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Résumé &endu

La réduction de la trainée aérodynamique des véhices terrestres est devenue urenjeu
crucial en raison desnormes strictesdes émissions de COCe travail se focalise sutes
roues et leur interaction aérodynamique avec le véhiculeA titre indicatif, entre 20% a
40% de la trainée aérodynamiquest originaire de la trainée @s roues etdes passages de

roue. De ce fait, I ‘' —<ece f —<‘e T — o>e¢—fFasbagé-defrouevéhicule nous offre la

ee¢ «Zc—% Ti—eF "2t — .. —< eadtrainée fAéredyndrdiquetainsi que de la

L teetesf_cte TixeRIWomiedx comprendre Zice—1"f ... —<'@s rbues’dt |&
véhicule, | fo 3 x7cefo—f_c'oe o7 __of of“__F_ooft e Zix x5 IViZEe

diffuseur et de pneus Michelinsont effectuées Lagéométrie du véhicule, basée sur le
'tezZ% A& f t—% o't cxd "k txtteflec ti At f faZfoe%oZt Ti
Tt Zit..'—Ztete— o—" Zte "' —te ffoeacBZf %ot 2tf ALt
quatre roues tournantes. Cette configuratiora servi de référence dans le cadre de cette
étude.

Chapitre 1

Avec le durcissement des objectifs de réduction des émissis deCQ et autres gaz a effet

de serre, les constructeurs automobiles du monde emti cherchentles moyensde rendre

les véhicules plus économes en énergie et plus écologique Le systéme pneumatique

constitue une piste de recherche prometteusear il joue un role essentiel non seulement

dans la performance du véhicule et la sécurité, madsissi 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 i + « 1 ” 9@lédrimoins, l'influence des roues surZif+"‘t>efedés—t

véhicules devra étre étudiée plus en profondeur. Dans ce contextele travail vise a

améliorer la compréhension de l'interaction aéodynamique roue-véhicule. Cette partie

bibliographique présente et analyse les études prédentes portant sur Zi+ ... ' —Z fefe— f

soubassement, Aérodynamique des roues, puiss —” Z1if+"‘1T>e« fex Véhitulds en

conditions de roulement. Ainsi, on sait * — 3+ 74 <Z<,"t t— +<ZZ féprodhie—

paroi peut étre modifié par un changement de garde au solje pertes de charge au

soubassement, ou de direction ou et de Zi*-f- ——de—+&tdulement du

ot — feetefe—& ee—c—1a ‘<compbechgn®bad eicomplexe de I'écoulement

autour des roues isolée®t T e "' —fe o Zice—+"ct—" T —Pofirunfedswoituref "' — 1

les roues étant situées dante soubassement,ds éléments bibliographiques ont mis en
Lte—F8—F Zice m—fe f T Zifx7 topFIf it ante 7 T — T2

Chapitre 2

for7dece”t "fr—<t t— Sf'«—"1 t txafZcAiffSfernd e~ ZFe
traitement mis en place. La maquette de véhicule uke —* —— f— Z‘'e% Tf Zit——1:
sur le modele ASMO (Section 2.1.2). Sa géomeétaeeté modifiee precédemment a ce
travail 13 o'"—% “—1F Z*7e*—f “—f-"1 " —trede_TefeFihpidtheet ’
1+ Zit..'—Z faerbue-avant’est compris ente 10° & 15°, etjue le sillage du véhicule

soit bien équilibré. Pour étudier les efforts aérodynamiges d'interférences entre le
véhicule et les roues, agissant sule véhicule seulement on adopte une méthode de



mesure dit "wheeloff", ce qui signifie queles roues sont mécaniquement découplées du
véhicule, et “—i—ec“—tete— Zfe 177" _esentihedes iR« .. f L Hds —
pneumatiquesa échelle réduite est réglé, afin de reproduire ldéformation réaliste du
pneu » Zi+ ... ShibLhargelesmesures du torseur aérodynamiqueont été réalisées

f f... —ef fZfe...f "<8xf o Zicoe—x et ettt 17 f (fidZbbletttiqubd

La distribution de pression a la surface du véhicelest mesuréeen 203 prises de pression
reliées a deux scannersle pression Les nesures du champ de vitesse dans lIsillage du
véhicule sont effectu@savec la technique Pl\éntrois plans différents.

La deuxieme partie du chapitre expose une breve préstation du modele numérique
employé pour simuler certaines conk %o — " f —<‘ee& Z oif%o<— t1 Zf exe&S't1% |
Les calculsont étéréalisés* f” Zite—"1"'"<e%t , selon notre cahier de charges.es
"de—Z—f—e e—et " —Fe ot " te— o SyeiT7 e $tt L Ufitf.ZS0F7 tot e~

Chapitre 3

Comme présenté dans le chapitre précéderlg maquetteest basé sur le modele AMQ
Pour analyser les caractéristiques aérodynamiques autour de cettgéométrie modifiée,
la maquettesans roues et avec les passages de rdeemés (configuration notée par A) a
été analysée Eection 3.1). Cette configurationa une déportanceimportante et une faible
trainéed T+ ..'— Z Fadubassgment présente undorte tridimensionnalité avec des
lignes de courant divergentes puis convergentd_esillagedu véhicule estaussi tres 3Den
raison de sa géométrie. Deux paires de tourbillons longitudinax sont déteces dans le
sillage proche.

Le gradient de pression verticalsur la ligne centrale du culotest négatif. Il est cohérent
f7f... Ziferex—"ct T — o<ZZ=p%Maistger éqidilibre Ay sillagesst inversé par
rapport a une voiture de tourisme classique dansds conditions deroulement. Celavient
dela proximité dusolet t 3 Zf %ot 'ex—"¢t t— ~xS«c...—ZF)estisupéfiedo 2t t-
o« Zife%oZF T—H5H< " —ot—"

Les roues dans différents étatgen rotation ou pas) et avec différents pneunatiques
peuvent étre considérées comme des perturbationglacéesau soubassementiu véhicule,

“co tE oece’Z< <t %o ’i”——”,,fv—«""f..i—VTTH—,,%‘is@L#J’%G@ment,
nous avonsmonté —e1t 'f<"f Ti',e—f ...(démi-éllipSeyatedesousdes passages
T " —1F f77<¢°"F '—...S+ed 'mdnté «if2p=f +sedbassement.Nous

définissons le taux de blocage géométriquaoté \Wpar le rapport entre la largeur totale
des obstacles (qui est deux fois le petit axglliptique) et la largeur du véhicule L'étude
paramétrique est effectuée avedd/ 10, 15, 20, 25, 30, 35,406. Deux régimes peuvent étre
observés en fonction de la largeur des obstaclese Lpremier régime correspond aux
configurations pour lesquelles les sillages des otmcles se ferment, en moyenne
temporelle, en amont de la sortie du soubassement25 %). Dans ce régime, la pression
au soubassement diminue considérablement par rapport ala configuration .
Lif—%efe—f—c'e T1ishlfstacles,Hdns ceégimea seulement des fets locaux
sur la répartition de pression au soubassement et au &t, maisne modifie pas la pression
dans le plan de symétrie du véhicule. Dans le second rége (W 25 %), les sillages
d'obstacles «non fermé» (vitesse longitudinale moyenne négative observabla la sortie
du soubassement) fusionnent avec le sillage di¢hicule. Cela conduit a une modification
'Z—e %o l',fZt t1 Zit..'—Z1tete—4a. S—Piedligna lasurfafe entiere
du culot, etune augmentation importante de la pressions Zif”"<°"t t— o‘—Erfeetet
"te—e+d Zif—%ete—f—<blocdge-au-spubdssdmient augmente lentemenia



dépression au culotet la pression au soubassement dande premier régime, mais
beaucoup plus rapidenent lorsque on est dans le deuxieme régime.

En ce qui concerne le sillage du véhicule, quel gseitle "+ %o <& Z7'” %o fisillafge <‘« 1
sife— "fo ec%o < <. mpdift€et Pbur-tous les obstacles profilés testékes sillages
moyens du véhicule semblent avoir une organisation giilaire, avec une grande structure

de recirculation moyenne dans le sens horaire et urn@us petite structure en sens inverse.
Cependant, comparés &, leurs sillages présentent une asymetrie plus prancée dans la
direction verticale. De plus, il y a une nette réduction de la longueute la recirculation

lorsque le taux de blocage du soubassement augment® qui indique une courbure
croissante des lignes de courant moyennes au décatient sur le culot.

Une expérience supplémentaire avec un modeéle a écteetbduite a été réalisée dans le but

de reproduire les deux régimes, avee—++ —f<ZZ%t "<&t ti‘,e—f..ZMafsa ' —,
différentes positions longitudinales par rapport auculotd te "xe—Z7—f—¢ o— % %0 °"
—eod f<"E tit,e—f . Z%e "7 %" T e duictenous AouVaNSdiscéraer deux
régimes : «proche» et «éloignedu culot. La sensibilité des coefficients aérodynamues
globaux vis-a-vis de cette distance differe grandemeé entre les deux régimes. Les deux
régimes ont une analogie avec respectivement le réginue «grand»et de «petit» blocage

Les deux expérimentationss ‘ ——<feete— ZiSueleSilagee‘s "17ex t1 Zi‘, e—f ..
au soubassement génére une interaction beaucoup pldgrte avec le sillage du véhicule

et donc une influence plus importante sur la distrilntion de la pression a la surface du
véhicule.

Chapitre 4

fee ..t ..Sf'«="%1& Z%e ‘,o—f..Z2%% ””’i?éz,f.-..t‘--—’fTT;T,if- Tt—Fe
tournantes, configuration XR(Section 4.1). Lfe e—"— ... ——"fe fit .. ' —ZFefe— f—
arriere tournantes sont présentéeste eif’'—>fe— «—" Zikaus de la-sirufatien

numeérique. Les phénomenes caractéristiques des roues tournantgzrésentés dans la
littérature, telles que le F A P RIE gi€de pression positive ¢ P  ssitué en amont de la
surface de contact et la dépression importante o L O )Ammédiatement derriére la
surface de contact, sont confirmés par la simulatioe schéma général des structures
tourbillonnaires i f ... ... ‘"t 1 ,<«ceequiekiste dans la littérature. Par rapport a la
configuration 0, la présence de roues arriere tournantes diminuent lgpression au
soubassement entre elles car elles empéchent partiethent I'écoulement extérieur de
pénétrer dans cette zone de basse pression, commes Iebstacles de petit blocage
(Chapitre 3). Cependant, elles augmentent légéremeria pression a l'entrée du
soubassement et considérablement la pression devanli@s, ce qui augmente la pression
totale au soubassement et donc le coefficient de gance. Les roues arriere tournantes
ainsi que les passages de roue créent des zoneshdesse pression dans leur sillage. La
réduction de la pression au culot se traduit finalment par une augmentation de la trainée
du véhicule. Cette diminution de pression au culotst associee a la réduction de la
longueur de recirculation du sillage du véhicule. és fortes fluctuations générées par les
" fe f—Y%oete—Fe— Ziceo—f <7 &l sbiiedii soubass@ment.«De ce fait,
I'entrainement dans le sillage du véhicule est augméi, ce qui entraine la fermeture plus
tot du sillage moyen. 13" "1 — tfe "' —Ffe f77 U U dremier drdrg, comme un
effet de blocage. La rotation ou non des roues favarier le taux de blocage dans le
soubassement. Les roues fixes générant des sillagaas larges et donc un blocage plus
important. Pour les roues arriere en rotation ‘— “<8§fea f—..—eF o't ... f-
constatée en termest 1" %o f * < » fle-sillage moyen par rapport a la configurationV.



Dans la Section 4.2on ajoute des roues avant tournantes. Cette configation de base,

notée 4 4 est étudiée par rapport a: 4. Trois aspects principaux peuvent étre notés a

partir des résultats de la simulation numérique. Prengrement, Zfie %o Z 1 11 fsur-lgs — t

roues est différent. Deuxiemement, les roues avant da configuration 4 4ont un déficit

de vitesse relativement faible dans leur sillage. Bisiemement, dans cette configuration,

les roues arriére ont un sillage plus large.

La présence de la roue avant augmente considérablentda pression au soubassement,

ce qui montre une réeduction du fluxf — ' —  feefefe—a f "fec—<'e T — Tice— T

de la voiture est plus basse, ce qui est conforndda variation de portance observée. Cette

diminution importante du flux soubassement, couplé awe la présence du diffuseur,
Lot —c— o —et eTE7ecte T Zix—Z§dandg & phn delsyittéttie fON

retrouve alors un sillage du véhicule bien équilibré. Le sillage de®mues arriére est plus

large, ce qui entraine une interaction plus intensentre le sillage des roues et le sillage du

véhicule. Cependant, la diminution de la pression atulot localement en aval des roues

arriere est compensée par la recompression en hauudulot, en raison de l'inversion de

I'équilibre du sillage. Par conséquent, la pressiomoyenne du culot et la trainée restent

inchangées par rapport a la configuration sans rouavant.

Enfin dans la Section 4.3, différents états de rousont testés sur les essieux avant et
arriére par rapport a la configuration de base44 ‘—— tif,'"ta Zt ..Sfe+’ 1t5=..
autour des roues fixes avant et arriere a l'intériar des passages de roue est analysé en
utilisant les résultats de la simulation numeérique. ks roues fixes créent un sillage plus
large. Lorsque la rotation de la roue avant est aétée (configurations 5 4et 5 b, le sillage

des roues est plus large et une pression plus faéblkest mesurée dans leur sillage, ce qui
entraine un coefficient de portance plus bas. l+“—<«Z<,”t tT— e<ZZf%t t—
légérement affecté. Lorsque la rotation de la rouer@ére est arrétée (configurations 4 5

et 55 Zi1 detblocage créé par la roue arriére fixe est accerd par le diffuseur. Il'y a

une augmentation de la pression entre les roues agie au soubassement, entrainant une
augmentation de la portance. La diminution du flux asoubassement se traduit par une
déviation du sillage du véhicule vers le sol

Chapitre 5

Dans ce chapitre un fond supplémentaire dairiére du soubassement est ajouté pour
éliminer le diffuseur du véhicule. Cela permet unenemiere analyse de la sensibilité de

nos résultats a une modification de la géométrie dudhicule. Cette configuration est notée

4 4 Par rapport a la configuration avec diffuseur £, une augmentation de la pression

est observéeau soubassement, en particulier sur la partie arriereCette diminution du

flux au soubassement provoque la plongée du sillageoyen vers le sol.

Cet effet global conduit a une insensibilité des efficients aérodynamiques aux
perturbations au soubassement (présence des roues,attdes roues, ...). Autrement dit, la
rxete F tT— T T —ef—" f L foZ—ot " 21 f0" H S dfs oL hlgE— S
effets locaux introduits par les perturbations au subassement.

La deuxiéme partiet — ...Sf’'«="1 ""tefe—1 ZiflifLoet She it TfE— T — -
pneumatique. Nous étudions ainsi (en plus du pneuedréférence a 3 sillons longitudinaux)

un pneu ayant 3 sillons et des rugosités sur le fi@ et un pneu lisse. Il est démontré que

le changement de pneu (avant ou arriére) peut étrenterprété comme une modification

Vi



du taux de blocage des roues (roue plus ou moins @) avec les mémes conséquences
sur les distributions de pression au culot et au sdbassement que celles analysées dans
les chapitres précédents (mais avec un effet plusifde). Il a aussi été observé que le
changement de pneu arriére peut, dans certaines cagfirations, avoir un effet significatif

o —7 Zix"—udllaget t

Enfin, la contribution des passages de roues sur teainée du véhicule est étudiée pour
toutes les configurations mesurées. La roue en rofan équipée de rugosités sur le flanc
semble provoquer une force de «poussée» dans les pages de roue. La trainée du
véhicule et la somme des trainées du cul@t des quatre passages de roue suivent en
dépendance linéaire. La pente, égale aiddique que le changement de trainée est corrélé
a environ srr " ala modification de la pression au culat dans les passages de roue. La
fonction affine entre la pression au culot et la &inée du véhicule présente une pente de
0,81. Ce qui signifie que la variation de la traimédes passages de roue représente a peu
prés 19% de la modification de la trainée du véhical

Chapitre 6
Le chapitre 6 résume les résultats présentés danstte thése. Pour les perspectives a ce

travail, il serait intéressfe— TifefZs>ed” "Z—e "<ofote— Zf Y%ftet" 7o steof
au regard de modifications de géométrie du véhiculdzn ce qui concerne les stratégies de

"ttt —.—cte 1] Zf —"fAextd ZiF8co=Foou @70t TS 8 Bf«the T7°,
Z1f"" du'sbubassement fournit des indications pour améliorela trainée des véhicules.
Il semble ainsi """ £"f 2% 1T12£Z'<%oet” Zf "' —F f"Z32F3FT L f..—FA=+]

utiliser des roues plus minces, tout en veillant awautres performances telles que la
sécurité et la stabilité.

Vil
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Chapter 1

Introduction and literature review

With the current conditions of the toughening of environmerdl legislation for CO, and other
greenhouse gas emissions, automobile manufacturers amthe world are looking into the ways
to make the vehicle more energy e cient and therefore more gimonmentally friendly. The
pneumatic system is a crucial area as it plays an essentialeaot only in vehicle performance
and security, but also in energy consumption. Indeed, theyr@responsible for approximately
20% to 40% of the total aerodynamic drag. This evaluation gué es the potential of drag
reduction by optimization of the wheel-wheelhouse-vehelsystem. Nevertheless, the in uence
of the wheels on the ow around the vehicles remains open i€su In this context, this work
aims at improving the comprehension of wheel-vehicle aegodmic interaction. We provide an
overview of the current studies related to wheel aerodynaos. The scope of the investigations
undertaken in this work is then outlined.
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1.1 Global context

Human activities are estimated to have increased approximey 1 C of the average tempera-
ture on Earth since around 1880 (IPCC, 2018). While with the nmng of polar ice sheets and
glaciers, the acidi cation of oceans, the accelerated rise sea levels, the higher frequency of
heat wakes and more powerful hurricanes ... the e ects of thiclimate upheaval are already
very tangible. At the current rate of greenhouse gas emisa® global warming is likely to reach
4.8 C by 2100, compared with the period between 1986-2005, whiehl doubtlessly cause dre-
adful consequences. In 2015, 195 nations signed onto theiPagreement to curb greenhouse
gas emissions su ciently 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 waiing target of 1.5 C instead of
2 C. To respond this request, in October 2018, the Intergovemmental Panel on Climate Change
(IPCC) released a special report on the impact of global waiing of 1.5 C. They revealed that

1
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this half a degree can make a world of di erence. We would seewker life-threatening heat,
drought, precipitation extremes, less sea level rise, lessosystems damage, fewer species lost,
with far-reaching consequences for humans and their activi However, this goal is far from
easy. To do so we must achieve a net-zero carbon footprint b§3D. This means carbon capture
process in the atmosphere will need to o set emissions at thdate. Thus it is essential to curb
greenhouse gas emissions, which requires rapid and unpdeceed transitions in all aspects of
society: reducing industrial emissions, controlling urbasprawl, limiting animal-based protein
consumption, ensuring energy sobriety, increasing the pentage of renewable in the electricity
mix and revolutionizing transportation ...

Transport is the only sector in which greenhouse gas emigssoare still higher than they
were in 1990 (EU, 2018). In the automotive sector, cars and \amproduce about 15% of the
EU's CO, emissions. Average emissions by new cars rose to 118.5g/Q® in 2017, following
a steady decline over the past few years. Under current rulebe average new car must not
emit more than 95g/km by 2021. In a plenary vote on October 3,018, MEPs (Member of the
European Parliament) proposed emissions should be cut resgively by 20% in 2025 and 40%
in 2030, than in 2021. New targets are expressed in percentafpecause the 95 g/km standard
(in 2021) will have to be recalculated according to the new m® rigorous emissions test that
better re ects real driving conditions. Moreover, they prpose that 35% of new cars sold from
2030 should be electric or hybrid.

With these stricter regulations and tax rates being introdued every year on CQ@ emissi-
ons, automobile manufacturers are pushed into seeking dons that do not compromise the
vehicle's global performance. Aerodynamics is one of the el elds where such solutions are
pursued.

The actual CO, emissions of a vehicle depend on the vehicle's driving reaistes, the
powertrain's e ciency and the energy demand of potentiallyactivated auxiliary consumers.
The e ciency of the powertrain describes those parts of thedtal fuel's energy content that can
be used for the mechanical propulsion of the vehicle. The naaity of the employed chemical
energy gets lost by heat dissipation and friction in the powgain. Engine e ciency varies
between di erent types of engines and also between di ereibads within the engine maps,
described by engine speed and engine power (or torque). Thaal driving resistanceF, of
a vehicle follow basic physical principles, which consistd four parts: rolling resistanceFrg,
aerodynamic dragF,, accelerationF,.. and slope of the roadrs:

Fx = Fr+ Fa+ Facc + Fs (1.1)

Assuming a passenger car traveling at constant speed on a lenead, the driving resistance
can be simpli ed into the following form:

1
Fy = Fr+ Fa = frmg+ ECXS V2 (1.2)

The two terms Fg and F, as a function of driving velocity is given in Figure 1.1. The idng
resistance is proportional to the vehicle load. The coe ciet of rolling resistancef r depends on
wheel and road properties, and some other factors. It is ragh constant at low velocities, but
increases strongly at high speeds. The aerodynamic drag stefmined by the aerodynamic
shape of the body, described by the drag coe cient@y), and by the projected frontal area of
the vehicle ). As the aerodynamic drag increases as the square of drivingeed, it rises much
faster than the rolling resistance. At above &m=h, the aerodynamic drag dominates over the
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rolling resistance, and becomes the main source of drivingsistance. However it should be
noted that the gure is only schematic, as the real distribuibn 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 l@city for a typical passenger car
(Elena, 2001).

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

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

1.2 Inuence of the underbody ow

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

First stage studies are focused on the underbody ow e ect onmspli ed vehicle geometries
by removing the complications of wheels. Then, once the whgeare ignored, at the ground
proximity, the underbody ow can be controlled by pressuredss system, passive devices, ground
clearance, unsteady actuation, etc. Their impact on the wakarganization and the base pres-
sure level can be analyzed.

To simulate the underbody roughness and examine their aepthmic impact, Perry &
Passmore (2013) introduced 5 horizontal roughness strip$ @i erent size in the underbody
of a square-back Windsor model. They revealed a signi cant pact of the underbody ow
condition on the base pressure and near wake structure, clyiat lower ground clearance. With
an increase in underbody roughness, the drag raises as thedovortex near the base becomes
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stronger and larger. The underbody roughness was also invgated in real car geometry.
Jakirlic et al. (2016) conducted computational study using VLES (Very Largeddy Simulation)
on a DrivAer' car model with smooth and detailed underbody. Aigher drag coe cient is
obtained with detailed underbody con guration than smoothunderbody con guration.

Similar disturbance facility as used in Perry & Passmore (A3) was also applied in Barros
et al. (2017). Apart from one horizontal strip, they also tested a cgralized circular cylinder
and uniform grid, with variable size, in the underbody of a rdangular bul body in ground
proximity. The application of small disturbance facilities increases the wake lower vortex size,
sets ow symmetry in the wall-normal plane, and triggers biradal lateral wake reversals. Furt-
her increase of perturbation size additionally enhances k&lower vortex, and the wake lateral
bistability is suppressed.

It can be conjectured that, in the previous studies, if they @antinued decreasing underbody
ow momentum by even larger perturbation, the wall-normal @aymmetry will once again reverse.
This is what have been observed in Grandemange al. (2013a), while they increase gradually
the underbody ow momentum by augmenting the ground clearare of a parallelepiped body
with rectangular blunt trailing edge. Three regimes can bedenti ed when increasing the
ground clearance. When the ground clearance is small, the wals similar to that of the
3D backward facing step as a result of the strong viscous etem the underbody. While
increasing progressively the ground clearance, the undedy ow gains higher momentum but
separation occurs more downstream on the oor. It forms a cued jet that reattaches on
the upper part of the base. The recirculation length is sigr@antly reduced, leading to an
important drag increase. For even higher ground clearancthe underbody ow has enough
momentum to prevent separation on the ground, and two countegotating vortices are formed
in the mean wake symmetrical plane. The drag decreases comguhto the second regime but
then stabilizes. This evolution of the near wake charactestics is also con rmed by McArthur
et al. (2016) varying ground clearance with a GTS (Ground Transptation System) model. In
addition, in certain range of the body aspect ratio, laterabistability behavior is observed in
the rst regime, and in the third regime the near wake underges bistability in either lateral
or vertical direction.

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

The preceding researches bring to evidence di erent wake Wwaormal balance due to under-
body ow momentum variation. While by involving ow deviatio n devices at the rear trailing
edge of a blu body, for example tapers and aps (Grandemanget al., 2013; Littlewood &
Passmore, 2010; Perrgt al., 2016), the shear layer is directly de ected, so does the nrewake.
The linear dependence between the lift coe cient and the bdédm ap angle in Grandemange
et al. (201%) demonstrates that, in addition to the bottom shear layer deiation by bottom
ap, the underbody ow momentum is equally modi ed. Further observations indicate a qua-
dratic dependence of drag versus lift, revealing the potaat of reaching drag minimum in road
vehicle applications by empirically setting the angles ofhe ow separations at the trailing
edges. This approach using ap and taper corresponds to thenderbody di user applied in
real vehicles.

The di user is a passage of increasing area at the underbodyite It can increase the un-
derbody ow at its entry while reduce the velocity at the exit and thereby recovering pressure.
They were initially applied to race cars to increase downfoe and improve high speed stability.
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Now they are commonly used in road vehicles to improve lift andrag performance. Cooper
et al. (1998) investigated the in uence of ground clearance conma&d with di erent di user
angle using a rounded nose blu body with side plates. With unabody di user, the e ect
of the ground clearance is still consistent with those obsexd in Grandemangeet al. (2013);
McArthur et al. (2016). They reported increasing downforce and drag with éhdecreasing ride
height to a maximum, followed by a sharp decrease in downferdue to viscous e ect at ground
proximity. Moreover, the optimum di user angles for downface are between 13 16 . Above
25, the diuser is completely stalled. In terms of the drag, at lgh ground clearance, it is
similar to the drag variation seen in fastback vehicles, whe increasing the back slant angle
from O reduces drag up to an angle of about 125 (Ahmed et al., 1984). While at lower
ground clearance, the range over which the di user reducesad is smaller (0-5 ) compared to
the fastback data (0-15). Eventually, one can mention multiple channel underbodyidisers,
they are proved to be more e cient than single channel di use as with increasing di user
angle, signi cant downforce production is achieved with tile increase in drag (Jowsey, 2013).

Another mechanism that can in uence underbody ow conditionis related to the experi-
mental set-up, the moving ground. More and more wind tunnelare equipped with di erent
moving ground systems with proper boundary-layer treatmero better reproduce the on-road
condition. Krajnovc & Davidson (2005) showed that the in uence of the oor motion on the
wake structure of a slanted surface body is qualitativelyrhited to the region near the oor and
near the slanted surface. It is anticipated that in a realist case with a moving ground, the
ow regime classi cations as evidenced in Grandemang# al. (2013); Castelain et al. (2018)
depending on underbody ow momentum persist, however thednsition between two regimes
may occur at di erent ground clearance or underbody velogitvalues.

1.3 Wheels aerodynamics

1.3.1 Isolated wheels

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

A wheel is a blu body thus the ow eld around it exhibits stro ng three-dimensional pro-
perties and complex vortex dynamics phenomena (Pirozzeti al., 2012).

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

Fackrell & Harvey (1975) were one of the rst who investigate@xperimentally the isolated
rotating wheel in contact with the ground. Their results arealso the most accepted and
referenced in this subject area. They indicated that only ithis realistic ow conditions could
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globally.

1.3.3 Aerodynamics of road vehicle including wheels

In vehicle aerodynamics, detailed numerical and experim@ah studies have been focused on
generic, simpli ed geometries, such as the Ahmed body (Ahmest al., 1984; Krajnova &
Davidson, 2005;0sth et al., 2014; Grandemanget al., 2013; Barros et al., 2016; Li, 2017),
Asmo body (Perzon & Davidson, 2000; Nakashimet al., 2008; Tsubokuraet al., 2009; X ow,
2010; Aljure et al., 2014), and Windsor models (Howell, 1994, Littlewoodt al., 2011; Perry
& Passmore, 2013; Pernet al., 2015, 2016). These simpli ed models are widely investigst
as they can reproduce importation ow structures around rdestic road vehicles and favor the
comparison between di erent experimental and numerical gtlies. Recently, with the advances
in wind-tunnel equipment, more thorough investigations hae become possible. Aerodynamic
investigations of generic models including wheels and whemuses are receiving more attention,
as they are more representative of real vehicles. Moreovtre wheels and wheelhouses are also
important contributors to the aerodynamic drag. For a typi@l passenger car, the wheels and
wheelhouses together are responsible for approximately?2@ 40% of the total drag (Pfaden-
hauer et al., 1996; Wickern & Lindener, 2000; Elofsson & Bannister, 2002)

The experimental study of Pavia & Passmore (2017) demonstes that the inclusion of the
front wheelhouses and front wheels into a 1/4 scale Windsor & modi es mildly the drag.
The lateral bi-stable motion that exhibits in the wake of a Wirdsor model without wheels is still
recognizable. Moreover the state of the front wheels (statary or rotating) shows negligible
di erence. However, when rear axle is additionally includedsigni cant pressure drop can be
noticed in the bottom half of the base. This results from thedrmation of a stable counter
rotating vortice pair in the gap between the two rear wheelsyhich also tends to stabilize the
bi-stable motion. Elofsson & Bannister (2002) claimed thah a wake balance point of view, the
inclusion of (four) wheels create interference e ects betgn the wheel wakes and the vehicle
wake, causing the vehicle wake being far from balanced oigtkcal . Consequently, signi cant
drag increase is induced compared to the basic vehicle body.

The more important in uence of rear wheels on the vehicle aedynamic was also con rmed
by varying the state of the wheels separately at the front agland at the rear. The experimental
studies of Elofsson & Bannister (2002) on a Volvo Sedan and alVo Squareback, and the
numerical investigations by Koitrand & Rehnberg (2013) on daguar XF Saloon and a Jaguar
XF Sportbrake all illustrate higher variation in global lift and drag coe cients when altering
rear wheel state. Rear wheel rotation contributes to a dease in the vehicle total drag C4 =

0:03 0:02) and rear lift (C, = 0:04 0:02) compared to rear stationary wheel
cases. Waschle (2007) interpreted the increase in base p@® as additional energy being
transferred into the vehicle wake by the rear wheel rotatiomnd thus reduces the losses and
the wake size. Elofsson & Bannister (2002) assumed that rttag rear wheel creates local
upwash (Figure 1.7), compared to the large wake of the statiany wheel, and thus results in
smaller interference e ect with the base region. However, ¢an be argued that, the upwash or
upward velocity downstream a rotating wheel is not observad isolated situations at equivalent
distance, as shown in their PIV measurements in the wake (Axer& laccarino, 2009; Heyder-
Bruckner, 2011; Sprot, 2013; Diasinost al., 2015). It is thus conjectured that the observed
upwash visualized by the smoke is due to the vehicle di useoi its Coanda shape). While in

Iput forth by Morelli (2000), an elliptical cross-section of a vehicle wakeis considered well-balanced.
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underbody, these bibliographical elements have put into ntext the importance of the wheel
aerodynamics in relation to the whole vehicle.

Furthermore, as encouraged by MEPs, the electric vehicleslMbe more prevalent in the
future. The electric vehicles have a smoother underbody, #ise battery package is located
between the wheelbase of the underbody, and there is no exbapipes. These lead to the
lowering of the drag contribution coming from the underbodywhereas the increase of the drag
ratio in other areas, including the wheels. However, due to ¢hfunctionality of the wheels, they
are not likely to have a more aerodynamically favorable shap Therefore, to achieve further
drag reduction, a better understanding of the wheel-vehglinteraction is of crucial interest.
Nevertheless, the in uence of the wheels on the ow around theehicles remains open issues.
For example, from an industrial point of view, the ranking byaerodynamic drag of di erent
tires sometimes depends on vehicle geometry (Wittmeiet al., 2013). While the mechanisms
behind it remains poorly understood. The objective of the gtly is to clarify this interaction, by
viewing the wheels as underbody perturbations, and analyg their impact on the aerodynamic
around a reduced-scale vehicle. We will give a detailed apsik in terms of the aerodynamic
forces, base and underbody pressure distributions, vel@ahvake and wheel wakes. The work is
structured as follows:

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

The rst part of Chapter 3 describes the smooth model con guation, which is the vehi-
cle model with polystyrene foam perfectly lling the wheelbuses and without wheels. This
con guration naturally has a high underbody momentum ux thus a negative lift, and a non
balanced mean wake with wall-normal asymmetry. It is used iBection 3.2 to study the in u-
ence of perturbations located at the rear part of the underltty. To do so, a pair of pro led
obstacles is mounted at the two sides, underneath the plugheear wheelhouses, to emulate
the rear wheels. A parametric study is performed with di erat obstacle width.

In rst section of Chapter 4, the pro led obstacles are rstly substituted by rear wheels as
a more realistic approach. Based on Section 3.2, the e ect tife rear wheel state (rotating
or stationary) is discussed, in comparison with the pro lebbstacles con gurations. Next in
Section 4.2, the front wheels are additionally included, vith leads to the baseline con gu-
ration. The vehicle wake becomes well balanced, in contraist the precedent con gurations
preserving the same wall-normal asymmetry to the smooth mebicon guration. In Section 4.3,
wheel state investigations are carried out at the front or @& axle, modifying the well balanced
wake of the baseline con guration.

In Chapter 5, we eliminate the vehicle diuser in Section 5.1 With the recovered wake
wall-normal asymmetry, the vehicle geometry in uence on weel-vehicle interaction is tackled.
In Section 5.2 the e ects of di erent tires are addressed, Is&d on the local and global e ects
of the perturbations that have been investigated in previaichapters.

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



Chapter 2

Experimental and computational
environments

In this chapter, the experimental and supplementary compational set-up are elaborated.
The vehicle model used throughout the study is based on the Asnmodel (Section 2.1.2). Its
geometry are modi ed so that when four rotating wheels are psent, the front wheel is subject
to reasonable yaw angle, and the model has a realistic wakddrae. In order to investigate the

interference aerodynamic force between the vehicle and tiveels, acting on the car body, a
‘wheel-0 ' con guration is adopted, which means the wheelare mechanically decoupled from
the vehicle, and solely the aerodynamic forces of the veleids measured. This method also
omit the measurement procedure of subtracting forces geatrd between the tire and its driven

unit as the wheels are not measured. For con gurations inaling wheels, the contact patch of
the reduced scale Michelin tire is regulated, aiming at emating the realistic tire deformation

under load.
Contents
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2.1 Experimental method

The design and implementation of the experimental set-up we performed during the PhD
work. Figure 2.1 gives a general picture of the experimentagtsup 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 \wnd tunnel working section.

2.1.1 Wind-tunnel apparatus

The experiments were undertaken inside the test section ofdlsubsonic closed-loop wind tun-
nel S620 (Figure 2.2) in Institute Pprime in Poitiers, France.It has a contraction ratio of
7 : 1, with a rectangular test section of 6122 (2.4m (width) 2.6m (height)). The maximum
free-stream velocity can reach 60=s and ow stability in the tunnel is ensured for velocities
greater than Sm=s. The turbulence intensity is approximately 05%.

5

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

According to the experimental set-up, a sketch of the vehiclmodel in the test section is
portrayed in Figure 2.3. The geometry of the vehicle model wibe presented in detail in
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motor which drives the roller (Figure 2.8(b)). Each wheel isni direct contact with a roller.
For the stationary tests, the motors are shut down so that theollers and the wheels are still.
For the rotating tests, the motors actuate, allowing the roation speed of the wheel to match
with the freestream speed so as to simulate the vehicle mogiforward through still air. The
experiments are conducted aV, = 28ms !, corresponding toRe_, = 3:1(°. 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 562&=min . The boundary layer thickness on the
ground was not measured. While according to the experiment$ Barros (2015); Li (2017) in
the same wind tunnel with a similar raised oor, at a Reynoldsiumber one order of magnitude
lower than ours, the boundary layer was proved to be turbulénThe boundary thickness on the
ground based on 99% of the free-stream velocity was typigallOmm, 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:05G at our operating Reynolds
number.

Figure 2.3(b) provides the front and rear axle tracks. At rst they were both set at 646hm,
so that the tire side wall was ush to the vehicle side. Howevert has been observed that for
these tracks, when wheels were in rotation, the model feagd important oscillatory behavior
in the yaw and roll motion. This is reminiscent of an isolatedotational wheel investigated
by Pirozzoli et al. (2012), where signi cant oscillations in the wheel's sideofce were recorded
yet with a zero time-averaged mean value. The four rotatiomavheels inside the wheelhouses
probably do not have zero mean side force. As a consequenceytmay create changing and
oscillatory suction to the vehicle which results in the osltatory motion of the model. In order
to limit this oscillation, it is required to enlarge the axletrack. After several tests, with each
front wheel moved 2nm outboard in the Y direction, we achieved to debilitate the oscillation.
The front axle track is nally set at 644mm and the rear axle track at 64énm. To better ensure
the stability of the vehicle and to help keep the pro led supprt straight, four guy-wires, which
are tensioned cables, are installed, as can be seen in Figufie Dne end of the guy is attached
to the vertical support, and the other end is anchored to the ind tunnel inner wall. At the
operational position, the guy end xed on the pro led supporis lower in vertical position. This
ensures that the support can lift vertically the vehicle modl without constraint, to facilitate
operations like in ating the tires or change the wheels. Athe same time, the tensioned cables
prevent the model from descending below this ground clea@ (0.04.,) position.

2.1.2 \ehicle model

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

This model is often used to compare with the experimental siaice pressure measurements
(Perzon & Davidson, 2000) to validate the turbulence modefsr simulations (Nakashimaet al.,
2008; Tsubokureet al., 2009; X ow, 2010). However not much information of the uid dypamics
around the Asmo model was available. The only published deladl ow structures around the
Asmo model was made by Aljureet al. (2014) using large-eddy simulations. They portrayed
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(a)

Figure 2.5: (a) Iso-contour of Q = 0:1 behind Asmo model indicating the two longitudinal vortices;
(b) Time-averaged streamlines illustration the formation of the longitudinal vortices; (¢) Recirculation
regions in the wake. (Aljure et al., 2014)

With the help of a Tekscan Pressure Mappingsystem the static contact patch can be
visualized in real time (Figure 2.8(a)). This system is comged with a thin sensor, which can
be put between the wheel and the roller to detect the interf&pressure; a data acquisition
electronic, that can scan the sensing points within the sems and a software, which displays
the pressure distribution. The visual footprint displayedby the software is thus deemed as
the contact patch. In our con guration, the contact surfaceis slightly di erent from the real
contact patch because of the small radius of the roller supgiimg the wheel. There is no doubt
that a larger roller radius can better simulate the road. Nevéheless, in order to hide the roller
inside the raised oor, with its apex ush to the upper surfae of the oor, the size of the roller
is limited by the thickness of the raised oor. In this situaton, the length (in the X direction)
of the contact surface is curved due to the small radius of theller. As a result it is di cult
to guarantee the proper contact patch length (8cm 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 54cm.

To determine the correct wheel center height that ensures ¢hproper contact patch width,
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allows for an e cient parallelization of the solver (Chenet al., 1997).

The local equilibrium distribution function f* depends on local hydrodynamic properties
for example density and velocity u. And these guantities can be obtained through the
velocity moments of the distribution function:

X X
= fi; u= fiCi (27)

P P,
where 1.

To recover macroscopic hydrodynamics, the local equilim distribution should obey the
mass, momentum conservation laws at each lattice. Moreovthe lattice structure have to
be speci ed to achieve as high order of accuracy as possibleghwxed number of discrete
velocities (Chikatamarla, 2008; Peng, 2011). In the thredimensional situation, one of the
common choices is the D3Q19 model (Figure 2.13) (Qian & Orsza®93; Chenet al., 1997),
which is used in LaBS, where the equilibrium staté° takes the form:

§u2] (2.8)

9
f9 = wi[l+3c u+ 5(C u)? 5

wherew; are weight coe cients: wp = 1=3, w; ¢ = 1=18, andw; 15 = 1=36, with the direction
numbers portrayed in Figure 2.13. Based on the Chapman{Ensianultiscaling expansion,
which assumes the di usion time scale being much slower thaéine convection time scale (Latt,
2007), with the Knudsen number as the expansion parameter f€n & Doolen, 1998), the
nonlinear incompressible Navier{Stokes equations can thbb& recovered from (2.5) under the
assumption that the Mach number remains smallN\l  0:4). In contrast to the direct numerical
simulation of the NS equations, where Poisson equation needed to be solved toabtthe
pressure, in LBM, by the perfect gas law, the pressune is calculated locally with a linear
relation with density and temperatureT (Peng, 2011),

p=T (2.9)

And T is the lattice temperature which is set to £3 for isothermal simulations. The relaxation
time is related to the viscosity by the uid viscosity through the relation (Chenet al., 1991,
1992, 1997; Frisclet al., 1986)
= > T (2.10)

Imposing boundary conditions accurately and stably is crigl for lattice Boltzmann method.
The particle bounce back process is mostly applied to simtgeno-slip boundary condition where
the particle velocity direction are reversed on the solid hmdary. While for free-slip boundary
condition, the particle specular re ection process is ofteimplemented that reverses the normal
velocity components and maintains the tangential velocitgirections (Li et al., 2004). The two
methods are sketched in Figure 2.14. However, this schemedad provide accurate and smooth
results on curved geometries as it could only attain rst ordr of accuracy (Cheret al., 1997).
For curved boundary, which is more realistic from the physad point of view, interpolation and
extrapolation are needed to approximate the variables sitig on the boundary nodes away from
the boundary wall in the Cartesian grid, in order to achieveexond order of accuracy (Peng,
2011; Succi & Succi, 2001).

To achieve computation e ciency, variable resolution (VR) regions are used in LaBS. The
hierarchical grid-re nement method (Filippova & Hanel, 198) cascade inwards from coarse
resolution region towards ne resolution region close to thsurfaces. The mesh size di ers by












Chapter 3

Smooth vehicle and underbody
blockage modi cation

As introduced in the last chapter, the vehicle model is basedhdhe Asmo model. Its geometry
was modi ed so that when four rotating wheels are present, ehfront wheels are subject to
reasonable yaw angle, and the model has a realistic wake lvala. To throw light on the
aerodynamic features around this modi ed geometry, the vétle model without wheels and
with polystyrene foam perfectly lling the wheelhouses (aoguration noted N) has been rst
analyzed in Section 3.1. This con guration has an importandownforce, a low drag, and a
negative vertical pressure gradient in the base centrelingvhich is inverted compared to a
typical passenger car in on-road condition.

The wheels in di erent states and with di erent tires can be egarded as underbody pertur-
bations. In order to simplify these perturbations and invagyate the impact of the underbody
blockage, in Section 3.2, we applied a pair of pro led obstles underneath the plugged rear
wheelhouses, nothing being applied in the front underbodyiwo regimes can be observed de-
pending on the width of the obstacles. The rst regime corr@®nds to con gurations for which
the wake of the obstacles closes, in a mean point of view, lrefaghe end of the underbody
(obstacle of small width). In this regime, the underbody presure decreases drastically when
compared to con guration N. While the increase in obstacle size only has local e ect on un
derbody and base pressure distributions, and does not modthe pressure on the symmetrical
plane of the vehicle. In the second regime, the "unclosedstdicle wake "merged' into the vehicle
wake. This leads to a more global ow modi cation, manifesté by a deepened suction on the
entire base and an important pressure raise at the rear underdy. Whatever the regime, the
vehicle wake organizations are not signi cantly modi ed.
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Summary In this section, the smooth vehicle model without wheelhoes nor wheels is in-
vestigated. It is considered to be the rst step if its interation with the wheels want to be
further studied, especially when not much information abduthe uid dynamics around the
model is available in the literature.

In terms of aerodynamic forces, the experimental results@h a negative lift coe cient and
a small drag coe cient. The simulation has been proven to beapable of reproducing the main
features of the surface pressure distributions and the meavake ow. The underbody ow
exhibits a three-dimensionality with outward then inward ow motions, which will be possibly
modi ed if obstacles are present at the two sides of the undeody. The wake ow also displays
highly 3D features due to the base geometry. Two pairs of lomgdinal vortices are detectable
in the near wake. The negative vertical pressure gradient the base centerline is coherent with
z asymmetry in the wake symmetrical plang/ = 0. It is due to the ground proximity and also
the vehicle geometry.

3.2 Modi cation of the underbody blockage rate

3.2.1 Experimental set-up

The experimental set-up is the same as described in Sectiod 2Figure 3.8(a)). We maintain
the smooth vehicle model with plugged wheelhouses and witliavheels. Then we mount a pair
of obstacles with the height of the ground clearance beneaditne two plugged rear wheelhouses
to simulate the rear wheels, since it has been establishedtire literature the dominance e ect
of the rear wheels on vehicle drag (Elofsson & Bannister, Z0Koitrand & Rehnberg, 2013). A
parametric study is thereupon carried out by varying the with of the obstacle pair to achieve
di erent aerodynamic blockage in the underbody. As shown in Bure 3.8(b), the obstacles are
half-elliptical (divided along the minor axis) base cylindrs with a blunt trailing edge. When
installed, their major axis are parallel to the oncoming ow They are xed on the ground by
screws to keep aligned with the wind and they are in contact Wi the vehicle. We de ne the
geometric blockage rate as the ratio between the total widtbf the obstacle pair (which is two
times of the elliptical minor axis) and the vehicle width, daeoted as . Parametric study is
carried out with = f10; 15; 20; 25, 30; 35; 40g%. The end of the obstacles are tangential to the
rear wheelhouse end and their outboard sides are tangenttal the sides of the vehicle. The
location of the obstacles is depicted in Figure 3.9. In the uedbody no pressure measurement
can be acquired on the underside of the plugged wheelhouddsnce the interpolated underbody
pressure there will be lack of precision. In addition, for gh blockage rates ( = 30; 35; 40%),
certain underbody pressure taps are sheltered. Thus the fieeed pressure taps are excluded
from the interpolation. In this con guration, no aerodynamnic forces are recorded by the balance
inside the vehicle due to the contact with the obstacles xedn the ground.

The semi-elliptical base cylinders are chosen as we expedog tow to be attached on the
obstacles surface until the blunt trailing edge so that the wth of the obstacle wake at the
separation equals to the obstacle width. To ascertain thisgint, the interpolated underbody
pressure standard deviation is depicted in Figure 3.10. Withhe available pressure sensors,
it can be perceived that, important uctuation indicated by high Cp° presents only at the
downstream of the lower front edge radius, and behind the dbsles. The former is related to
the small separation bubble. The latter seems to con rm thathe ow is practically attached
on the obstacle surface before separation.
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Figure 3.12: Comparison between the estimated pressure at the underbly exit and the measured
ones.

According to Figure 3.12, the estimated pressure is not in aagdance at all with the measu-
red ones. With increasing , the disparity is widening. It suggests a signi cant undergtimation
of the pressure level which arises from the over predictiofi ihe exit velocity V; obtained from
(3.5). Indeed, the entering ow exits the underbody not onlythrough the passage between the
obstacles but also from their outer sides, which is duly notkan to a classical channel ow.

In the following, the global impact of the blockage rate wilbe provided by plotting inte-
grated underbody pressure and integrated base pressure dsirection of . In Figure 3.13, the
longitudinal axis is the blockage rate, left vertical axisg the integrated underbody pressure,
and right vertical axis is the integrated base pressure. Faromparison, the smooth vehicle
con guration N is also presented. For the underbody pressure, frokhto = 10%, there is a
sudden drop when the obstacles are applied and then it bousceack with two slopes, with a
larger slope when > 25%. For the base pressure, frold to = 40% it continues reducing,
also with a more negative slope when> 25%.
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Figure 3.13: The integrated underbody pressure (left axis) and integated base pressure (right axis)
for N and all the blockage rates.

_To better visualize the pressure variation on di erent pars of the vehicle, the distributions
of Cpin the y = 0 plane are presented in Figure 3.14. Among all the con guratins, the time
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at the upstream of the obstacles 3<s < 1, the pressure increases mildly with increasing
blockage rate, which accounts for the slowly augmented igeated underbody pressure from
10% to 25% in Figure 3.13. As for larger obstacles given in FiguBel4(b), the underbody
pressure between the obstacles are no longer the same. Theydaraise of the underbody
pressure due to the increasing blockage rate extends fres 3:5tos= 0:15, which results
in the steep increment of the integrated underbody pressus¢ > 25% in Figure 3.13.

The base pressure on thg = 0 centerline for lower blockage rates is nearly superposed
They drop slightly at the upper part of the base when comparetb the smooth modelN
(Figure 3.14(a)). While for larger the increase in size results in a gradual loss of the centedi
pressure (Figure 3.14(b)). The mean centerline pressure guelly displayed in Figure 3.15(a).
After a pressure descent when the obstacles are applied, atptu presents at low blockage rate
until = 25%, and further enlargement in obstacle size results infpci decline. However,
the integrated base pressure is decreasing with increasingFigure 3.13). Therefore it can be
deduced that, at small values, despite the insensitivity of the centerline preseaito the change
of the underbody blockage rate, pressure modi cation due to variation can be measured at
the two sides of the base. This can be corroborated from the rimontal Cp evolution at the
left side of the base in Figure 3.15(b): the pressure level isaeasing with increasing .
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Figure 3.15: (a) The area-averaged base pressure coe cient on the centare (in the red box) { hCpci
for N and all the blockage rate; (b) Pro les of Cp at the horizontal line on the left side of the base
(indicated by the red line).

After the overview of the surface pressure variation, it is wth mentioning that according
to Figure 3.13, 3.14 and 3.15, two regimes with a separation at= 25%, can be easily distin-
guished. To sum up, when 25%, enlarging the obstacles width only increases margilyal
the underbody pressure upstream the obstacles. The cenied pressure between the obstacles,
downstream in the di user and in the base are practically noa ected. Alongside, a gradual
drop of the pressure at the two sides of the base is detectabléowever at higher blockage rate

> 25%, the pressure in the centerline and at the two sides of thase are both in uenced
by the underbody blockage change. The two regimes are to beaissed in more details in the
following subsections.

3.2.3 Small underbody blockage

Looking back to Figure 3.14(a), the striking di erence betwen N and small blockage con -
gurations at the rear part of the underbody needs to be undéood. From their underbody
pressure distributions in Figure 3.16(a), the more signi aat suction compared toN can be
clearly observed at the rear underbody surface. E ectivelyt has been established in the previ-
ous section the 3D feature of the underbody ow of the smoothehicle model. The underbody
ow comes outwards and inwards as illustrated in Figure 3.3{d However, once the obstacles
are employed at the two sides, they prevent the outside highrgssure ow penetrating the low
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Figure 3.27: The lift (Cz) and drag (Cx) coe cients as a function of normalized distanced = D=d;+0:5
(see Figure 3.26(d) for notations) for the tested two pairs of circular cyinders.

function of normalized distanced = D=d. + 0:5. Here +05 tries to take into account the ow
separation position on a circular cylinder, which is rougklat 0:5d. in the streamwise direction.
For instance, when the end of the cylinders is tangential tde model baseD =0 and d = 0:5.
At around d < 3, the measured lift and drag coe cients exhibit a strong sesitivity towards the
distance of the obstacles to the base. We can have sight of @ichdescent of the lift (increasing
downforce) and drag coe cients when the obstacle pair is med away from the base. While
fromd 3 onwards, the curves change slope. The lift coe cients seeta uctuate around
constant values. And the drag coe cients decrease mildly the followed by an increase and
nally a decrease. The nal raise and drop of the drag coe ciat at d > 4 is not of primary
concern as the obstacle pair is already very far away from thmse, which might bring about
other phenomenons. However, the continuous reduce®t and Cx with increasingd, and the
change in slope at nearly same normalized distande 3 consolidate the idea that the two
coe cients are both tightly related to the streamwise devebpment of the obstacles mean wakes.
Furthermore, from the drag evolution, it can be said that at gual normalized distance to the
base, smaller obstacle entails smaller vehicle drag.
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Figure 3.28: The integrated underbody pressure (left axis) and integated base pressure (right axis)
for half-elliptical base cylinders (a) and circular cylinders (b) tested in the wind tunnel S620, as a
function of normalized distance.

Similarly, the results in Figure 3.13 and Figure 3.24 are pladd anew as a function of the
normalized distance from the base in Figure 3.28. The largehd 'small' blockage rates can
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obstacle pair. Besides, in this blockage range, the enlargi width only has a local impact
on the surface pressure of the vehicle. It raises the presswpstream of the obstacles in the
underbody. And it decreases locally the pressure downstreamm the vehicle base as decreased
pressure condition is set at the rear separation of the obsia and imposed on the vehicle base.
The pressure in the symmetrical plang = 0 is nearly una ected.

For larger blockage rates where > 25%, the enlarging size entails a more important mo-
di cation in terms of the pressure distribution on the vehidée surface. In the underbody, an
important pressure augmentation extends from upstream toatvnstream of the obstacle pair.
The di user e ciency decreases. In the middle of the underbdy the exit ow is a ected, and
the base centerline pressure drops concomitantly. On the pgr part of the vehicle body, the
decreasing pressure all around the base boundary re ectsatithe whole vehicle wake is con-
taminated by the enlarging obstacles in the underbody, thefore creates a broad suction on
the base surface. To sum up, the increase in underbody blockagte increases slowly the base
suction and underbody pressure in the small blockage rangéile much more rapidly at larger
blockage rates.

The separation of “small' and "large' blockage rates at= 25% is believed to be associated
with the streamwise development of the obstacle wakes in thenderbody. In the horizontal
planar PIV measurements at the half of the ground clearanctyr “small' blockage rate obstacles
( 6 25%), no reversed ow is captured in their wakes at > 0. Whereas for "large’ blockage
rate obstacles (> 25%), their mean wakes are not yet closed at the exit of the uatbody.
The "'merging' of their unclosed mean wakes with the vehicle i&is deemed to account for the
important increase in underbody pressure and base suction.

The experiment with circular cylinders of di erent blockag rates beneath the same geo-
metry also provides strong evidence of the correspondencetvieeen their mean wake closure
and the vehicle's surface pressure level. An additional expaent with reduced scale model
is carried out, aiming at reproducing this separation in ltffand drag coe cients, with same
underbody blockage rate but at various distance to the baseThe results suggest that with
one obstacle pair gradually distanced from the model basegewan discern two regimes, "close
to' and “far away from' the base. The two regimes dier greayl in their sensitivity of the
global aerodynamic coe cients towards this distance, andhtey can be analogously referred to
as ‘large' and ‘small' blockage rates situations. Hence itss cient to remark that, although
the experiments in the two wind tunnels di er from one anotheto a large extent (one is testing
di erent underbody blockage, the other changes the obstalposition in the underbody; the
geometry involved are quite di erent, one has di user, the ther not, etc.), the results seems
to be universal. And both support the hypothesis that the undsed mean wakes of the under-
body obstacle yields much stronger interaction with the vable wake and thus more important
in uence on the vehicle surface pressure distribution.

Eventually, the wake measurements in the symmetrical plargemonstrate that, for all the
tested pro led obstacles, the vehicle mean wakes seem to hasimilar topology, with a large
clockwise mean recirculating structure and a smaller couwst clockwise mean structure. While
compared with N, their wakes exhibit more pronounced-asymmetry which develop closer to
the ground. This is in accordance with their vertical presse gradient of the base centerline
measurements. As summarized in Figure 3.30(a), theilC p=dz values are similar but smal-
ler than that of N. In large blockage regime, the degree of wake asymmetry igwdikely
to saturate, even though a decreasing di user e ciency is okerved with increasing obstacle
width. In addition, there is a clear reduction of the recircilation length with increasing under-
body blockage rate (Figure 3.30(b)), indicating an increasg curvature of mean streamlines at
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Figure 3.30: (a) The vertical pressure gradient at the base centerlinelCp=dz as a function of the
blockage rate. N is also presented for comparison in black dot. (b) Mean bas€pg level as a function
of the recirculation length for decreasing blockage rate from left to rght. N is also presented for
comparison in black dot.

separations.
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Chapter 4

The wheel-vehicle interaction

In this chapter, the pro led obstacles are rstly substituted by rear rotating wheels (Section 4.1).
The con guration is denoted with XR. Compared toN, decreased pressure is observed at the
rear underbody and the suction increases on the base (Sectbl1.2). For rotating or stationary
rear wheels, no modi cation has been remarked in terms of nreavake topology compared to
N (Section 4.1.3). The e ect of the rear wheels alone can théoee be viewed, at rst order, as
a blockage e ect. The rotation or not of the wheels varies thblockage rate in the underbody,
with stationary wheels generating wider wakes hence highelockage.

In Section 4.2, front rotating wheels are additionally inalded. This baseline con guration,
denoted with RR, is investigated compared toXR . Its underbody ow momentum is signi -
cantly reduced due to the presence of the front wheels. The liMealanced vehicle wake in the
symmetrical plane is thus recovered. The wakes of the rear edis are larger than those ofR,
revealing an enhanced interaction between the wheel wakeasdathe vehicle wake. However,
the locally decreased base pressure downstream the rear @llés compensated by the pressure
recovery at the base upper region, due to the wake balanceénsion. Therefore, the mean base
pressure (and drag) remain unchanged compared xR .

At last in Section 4.3, di erent wheel states are tested at th front and rear axle in compa-
rison with the baseline con gurationRR. When the front wheel rotation is stopped, the front
stationary wheels create larger wakes and lower pressuretireir wakes, leading to lower lift
coe cient. While the vehicle wake balance is slightly a ectel. When the rear wheel rotation
is stopped, the di user accentuates the higher blockage ececreated by rear stationary wheel.
There is an increase in pressure between the rear wheelsdieg to higher lift. The reduced
underbody ow momentum ultimately results in a downward deection of the vehicle wake.
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Another region with high unsteadiness is behind the wheel, asen in Figure 4.2(b). For one
thing, it is characterized by the important suction Cp < 1) immediately behind the contact
patch due to the diverging surface, which has been proposeglfackrell & Harvey (1975) albeit
not observed, and afterwards has been validated by Meags$ al. (2004); McManus & Zhang
(2006); Heyder-Bruckner (2011). For another, an area of regéed ow can be found behind the
wheel in Figure 4.2(a) with negative streamwise velocity, @ain Figure 4.3 marked a€0. This
recirculation region also interacts with the ow entrainedupwards by the lower wheel running
surface, and the ow descending from the downstream part ohé wheelhouse, marked ds in
Figure 4.3(c), hence gives rise to signi cant uctuations.

In addition, the time-averaged streamlines of the simuladn results shown in Figure 4.3(c)
globally agree well with the general schematic of the ow putorth by Regert & Lajos (2007)
in Figure 4.3(b). The interaction of the up- ow entering the wheelhouse and the running
surface of the wheel moving in the opposite direction resaltin boundary layer separation
over the upper part of the wheel, which gives rise to the formian of vortex A. It leaves the
wheelhouse from the front upper part. VortexB mainly results from the ow entering the
wheelhouse from its front leading edge or from the outboardde, getting entrained by the
wheel rotation, recirculating inside the wheelhouse and ¢hwheel hub cavity and eventually
leaving the wheelhouse from the rear upper part. An inner viewf & is given in Figure 4.3(d).

Besides, there are also several disparities when comparedhe results of Regert & Lajos
(2007). Firstly, inside the wheelhouse behind the leading g€, the boundary layer separation is
less pronounced and so does vortek. It can be attributed to the smaller gap between the wheel
and wheel arch in our simulation. Secondly, there is no evidkeexistence ofC and S arising
from the separation on the upstream and downstream edge ofetlwheel arch. In fact, for the
simulated front wheel in Regert & Lajos (2007), the outsideow and the wheel-approaching
ow have small yaw angle (pointing outboard) that promotes he separation. While in our
simulation, the boat-tail shape of the vehicle at its rear pa diminishes the massive separation
on the wheel arch. At last, the vortexE not only originates from the ow entering at the front
of the wheelhouse between the wheel and the inner wall. It ddualso be the outside potential
ow that is inhaled inside, as shown in Figure 4.3(c), impinggon the downstream part of the
wheel arch and then stretched downwards to the underbody.

From Figure 4.3(d) we can have sight of an upward ow entrainedby the wheel running
surface at its lower bottom that interacts with the ow desceding from the wheelhouse and
gives rise to vortexE. An isox plane slightly upstream the end of the wheelx(= 0:45) is
extracted from the simulation in Figure 4.3(e), colored by th time-averaged vertical velocity
w. It highlights the upward (red) motion of the ow entrained by the lower part of the wheel
and the downward (blue) ow exiting the wheelhouse. The botim view of E is given in
Figure 4.3(f). At right is the horizontal slice at the half of the ground clearance colored by
the streamwise velocityu obtained from the simulation. The low velocity ow leaving he
wheelhouse from the inner side and the rear bottom is captuteas the green region at the
rear part of the wheel. From the 2D streamlines we can obsertleat the low velocity region is
diverted inward by the outside ow. And its size is much reducg in the streamwise direction
by the high momentum ow at the inner side, before exiting theunderbody.

4.1.2 E ect of the rear rotating wheels

The full scale aerodynamic lift and drag coe cients and the ntegrated underbody and base
pressure of the con guration with rear rotating wheelsXR are provided in the Table 4.1,
together with the smooth vehicle con gurationN. On the one hand, the presence of the rear
rotating wheels increases the lift by 18% which is attributed to the raise of 48% in the
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integrated underbody pressure; and on the other, it increas the drag by 28% which can be
related to the reduction of 275% in the integrated base pressure.

SCz(m?) | SCx(m?) | SCpy(Mm?) | SCpz(m?)
N -0.450 0.310 -2.907 -0.182
XR -0.379 0.390 -2.768 -0.232

Table 4.1: Full scale lift and drag coe cients of the vehicle, integrated underbody and base pressure
for smooth vehicle con guration N and the con guration with rear rotating wheels XR.

The comparison of the time averaged surface pressuee distributions in the y = 0 plane
for the two cases are presented in Figure 4.4(a). When rear rtiteg wheels are employed, we
can perceive a subtle increase at the front part of the undesldy (s < 3), suggesting that the
ow velocity is marginally reduced from the entrance of the nderbody. Between the front and
rear wheelhouses, the pressure raise is more noticeablejctvhs due to the stagnation zones
in front of the rear wheels that can be observed in their undbody pressure distributions in
Figure 4.4(b). The drop of the pressure at the rear part of thenderbody forXR conjures up the
comparison betweerN and small blockage rate con gurations in Section 3.2 (Figurg.14(a)).
However the pressure drop is not as tremendous as small blaphkarates con gurations. In
contrast to the rear wheels, the pro led obstacles compldieseal the gap between the vehicle
body and the ground. This reminds us of the work in Katz (1995%)emonstrating the e ect of
the side skirt gap on the downforce of a race car. They pointealt that, leaving even a small
gap between the ground and the side plate will allow the airdm outside to penetrate into the
underbody low pressure region and yield a reduced downfarce

In the base, their centerline pressure distributions exhibdi erent levels yet nearly the
same vertical pressure gradientdCp=dz= 0:044 forN and XR). Actually the rear wheels
create a broad suction on the base, which is discernible orethase pressure distributions and
their di erence in Figure 4.4(c). Moreover, the base presserdrop is more important at the
two sides § 0:63).

In addition, there is a good continuity in their pressure digibutions from the left side (in
the underbody) and from the right side (on the roof) of the bas Except the pressure tap
close the base, the other pressure measurements on the rdofast superimpose for the two
cases. It demonstrates that only at the rear part of the roofsithe pressure a ected by the
wake modi cation.

In the following, the modi cation of the mean ow eld around the vehicle by the presence
of the rear rotating wheels will be investigated to further nderstand the base pressure variation
using PIV measurements where available and simulation rdsufor additional information.

As described in Section 4.1.1, the diverging surface behinbet contact patch, the ow
reversal regionO behind the wheel and its interaction with the ow leaving thewheelhouse
E (Figure 4.3(c)) are sources of the low pressure, and they pmno decrease the pressure
level downstream. This can be visualized in Figure 4.5(a), wdlh are numerical results of the
pressure distributions for the two con gurationsN and XR in the horizontal plane at the half
of the ground clearance. The pressure evolution in this hadntal plane is in accordance with
their underbody pressure distributions (Figure 4.4(b)). Itcan be remarked that the rear wheels
generate ow stagnation areas upstream, suction zones ateliront and rear tire shoulders and
two low pressure regions in the wheel wakes that extend fugh downstream into the vehicle
wake.

Not only the pressure is reduced by the rear rotating wheels balso the velocity is de-
creased behind them, as displayed in Figure 4.5(b). The tinseraged streamwise velocity
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Summary In this section, we rst briey outlined the ow structures a round the rear ro-
tating wheels gleaned from the numerical results. Permarieexisting features of the rotating
wheels, such as thgetting phenomenon, the positive pressure peakCp > 1) in front of the
contact patch and the important suction Cp < 1) immediately behind the contact patch,
are recovered by the simulation, no matter the wheel is isdtal or inside a wheelhouse. The
comparison with the wheelhouse ow eld in Regert & Lajos (207) highlights the di erence
in front and rear wheelhouses. Nonetheless, the general sohéc of the ow agrees well with
their work.

Next, we explored how the inclusion of the rear rotating whelinteract with the ow
around the vehicle. Its comparison with the smooth vehicleoa guration N is conducted.
The rear rotating wheels decrease the underbody pressuretmen them as they partially
inhibit the outside ow from entering this low pressure regin, similar to the small blockage
obstacles in Section 3.2. However they marginally increasket pressure at the entrance of
the underbody and vastly increase the pressure in front of &m, which in total increase the
integrated underbody pressure and therefore the lift coeient, compared toN. The rear
rotating wheels together with the wheelhouses create lowegssure regions in their wakes and
extend further downstream into the vehicle wake, consequéndecreasing the pressure on the
base regions behind them, ay 0:6 in Figure 4.4(c). The global drop of the base pressure
is associated with the reduced recirculation length. High ctuations arising from the rear
wheels eventually increase the unsteadiness of the centpart of the underbody ow more
downstream. Hence the entrainment inside the vehicle wake ircreased. However the wake
balance in the symmetrical plane is not changed compared . The reduction of the base
pressure results ultimately in the drag increase of the vedi¢ model.

The last emphasis is placed on the e ect of the wheel state ohnd aerodynamic of the vehicle.
The rear wheels are retained stationary to compare with theotating ones. We managed to
establish a link between the stop of the rotation and the inease of the underbody blockage
rate, notably from = 25% to = 30%, as they share a lot of common ground. It has
been demonstrated in Section 3.2 that in large underbody ldkage range, the raise in blockage
increases the underbody pressure especially at the rear pand decreases globally the base
pressure. Similarly, the rear stationary wheels have highee cit in their wake (although no
reversed ow is captured in the PIV plane at the half of the grand clearance) compared to
the rear rotating wheels. They increase the underbody prese, as underbody ow momentum
is reduced, and increase the base suction, as lower presstordition is imposed on the base
surface. Thus the lift and drag augment. Similarities alsad in modi cations in the vehicle
wake. Higher uctuation in the recirculation bubble is respasible for the shortening of the
bubble length, for larger blockage rate = 30% and rear stationary wheels. This comparison
also demonstrates that, without knowing the complex ow stucture created by wheels, at rst
order, we can reproduce this wheel{vehicle aerodynamic @mactions by passive obstacles, and
one of the important parameters to characterize the interaion is the wake width.

4.2 Baseline con guration analysis

In this section, the study will be undertook in the most rea#t situation where four rotating
wheels are employed. This baseline con guration is denotedth RR. The experimental set-up
is the same as described in Section 2.1. In Section 4.2.1 thesctiption of the ow around
front rotating wheel inside the wheelhouse will rst be addessed. Then a short review of
the ow inside the rear wheelhouse will be given, with spediaegard to the di erence of the
rear wheelhouse ow between the two con gurationsXR and RR. These results are based
on numerical simulations. Next, in Section 4.2.2 the impaadf including front wheels on the
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Finally in Figure 4.17(d), the distribution of the time-averaged cross- ow velocityv on the
rear wheels surface is considered. The surface velocityhe tvelocity at the rst mesh. On the
rear tire shoulders below the underbody, non-zero crosswovelocity v can be noticed, which
can draw the outer ow inward. Meanwhile forXR the magnitude ofv is higher, indicating
that the vectoring of the cross ow is stronger and accordirlg the wheel wake width is reduced.

4.2.2 Mean ow around the vehicle

Having examined the local modi cation of the ow eld by the employ of the front wheels,
this section is devoted to investigate its impact on the glall aerodynamic forces, the pressure
distribution of the vehicle surface as well as the vehicle Wa. The full scale aerodynamic lift and
drag coe cients and the integrated underbody and base presee of the baseline con guration
RR are given in Table 4.4, together withXR for comparison. First of all, we can observe a
tremendous raise in lift coe cient with a change of sign, whe front wheels are present. This is
on account of the increase in the integrated underbody press. Secondly, the slight increase
in drag coe cient is consistent with the marginal raise in b&e suction.

SCz(m?) | SCx(m?) | SCpy(m?) | SCpsz(m?)
XR -0.379 0.390 -2.768 -0.232
RR 0.020 0.393 -2.274 -0.234

Table 4.4: Full scale lift and drag coe cients, integrated underbody and base pressure for the con -
gurations with two rear rotating wheels XR and four rotating wheels RR.

It has been established in Section 3.2 that the increase inderbody blockage rate results
in base pressure drop. Nevertheless, from Figure 4.15 in pas section, the intensi ed de cit
behind the rear wheels oRR does not increase dramatically the base suction as well agttirag
coe cient when compared toXR . Therefore more research on the surface pressure variatien
required.

To begin with, the comparison of the time average@p distributions in the y = 0 plane for
XR and RR are provided in Figure 4.18(a). A zoom of the measurements ids the gray box,
as well as the 2 front pressure taps, denoted withii; iii;iv , are presented in Figure 4.18(b).
By careful look at these measurements, we infer that the ptisn of the front stagnation point
is di erent for the two con gurations. The deepened suctiorat iii;iv for XR around the lower
radius of the front face suggests that its front stagnation @int is displaced upwards compared
to RR. While its measurement ati is not lower than atii, thus the stagnation point probably
locates between the two pressure taps. As f&R, the stagnation point is below the tapii and
above the negative measurement aii . The lowering of the front stagnation point forRR is in
accordance with its reduced downforce reported in Table 4 @hich is directly associated with
the signi cantly reduced underbody ow momentum. As forRR, there is a clear increase of
pressure ats < 3 in the underbody segment, suggesting that the underbody vois notably
slowed down from the entrance of the underbody. Besides, dtet rear part especially between
the rear wheels, the pressure is also higher f@R. The two curves increase with di erent slopes
in the di user. They cross and eventually recover to the baspressure level. The smaller slope
of RR indicates a reduced di user e ciency. And at the bottom of the base, its pressure is
lower. However in the base segment, the two curves intersegaan. For RR, its vertical pressure
gradient dCp=dzin the centerline is much higher: 0.065 compared to -0.044 f§R. On the
roof, the measurement of the pressure tap closest to the basaintains a good continuity with
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plunges into the vehicle wake with higher angle, hence indag local pressure drop on the base.

4.3 E ect of the wheel state for four wheels con gurati-
ons

In this section, the e ect of the wheel state for four wheelsan gurations will be considered.
The experimental set-up is the same as described in Sectiod.2With the simulation results,
insight into ow around front and rear stationary wheel shiéded in wheelhouse, and their links
to ow around isolated wheel are given in Section 4.3.1. Alth@h a vehicle with stationary
wheels is not often representative of a real life scenarioggcept in circumstances where the
wheels are locked under braking, it is still of interest as gheds light on the e ect of the wheel
rotation. Thereupon in Section 4.3.2, comparisons amongufocombinations of front and rear
wheel states are addressed, which are vehicle with fdrotating wheels RR), vehicle with front
Stationary, rear Rotating wheels SR), vehicle with front Rotating, rear Stationary wheels RS)
and four Stationary wheels SS). The results are mainly from experimental measurements.tA
last, in Section 4.3.3, an approach to investigate the whestate, certainly out of step with
the reality, consists in turning the four wheels in the oppate direction. This con guration
is denoted by RR 1). Its in uence on the vehicle surface pressure distributio as well as the
mean vehicle wake will also be analyzed.

4.3.1 Mean ow structure around stationary wheels

A global comparison of the ow elds between four rotating wieels con guration and four
stationary wheels con guration can be outlined in Figure 4.2, with the help of the simulation
results. A quick look of the iso-contour ofCpy = O in Figure 4.27(a) reveals similar trend
for front and rear wheelhouse/wheel between the two con gations. At the upper part of the
front and rear wheelhouses, the total pressure loss regiostarink in size for SS; whereas at
the bottom part of the wheel, the iso-contour extends largeand further. The mean velocity
elds at the half of the ground clearance in Figure 4.27(b) bng to evidence the enhanced wake
de cit behind the stationary wheels when compared to the ratting ones. More detailed ow
elds around the front and rear stationary wheels inside thavheelhouse will be described to
better comprehend the di erence with rotating wheels.

The time-averaged ow eld around the front stationary wheé can be generally understood
from the numerical results presented in Figure 4.28. The ismmntour of Cpyg; = 0 on the upper
part of the wheelhouse in Figure 4.27(a) corresponds the owiv in the same position depicted
in Figure 4.28(a). An inner view of the 3D streamlines in Figure.28(b) and (c) indicates that
this out ow mainly arises from the up- ow entering the wheehouse, partly separating on the
upper tire tread and leaving the wheelhouse, which resemblthe structure A in rotating wheel
situation. However this separation occurs more downstreanompared to a rotating wheel. For
rotating front wheel, large amount of ow leaves the wheelhee (in vortex A and B) from
the upper part as a consequence of the rotation. Here the outofrom the upper part of the
wheel arch is much reduced. Instead the ow inside the wheelise mainly leaves the volume
from the bottom rear opening, as can be clearly observed froRigure 4.28(b) and (c). At
the rear part of the wheel, the outboard main streamwise owrad inboard recirculating ow
is drawn to attach on the rear tire tread and directed downwats. Further more, there is no
upwards entrained ow at the rear bottom of the wheel as the wéel is not rotating. Hence,
the important downward ow leaving the wheelhouse spreadsllahe way to the ground and
rolls up, forming a counter rotating vortice pair, which gratly enlarges the front wheel wake
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SCz(m?) | SCx(m?) | SCpy(m?) | SCps(m?)
RR 0.020 0.393 -2.274 -0.234
SR -0.068 0.406 -2.342 -0.239
RS 0.148 0.447 -2.177 -0.259
SS 0.083 0.448 -2.256 -0.263

Table 4.5: Experimental results of the aerodynamic lift and drag coe cients and time-averaged un-
derbody and base pressure for con gurations with front/rear rotating/stati onary wheels.

With di erent wheel states, distinct lift coe cients are observed, from which we specu-
late that for the same rear wheel state, the rotation of the &mt wheel increases the lift
(SCzs > SCzss, SCzy > SCzg), wWhile for the same front wheel state, the rotation of
the rear wheel decreases the litSCzr < SCzss, SCzzr < SCzgs). As far as the drag
coe cient is concerned, the four rotating wheels con guraion has the smallest drag. The stop
of the front wheel rotation raises slightly the vehicle dragwhile the stop of the rear wheel
rotation has a higher penalty on the vehicle drag. When the ration of the front wheel and
rear wheel is inhibited at the same time, the drag further imeases. While in general, it is the
rear wheel state that dominates the drag level. In addition,iere is a good correlation between
the lift coe cient and integrated underbody pressure, as Wk as between the drag coe cient
and integrated base pressure.

The analysis of the pressure variation related to di erent Wweel state is primarily undertook
in the median planey = 0 (Figure 4.31(a)). Ostensibly, at the front part of the undebody
(s < 2), the pressure levels are close for con gurations with sa&nfront wheel state; and at
the rear part of the vehicle ( 1.5 < s < 2), including the rear underbody, the base and the
downstream portion of the roof, the curves can be grouped bigdir rear wheel state. And their
underbody and base pressure maps in Figure 4.31(b) and (c) émm to the line plot in the
y =0 plane.

In Figure 4.31(b), considering con gurations with same reawheel state, behind front sta-
tionary wheels SR and SS), the pressure appears to be much lower. While if same front el
states are preserved, we can discern an important pressur@pl between rear rotating wheels
(RR and SR). These two types of pressure reduction arise from di eremhechanisms. The rst
one is linked to the wheel wake, the latter is associated witthe underbody ow momentum.
According to Section 4.3.1, the signi cant pressure recowebehind the front rotating wheels
is achieved by the elimination of the counter-rotating gromd vortex pair. That is why for
the same rear wheel state con gurations, the rotation of thdront wheels augments the lift
coe cient ( SCzs > SCzss, SCzr > SCzsz) owing to their higher pressure imprint on the
underbody. Meanwhile, if we compare the con gurations witlsame front wheel states, the im-
portant suction due to rear wheel rotation indicates that tle ow velocity is increased, which
accounts for the drop of the lift coe cient (SCzsg < SCzss, SCzr < SCzgrs). Moreover, a
decreased di user e ciency is discernible in the line plotm Figure 4.31(a) for rear stationary
wheels con gurations. Similar results have been reported Section 4.1.3 betweeXS and XR,
where the e ect of the rear wheel state was demonstrated, atst order, to be a blockage e ect.

The pressure distributions on the body ank also make the wlet wakes identi ed (Fi-
gure 4.31(d)). For front stationary wheels con gurations R and SS), the low pressure region
downstream the wheelhouse reaches a minimum at the lowesegsure tap. Yet for front rota-
ting wheels RR and RS), the most important suction is measured at the higher prease tap.
On the basis of the wheelhouse out ow description in Sectich3.1 and 4.2.1, the former is as-
sociated with the counter rotating vortex developed on thergund, and the latter is connected
to the out ow from the side of the wheel arch. Besides, downstam rear stationary wheelsiS
and SS), the pressure is mildly lower.
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4.3.3 Forward? Backward?

The four wheels are now forced to turn in the opposite directh with the rated rotational
speed. This con guration is denoted withRR 1. If the study of vehicle with stationary wheels
can be considered compatible with a real life scenario only situations where the wheels are
locked under braking, whereas turning the wheels in the opgite direction seems completely
disconnected from reality. However it is still of interest taeinforce the links between underbody
blockage with the vehicle aerodynamics.

For wheel shielded inside the wheelhouses, the mechanisnmdofvnsizing the wheel wake
by rotation lies in the suppression of the counter rotating pund vortice, as established in
Section 4.3.1. Although neither numerical simulation nor RI measurements of the wakes are
available forRR 1, it is anticipated that the opposite rotation of the wheel wil be in favor of the
downwash behind the rear tire tread and culminate in even meisizable counter rotating ground
vortices than the stationary case, and thus an even higher darbody blockage. To conrm
this, the con guration RR ! will be compared toRR and SS. Their lift, drag coe cients, and
integrated underbody and base pressure coe cients are rit tabulated.

SCz(m?) | SCx(m?) | SCpy(m?) | SCps(M?)
RR 0.020 0.393 -2.274 -0.234
SS 0.083 0.448 -2.256 -0.263
RR ! 0.153 0.494 -2.145 -0.276

Table 4.7: Experimental results of the aerodynamic lift and drag coe cients and time-averaged un-
derbody and base pressure foRR, SS and RR 1.

According to Table 4.7, from the most realistic con gurationto the least, the lift and
drag coe cients both increase, which is rather reassuring.Moreover, the evolution of the
aerodynamic coe cients are in reasonable agreement with ¢hintegrated underbody and base
pressure. The comparison of their surface pressure distittons are then given in Figure 4.40.

Their time averagedCp distributions in the y = 0 plane are depicted in Figure 4.40(a). From
RR to SSand to RR 1, a gradual raise of the underbody centerline pressure can tiscernible
except a small portion in the middle ( 3<s < 2:25). The increase of the underbody pressure
at its front (s < 3) and rear part (s > 2:5) indicates a good agreement with the reduced
underbody ow momentum by enlargement of the wheel wakes. Eprogressive reduced di user
e ciency is also brought to light. In the base, the curves ardayered with gradual deepened
suction. The vertical pressure gradient oRR ! is reckoned to bedCp=dz= 0:008. At the
rear roof, a good continuity of pressure measurements is m@ined with the base pressure
level.

From the underbody pressure maps in Figure 4.40(b), f®R * the important suction zones
behind the front wheels move more inwards than those &5. Meanwhile, the lowest pressure
tap downstream the front wheelhouse on the vehicle ank (Fige 4.40(c)) exhibits a slight
pressure recovery. It can thus be inferred that the opposit®tation strongly entrains the ow
inside the large front wheelhouse cavity that fuels the coter rotating ground vortices at the
inner side. Their pressure standard deviation distributios in Figure 4.41 reveal a much more
enhanced uctuation of RR ! downstream the front and rear wheelhouses, and at the inbahr
side of rear wheelhouses. In the underbody, the regions wighhanced uctuation gain in size,
which supports the enlargement of wheel wakes. Thereforastbelieved that the enlarged rear
wheel wakes strongly interact with the vehicle wake, and yle&tthe broad suction on the entire
base surface (Figure 4.40(d)).
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plane. Comparing same rear state con gurations, with frontotating wheels, the saddle point
in the mean wake is displaced more downwards. While their bageessure and drag level mildly
precede those with stationary front wheels.

The most unrealistic con guration with four wheels turningin the opposite direction is
equally measured in order to further validate the aforemeitined link between wheel wake size,
underbody blockage and base pressure level. Although neithimerical simulation nor PIV
measurements of the wakes are available for this con gurati, it can be expected that the
opposite rotation of the wheel is in favor of the downwash befd the rear tire tread therefore
additionally increases the wheel wakes. This is corrobogat by the increased pressure between
the wheel pair in the underbody and the decreased pressure hetbase.

At last, it is important to emphasize the higher sensibilityof the well-balanced wake (the
baseline con guration) towards rear wheel state variatior{rotating/stationary/turning in op-
posite direction), as the modi cation of wake wall-normal quilibrium was not observed in
previous section for two rear wheels con gurations (Sectio4.1.3).



Chapter 5

Vehicle geometry and tire in uence

In this chapter, we rst add an additional bottom at the rear underbody to eliminate the
vehicle di user. An increase in pressure is observed on thederbody, particularly on the rear
part. This decrease in underbody ow momentum causes the meavake completely being
diverted downward. This global e ect leads to an insensitity of the aerodynamic coe cients
towards underbody disturbances (presence of wheels, stafethe wheels, ...). In other words,
the presence of a di user accentuates the global, local andike balance e ects introduced by
rear underbody modi cations.

The second part investigates e ects of two di erent tires. @e has carborundum powder
glued on the ank, aiming at representing tire sidewall maring; the other is a slick tire without
grooves. It is shown that the change of tire (front or rear) mabe interpreted as a change in
the wheel blockage rate (wheel more or less wide) with the sarnonsequences on the pressure
distributions at the base and underbody as those analyzed previous chapters (but with a
smaller e ect). It has also been observed that the rear tirehange can, in some con gurations,
have a signi cant e ect on the wake balance. In addition, we gsent the pressure distributions
inside the front and rear wheelhouses. Local pressure maoahtions inside of them are equally
observed for di erent tires at di erent states. The contribution of the wheelhouses to the vehicle
drag are evaluated to be roughly 20%.

Contents
5.1 The impact of the vehicle geometry on wheel-vehicle interaction . . .. . . 101
5.2 Eectofthetire . . . ... . . . . .. 108
5.2.1 Inuence of the tire sidewall ‘marking’ . . . .. ... ... ...... 108
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5.1 The impact of the vehicle geometry on wheel-vehicle
interaction

Figure 5.1 displays the modi ed geometry with at underbody. The roof boat tail angle remains

at 10 and the bottom angle decreases from %0 0 . This modi ed geometry with four rotating

wheels will be denoted byRR. To start with, the aerodynamic coe cients of RR compared to
RR are tabulated (Table 5.1).
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SCz(m?) | =SCz | SCx(m?) | =SCx | SCpy(m?) | =SCpy | SCps(M?) | =SCps
XS -0.225 - 0.445 - -2.662 - -0.260 -
XS, 0.002 | -1009% 0.492 10:6% -2.430 -8:7% -0.308 182%

SS 0.083 - 0.448 - -2.256 - -0.263 -
SSc 0.132 59.0% 0.454 1:3% -2.220 -1:6% -0.273 3:8%
SS 0.291 - 0.486 - -2.045 - -0.327 -

SEC 0.302 3:8% 0.484 -0:4% -2.021 -1:2% -0.338 3:4%

Table 5.3: Full scale lift and drag coe cients, integrated underbody and base pressure for stationary
wheels with the reference tire and the tire with sidewall carborundum powder. The relative di erences
are equally given with respect to the reference tire con gurations KS, SS and SS).

SCz(m?) | =SCz | SCx(m?) | =SCx | SCpy(m?) | =SCpy | SCps(m?) | =SCps
XR -0.379 - 0.390 - -2.768 - -0.232 -
XR -0.320 -15.6% 0.394 1:0% -2.700 -2.:5% - 0.248 6:8%
RR 0.020 - 0.393 - -2.274 - -0.234 -
RR -0.009 | -1450% 0.386 -1:8% - - - 0.236 0:8%
RR. 0.062 60:0% 0.394 0:3% -2.243 -1:4% - 0.236 0:8%
RR. 0.079 2950% 0.386 -1:8% -2.244 -1:3% - 0.237 1:3%
RR 0.339 - 0.437 - -1.937 - -0.306 -
RR. 0.283 -165% 0.428 -2.1% -1.955 0:9% -0.308 0:7%

Table 5.4: Full scale lift and drag coe cients, integrated underbody and base pressure for rotating
wheels with the reference tire and the tire with sidewall “'markng' (glued carborundum powder). The
relative di erences are equally given with respect to the referace tire con gurations (XR, RR and
RR). For instance, the con guration RR. stands for vehicle equipped with four rotating wheels, with
reference tires in front and sidewall "marking' tires at the rear.

From these measurements above, it is noted that the relativdi erences in lift coe cients
often exhibit important values. It can be referred to the lif coe cients of the reference con gu-
rations being close to zero, or the reverse in sign 8Cz between the counterparts. In addition,
except for comparison betweeXS and XS, the relative di erences of drag and base pressure
seem to be much lower. In order to better visualize the smalasiations especially in the base,
the surface pressure di erences will be presented with resgi to the reference con gurations.

Figure 5.11 is comprised of the surface pressure di erence &ationary wheels con gura-
tions. For two wheels con gurations, the stationary wheelsvith sidewall markings eminently
increase the underbody pressure (except immediately downmeam the rear wheels) and the base
suction, which is amount to an increase in the underbody blkage rate. In essence, foXS.,
the PIV measurements at the half of the ground clearance (Figei 5.12(a)) assume reversed
ow in the wheel wakes, as opposed t&XS. According to Section 3.2.4, the drastic drop of
base pressure is thus an illustration of the strong interaicin of the unclosed wheel wakes with
the vehicle wake. It is worthwhile mentioning that the phystal size of the glued carborundum
powder is no larger than tnm, which at most increases the physical blockage rate from:8%
of a reference wheel pair to 28%. The relative decrease in base pressure is2t8 (Table 5.3)
compared to the baseline con gurationXS. It is practically comparable to an enlargement
of the elliptical base cylinders from 25% to 35%, which leads 20:1% of the base pressure
drop. Itis thus inferred that the glued carborundum powder o the wheel sidewall importantly
enhances the intensity of the ground counter rotating vortepair fed by the entrained side ow.

For four wheels con gurations, in the vicinity of the front wheelhouses, the distributions
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display minor di erences between the two types of tires, egpt for the lift coe cients of four
wheels con gurations, which are very close to zero.

SCz(m?) | =SCz | SCx(m?) | =SCx | SCpy(m?) | =SCpy | SCps(M?) | =SCps
XS -0.225 - 0.445 - -2.662 - -0.260 -
XSq -0.214 | -4.9% 0.444 -0:2% -2.647 -0:6% -0.261 0:4%
SS 0.083 - 0.448 - -2.256 - -0.263 -
SSs 0.103 241% 0.451 0:7% -2.214 -1:.9% -0.266 1:1%

Table 5.5: Full scale lift and drag coe cients, integrated underbody and base pressure for stationary
wheels with the reference tire and the slick tire. The relativedi erences are equally given with respect
to the reference tire con gurations (XS and SS).

SCz(m?) | =SCz | SCx(m?) | =SCx | SCpy(m?) | =SCpy | SCps(m?) | =SCps
XR -0.379 - 0.390 - -2.768 - -0.232 -
XR -0.350 -1 7% 0.397 1:8% -2.767 -0:04% - 0.235 0:4%
RR 0.020 - 0.393 - -2.274 - -0.234 -
RRs 0.051 | 1550% 0.399 1:5% -2.247 -1.2% - 0.233 -0:3%

Table 5.6: Full scale lift and drag coe cients, integrated underbody and base pressure for rotating
wheels with the reference tire and the slick tire. The relativedi erences are equally given with respect
to the reference tire con gurations (XR and RR).

5.2.3 Wheelhouse contribution

Hitherto we have focused on the vehicle surface pressure g@éion and the associated mean wake
modi cation related to another two di erent types of tires, the sidewall "'marking' tire and the
slick tire. It is su cient to remark that the relative di ere nce of integrated base pressure is
not always consistent with the change in drag coe cient. Forinstance, in Table 5.4,RR. has
a lower drag thanRR (-1:8%) while subject to higher base suction (3%). On the ip side,

in Table 5.6, RRs has a higher drag thanRR (1:5%) while with sightly higher base pressure
(-0:3%). Meanwhile, we have also observed local e ect of di eretire inside the wheelhouses.
For example, the front rotating wheel with sidewall "markig’ tire increases the pressure at the
front region of the wheel arch while decreases the pressutettee rear part (Figure 5.16 (e)).
A resultant pressure force of the front wheelhouse is thusd@ned to be an additional "thrust'
when compared to the baseline con guration. It counteractthe base suction, which seems to be
in good consistent with the fact thatRR. has lower base pressure but smaller drag coe cient.
Besides, the front rotating wheel with slick tire is likely b create higher wheelhouse drag as
lower pressure is discernible at the front region of the whHearch (Figure 5.22). Whereupon,
it is worth taking into account the wheelhouses and assesgitheir contribution to the drag
coe cient in addition to the base contribution. Theoretically, as the drag measurement covers
only the vehicle not the wheels, the vehicle drag, can thus be written as:

Fx=F +F,+ Fun Fs (5.1)
where F; symbolizes the integrated frontal forceF, stands for the viscous forcel,, is the
integrated pressure force of the four wheelhouses projetiEnto the x-axis, andFg represents
the force exerting on the base. Applying time-averaging we V&

Fx=Fo+ Fun Fs (5.2)
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- — . 1
where we denote the sum of the mean frontal and frictional foe by Fo. Normalized byé V&

gives:
SCx= SCxp+ SCpwn  SCps (5.3)

In each term the subscript of the surfaces is omitted for the sake of brevity, while eaclS

represents the corresponding integrated surface. If we ftothat the frontal forces summed
with frictional force is quasi-stationary, it can thus be sal that the change in drag is correlated
to 100% of the modi cation in base pressure plus wheelhouseepsure.
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Figure 5.24: (a)SCx versus SCpg, with tfunction SCpg =0:81SCx 0:08 (R? = 0:77) depicted
in dash line; (b)SCx versus SCpunn; (€) SCx versus sum of SCpg and SCpyhn, With t function

SCps + SCpuhnh = 1:00SCx  0:15 (R? = 0:89) depicted in dash line; for all the con gurations with
measurements inside the wheelhouses and on the base.

To further con rm this point, the two terms  SCps, SCpunn and their sum will be plotted
as a function of SCx in Figure 5.24 for all the con gurations considered in this stdy with
measurements in the wheelhouses and on the base. A good datien between the drag and
base pressure is demonstrated by Figure 5.24(a). The slopeOd81 emphasizes a dominant
contribution of the base surface to the vehicle drag. And ovalt the base pressure drives
the variations of drag recorded for di erent combinations bthe wheels and vehicle geometry,
consistent to the recent studies of Littlewood & Passmore (22), Grandemangeet al. (2014),
Perry et al. (2015) and Perryet al. (2016).

Figure 5.24(b) gives the wheelhouse drag as a function®Ex. The blue dash line indicates
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zero wheelhouse drag. Con guratioiN is the case as a consequence of the plugged wheelhouses.
Below this line, the resultant pressure force of the wheelses can be viewed as a “thrust’. The
rotating wheel with sidewall "'marking' tire can provide ths additional “thrust', which mainly

due to the higher pressure it creates at the front bottom suate of the wheel arch, and higher
suction at the rear bottom surface of the wheel arch (Figure 56), when compared tdRR whose
wheelhouse drag is slightly positive.

On one hand, the coe cient of determination R? of the t function ( SCx vs: SCp) is
0.77, suggesting a certain incoherence as mentioned in thst paragraph of this section. On
the other, no evident correlation can be found foBCx vs: SCunn. However, when summing up
the two terms, an excellent correlation is unfolded, with alspe of one and a higher coe cient
of determination (0.89), which strongly corroborates Eq..3. And the constant Q15 in the t
function corresponds the contribution of the frontal and fictional force, which is constant at
rst order.

Summary In this section, the tire with sidewall ‘marking' and the sick tire are investigated,
in comparison with the reference tire. As opposed to wheel stachange or vehicle geometry
change, the aerodynamic coe cient measurements reveal arggal smaller order of magnitude
of the variations induced by the tire modi cation, especidy for rotating states.

When compared to the reference cases, the stationary wheethngidewall ‘marking' seems
to increase the underbody blockage rate by enhancing the gra counter rotating vortices
downstream the wheels, therefore leading to higher lift anehderbody pressure, higher drag and
base suction. The stationary wheel with slick tire is likelyto bring about similar modi cation
while with smaller impact.

Applying sidewall "‘marking' tires on the rear rotating wheed decreases the base centerline
pressure gradient to zero. Correspondingly, in the vehickeake the upwash from the underbody
is reduced. While the front rotating wheel with sidewall "‘mading' tire does not greatly in uence
the wake balance. These results demonstrate a high depencenf the wake wall-normal balance
on the rear tire (when the vehicle is equipped with an underlaly di user). The reduced upwash
by these tires seems to be in accordance with the less inwarefetcting rear wheel wakes. The
pressure measurements in the rear wheelhouse agrees wéHl this point, as it can be detected
a decreased inward-pointing pressure gradient in the vidgip of the wheel's rear bottom. The
increase of the wake size by this tire is still open issues. dan probably be related to the
enhanced vorticity in the shear layers developing at the twsides of the wheel.

A reduction of the base centerline pressure gradient and ancrease in wheel wake size is
also observed for rotating wheel with slick tire, while withsmaller amplitude than tire with
sidewall ‘'marking'. The increase of wheel wake size is prbbaattributed to the completely
blocked contact patch. Contrary to the reference wheel witthree longitudinal grooves, there
is a jet-like ow passing through the grooves and directed ia the wheel wake region, evidenced
by the numerical results, which may ultimately reduce the wee size.

At last, the wheelhouse contribution is investigated for &lthe measured con gurations.
The rotating wheel with sidewall "'marking' tire appears to bing about wheelhouse “thrust’,
counteracting the base suction. The vehicle drag and the suaf base and wheelhouse drag
follow a linear dependence. The slope of one indicates thdtet change in drag is correlated
to approximately 100% of the modi cation in base pressure pt wheelhouse pressure. The
a ne function between base pressure and vehicle drag exhibia slope of 0.81. Thus roughly
speaking, the wheelhouse drag variation represents neat§% of the vehicle drag modi cation.
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Chapter 6

Conclusions and perspectives

6.1 Concluding remarks

It has long been established in the literature that the aergghamic characteristics of the wheels
themselves, and in turn their interaction with the vehicleare a crucial area of understanding for
car manufactures. The well-balanced wake built into a basiehicle body can be deteriorated by
interaction with the four wheels in the underbody. On thesergunds, the vehicle model that we
employed throughout the study is a geometry having a balandevake?! including four rotating
wheels with standard tires. Nonetheless, this wake balancancbe easily modi ed by wheel
state (Section 4.3) or tire modi cation (Section 5.2). By e@minating front wheels (Section 4.1),
four wheels (Section 3.1), or underbody di user (Section b), the underbody ow momentum is
much increased or decreased. The vehicle wake develops atwon-balanced topology, whereas
the wake organization seems more robust towards underbodgrpurbations. A general picture
of the wake balance as a function of underbody ow momentumua@nti ed roughly by the base
vertical pressure gradient and the integrated underbody pssure, is given in Figure 6.1.

|
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Figure 6.1: The integrated underbody pressure versus base verticpiressure gradient, for all the con-
gurations measured in the experiment. The red and magenta points are espectively the baseline

con guration with four rotating wheels and the smooth vehicle con gurati on with plugged wheelhou-
ses.

At important underbody ow momentum (i), it is when only two r ear wheels or rear
obstacles are mounted, or the case of the smooth vehicle mioaligh plugged wheelhouses,

Lin a viewpoint of turbulent kinetic energy in the upper and lower shear layers
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the downwash from the roof prevails the upwash from the undeody. The measured base
vertical pressure gradient is around -0.075 to -0.04.

At moderate underbody ow momentum (ii), it is when four wheés are employed. The
mean wake balance is very sensitive to the state of the wheeldatype of the tire, and
the base vertical pressure gradient varies from -0.008 to085. The well-balanced con-
guration has a vertical pressure gradient of 0.065, with imortant upwash from the
underbody.

At even lower underbody ow momentum (iii), it is when the di user is eliminated with
four wheels con gurations, the downwash dominates the vaidé wake. The base vertical
pressure gradient is around -0.075.

The vehicle model originates from ASMO model (Section 2.1.2nd has been optimized
with reference four rotating wheels. Whereas intrinsicallghe smooth model has a reversed
wall-normal wake balance (base vertical pressure gradignging -0.044) compared to the base-
line con guration, due to its larger roof angle (10) and the smaller di user angle (5). This
emphasizes the importance of optimizing the model's rear@ueetry (spoiler and di user angle)
with four rotating wheels. In addition, the wake balance ingrsion is believed to be the result
of the modi ed underbody ow momentum, coupled with the di user (see Section 4.2). While
eliminating the di user, the vehicle wake is once again subg¢t to important downwash from
the roof.

The non-balanced while robust wake organization allows us investigate more easily the
local perturbations, which leads to one of the fundamentaésults of this work: the identi cation
of two ow regimes depending on the streamwise developmerittbe underbody obstacle wakes
(Section 3.2).

The experimental investigation of underbody blockage comtlled by obstacle pair at the rear
underbody of the vehicle model shows similar vehicle wakeganizations, dominated by upper
larger clockwise recirculating structure in the mean waka/Nhile with increasing obstacle size, a
shortening of the mean recirculation bubble is evidencedufhermore, two regimes depending
on the obstacle size, can be identi ed:

At small blockage (obstacles of small width), only local ee&ts are observed. Down-
stream of the obstacles, their local pressure imprint on theehicle base decreases with
the increasing width. While the pressure on the symmetricallane of the vehicle remains
una ected.

At large blockage range (obstacles of large width), the emiing size leads to a more
global modi cation, manifested by the pressure augmentain at the rear underbody and
an increasing suction on the entire base.

The experiment using xed obstacle size with varying streamige position in the rear un-
derbody of a Windsor-type model, also brings to evidence twegimes, in terms of lift and
drag coe cients 2. The two regimes of “small' and “large' blockage rates in thpgevious expe-
riment, can be analogously referred to as far away from' andlose to' the model base in this
experiment (Figure 3.27 and 3.28).

Generally speaking, with the increase in obstacle size orettapproach of the obstacles
towards the base, both the base suction (or drag) and underthp pressure (or lift) increases.
At the rst regime, the closure of the obstacle wake is upsteem the end of the underbody, in a
mean point of view. While in the second regime, with the "'meny' of the "unclosed' obstacle
wake with the vehicle wake, the sensibility of the global aedynamic coe cients towards the
size of the obstacles or the distance of the obstacles to thaske, are signi cantly increased.

2Their surface pressure and mean wakes were not measured but does noteat the following conclusion.
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Given the di erent approach in the two experiments with indgpendent measurements (pressure
and force), the result is thus believed to be universal.

Such phenomenon can also be applied to more complex situagpfrom replacing the rear
obstacle pair by rear wheels to vehicle model including fowheels, with di erent vehicle
shapes. The stop of the rear wheel rotation, in Section 4.1w® rear wheels con gurations),
Section 4.3 (four wheels con gurations) and Section 5.1 (viele without di user, four wheels
con gurations), all amount to an increase in underbody bldage, in terms of global aerody-
namic coe cients, at rst order. The change in tire, with carborundum powder glued on the
ank or the use of a slick tire, can also be interpreted as inease in underbody blockage, ty-
pically with small amplitude, compared to the reference te with three longitudinal grooves
(Section 5.2). The con guration with two rear wheels equiped with carborundum powder
glued on the tire ank in stationary state appears to be the oly one that can be classi ed
into the second regime, as only in its horizontal PIV plane athe half of the ground clearance,
reversed ow is measured.

At this stage, it is important to note that, setting ‘non-closed' obstacle/wheel wakes at
the end of the underbody as the criteria to separate the seabmegime from the rst might
be lack of precision, as their wakes may not be homogeneousthe vertical direction, and
in the experiment only the horizontal plane at the half of theground clearance is measured.
The mechanisms responsible for the "separation’ of the twegimes due to the ‘merging’ of the
underbody obstacle/wheel wakes with the vehicle wake alsemain to be further explored.

The experiments investigating the modi cations around thewell-balanced wake con gura-
tion, i.e: the baseline con guration including four rotating wheels wh standard tires, demon-
strate that, depending on whether at front or rear axle the wel rotation is inhibited, either
local or global e ect of the wheel is highlighted (Section 3).

The front stationary wheels create larger wake and lower @gsure in their wakes, compared
to front rotating wheels. Thus they primarily contribute to a lower lift coe cient owing to the
lower pressure imprint on the underbody. However, the front eel state has little in uence
on the wake topology and therefore on the base pressure, adlws on the drag. We believe
that this nding is important as the variation of the global lift of the vehicle can be attributed
to very di erent e ects: on the one hand, the local pressuremprint by the wheel wakes; on
the other hand, the global variation of underbody ow momerim. Typically, the stationary
rear wheels mainly decrease the underbody ow momentum, cpared to rotating rear wheels,
owing to the blockage e ect coupled with the vehicle diuser They importantly increase
the underbody pressure at the entrance of and in the di usetherefore leading to higher lift
coe cient. The upwash from the underbody is reduced. The meareciruclation bubble of the
vehicle is thus diverted more towards the ground (Figure 4.34with a shortened length and
enhanced turbulent kinetic energy in the lower shear layeF{gure 4.36).

In parallel, changing the tire at either front or rear wheel€ompared to the baseline con gu-
ration, also suggests higher impact of the rear tire on the Wa-balance. Furthermore, the tire
with side wall carborundum powder can bring about higher madation in terms of surface
pressure distribution than the slick tire. However, it is foud that the blockage e ect of the rear
rotating wheel with side wall carborundum powder is still sraller than stop of the rear wheel
rotation, as visible in Figure 5.8 and 5.14. Whereas the two modations increase the wake
wall-normal asymmetry to almost the same level. Other mech&m apart from the underbody
blockage e ect, responsible for the wall balance modi catn, is proposed according to the pres-
sure measurements inside the rear wheelhouses in Figure 5.I6e reduced inward-pointing
pressure gradient in the vicinity of the wheel's rear bottomwhich is a local e ect of the tire,
might be linked to the less inward de ection of the rear wheelakes, and the reduced upwash



124 CHAPTER 6. CONCLUSIONS AND PERSPECTIVES

from the underbody. The increase in the turbulent activity n the shear layers of the wheels
with side wall carborundum powder is also likely to modify tb wake balance, and needs to
be further investigated. Nevertheless, this observation pas out again the sensitivity of the
well-balanced wake towards underbody perturbations.

To summarize our ndings, the wheel-vehicle aerodynamic teractions can be split into
three distinct but interrelated aspects:

local e ect: in the near wakes of the wheels is low pressureggren. The wakes of front and
rear wheels can impact the underbody pressure. The near wakef the rear wheels can
interact with the vehicle wake, and impact the base pressurdParticularly, the merging
of non-closed mean wakes of the rear wheels with the vehicleke gives rise to strong
penalty in drag. This has a rst order e ect on aerodynamic feoces.
global e ect: depending on the presence of the wheels, wieslates, or types of the
tires, the underbody ow momentum can be modi ed. Front wheks have, of course, a
mayjor in uence on the underbody ow momentum. While as far ashe rear wheels are
concerned, this e ect is particularly emphasized if the veble has a underbody di user.
This also has a rst order e ect on aerodynamic forces.
wake balance e ect: for a given geometry of the rear part of ¢hvehicle (angle of the roof,
of the di user), a modi cation of the underbody ow momentum and orientation or of
the turbulent states of the separating shear layers, can mifg the mean wake balance of
the vehicle. Therefore, the base pressure distribution cdér@ modi ed, which has a second
order e ect on aerodynamic forces. The minimum base drag ibt@ined in the present
case for a positive vertical pressure gradient in the basenterline.

6.2 Perspectives

In the scope of this work, we made use of a vehicle model thatsvdesigned and manufactured
prior to the current research. The three dimensional complay of its wake ow has been
highlighted in Section 3.1. Moreover, Chapter 4 and 5 have eth light on the signi cant impact
of the vehicle's underbody diuser. Thus, further work is reommended to investigate the
generality of the wheel-vehicle interactions with other J@cle geometries, or applying movable
rear aps to set di erent ow separation angles at the vehicg's trailing edge.

In terms of the drag reduction strategies, the existence ohé two regimes controlled by
obstacle pair at the rear underbody is of crucial interest, ch provides some guidelines to
improve vehicle drag. Considering the two regimes depictéa Figure 3.28(b), it is thus prefe-
rable to keep a distance of larger than 1.5 times of the rear el width between the vehicle
base and the end of the wheel, to mitigate the drag penalty. ttould be done by mounting the
rear axle more upstreant or using thinner wheels, meanwhile ensuring not much deteration
of other performance as security and stability. The use of thiher wheels should also take into
account the relatively increased wheelhouse volume, whiahmght in turn increase the vehicle
drag (Regert & Lajos, 2007; Fabijanic, 1996; Thivolle-Cat& Gilleron, 2006). Experimen-
tally, it could be interesting to extend the rear obstacle pametric study with obstacle pair or
wheels at the front axle.

Additionally, in the last section of this work (Section 5.2.3 the wheelhouse contribution
to the vehicle drag was brought to light. For the rotating whel with sidewall carborundum
powder tire, the small increase of the base drag is comperezhty the decrease of wheelhouse

3this might not be easily applied in reality, as the wheelbase and other gemetry parameters are highly
constrained by the vehicle's functional aspects



6.2. PERSPECTIVES 125

drag, ultimately leads to lower vehicle drag. The increasd base drag is related to the slight
deterioration of the mean wake balance. While the decreasetlbé wheelhouse drag arises from
the local suction created at the rear bottom surface of the vetel arch. A drag reduction strategy
will be taking advantage of the wheelhouse drag reduction liiese tires, meanwhile applying
movable aps, synthetic jets or other control devices to immve the vehicle wake balance.

Eventually, the focus of this work concentrates on the timeveraged ow eld. It is sugge-
sted to extend the understanding of the wheel-vehicle intaction from an unsteady ow scope.
The work of Bonitz et al. (2018) reported coherent structures emanating from the topf the
front wheel arch, at the wheel rotating frequency. Althoughhe rear wheelhouse was not the
concern of their work, it is believed that similar dynamics auld be observed at the rear wheel
arch. Indeed, in our work, out ow from the top of the rear archand their downstream con-
vection were captured by the numerical results (Figure 4.26)Our work mainly reveals the
primary impact of the rear wheels/wheelhouses, in particat their wakes convecting in the
underbody and interacting with the vehicle wake downstreamit can thus be anticipated that
the structures created from the upper part of the rear wheetluses, at the side-body, would
also modify the vehicle wake. Assuming that these coherentsttures propagate downstream
until the trailing edge, a Strouhal number based on the rotang frequency (dominant frequency
of the coherent structures evidenced by Bonitet al. (2018)), the width of the base, and the
freestream velocity givesSt  0:5. According to the research on periodic forcing at the rear
Ahmed body by Barroset al. (2016); Li (2017), such low frequency structures might enhae
the shear layer turbulence from the side wall separation, ¢énefore contribute to base pressure
drag. While with the parametric study using underbody obstdes beneath smooth vehicle
model, this contribution can not be evaluated.

In parallel, other dominant peaks were detected in the freqney spectrum behind the ro-
tating wheels. For instance, the experimental measuremenand RANS simulations in Croner
(2014) reported ow structures emanating from the rear whdleouse cavity at the second har-
monic of the rotating frequency. Heyder-Bruckner (2011) pwoied out a vortex shedding of
30(Hz at the lower wake of an isolated rotating wheel using DES. Itould be of value to in-
vestigate the impact of these multi-frequency structuresreated at the rear wheel/wheelhouse
on the vehicle wake development.

4This might also account for the higher base drag of the con guration with two rear rotating wheels than
that with obstacle pair of similar physical blockage rate (Section 4.1.3).
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Experimental study of wheel-vehicle aerodynamic interactions

The thesis aims to provide a better understanding of the wheel-vehickeiier via experimental investigations
on a 2/5-th scale vehicle with an underbody diffuser and 2/5-tb adeeels equipped with Michelin tires. The
vehicle geometry, based on ASMO model, was modified prior to the Ph) imcorder to achieve a reasonable
front wheel yaw angle, and a realistic wake balance with four rotatingshieis the baseline configuration in

the scope of this work.

The findings demonstrate that the well-balanced wake of the baselineuratifig can be easily modified by
different wheel states or tire modifications, especially at the rear Biie results from a global effect of the
underbody momentum modifications, i.e. a high wake sensitwithe underbody flow. On the contrary, when
the vehicle mean wake develops into a non-balanced topology, it is maet tmvards underbody perturbations
such as different wheel states or tire modifications. By eliminatingitneelsor front wheels, the underbody
momentum fluxis vastly increased; by eliminating the underbody diffuser, whicla igehicle geometry
modification, the underbody momentum flisignificantly redued In these two circumstances, one can observe
a robust downwash from the roof, independent of the wheel staties wiodificatiors.

Besides, there mmore local effecof the wheels near wakes on the aerodynamic lift and drag o&tticle Low
pressure regions in the underbody downstream the front wheelsahaféect on vehicle lift. The rear wheels
impose pressure conditions on the vehicle base, influencing the vehicléPdrtigularly, the merging of non-
closed mean wakes of the rear wheels with the vehicle wake can gite siseng penalty in vehicle drag.

Key words: Motor vehicle3 Tires, Automobileg Aerodynamics, Wakes (Aerodynamigcs)Drag
(Aerodynamics)Lift (Aerodynamics) Turbulence

Etude des interactions aérodynamiques roue-véhicule

/ITREMHW GH OD WHRFSHUHDME BGHH PI1IHXW H U D FWQ R Q j HMDUADWYHH O\D ®JIRX HH [HB\
VXU XQH PDTXHWWH j OfpFKHOR®WHX WU g-PWM G HXEQ BIX\G § KDKBENXOOK) ED \Jp
sur le modéle ASMO, a été modifiée précédemment az&'tb L O DILQ GITREWHQLU XQPBIQJOH
sur les roues avant et un équilibre du sillage réaliste en présence de gestteumantes. Cette configuration a

servi de référence dans le cadre de cette étude.

Il a été mis en évidence queFBR QILIXUDWLRQ GH EDVH D YW FDXQ OH.PHOP@W Hr W UXL B
SRLQW GH YXH DpURG\QDPLTXHRKRBVF KDI UHRMNDW ORI Q@ WRDXWSG M VHKQW O
SDUWLFXOLHU VXU OfTHVYVLRBXH DWW ®RERXEOD VHIRWIEH@WWHTXKPSR U\
sillage aux changements de débit au soubassement. A contrario, lrssjilage du véhicule se trouve
GpVpTXLOLEUp LO GHYLHQW F\O %Y UMEXE DM LRY GHS % R XEWD WV E Pp-MDL
des roues ou une modification des pneumatiqds. O TR Q \leX §uattklréuEs ou uniquement les deux roues
DYDQW OH GpELW GH TXDQWPWR\S H PR XMHPHHRQNP B QW PXEBBQYHMRH 31
le diffuseur (changement important de la géométrie du véhicule), EdluiVIHQ WURXYH QHWWHPHC(
deux configurations, le sillage est trés fortement déséquilibré vers le sol et devient indépardnodifications
apportées sur les roues.

Il a également été mis en évidence un effet plus local du sillage desubisgportance et la trainée du véhicule.
En effet, la zone de dépression dans le sillage des roues avant a un effgiosianize alors que le sillage des
roues arriere pilote en partie la pression au culot et donc la trainée. Il a ainsieft& alve augmentation
importante de la trainée du véhicule lorsque le sillage des roues arriererményenait en interaction directe
avec le sillage du véhicule.

Mots clés: Véhicules automobilédPneus, Automobiles Aérodynamique, Sillage (aérodynamigu&yainée
(aérodynamiquePortance (aérodynamiquyejurbulence
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