheels. However, due to the functionality of the wheels, they
are not likely to have a more aerodynamically favorable shape. Therefore, to achieve further
drag reduction, a better understanding of the wheel-vehicle interaction is of crucial interest.
Nevertheless, the influence of the wheels on the flow around the vehicles remains open issues.
For example, from an industrial point of view, the ranking by aerodynamic drag of different
tires sometimes depends on vehicle geometry (Wittmeier et al., 2013). While the mechanisms
behind it remains poorly understood. The objective of the study is to clarify this interaction, by
viewing the wheels as underbody perturbations, and analyzing their impact on the aerodynamic
around a reduced-scale vehicle. We will give a detailed analysis in terms of the aerodynamic
forces, base and underbody pressure distributions, vehicle wake and wheel wakes. The work is
structured as follows:

Chapter 2 details the experimental and computational environments. The vehicle model
used in our study, which originated from the ASMO model, is also presented. This model was
chosen by Michelin and optimized with reference rotating wheels prior to the PhD work. This
step is of fundamental importance. Indeed, a lot of works in the literature considered model
bodies having well balanced wakes without wheels as a starting point of studying the influence
of wheels. On the contrary, the strategy in our research will be starting from a body having a
well balanced wake with four rotating wheels.

The first part of Chapter 3 describes the smooth model configuration, which is the vehi-
cle model with polystyrene foam perfectly filling the wheelhouses and without wheels. This
configuration naturally has a high underbody momentum flux thus a negative lift, and a non
balanced mean wake with wall-normal asymmetry. It is used in Section 3.2 to study the influ-
ence of perturbations located at the rear part of the underbody. To do so, a pair of profiled
obstacles is mounted at the two sides, underneath the plugged rear wheelhouses, to emulate
the rear wheels. A parametric study is performed with different obstacle width.

In first section of Chapter 4, the profiled obstacles are firstly substituted by rear wheels as
a more realistic approach. Based on Section 3.2, the effect of the rear wheel state (rotating
or stationary) is discussed, in comparison with the profiled obstacles configurations. Next in
Section 4.2, the front wheels are additionally included, which leads to the baseline configu-
ration. The vehicle wake becomes well balanced, in contrast to the precedent configurations
preserving the same wall-normal asymmetry to the smooth model configuration. In Section 4.3,
wheel state investigations are carried out at the front or rear axle, modifying the well balanced
wake of the baseline configuration.

In Chapter 5, we eliminate the vehicle diffuser in Section 5.1. With the recovered wake
wall-normal asymmetry, the vehicle geometry influence on wheel-vehicle interaction is tackled.
In Section 5.2 the effects of different tires are addressed, based on the local and global effects
of the perturbations that have been investigated in previous chapters.

Finally, in Chapter 6 the overview of the main results and the outlook for future works are
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provided.



Chapter 2

Experimental and computational
environments

In this chapter, the experimental and supplementary computational set-up are elaborated.
The vehicle model used throughout the study is based on the Asmo model (Section 2.1.2). Its
geometry are modified so that when four rotating wheels are present, the front wheel is subject
to reasonable yaw angle, and the model has a realistic wake balance. In order to investigate the
interference aerodynamic force between the vehicle and the wheels, acting on the car body, a
‘wheel-off” configuration is adopted, which means the wheels are mechanically decoupled from
the vehicle, and solely the aerodynamic forces of the vehicle is measured. This method also
omit the measurement procedure of subtracting forces generated between the tire and its driven
unit as the wheels are not measured. For configurations including wheels, the contact patch of
the reduced scale Michelin tire is regulated, aiming at emulating the realistic tire deformation
under load.

Contents
2.1 Experimental method . . . . . .. ... L oo 17
2.1.1  Wind-tunnel apparatus . . . . . . . ... oo 18
2.1.2  Vehiclemodel . . . . . ... ... 20
2.1.3  Tires and contact patch regulation . . . .. .. .. .. ... ... .. 22
2.1.4  Pressure measurements . . . . . . .. ... Lol o oo 24
2.1.5  Force measurements . . . . . . ... ... ..o 25
2.1.6  PIV measurements in the vehicle wake . . . .. ... ... ... ... 26
2.2 Numerical approach . . . . . . . . . .. . L 27
2.2.1  General introduction of the lattice Boltzmann solver . . . . . .. .. 27
2.2.2  Simulation case set-up . . . . . ... oo 30

2.1 Experimental method
The design and implementation of the experimental set-up were performed during the PhD

work. Figure 2.1 gives a general picture of the experimental set-up inside the wind tunnel,
which will be elaborated in the following subsections.

17
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Figure 2.1: General picture of the experimental set-up inside the wind tunnel working section.

2.1.1 Wind-tunnel apparatus

The experiments were undertaken inside the test section of the subsonic closed-loop wind tun-
nel 5620 (Figure 2.2) in Institute Pprime in Poitiers, France. It has a contraction ratio of
7 : 1, with a rectangular test section of 6.2m? (2.4m (width)x2.6m (height)). The maximum
free-stream velocity can reach 60m/s and flow stability in the tunnel is ensured for velocities
greater than 5m/s. The turbulence intensity is approximately 0.5%.

Figure 2.2: Schematic of wind tunnel facility. The arrows inside the tunnel indicate the direction of
the generated flow.

According to the experimental set-up, a sketch of the vehicle model in the test section is
portrayed in Figure 2.3. The geometry of the vehicle model will be presented in detail in
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Section 2.1.2. The vehicle is held by a profiled support overhead throw the ceiling of the wind-
tunnel, above a raised floor. The raised floor is a flat plate with an elliptical leading edge to
control the boundary layer thickness. At the end of the elliptical leading edge, a band of rough
tape is applied to trigger the transition to turbulent boundary layer.

With 16 pressure taps, symmetrically drilled through the upper and lower surface of the
raised floor immediately downstream the leading edge, and an adjustable trailing edge flap at
the end of the raised floor, we managed to control the incident angle of the flow contouring the
leading edge. To obtain a zero incident angle, same pressure level needed to be ensured at the
upper and lower surface of the raised floor. This is achieved without the vehicle model, and
with the flap angle set at app,p, = 3.1°. After this adjustment, the model is mounted at 0.3Ly
downstream the leading edge, and 1.06Ly upstream the trailing edge. The ground clearance
G is fixed at 0.04Ly. The blockage ratio of the model’s frontal surface with respect to the
upper area above the raised floor is 7%. The Cartesian coordinate systems is denoted by X,
Y, Z representing streamwise, spanwise (or lateral) and transverse (or wall-normal) directions.
Y = 0 is the symmetrical plane. For the wake investigations with PIV measurements, the
origin of the coordinate system corresponds to the point on the raised floor at the mid-span
and rear end of the model, as delineated in Figure 2.3(a). While to describe the geometry of
the vehicle and the positions of the pressure sensors, the origin of the X coordinate is set at the
front wheel center, and Z = 0 corresponds to the lower surface of the vehicle (Figure 2.3(b)).
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Figure 2.3: Experimental set-up details: (a) Positioning of the model inside the wind-tunnel working
section, above the raised floor, in XZ plane. The PIV field in the symmetric Y = 0 plane is also
illustrated; (b) The positioning in the XY plane and the front and rear tracks. Ly = 1668mm.

To focus on the interference aerodynamic force between the vehicle and the wheels, acting on
the vehicle body, the four wheels inside the wheelhouses are mounted mechanically decoupled
from the vehicle model. This is known as a ‘wheel-off” configuration (Knowles, 2007), in contrast
to the real suspension system inside the automobile settings. In this approach, we only measured
the aerodynamic forces of the vehicle. This method also omit the measurement procedure of
subtracting forces generated between the tire and its driven unit as the wheels are not measured.

The wheels are fixed by four individual stings shrouded with symmetric airfoil (Figure 2.1).
The tire information and the contact patch regulation will be detailed in Section 2.1.3. The
stings are held by four pairs of supports fixed at the outboard side of the wheels near the
wind-tunnel inner wall. Four individual drive units placed inside the raised floor allow the
rotation of the wheels. The individual drive unit composes of a roller (Figure 2.3(a)), and a
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motor which drives the roller (Figure 2.8(b)). Each wheel is in direct contact with a roller.
For the stationary tests, the motors are shut down so that the rollers and the wheels are still.
For the rotating tests, the motors actuate, allowing the rotation speed of the wheel to match
with the freestream speed so as to simulate the vehicle moving forward through still air. The
experiments are conducted at Vy = 28ms~!, corresponding to Rer, = 3.10°. The freestream
velocity is limited by the operating limitation of the motors in the drive units. At this freesteam
velocity, the rotating speed of the motor is 5629 tr/min. The boundary layer thickness on the
ground was not measured. While according to the experiments of Barros (2015); Li (2017) in
the same wind tunnel with a similar raised floor, at a Reynolds number one order of magnitude
lower than ours, the boundary layer was proved to be turbulent. The boundary thickness on the
ground based on 99% of the free-stream velocity was typically 10mm, at a streamwise position
approximately at the entry of the underbody, with or without the model in the test section.
Thus the boundary layer is estimated to be smaller than 0.15G at our operating Reynolds
number.

Figure 2.3(b) provides the front and rear axle tracks. At first, they were both set at 640mm,
so that the tire side wall was flush to the vehicle side. However, it has been observed that for
these tracks, when wheels were in rotation, the model featured important oscillatory behavior
in the yaw and roll motion. This is reminiscent of an isolated rotational wheel investigated
by Pirozzoli et al. (2012), where significant oscillations in the wheel’s side force were recorded
yet with a zero time-averaged mean value. The four rotational wheels inside the wheelhouses
probably do not have zero mean side force. As a consequence, they may create changing and
oscillatory suction to the vehicle which results in the oscillatory motion of the model. In order
to limit this oscillation, it is required to enlarge the axle track. After several tests, with each
front wheel moved 2mm outboard in the Y direction, we achieved to debilitate the oscillation.
The front axle track is finally set at 644mm and the rear axle track at 640mm. To better ensure
the stability of the vehicle and to help keep the profiled support straight, four guy-wires, which
are tensioned cables, are installed, as can be seen in Figure 2.1. One end of the guy is attached
to the vertical support, and the other end is anchored to the wind tunnel inner wall. At the
operational position, the guy end fixed on the profiled support is lower in vertical position. This
ensures that the support can lift vertically the vehicle model without constraint, to facilitate
operations like inflating the tires or change the wheels. At the same time, the tensioned cables
prevent the model from descending below this ground clearance (0.04Ly ) position.

2.1.2 Vehicle model

The tested vehicle is a 2/5th-scale model with respect to the size of a typical passenger car. It
is originated from the Asmo model. The Asmo model was created in Daimler Benz research
department nearly twenty years ago, which was not related to any actual Mercedes cars of the
time, in order to achieve a low aerodynamic drag and to test CFD-codes. It is available for the
public on internet. It has a square back rear, smooth surface, boat tailing and an underbody
diffuser (see Figure 2.4). The model is characterized by no pressure induced boundary layer
separation and low drag coefficient: from 0.15 to 0.18 in the literature (Perzon & Davidson,
2000; Aljure et al., 2014), when compared with the typical Ahmed body (0.23-0.38 from Ahmed
et al. (1984)).

This model is often used to compare with the experimental surface pressure measurements
(Perzon & Davidson, 2000) to validate the turbulence models for simulations (Nakashima et al.,
2008; Tsubokura et al., 2009; Xflow, 2010). However not much information of the fluid dynamics
around the Asmo model was available. The only published detailed flow structures around the
Asmo model was made by Aljure et al. (2014) using large-eddy simulations. They portrayed
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Figure 2.4: The dimension of the 1/5th-scale Asmo model (units in millimeters).

the generation of the main longitudinal vortices (Figure 2.5(a)) as the interaction among the
high speed stream along the side, the slow speed stream in the back and the main flow traveling
along the top (Figure 2.5(b)). The recirculation region has the shape of a horseshoe toroidal
vortex bounded by the flow coming from the sides and the top of the body (Figure 2.5(c)).
They also pointed out that the longitudinal structures around the Asmo car are much weaker
and exhibit less turbulent behavior than those found around the Ahmed car with the 25° slant
back.

However, the Asmo model does not have real wheelhouses and its aspect ratio (length/width)
is not much akin to typical passenger cars. ACE (Aero Concept Enginneering) slightly modified
its geometry at Michelin’s request, by adding wheelhouses, adjusting its fore-body length and
aspect ratio to achieve a reasonable angle of attack for the front wheels, in order for wheel
aerodynamic studies. The diffuser angle was equally modified to obtain a realistic wake balance,
similar to that of an estate and hatchback car. It leads to the model that we use in the
experiments, whose geometry is detailed in Figure 2.6. The black dots are positions of the
pressure taps. The pressure measurements will be presented shortly in Section 2.1.4.

2.1.3 Tires and contact patch regulation

The wheels are equipped with reduced scale (2/5th-scale) Michelin tires having a realistic
deflected shape of a 205/55 R16 tire. The diameter is approximately 254mm and the width
is around 82mm. Shown in Figure 2.7(a) is the reference tire, with three longitudinal grooves
on the tire tread, and is used in most of the experiments (Chapter 4). Apart from that, two
other types of tires are investigated in comparison with the reference one. Figure 2.7(b) is
on the basis of the reference tire, additionally having carborundum powder glued on the flank,
aiming at representing tire sidewall marking. Figure 2.7(c) is referred to as a ‘slick tire’ without
grooves, which is similar to a competition tire. Their aecrodynamic effects will be presented in
Section 5.2.

In the experiments the surface of the tire contact patch is regulated to emulate the realistic
tire deformation under load. For a typical European market passenger car which weights about
1.4¢, the load of one front wheel is approximately 400da/N, and it is 300daN for one rear wheel.
Assuming that tire inflation pressure is about 2.5bar and is equal to ground contact pressure,
the contact patch surface is thus reckoned to be 160cm? for the front tire and 120em? for the
rear tire. For our vehicle model whose scale is 2/5, neglecting the contact patch difference in
front and rear tire, this gives roughly a contact patch of 23cm? ~ 4.3cm(in X) * 5.4cm(in Y)
for each tire. In order to limit tire damage and excessive load on the rolling system, we inflated
the 2/5-th scale tires to 1bar. As the wheels are decoupled from the vehicle, a proper contact
patch is then achieved by adjusting the wheel center height at tire inflation pressure of 1bar.
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Figure 2.5: (a) Iso-contour of @ = 0.1 behind Asmo model indicating the two longitudinal vortices;
(b) Time-averaged streamlines illustration the formation of the longitudinal vortices; (c) Recirculation
regions in the wake. (Aljure et al., 2014)

With the help of a Tekscan Pressure Mapping system the static contact patch can be
visualized in real time (Figure 2.8(a)). This system is composed with a thin sensor, which can
be put between the wheel and the roller to detect the interface pressure; a data acquisition
electronic, that can scan the sensing points within the sensor; and a software, which displays
the pressure distribution. The visual footprint displayed by the software is thus deemed as
the contact patch. In our configuration, the contact surface is slightly different from the real
contact patch because of the small radius of the roller supporting the wheel. There is no doubt
that a larger roller radius can better simulate the road. Nevertheless, in order to hide the roller
inside the raised floor, with its apex flush to the upper surface of the floor, the size of the roller
is limited by the thickness of the raised floor. In this situation, the length (in the X direction)
of the contact surface is curved due to the small radius of the roller. As a result it is difficult
to guarantee the proper contact patch length (4.3cm in the X direction). Thus we consider the
width (in the Y direction) of the output contact surface to be the priority parameter, which is
aimed approximately at 5.4cm.

To determine the correct wheel center height that ensures the proper contact patch width,
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Figure 2.6: The dimension of the vehicle model (units in millimeters) with the locations of the pressure
sensors in black dots. The size of the profiled support can be visualized from the top view of the vehicle.

(a) (b)

Figure 2.7: Three types of tires investigated in the study. See text for descriptions.

we need to modify the height of the sting supports fixed on the floor, located at the outboard
side of the wheels near the wind-tunnel inner wall. The sting supports were initially made with
a height equal to the radius of the wheel. With the thin sensor lying between the wheel and the
roller, we observed insufficient contact patch width. Thence we gradually elevated the roller
vertically in its rail inside the raised floor (Figure 2.8(b): i.Elevate) until the visible contact
surface displayed on the software reaches the target width. The vertical displacement of the
roller was noted down. Then the wheel, the sting and the wheel support were dismantled.
We cut out the same distance as the noted displacement from the bottom of the support
(Figure 2.8(b): #.Cut). The target height of the support is therefore achieved. Finally we
lowered the roller to its initial position inside the raised floor (Figure 2.8(b): iii. Descend) and
we re-mounted the support, the sting and the wheel. The wheel center height was ultimately
settled at 122mm for the following experiments.

2.1.4 Pressure measurements

Pressure taps are drilled through the vehicle wall and connected to two ‘miniature electronic
pressure scanners’ EPS using vinyl tubes inside the model, to allow the pressure measurements
on the vehicle surface. Both scanners are equipped with 64 channels. They are connected
to the measurement chain outside the wind tunnel test section by a wire going through the
profiled support of the model. Data acquisition duration was 120s at 100H z, giving access to
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Figure 2.8: (a) T'ekscan Pressure Mapping system for contact patch visualization; (b) Contact patch
regulation steps (see text for details).

the average pressure value. The pressure coefficient is defined as:

p— pref
Cp=——7+ (2.1)
Ve
The upstream mounted pitot-static probe at the inlet of the wind tunnel test area gives the
reference static p,.y and the total pressure, which can be used to determine the average velocity
of the wind V. The full ranges of the two scanners are respectively 1PSIT (1PST = 6894.76 Pa)

and 1000 Pa, with static accuracy of 0.1% of their ranges, which correspond respectively 0.014
and 0.002 in Cp.

The vehicle model is equipped with 203 pressure taps in total. Two rounds are needed to
cover all the surface pressure measurements as there are only 128 channels. The locations of the
pressure taps (except inside the front and rear wheelhouses) are demonstrated in Figure 2.6.
Among them, 196 pressure taps are located on the body’s right half (Y < Omm): 12 taps
on the roof symmetrical line, 16 taps on the sidewall, 55 in the front wheelhouse, 29 in the
rear wheelhouse, 51 on the underbody surface, 33 in the base; and with another 7 pressure
taps on the left half of the base (Y > Omm). The 7 pressure taps on the left can be used
to check the symmetry of the time-averaged flow. An indicator Sym_ind is calculated to
quantify the degree of asymmetry of the flow, by averaging the differences between the two
symmetric (left and right) pressure taps on the base (7 pairs in total). The measurements with
a high Sym_ind should be taken with caution. For that a threshold of Sym_ind = 0.008 is
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set, which corresponds to a left-right pressure average difference of 4Pa (the pressure scanner
connected with the base pressure taps has a range of 1000Pa with an accuracy of 1Pa). In the
following sections, the distributions of the base and the underbody pressure will be presented
not only with the measurements at the right side but they will also be symmetrized to the
left side to facilitate the visualization. Besides, the coordinates will be normalized by the
base height H = 400mm: x = X/H,y = Y/H, z = Z/H. In Figure 2.6(a) and (b), the
symmetrized pressure distributions on the base and in the underbody after interpolation are
shown. Figure 2.6(c) and (d) give an example of the interpolated pressure distribution on the
side body and inside the front and rear wheelhouses.
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Figure 2.9: Examples of the the pressure distributions on the base (a), in the underbody (b), on the
side body (c), and inside the front and rear wheelhouses (d). The coordinates are normalized by the
base height.

2.1.5 Force measurements

The aerodynamic drag Fz and lift F'z exerting on the vehicle are measured by a balance
embedded inside the vehicle, held by the profiled support (Figure 2.10(a)). The balance is
specifically designed for this study and is composed of piezoelectric high sensitive quartz sensors
(Figure 2.10(b)). There are 3 lift sensors (9331B Kistler) and one drag sensor (9217A Kistler),
which are able to measure compression and tensile forces in the z and z directions.

During the test, induced by the the aerodynamic forces, the piezoelectric quartz crystals in
the sensors yield electric charge proportional to the forces. The charge signal is then fed via
a screened cable passing through the profiled support to a charge amplifier outside the wind
tunnel test section. The charge amplifier converts the signal into proportional output voltage.
The forces Fx and Fz are then calculated with the output voltage and with the calibration
coefficients. The calibration coefficients were obtained from the balance calibration performed
by the use of standard masses up to 10kg. However, to calculate the time-averaged aecrodynamic
forces in the conditions of the experiments, the inherent drift in output signal for piezoelectric
force measuring devices (Mack, 2003) needed to be taken into consideration. Admittedly, the
small linear drift can be easily removed by measuring the drift rate a using signals in quiescent
air. To do so, the measurement procedure is set as delineated in Figure 2.11(a). The drift
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Figure 2.10: (a) Inner view of the vehicle, with the balance inside, and held by the profiled support;
(b) The lift and drag sensors in the balance.

rate « is calculated from the force measurements before the onset of the wind and wheel
rotation, and after the stop of the wind and wheel rotation (red intervals in Figure 2.11(a)).
Then the corrected signal (green line in Figure 2.11(b)) is obtained by subtracting at from the
recorded data (red line). The drift rate o depicted in Figure 2.11(b) is exaggerated. Indeed,
the maximum drift force at the end of the measurements is no larger than 5% of the measured
mean force.
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Figure 2.11: (a) The measurement procedure. The force measurements in red intervals are used for
drift rate estimation; (b) An example of recorded force (red line) with drift rate a, and corrected force
(green line) during one measurement. The time-averaged force coefficient is calculated from the data
in green interval.

The acquisition is performed at 100Hz. The corresponding time-averaged drag and lift
coefficients are reckoned from the green interval shown in Figure 2.11(b):

Fx Fz

O = Cz= o
2Vis 5Vis

(2.2)

where ‘s’ is the total projected frontal area. Finally, the force coefficients are expressed in terms
of SCx and SCz in full-scale where S = (5/2)% x s = 2.12m?. The drag sensor has a range of
+500N with a precision of 0.01N, corresponding SCz of 1.3x10™*m?. The range of the three
lift sensors is +20kN each with a precision of 0.02N, corresponding SCz of 2.6 x10~*m?.
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2.1.6 PIV measurements in the vehicle wake

Two-component Particle Image Velocimetry (PIV) is applied to investigate the velocity fields
in the near wake of the model. It is a non-intrusive, optical measurements technique used for
the successive measurement of instantaneous velocity within a planar domain of interest. It is
performed by seeding the flow with neutrally buoyant tracer particles, illuminating the particles
in the plane of interest using laser sheets and capturing pairs of images with a small time shift.
The velocity of the particles can be statistically determined by comparing the image pairs.
Our PIV system comprises a dual pulse Nd:YAG laser and a Lavision Imager LX 16M camera
with a resolution of 4920 x 3280 pixels. Three planes in the wake are investigated during the
experiments, as depicted in Figure 2.12. They are the symmetrical plane Y = Omm, horizontal
plane Z = 216mm = 0.54H, and Z = 48mm = 0.12H which is approximately at the half of
the ground clearance at the diffuser exit. The time shift between the one pair of images is 60us
and each acquisition records 1000 image pairs at a rate of 4Hz. Lavision software Davis 8.3.1
has been used to calculate the velocity fields. The vector calculation is done using double-pass,
dual frame cross-correlation on constant window size. The interrogation window size is 64 x 64
pixels with a 50% overlap for the first pass and 32 x 32 pixels with a 50% overlap for the second,
giving a spatial resolution of 5mm. Considering an absolute displacement error of 0.1 pixel,
the maximum uncertainty on the instantaneous velocity fields is estimated to be 0.26 ms~!. In
the following sections, the data from the PIV measurements will be normalized by H and V.

o
s
07, X

%

Figure 2.12: The position of the PIV measurement planes.

2.2 Numerical approach

CFD simulations utilizing commercial code LaBS, built on the Lattice Boltzmann Method,
have been performed to support the experimental work. This solver has been developed within
a consortium of industrial companies (Renault, Airbus, CS), academic laboratories (UPMC,
ENS Lyon) and strong partnerships with others entities (Onera, Alstom, Paris Sud University,
Gantha, Matelys) (Lucas et al., 2017). The simulation of certain configurations in our study
was directly run by Gantha engineer.

2.2.1 General introduction of the lattice Boltzmann solver

In recent years, the lattice Boltzmann method (LBM) has become a promising alternative
numerical approach for simulating complex fluid flows. Unlike the conventional numerical
schemes based on Navier-Stokes equations, the lattice Boltzmann method describes a fluid flow
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in terms of a discrete kinetic equation based on the particle density distribution functions f
(Chen et al., 1991):

fix + eAtt+ A = fi(x, ) + (f(x 1), (i=0,1-b) (2.3)

In this equation, f; represents the number of fluid particles along ¢th direction, according to
a finite set of the discrete velocity vectors ¢;: ¢ = 0,...,b on a regular square lattice. Therefore
the velocity vectors are discretized both in direction and in magnitude with weight coefficient
in different direction (some schemes for the discretisation are shown in Figure 2.13). x is the
position in space. At is time increment. For convenience, we choose the convention At = 1
in the subsequent discussions. At the right-hand side of the equation is the collision term. It
represents the change of f; due to collision.

6 2 5
3 1
0
7 4 8 _
D2Q9 D3Q15 D3Q19

Figure 2.13: Examples of LBM discretisation of velocity space. The Lattice structure models are
named DnQb, where D represents the dimension and Q for total number of the direction (Wagner,
2008).

The collision term may have different forms. The most popular collision form is the Bhatna-
gar—Gross—Krook (BGK) approximation (Krook et al., 1954; Chen et al., 1992; Qian & Orszag,
1993). They assumes that the main effect of collisions is to bring the distribution function clo-
ser to the equilibrium distribution, which is derived from the Maxwell-Boltzmann distribution.
The simplest way of approximating the collision term is by using a single relaxation time 7
(which is related to the macroscopic fluid viscosity): the local particle distribution relaxes to
an equilibrium state f;? at a single rate 7:

fiz I (2.4)

Combining (2.3) and (2.4) the LBGK (lattice Boltzmann Bhatnagar-Gross-Krook) equation
reads: e
fi— fi

T

filx+ci,t+1)= fi(x,t) — (2.5)

Separating (2.5) into the following two steps, we obtain the classical lattice Boltzmann formu-
lation as:

collision : fi(x,t) = fi(x,1) — fi%fieq

] (2.6)
streaming : f;(x+ c;, t + 1) = fi(x,1)

The particles are first redistributed through the collision step when they interact and change
their velocity directions; then each particle moves to the nearest lattice node in the direction
of its velocity during the streaming step. So the general algorithm starts from the initial
distribution functions, and then enters the collision-streaming loop for evolution, which can be
stopped if certain condition is satisfied. The local computational nature of this explicit scheme
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allows for an efficient parallelization of the solver (Chen et al., 1997).

The local equilibrium distribution function f; depends on local hydrodynamic properties
for example density p and velocity pu. And these quantities can be obtained through the
velocity moments of the distribution function:

P = Zfia PU:ZfiCz‘ (2.7)

where ) . = Z?:L'

To recover macroscopic hydrodynamics, the local equilibrium distribution should obey the
mass, momentum conservation laws at each lattice. Moreover the lattice structure have to
be specified to achieve as high order of accuracy as possible with fixed number of discrete
velocities (Chikatamarla, 2008; Peng, 2011). In the three-dimensional situation, one of the
common choices is the D3Q19 model (Figure 2.13) (Qian & Orszag, 1993; Chen et al., 1997),
which is used in LaBS, where the equilibrium state f;? takes the form:

Y = pwil+3c;-u+ g(cl ‘u)? — guZ] (2.8)
where w; are weight coefficients: wg = 1/3, w;_¢ = 1/18, and w;_15 = 1/36, with the direction
numbers portrayed in Figure 2.13. Based on the Chapman-Enskog multiscaling expansion,
which assumes the diffusion time scale being much slower than the convection time scale (Latt,
2007), with the Knudsen number as the expansion parameter (Chen & Doolen, 1998), the
nonlinear incompressible Navier—Stokes equations can thus be recovered from (2.5) under the
assumption that the Mach number remains small (M < 0.4). In contrast to the direct numerical
simulation of the NS equations, where Poisson equation needed to be solved to obtain the
pressure, in LBM, by the perfect gas law, the pressure p is calculated locally with a linear
relation with density and temperature 7' (Peng, 2011),

p=pT (2.9)

And T is the lattice temperature which is set to 1/3 for isothermal simulations. The relaxation
time 7 is related to the viscosity by the fluid viscosity v through the relation (Chen et al., 1991,

1992, 1997; Frisch et al., 1986)
1
v = (7’ — 5) T (2.10)

Imposing boundary conditions accurately and stably is crucial for lattice Boltzmann method.
The particle bounce back process is mostly applied to simulate no-slip boundary condition where
the particle velocity direction are reversed on the solid boundary. While for free-slip boundary
condition, the particle specular reflection process is often implemented that reverses the normal
velocity components and maintains the tangential velocity directions (Li et al., 2004). The two
methods are sketched in Figure 2.14. However, this scheme fails to provide accurate and smooth
results on curved geometries as it could only attain first order of accuracy (Chen et al., 1997).
For curved boundary, which is more realistic from the physical point of view, interpolation and
extrapolation are needed to approximate the variables sitting on the boundary nodes away from
the boundary wall in the Cartesian grid, in order to achieve second order of accuracy (Peng,
2011; Succi & Succi, 2001).

To achieve computation efficiency, variable resolution (VR) regions are used in LaBS. The
hierarchical grid-refinement method (Filippova & Hénel, 1998) cascade inwards from coarse
resolution region towards fine resolution region close to the surfaces. The mesh size differs by
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Figure 2.14: Implementation of boundary condition with (a) bounce back and (b) specular reflection
in the LBM (Li et al., 2004).

a factor of two between two adjacent VR regions. Such a treatment can conserve local mass
and momentum and give continuous fluid density and velocity across VR boundaries (Li et al.,
2004).

Large eddy simulation (LES) is implemented in LaBS to model the turbulent flow. The
subgrid-Scale turbulence effects were simulated through the Shear-Improved Smagorinsky Mo-
del (SISM) (Léveéque et al., 2007; Lucas et al., 2017). LaBS uses a wall law accounting for
adverse pressure gradient (Afzal, 1996), curvature and roughness effects (Patel & Sotiropoulos,
1997).

2.2.2 Simulation case set-up

The model geometry is the same in the experiment. The inlet velocity is set to Uy = 28ms™*

same as in the wind tunnel leading to a Reynolds number Rey,, = 3.10°. The inflow is uniform
without any turbulence injection. The outlet pressure condition is fixed to py = 101325Pa.
The extent of the computation domain is 44.8 m x 13.6 m x 7.15 m. As the vehicle in the
wind-tunnel is mounted 500mm ~ 0.3Ly downstream of the leading-edge of the raised floor,
to reproduce the boundary layer that impacts the model similar to the experiment, a no-slip
condition is placed 500mm upstream of the model on the ground. Moreover, tire profiles under
on-road conditions are applied in the CFD configuration.

Variable resolution regions are implemented using boxes and geometry offsets, as can be
seen in Figure 2.15. 5 levels of resolution domains are employed from the smallest mesh size
VRI1 1.5mm to VRS 24mm with a factor of 2 between two adjacent VR regions. A total of 30
million nodes were used in the mesh.

The time step is dt = 6 x 107%s. Time in non-dimensional unit is defined as t* = tUy/L,.
Computations are performed over a total ¢t* = 50 TU (time unit) corresponding to approxi-
mately 500 000 iterations. Integrated efforts over the whole geometry are recorded over time.
They are used to monitor the convergence of the simulations as shown in Figure 2.16 for one
configuration. From 15 TU the results are considered converged (corresponding to 150 000 ite-
rations), and the flow is averaged until the end of the iteration, which corresponds to a total
useful time unit ¢} = 35. Simulations were carried out on a cluster of Intel(R) Xeon(R) E5-2680
v2 cores, with 3.2 Gb of RAM per core. The average computational time needed on 500 cores
was nearly 14h for the simulations over ¢;, = 50.

In Figure 2.16(a) and (b) are respectively aerodynamics forces for the vehicle model with
and without profiled support overhead. The simulations were initially carried out with the
profiled support to better ensure the consistency with the experimental setup. The influence of
the support on the vehicle has been discussed in Heft (2014). They reported a horseshoe vortex
developing at the junction of the support and the vehicle, while only visible in the relevant
locality. Moreover, it has little influence on the drag coefficients, which is estimated to be not
larger than 3-5 counts. And no influence on the lift coefficient was found. However in our
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Around the wheels: VR1 & VR2 VR2 VR3 VR4

Figure 2.15: Variable resolution regions around the body. The mesh size for VR1 to VRS is respectively
1.5mm, 3mm, 6mm, 12mm and 24mm.
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Figure 2.16: Time evolution of the acrodynamic drag F}, side force Fy, and lift F, for one configuration
with (a) and without (b) profiled support overhead.

simulation, important asymmetry were observed in the flow field, which could also be revealed
by the non-negligible side force F,, after convergence in Figure 2.16(a). Attempts were made by
mesh refinement in different areas to improve the symmetry but without success. Eventually
simulations of several testing configurations without profiled support showed promising results.
As can be seen in Figure 2.16(b), the stabilized side force F), is close to zero. Therefore it was
decided to perform all the simulations without the profiled support overhead of the vehicle in
favor of the symmetry of the flow, although no clear idea could be provided on how the profiled
support causes the flow asymmetry.

In the LaBS simulation the wheels have the same geometry with those used in experiment.
The simulated tires are deformable as shown in Figure 2.17(a), with realistic wheel center
height, contact patch area and side bulge of the 205/55 R16 tire under load in 2/5th-scale.
As presented in Figure 2.17(b), the opening in the underside is due to the contact patch being
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immersed with the ground. The rotation of the wheels are achieved with the combination of the
two methods Rotating Wall (RW) and Sliding Mesh (SM) (more details see Section 1.3.4). The
rotating wall boundary condition are applied on the surface shown in Figure 2.17(c). The sliding
mesh method is implemented around the part in Figure 2.17(d) to simulate more accurately the
flow around the holes on the rim. While for rotating wheels with closed rim in Figure 2.17(e),
only rotating wall boundary condition is employed.

()

e [
Figure 2.17: Wheel geometry and boundary setting in the LaBS simulation. (a) The realist tire
deformation under load. (b) The contact patch on the ground. (c) The rotating part applied with
Rotating Wall (RW) method. (d) The rotating part simulated with Sliding Mesh (SM) around. (e)
Closed rim rotating wheel, only RW is employed.

Post-processing is achieved using standard visualization software Paraview.

As the geometry settings are not exactly the same with the experiment in terms of the
tunnel blockage as well as the elimination of the profiled support, quantitative comparison of
the forces and pressure level between the simulation and the experiment won’t be of primary
importance. The simulation results will be mainly used to complete the physical understanding
of the flow field around the vehicle and the wheels.



Chapter 3

Smooth vehicle and underbody
blockage modification

As introduced in the last chapter, the vehicle model is based on the Asmo model. Its geometry
was modified so that when four rotating wheels are present, the front wheels are subject to
reasonable yaw angle, and the model has a realistic wake balance. To throw light on the
aerodynamic features around this modified geometry, the vehicle model without wheels and
with polystyrene foam perfectly filling the wheelhouses (configuration noted V) has been first
analyzed in Section 3.1. This configuration has an important downforce, a low drag, and a
negative vertical pressure gradient in the base centreline, which is inverted compared to a
typical passenger car in on-road condition.

The wheels in different states and with different tires can be regarded as underbody pertur-
bations. In order to simplify these perturbations and investigate the impact of the underbody
blockage, in Section 3.2, we applied a pair of profiled obstacles underneath the plugged rear
wheelhouses, nothing being applied in the front underbody. Two regimes can be observed de-
pending on the width of the obstacles. The first regime corresponds to configurations for which
the wake of the obstacles closes, in a mean point of view, before the end of the underbody
(obstacle of small width). In this regime, the underbody pressure decreases drastically when
compared to configuration N. While the increase in obstacle size only has local effect on un-
derbody and base pressure distributions, and does not modify the pressure on the symmetrical
plane of the vehicle. In the second regime, the ‘unclosed’ obstacle wake ‘merged’ into the vehicle
wake. This leads to a more global flow modification, manifested by a deepened suction on the
entire base and an important pressure raise at the rear underbody. Whatever the regime, the
vehicle wake organizations are not significantly modified.
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3.1 The smooth vehicle model aerodynamic characteri-
zation

The experimental set-up is the same as described in Section 2.1. The wheels are removed, and
the front and rear wheelhouses are plugged by polystyrene foam (Figure 3.1).

Figure 3.1: The smooth vehicle inside the working section of the wind tunnel.

To begin with, the Cp distribution on the body in the y = 0 plane together with the
measurements on the body flank are displayed in Figure 3.2. The position of the profiled
support is also indicated. The inward-pointing arrows represent positive Cp and outward ones
are for negative Cp. They outline the acrodynamic behavior around the model. The oncoming
flow impinges at the model front nose, then bifurcates over the roof and below the underbody.
Over the roof, the flow accelerates up to the summit (z ~ 1), with Cp decreasing from one
to zero and then continues decreasing down to Cpy.i, ~ —0.75. Afterwards, there is a flow
deceleration along with a pressure recovery until the blunt trailing edge. Below the underbody,
important suction occurs on the front radius (Cp =~ —1.05), followed with a steep pressure rise
(Cp > —0.5) roughly at x = —0.65. Again the flow is mildly accelerated due to the slightly
decreased passage area between the underbody and the ground. From then on the underbody
surface is flat until the diffuser (—0.25 < z < 2.5), where the flow undergoes a deceleration
then an acceleration. Eventually, the pressure raises in the diffuser (2.5 < x < 3.25). The fixed
rear separations on the roof and at the diffuser exit set the prerequisites for the base pressure
level around Cp = —0.14. On the body flank, the pressure is approximately constant at around
Cp = —0.25.

This global Cp distribution also enables us to clarify the origin of the aerodynamic for-
ces: the pressure contribution of the underbody mainly directs towards the negative z-axis;
the pressure contribution of the base points in the positive x-direction; for the roof, it has
one component along positive z-axis and another along positive z-axis. Table 3.1 presents the
aerodynamic forces acting on the model and the different contributions to the pressure forces
obtained from the experiment. The integrated underbody pressure and base pressure are de-
noted respectively by SCpy and SCpg. Note that on the roof there is only one line of pressure
taps in the plane y = 0, no estimated contribution is provided from these measurements due to
the lack of precision. All these values are expressed in full scale, i.e. multiplied by (5/2)?. The
smooth vehicle N has a negative lift coefficient and small drag coefficient. Comparing with the
lift and drag coefficients of the Asmo model obtained in Aljure et al. (2014), which are respecti-
vely around —0.030 and 0.153, our results give —0.063 in C'z and 0.146 in C'x. Being consistent
with the order of magnitude, the smaller lift and drag is then ascribed to the differences in the
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Figure 3.2: The distribution of time-averaged Cp in the y = 0 plane and on the body flank. Arrows
locate the pressure taps in the y = 0 plane, with the inward-pointing arrows representing positive C'p
and outward ones for negative Cp; C'p equal to unit one is shown at the top right. The coordinate
system conforms to that in Figure 2.3(b), with the coordinates normalized by the vehicle base height.

SCz(m?) | SCx(m?) | SCpy(m?) | SCpg(m?)
N -0.441 0.310 -2.907 -0.182

Table 3.1: Aerodynamic forces and integrated underbody and base pressure obtained from the expe-
riment. All the values are expressed in full scale, i.e. multiplied by (5/2)2.

model geometry and also the absence of the wheel-like obstacles in the underbody, as will be
shown and discussed in the next sections.

Next we will delve into more details the surface pressure distributions and the related flow
behavior. The numerical results will be equally presented for complementary information.
In Figure 3.3(a) and (b) the experimental and numerical underbody pressure distributions of
the smooth model are depicted. On first inspection, the simulation successfully captured the
evolution of the underbody pressure, despite some discrepancy in absolute values. Figure 3.3(c)
is the interpolated underbody pressure standard deviation obtained in the experiment. The
underbody exhibits low pressure fluctuation, except a locally high Cp’ occurs at the front part of
the underbody. It brings to evidence a boundary layer detachment due to the adverse pressure
gradient imposed by the geometry at the entry of the underbody. To get an idea of the increased
and then decreased underbody pressure after the reattachment, a focus on the flow field beneath
the underbody seems necessary. Thanks to the numerical simulation, the time-averaged field of
the horizontal plane 5mm beneath the underbody surface (the ground clearance being 65mm)
is presented in Figure 3.3(d). It is colored by the time-averaged spanwise velocity T (in y
direction) overlaid with 2D streamlines. Apparently, the velocity is outward at the front part
of the underbody, then becomes almost parallel in the middle, and subsequently goes inward.
The divergence followed by the convergence of the streamlines is amenable to the increase and
then decrease of the underbody pressure evolution upstream of the diffuser. This reflects the
three-dimensionality of the underbody flow.

Now, we turn our attention to the base pressure distribution. Figure 3.4(a) and (b) are
respectively the experimental and numerical base pressure distributions. The numerical base
pressure is significantly higher. In order to highlight the Cp variation, the colorbar ranges are
chosen differently. It appears that the numerical result recovers the prominent characters of the
base pressure distribution, which is a negative vertical pressure gradient in the middle line, and
lower pressure at the two sides (y ~ £0.6) below the indentation areas where the height of the
base is reduced. The vertical pressure gradient in the middle line is defined as the slope of the
linear regression of the base centerline pressure measurements, which is dCp/dz = —0.044 for
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Figure 3.3: (a) Experimental results of the underbody Cp distribution; (b) Numerical results of the
underbody Cp distribution; (c¢) The distribution of the standard deviation of the pressure coefficient
Cp’ on the underbody surface; (d) The numerical results of the time-averaged spanwise velocity T (in
y direction) overlaid with streamlines in the horizontal plane 5mm beneath the underbody surface.

the experiment and dCp/dz = —0.022 for the simulation. This difference is expected since there
is almost a factor 2 in the absolute Cp values shown in Figure 3.4(a) and (b). In Figure 3.4(c),
the base pressure standard deviation measured in the experiment is provided, which makes high
pressure fluctuations identified at the bottom-center of the base. The time-averaged trace lines
on the base surface obtained from the simulation in Figure 3.4(d) shows a unstable node UNy
at the bottom-center. This time-averaged unstable node is associated to the base stagnation
point. On the one hand it accounts for the higher pressure level as shown in Figure 3.4(a) and
(b); on the other hand, the impingement position of the wake reversed flow may not be fixed in
the lower region due to the unsteadiness and entails the strong fluctuation seen in Figure 3.4(c).

To determine the position of the base stagnation point, let us now consider the flow picture
in the symmetry plane, y = 0, in Figure 3.5. Figure 3.5(a) and (b) are respectively PIV
and numerical results. The time-averaged streamwise velocity @ in Figure 3.5(a) illustrates
the extension of the wake recirculation domain where reversed flow with negative streamwise
velocity is discernible. It can be quantified by the recirculation length L,., defined as the
maximum streamwise position of the contour line w = 0, i.e.

L.= m?x(ﬂ(x) =0) (3.1)

For the vehicle model, the recirculation length measured by PIV is L, = 1.36. The time-
averaged vertical velocity w additionally displays an asymmetry of the wake. The large down-
ward motion of the entrained flow (negative w) along the upper shear layer and the upward
flow that dominates the base surface form a sizable clockwise mean recirculating structure (see
streamlines in Figure 3.5(a)). Meanwhile a smaller counter clockwise mean structure is formed
with the less pronounced entrained flow (upward positive w) along the lower shear layer and
the downward flow at the bottom part of the base. It can also be noted that the reversed flow
that impinges the base is tilted downwards, resulting a stagnation point situated at the lower
part of the base (z ~ 0.5 corresponding z ~ 0.34 in Figure 3.4), which is coherent with the
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Figure 3.4: (a) Experimental results of the underbody Cp distribution; (b) Numerical results of the
underbody Cp distribution; (c¢) The distribution of the standard deviation of the pressure coefficient
Cp’ on the underbody surface; (d) The numerical results of the time-averaged trace lines on the base.

observations in Figure 3.4. The reason for the asymmetry of the wake in this plane is twofold:
the first is the ground proximity; the second is the roof boat tail angle (10°) being larger than
the diffuser angle (5°), which promotes the downwash from the top trailing edge. It will be
seen shortly in the next chapter that this mean wake wall-normal balance is inverted compared
to the baseline configuration with four rotating wheels.
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Figure 3.5: PIV measurements (a) and numerical results (b) of the time-averaged streamwise velocity
u, vertical velocity w and 2D streamlines in the symmetrical plane y = 0. The origin of the coordi-
nate system is translated to the point on the flat plate at the mid-span and rear end of the model
(Figure 2.3(b)). The coordinates are normalized by the vehicle base height.

The numerical results are depicted in Figure 3.5(b). Several discrepancies can be noted when
confronted to the experimental results. Firstly, the reversed flow inside the recirculation wake
has smaller velocity magnitude. It brings to evidence a decrease of entrained flow inside the
wake, which is the reason for the elongated recirculation length (L, = 1.41 in the simulation).
And it is consistent with the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>