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Résumé étendu 
 
La réduction de la traînée aérodynamique des véhicules terrestres est devenue un enjeu 
crucial en raison des normes strictes des émissions de CO2. Ce travail se focalise sur les 
roues et leur interaction aérodynamique avec le véhicule. A titre indicatif, entre 20% à 
40% de la traînée aérodynamique est originaire de la traînée des roues et des passages de 
roue.  De ce fait, l�ï�‘�’�–�‹�•�‹�•�ƒ�–�‹�‘�•���†�—���•�›�•�–�°�•�‡���”�‘�—�‡--passage de roue--véhicule nous offre la 
�’�‘�•�•�‹�„�‹�Ž�‹�–�±�� �†�ï�—�•�‡�� �”�±�†�—�…�–�‹�‘�•�� �•�—�„�•�–�ƒ�•�–�‹�‡�Ž�Ž�‡�� �†�‡ la traînée aérodynamique ainsi que de la 
�…�‘�•�•�‘�•�•�ƒ�–�‹�‘�•�� �†�ï�±�•�‡�”�‰�‹�‡�ä Pour mieux comprendre �Ž�ï�‹�•�–�‡�”�ƒ�…�–�‹�‘�•�� �‡�•�–�”�‡�� �Žes roues et le 
véhicule, l�‡�•�� �‡�š�’�±�”�‹�•�‡�•�–�ƒ�–�‹�‘�•�•�� �•�—�”�� �—�•�‡�� �•�ƒ�“�—�‡�–�–�‡�� �•�� �Ž�ï�±�…�Š�‡�Ž�Ž�‡�� �t���w�‹�°�•�‡�� �±�“�—�‹�’�±�‡�� �†�ï�—�•��
diffuseur et de pneus Michelin sont effectuées. La géométrie du véhicule, basée sur le 
�•�‘�†�°�Ž�‡�����������á���ƒ���±�–�±���•�‘�†�‹�ˆ�‹�±�‡���’�”�±�…�±�†�‡�•�•�‡�•�–���•���…�‡���–�”�ƒ�˜�ƒ�‹�Ž���ƒ�ˆ�‹�•���†�ï�‘�„�–�‡�•�‹�”���—�•���ƒ�•�‰�Ž�‡���†�ï�ƒ�–�–�ƒ�“�—�‡��
�†�‡�� �Ž�ï�±�…�‘�—�Ž�‡�•�‡�•�–�� �•�—�”�� �Ž�‡�•�� �”�‘�—�‡�•�� �ƒ�˜�ƒ�•�–�� �‡�–�� �—�•�� �±�“�—�‹�Ž�‹�„�”�‡���†�—�� �•�‹�Ž�Ž�ƒ�‰�‡�� �”�±�ƒ�Ž�‹�•�–�‡�� �‡�•�� �’�”�±�•�‡�•�…�‡�� �†�‡��
quatre roues tournantes. Cette configuration a servi de référence dans le cadre de cette 
étude. 
 
 
Chapitre 1 

 
Avec  le durcissement des objectifs de réduction des émissions de CO2 et autres gaz à effet 
de serre, les constructeurs automobiles du monde entier cherchent les moyens de rendre 
les véhicules plus économes en énergie et plus écologiques. Le système pneumatique 
constitue une piste de recherche prometteuse car il joue un rôle essentiel non seulement 
dans la performance du véhicule et la sécurité, mais aussi dans la consommation d'énergie. 
En effet, leur contribution représente entre  20% à 40% de la traînée aérodynamique 
totale, et peut ainsi permettre une réduction importante de trainée, et donc de 
consommation d�ï�±�•�‡�”�‰�‹�‡�ä��Néanmoins, l'influence des roues sur �Ž�ï�ƒ�±�”�‘�†�›�•�ƒ�•�‹�“�—�‡ des 
véhicules devra être étudiée plus en profondeur. Dans ce contexte, le travail vise à 
améliorer la compréhension de l'interaction aérodynamique roue-véhicule. Cette partie 
bibliographique présente et analyse les études précédentes portant sur �Ž�ï�±�…�‘�—�Ž�‡�•�‡�•�–���ƒ�—��
soubassement, �Ž�ïaérodynamique des roues, puis �•�—�”�� �Ž�ï�ƒ�±�”�‘�†�›�•�ƒ�•�‹�“�—�‡�� �†es véhicules en 
conditions de roulement. Ainsi, on sait �“�—�‡�� �Ž�ï�±�“�—�‹�Ž�‹�„�”�‡�� �†�—�� �•�‹�Ž�Ž�ƒ�‰�‡�� �†�ï�—�•�� �…�‘�”�’�•��en proche 
paroi peut être modifié par un changement de garde au sol, de pertes de charge au 
soubassement, ou de direction ou et de �Ž�ï�±�–�ƒ�–�� �–�—�”�„�—�Ž�‡�•�– de l�ïécoulement du 
�•�‘�—�„�ƒ�•�•�‡�•�‡�•�–�å�����•�•�—�‹�–�‡�á���‘�•���ƒ���†�±�‰�ƒ�‰�±���Ž�‡��comportement 3D et complexe de l'écoulement  
autour des roues isolées et �†�‡�•���”�‘�—�‡�•���•���Ž�ï�‹�•�–�±�”�‹�‡�—�”���†�—���’�ƒ�•�•�ƒ�‰�‡���†�‡���”�‘�—�‡�•�ä��Pour une voiture, 
les roues étant situées dans le soubassement, les éléments bibliographiques ont mis en 
�…�‘�•�–�‡�š�–�‡���Ž�ï�‹�•�’�‘�”�–�ƒ�•�…�‡���†�‡���Ž�ï�ƒ�±�”�‘�†�›�•�ƒ�•�‹�“�—�‡���†�‡�•���”�‘�—�‡�•���’�ƒ�”���”�ƒ�’�’�‘�”�–���•���Ž�ï�‡�•�•�‡�•�„�Ž�‡���†�—���˜�±�Š�‹�…�—�Ž�‡�ä 

 
Chapitre 2 

 
���ƒ�� �’�”�‡�•�‹�°�”�‡�� �’�ƒ�”�–�‹�‡�� �†�—�� ���Š�ƒ�’�‹�–�”�‡�� �t�� �†�±�…�”�‹�–�� �Ž�ï�‡�š�’�±�”�‹�‡�•�…�‡�� �”�±�ƒ�Ž�‹�•�±�‡�� �ƒ�‹�•�•�‹�� �“�—�‡�� �Ž�‡�•�� �‘�—�–�‹�Ž�•�� �†�‡��
traitement mis en place.  La maquette de véhicule utilisée �–�‘�—�–���ƒ�—���Ž�‘�•�‰���†�‡���Ž�ï�±�–�—�†�‡���‡�•�–���„�ƒ�•�±�‡��
sur le modèle ASMO (Section 2.1.2). Sa géométrie a été modifiée précédemment à ce 
travail �†�‡���•�‘�”�–�‡���“�—�‡���Ž�‘�”�•�“�—�‡���“�—�ƒ�–�”�‡���”�‘�—�‡�•���–�‘�—�”�•�ƒ�•�–�‡�•���•�‘�•�–���’�”�±�•�‡�•�–�‡�•�á���Ž�ï�ƒ�•�‰�Ž�‡���†�ïincidence 
�†�‡���Ž�ï�±�…�‘�—�Ž�‡�•�‡�•�–���•�—�” la roue avant est compris entre 10° à 15°, et que le sillage du véhicule 
soit bien équilibré. Pour étudier les efforts aérodynamiques d'interférences entre le 
véhicule et les roues, agissant sur le véhicule seulement, on adopte une méthode de 
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mesure dit "wheel-off", ce qui signifie que les roues sont mécaniquement découplées du 
véhicule, et �“�—�ï�—�•�‹�“�—�‡�•�‡�•�–�� �Ž�‡�•�� �‡�ˆ�ˆ�‘�”�–�•�� �•�—�”�� �Ž�‡�� �˜�±�Š�‹�…�—�Ž�‡ sont mesurés. L�ï�±�…�”�ƒ�•�‡�•�‡�•�– des 
pneumatiques à échelle réduite est réglé, afin de reproduire la déformation réaliste du 
pneu �•���Ž�ï�±�…�Š�‡�Ž�Ž�‡���s��sous charge. Les mesures du torseur aérodynamique ont été réalisées 
�ƒ�˜�‡�…���—�•�‡���„�ƒ�Ž�ƒ�•�…�‡���ˆ�‹�š�±�‡���•���Ž�ï�‹�•�–�±�”�‹�‡�—�”���†�‡���Ž�ƒ���•�ƒ�“�—�‡�–�–�‡�á���…�‘�•�’�‘�•�±�‡���†�‡���…�ƒ�’�–�‡�—�”�• piézoélectriques. 
La distribution de pression à la surface du véhicule est mesurée en 203 prises de pression 
reliées à deux scanners de pression.  Les mesures du champ de vitesse dans le sillage du 
véhicule sont effectuées avec la technique PIV en trois plans différents. 
La deuxième partie du chapitre expose une brève présentation du modèle numérique 
employé pour simuler certaines conf�‹�‰�—�”�ƒ�–�‹�‘�•�•�ä�����Ž���•�ï�ƒ�‰�‹�–���†�‡���Ž�ƒ���•�±�–�Š�‘�†�‡���Ž�ƒ�–�–�‹�…�‡�����‘�Ž�–�œ�•�ƒ�•�•�ä��
Les calculs ont été réalisés �’�ƒ�”���Ž�ï�‡�•�–�”�‡�’�”�‹�•�‡���
������������, selon notre cahier de charges. Les 
�”�±�•�—�Ž�–�ƒ�–�•���•�—�•�±�”�‹�“�—�‡�•���•�‡�”�˜�‡�•�–���•���…�‘�•�’�Ž�±�–�‡�”���Ž�ï�ƒ�•�ƒ�Ž�›�•�‡���’�Š�›�•�‹�“�—�‡���†�‡���Ž�ï�±�…�‘�—�Ž�‡�•�‡�•�–. 
 
Chapitre 3 
 
Comme présenté dans le chapitre précédent, la maquette est basée sur le modèle ASMO. 
Pour analyser les caractéristiques aérodynamiques autour de cette géométrie modifiée, 
la maquette sans roues et avec les passages de roue fermés (configuration notée par N) a 
été analysée (Section 3.1). Cette configuration a une déportance importante et une faible 
traînée�ä�� ���ï�±�…�‘�—�Ž�‡�•�‡�•�–�� �ƒ�— soubassement présente une forte tridimensionnalité avec des 
lignes de courant divergentes puis convergente. Le sillage du véhicule est aussi très 3D en 
raison de sa géométrie. Deux paires de tourbillons longitudinaux sont détectés dans le 
sillage proche.  
Le gradient de pression vertical sur la ligne centrale du culot est négatif. Il est cohérent 
�ƒ�˜�‡�…���Ž�ï�ƒ�•�›�•�±�–�”�‹�‡���†�—���•�‹�Ž�Ž�ƒ�‰�‡���†�ƒ�•�•���Ž�‡���’�Ž�ƒ�•���›=0 . Mais cet équilibre du sillage est inversé par 
rapport à une voiture de tourisme classique dans les conditions de roulement. Cela vient 
de la proximité du sol, et �†�‡���Ž�ƒ���‰�±�‘�•�±�–�”�‹�‡���†�—���˜�±�Š�‹�…�—�Ž�‡�á���‘�î���Ž�ï�ƒ�•�‰�Ž�‡���†�—���–�‘�‹�–���:�s�r°) est supérieur 
�•���Ž�ï�ƒ�•�‰�Ž�‡���†�—���†�‹�ˆ�ˆ�—�•�‡�—�” (5°). 
 
Les roues dans différents états (en rotation ou pas) et avec différents pneumatiques 
peuvent être considérées comme des perturbations placées au soubassement du véhicule. 
���ˆ�‹�•�� �†�‡�� �•�‹�•�’�Ž�‹�ˆ�‹�‡�”�� �…�‡�•�� �’�‡�”�–�—�”�„�ƒ�–�‹�‘�•�•�� �‡�–�� �†�ï�±�–�—�†�‹�‡�”�� �Ž�ï�‹�•�’�ƒ�…�–�� �†�—�� �„�Ž�‘�…�ƒ�‰�‡��au soubassement, 
nous avons monté �—�•�‡���’�ƒ�‹�”�‡���†�ï�‘�„�•�–�ƒ�…�Ž�‡�•���’�”�‘�ˆ�‹�Ž�±�• (demi-ellipse) au-dessous des passages 
�†�‡�� �”�‘�—�‡�� �ƒ�”�”�‹�°�”�‡�� �„�‘�—�…�Š�±�•�á�� �”�‹�‡�•�� �•�ï�ƒ�›�ƒ�•�–�� �±�–�±��monté �•�� �Ž�ï�ƒ�˜�ƒ�•�–�� �†�— soubassement. Nous 
définissons le taux de blocage géométrique, noté �W, par le rapport entre la largeur totale 
des obstacles (qui est deux fois le petit axe elliptique) et la largeur du véhicule. L'étude 
paramétrique est effectuée avec �W= 10, 15, 20, 25, 30, 35,40 %. Deux régimes peuvent être 
observés en fonction de la largeur des obstacles. Le premier régime correspond aux 
configurations pour lesquelles les sillages des obstacles se ferment, en moyenne 
temporelle, en amont de la sortie du soubassement (�W
Q 25 %). Dans ce régime, la pression 
au soubassement diminue considérablement par rapport à la configuration N. 
L�ï�ƒ�—�‰�•�‡�•�–�ƒ�–�‹�‘�•���†�‡���Ž�ƒ���–�ƒ�‹�Ž�Ž�‡���†�‡s obstacles, dans ce régime,  a seulement des effets locaux 
sur la répartition de pression au soubassement et au culot, mais ne modifie pas la pression 
dans le plan de symétrie du véhicule. Dans le second régime (�W> 25 %), les sillages 
d'obstacles «non fermés» (vitesse longitudinale moyenne négative observable à la sortie 
du soubassement)  fusionnent avec le sillage du véhicule. Cela conduit à une modification 
�’�Ž�—�•���‰�Ž�‘�„�ƒ�Ž�‡���†�‡���Ž�ï�±�…�‘�—�Ž�‡�•�‡�•�–�á���•�‡���–�”�ƒ�†�—�‹�•�ƒ�•�–���’�ƒ�”���—�•�‡���…�Š�—�–�‡���†�‡ pression à la surface entière 
du culot, et une augmentation importante de la pression �•���Ž�ï�ƒ�”�”�‹�°�”�‡���†�—���•�‘�—�„�ƒ�•�•�‡�•�‡�•�–. En 
�”�±�•�—�•�±�á�� �Ž�ï�ƒ�—�‰�•�‡�•�–�ƒ�–�‹�‘�•�� �†�—�� �–�ƒ�—�š�� �†�‡��blocage au soubassement augmente lentement la 
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dépression au culot et la pression au soubassement dans le premier régime, mais 
beaucoup plus rapidement lorsque on est dans le deuxième régime. 
En ce qui concerne le sillage du véhicule, quel que soit le �”�±�‰�‹�•�‡�á���Ž�ï�‘�”�‰�ƒ�•�‹�•�ƒ�–�‹�‘�•���†u sillage 
�•�ï�‡�•�–�� �’�ƒ�•�� �•�‹�‰�•�‹�ˆ�‹�…�ƒ�–�‹�˜�‡�•�‡�•�– modifiée. Pour tous les obstacles profilés testés, les sillages 
moyens du véhicule semblent avoir une organisation similaire, avec une grande structure 
de recirculation moyenne dans le sens horaire et une plus petite structure en sens inverse. 
Cependant, comparés à �0, leurs sillages présentent une asymétrie plus prononcée dans la 
direction verticale. De plus, il y a une nette réduction de la longueur de la recirculation 
lorsque le taux de blocage du soubassement augmente, ce qui indique une courbure 
croissante des lignes de courant moyennes au décollement sur le culot. 
Une expérience supplémentaire avec un modèle à échelle réduite a été réalisée dans le but 
de reproduire les deux régimes, avec �—�•�‡���–�ƒ�‹�Ž�Ž�‡���ˆ�‹�š�‡���†�ï�‘�„�•�–�ƒ�…�Ž�‡���ƒ�—���•�‘�—�„�ƒ�•�•�‡�•�‡�•�–, mais à 
différentes positions longitudinales par rapport au culot�ä�����‡�•���”�±�•�—�Ž�–�ƒ�–�•���•�—�‰�‰�°�”�‡�•�–���“�—�ï�ƒ�˜�‡�…��
�—�•�‡�� �’�ƒ�‹�”�‡�� �†�ï�‘�„�•�–�ƒ�…�Ž�‡�•���’�”�‘�‰�”�‡�•�•�‹�˜�‡�•�‡�•�–�� �±�Ž�‘�‹�‰�•�±�‡�� �†�—��culot, nous pouvons discerner deux 
régimes : «proche» et «éloigné» du culot. La sensibilité des coefficients aérodynamiques 
globaux vis-à-vis de cette distance diffère grandement entre les deux régimes. Les deux 
régimes ont une analogie avec respectivement le régime de «grand» et de «petit» blocage. 
Les deux expérimentations �•�‘�—�–�‹�‡�•�•�‡�•�–���Ž�ï�Š�›�’�‘�–�Š�°�•�‡��que le sillage �•�‘�•���ˆ�‡�”�•�±���†�‡���Ž�ï�‘�„�•�–�ƒ�…�Ž�‡��
au soubassement génère une interaction beaucoup plus forte avec le sillage du véhicule 
et donc une influence plus importante sur la distribution de la pression à la surface du 
véhicule. 
 
Chapitre 4  
 
���ƒ�•�•�� �…�‡�� �…�Š�ƒ�’�‹�–�”�‡�á�� �Ž�‡�•�� �‘�„�•�–�ƒ�…�Ž�‡�•�� �’�”�‘�ˆ�‹�Ž�±�•�� �•�‘�•�–�� �†�ï�ƒ�„�‘�”�†�� �”�‡�•�’�Ž�ƒ�…�±�•�� �’�ƒ�”�� �†�‡�•�� �”�‘�—�‡�•�� �ƒ�”�”�‹�°�”�‡��
tournantes, configuration XR (Section 4.1). L�‡�•���•�–�”�—�…�–�—�”�‡�•���†�ï�±�…�‘�—�Ž�‡�•�‡�•�–���ƒ�—�–�‘�—�”���†�‡�•���”�‘�—�‡�•��
arrière tournantes sont présentées �‡�•���•�ï�ƒ�’�’�—�›�ƒ�•�–���•�—�”���Ž�‡�•���”�±�•�—�Ž�–�ƒ�–�•��issus de la simulation 
numérique. Les phénomènes caractéristiques des roues tournantes présentés dans la 
littérature, telles que le �F�A�P�P�E�J�C, le pic de pression positive (�%�L
P ���s) situé en amont de la 
surface de contact et la dépression importante (�%�L�� 
O 
F�s) immédiatement derrière la 
surface de contact, sont confirmés par la simulation. Le schéma général des structures 
tourbillonnaires �•�ï�ƒ�…�…�‘�”�†�‡�� �„�‹�‡�•�� �ƒ�˜�‡�…��ce qui existe dans la littérature. Par rapport à la 
configuration �0 , la présence de roues arrière tournantes diminuent la pression au 
soubassement entre elles car elles empêchent partiellement l'écoulement extérieur de 
pénétrer dans cette zone de basse pression, comme les obstacles de petit blocage 
(Chapitre 3). Cependant, elles augmentent légèrement la pression à l'entrée du 
soubassement et considérablement la pression devant elles, ce qui augmente la pression 
totale au soubassement et donc le coefficient de portance. Les roues arrière tournantes 
ainsi que les passages de roue créent des zones de basse pression dans leur sillage.  La 
réduction de la pression au culot se traduit finalement par une augmentation de la traînée 
du véhicule. Cette diminution de pression au culot est associée à la réduction de la 
longueur de recirculation du sillage du véhicule. Les fortes fluctuations générées par les 
�”�‘�—�‡�•�� �ƒ�—�‰�•�‡�•�–�‡�•�–�� �Ž�ï�‹�•�•�–�ƒ�„�‹�Ž�‹�–�±�� �†�‡�� �Ž�ï�±�…�‘�—�Ž�‡�•�‡�•�– à la sortie du soubassement. De ce fait, 
l'entraînement dans le sillage du véhicule est augmenté, ce qui entraîne la fermeture plus 
tôt du sillage moyen. ���ï�‡�ˆ�ˆ�‡�–���†�‡�•���”�‘�—�‡�•���ƒ�”�”�‹�°�”�‡���’�‡�—�–���²�–�”�‡��vu, au premier ordre, comme un 
effet de blocage. La rotation ou non des roues fait varier le taux de blocage dans le 
soubassement. Les roues fixes générant des sillages plus larges et donc un blocage plus 
important. Pour les roues arrière en rotation �‘�—�� �ˆ�‹�š�‡�•�á�� �ƒ�—�…�—�•�‡�� �•�‘�†�‹�ˆ�‹�…�ƒ�–�‹�‘�•�� �•�ï�ƒ�� �±�–�±��
constatée en termes �†�ï�‘�”�‰�ƒ�•�‹�•�ƒ�–�‹�‘�• de sillage moyen par rapport à la configuration N. 
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Dans la Section 4.2, on ajoute des roues avant tournantes. Cette configuration de base, 
notée �4�4, est étudiée par rapport à �:�4. Trois aspects principaux peuvent être notés à 
partir des résultats de la simulation numérique. Premièrement, �Ž�ï�ƒ�•�‰�Ž�‡���†�ï�ƒ�–�–�ƒ�“�—�‡��sur les 
roues est différent. Deuxièmement, les roues avant de la configuration �4�4 ont un déficit 
de vitesse relativement faible dans leur sillage. Troisièmement, dans cette configuration, 
les roues arrière ont un sillage plus large. 
La présence de la roue avant augmente considérablement la pression au soubassement,  
ce qui montre une réduction du flux �ƒ�—���•�‘�—�„�ƒ�•�•�‡�•�‡�•�–�ä�����ƒ���’�‘�•�‹�–�‹�‘�•���†�—���’�‘�‹�•�–���†�ï�ƒ�”�”�²�–���ƒ�—���•�‡�œ��
de la voiture est plus basse, ce qui est conforme à la variation de portance observée. Cette 
diminution importante du flux soubassement, couplé avec la présence du diffuseur, 
�…�‘�•�†�—�‹�–���•���—�•�‡���‹�•�˜�‡�”�•�‹�‘�•���†�‡���Ž�ï�±�“�—�‹�Ž�‹�„�”�‡���†�—���•�‹�Ž�Ž�ƒ�‰�‡���†�—���˜�±�Š�‹�…�—�Ž�‡ dans le plan de symétrie. On 
retrouve alors un sillage du véhicule bien équilibré. Le sillage des roues arrière est plus 
large, ce qui entraîne une interaction plus intense entre le sillage des roues et le sillage du 
véhicule. Cependant, la diminution de la pression au culot localement en aval des roues 
arrière est compensée par la recompression en haut du culot, en raison de l'inversion de 
l'équilibre du sillage. Par conséquent, la pression moyenne du culot et la traînée restent 
inchangées par rapport à la configuration sans roue avant. 
 
Enfin dans la Section 4.3, différents états de roue sont testés sur les essieux avant et 
arrière par rapport à la configuration de base �4�4. ���‘�—�–���†�ï�ƒ�„�‘�”�†�á���Ž�‡���…�Š�ƒ�•�’���†�5�±�…�‘�—�Ž�‡�•�‡�•�–��
autour des roues fixes avant et arrière à l'intérieur des passages de roue est analysé en 
utilisant les résultats de la simulation numérique. Les roues fixes créent un sillage plus 
large. Lorsque la rotation de la roue avant est arrêtée (configurations �5�4 et �5�5), le sillage 
des roues est plus large et une pression plus faible est mesurée dans leur sillage, ce qui 
entraîne un coefficient de portance plus bas. L�ï�±�“�—�‹�Ž�‹�„�”�‡�� �†�—�� �•�‹�Ž�Ž�ƒ�‰�‡�� �†�—�� �˜�±�Š�‹�…�—�Ž�‡�� �‡�•�–��
légèrement affecté. Lorsque la rotation de la roue arrière est arrêtée (configurations �4�5 
et �5�5),  �Ž�ï�‡�ˆ�ˆ�‡�–��de blocage créé par la roue arrière fixe est accentué par le diffuseur. Il y a 
une augmentation de la pression entre les roues arrière au soubassement, entraînant une 
augmentation de la portance. La diminution du flux au soubassement se traduit par une 
déviation du sillage du véhicule vers le sol. 
 
 
Chapitre 5  
 
Dans ce chapitre un fond supplémentaire à �Ž�ïarrière du soubassement est ajouté pour 
éliminer le diffuseur du véhicule. Cela permet une première analyse de la sensibilité de 
nos résultats à une modification de la géométrie du véhicule. Cette configuration est notée 
�4�4. Par rapport à la configuration avec diffuseur (RR), une augmentation de la pression 
est observée au soubassement, en particulier sur la partie arrière. Cette diminution du 
flux au soubassement provoque la plongée du sillage moyen vers le sol. 
Cet effet global conduit à une insensibilité des coefficients aérodynamiques aux 
perturbations au soubassement (présence des roues, état des roues, ...). Autrement dit, la 
�’�”�±�•�‡�•�…�‡���†�—���†�‹�ˆ�ˆ�—�•�‡�—�”���ƒ�…�…�‡�•�–�—�‡���:�’�ƒ�”���•�‘�•���‡�ˆ�ˆ�‡�–���‰�Ž�‘�„�ƒ�Ž���•�—�”���Ž�ï�ƒ�±�”�‘�†�›�•�ƒ�•�‹�“�—�‡���†�—���˜�±�Š�‹�…�—�Ž�‡) les 
effets locaux introduits par les perturbations au soubassement.  
La deuxième partie �†�—���…�Š�ƒ�’�‹�–�”�‡���’�”�±�•�‡�•�–�‡���Ž�ï�ƒ�•�ƒ�Ž�›�•�‡���†�‡���Ž�ï�‡�ˆ�ˆ�‡�– �†�ï�—�•���…�Š�ƒ�•�‰�‡�•�‡�•�–���†�—���–�›�’�‡���†�‡��
pneumatique. Nous étudions ainsi (en plus du pneu de référence à 3 sillons longitudinaux) 
un pneu ayant 3 sillons et des rugosités sur le flanc et un pneu lisse. Il est démontré que 
le changement de pneu (avant ou arrière) peut être interprété comme une modification 
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du taux de blocage des roues (roue plus ou moins large) avec les mêmes conséquences 
sur les distributions de pression au culot et au soubassement que celles analysées dans 
les chapitres précédents (mais avec un effet plus faible). Il a aussi été observé que le 
changement de pneu arrière peut, dans certaines configurations, avoir un effet significatif 
�•�—�”���Ž�ï�±�“�—�‹�Ž�‹�„�”�‡���†u sillage.  
 
Enfin, la contribution des passages de roues sur la traînée du véhicule est étudiée pour 
toutes les configurations mesurées. La roue en rotation équipée de rugosités sur le flanc 
semble provoquer une force de «poussée» dans les passages de roue. La traînée du 
véhicule et la somme des traînées du culot et des quatre passages de roue suivent une 
dépendance linéaire. La pente, égale à 1, indique que le changement de traînée est corrélé 
à environ �s�r�r���¨ à la modification de la pression au culot et dans les passages de roue. La 
fonction affine entre la pression au culot et la traînée du véhicule présente une pente de 
0,81. Ce qui signifie que la variation de la traînée des passages de roue représente à peu 
près 19% de la modification de la traînée du véhicule. 
 
Chapitre 6  
 
Le chapitre 6 résume les résultats présentés dans cette thèse. Pour les perspectives à ce 
travail , il serait intéress�ƒ�•�–���†�ï�ƒ�•�ƒ�Ž�›�•�‡�”���’�Ž�—�•���ˆ�‹�•�‡�•�‡�•�–���Ž�ƒ���‰�±�•�±�”�ƒ�Ž�‹�–�±���†�‡�•���”�±�•�—�Ž�–�ƒ�–�•���‘�„�–�‡�•�—�•��
au regard de modifications de géométrie du véhicule. En ce qui concerne les stratégies de 
�”�±�†�—�…�–�‹�‘�•���†�‡���Ž�ƒ���–�”�ƒ�Á�•�±�‡�á���Ž�ï�‡�š�‹�•�–�‡�•�…�‡���†�‡���†�‡�—�š���”�±�‰�‹�•�‡�•���…�‘�•�–�”�Ø�Ž�±�•���’�ƒ�”���—�•�‡���’�ƒ�‹�”�‡���†�ï�‘�„�•�–�ƒ�…�Ž�‡�•���•��
�Ž�ï�ƒ�”�”�‹�°�”�‡��du soubassement fournit des indications pour améliorer la traînée des véhicules. 
Il semble ainsi �’�”�±�ˆ�±�”�ƒ�„�Ž�‡�� �†�ï�±�Ž�‘�‹�‰�•�‡�”�� �Ž�ƒ�� �”�‘�—�‡�� �ƒ�”�”�‹�°�”�‡�� �†�—���…�—�Ž�‘�–�� �’�‘�—�”�� �Ž�‹�•�‹�–�‡�”�� �Ž�ƒ�� �–�”�ƒ�Á�•�±�‡�á�� �‘�—��
utiliser des roues plus minces, tout en veillant aux autres performances telles que la 
sécurité et la stabilité.  
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Chapter 1

Introduction and literature review

With the current conditions of the toughening of environmental legislation for CO2 and other
greenhouse gas emissions, automobile manufacturers around the world are looking into the ways
to make the vehicle more energy e�cient and therefore more environmentally friendly. The
pneumatic system is a crucial area as it plays an essential role not only in vehicle performance
and security, but also in energy consumption. Indeed, they are responsible for approximately
20% to 40% of the total aerodynamic drag. This evaluation quanti�es the potential of drag
reduction by optimization of the wheel-wheelhouse-vehicle system. Nevertheless, the in
uence
of the wheels on the 
ow around the vehicles remains open issues. In this context, this work
aims at improving the comprehension of wheel-vehicle aerodynamic interaction. We provide an
overview of the current studies related to wheel aerodynamics. The scope of the investigations
undertaken in this work is then outlined.

Contents
1.1 Global context . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 In
uence of the underbody 
ow . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Wheels aerodynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3.1 Isolated wheels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3.2 Wheels inside wheelhouses . . . . . . . . . . . . . . . . . . . . . . . . 8

1.3.3 Aerodynamics of road vehicle including wheels . . . . . . . . . . . . . 9

1.3.4 Rotating wheel modeling . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.4 Outline of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.1 Global context

Human activities are estimated to have increased approximately 1� C of the average tempera-
ture on Earth since around 1880 (IPCC, 2018). While with the melting of polar ice sheets and
glaciers, the acidi�cation of oceans, the accelerated risein sea levels, the higher frequency of
heat wakes and more powerful hurricanes ... the e�ects of this climate upheaval are already
very tangible. At the current rate of greenhouse gas emissions, global warming is likely to reach
4.8� C by 2100, compared with the period between 1986-2005, whichwill doubtlessly cause dre-
adful consequences. In 2015, 195 nations signed onto the Paris agreement 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 warming target of 1.5 � C instead of
2� C. To respond this request, in October 2018, the Intergovernmental Panel on Climate Change
(IPCC) released a special report on the impact of global warming of 1.5� C. They revealed that
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this half a degree can make a world of di�erence. We would see fewer life-threatening heat,
drought, precipitation extremes, less sea level rise, lessecosystems damage, fewer species lost,
with far-reaching consequences for humans and their activity. However, this goal is far from
easy. To do so we must achieve a net-zero carbon footprint by 2030. This means carbon capture
process in the atmosphere will need to o�set emissions at that date. Thus it is essential to curb
greenhouse gas emissions, which requires rapid and unprecedented transitions in all aspects of
society: reducing industrial emissions, controlling urban sprawl, limiting animal-based protein
consumption, ensuring energy sobriety, increasing the percentage of renewable in the electricity
mix and revolutionizing transportation ...

Transport is the only sector in which greenhouse gas emissions are still higher than they
were in 1990 (EU, 2018). In the automotive sector, cars and vans produce about 15% of the
EU's CO2 emissions. Average emissions by new cars rose to 118.5g CO2/km in 2017, following
a steady decline over the past few years. Under current rules,the average new car must not
emit more than 95g/km by 2021. In a plenary vote on October 3, 2018, MEPs (Member of the
European Parliament) proposed emissions should be cut respectively by 20% in 2025 and 40%
in 2030, than in 2021. New targets are expressed in percentages because the 95 g/km standard
(in 2021) will have to be recalculated according to the new more rigorous emissions test that
better re
ects real driving conditions. Moreover, they propose that 35% of new cars sold from
2030 should be electric or hybrid.

With these stricter regulations and tax rates being introduced every year on CO2 emissi-
ons, automobile manufacturers are pushed into seeking solutions that do not compromise the
vehicle's global performance. Aerodynamics is one of the several �elds where such solutions are
pursued.

The actual CO2 emissions of a vehicle depend on the vehicle's driving resistances, the
powertrain's e�ciency and the energy demand of potentiallyactivated auxiliary consumers.
The e�ciency of the powertrain describes those parts of the total fuel's energy content that can
be used for the mechanical propulsion of the vehicle. The majority of the employed chemical
energy gets lost by heat dissipation and friction in the powertrain. Engine e�ciency varies
between di�erent types of engines and also between di�erentloads within the engine maps,
described by engine speed and engine power (or torque). The total driving resistanceFx of
a vehicle follow basic physical principles, which consistsof four parts: rolling resistanceFR,
aerodynamic dragFA , accelerationFAcc and slope of the roadFS:

Fx = FR + FA + FAcc + FS (1.1)

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

Fx = FR + FA = f Rmg +
1
2

CxS�V 2
1 (1.2)

The two terms FR and FA as a function of driving velocity is given in Figure 1.1. The rolling
resistance is proportional to the vehicle load. The coe�cient of rolling resistancef R depends on
wheel and road properties, and some other factors. It is rather constant at low velocities, but
increases strongly at high speeds. The aerodynamic drag is determined by the aerodynamic
shape of the body, described by the drag coe�cient (Cx ), and by the projected frontal area of
the vehicle (S). As the aerodynamic drag increases as the square of driving speed, it rises much
faster than the rolling resistance. At above 60km=h, the aerodynamic drag dominates over the
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rolling resistance, and becomes the main source of driving resistance. However it should be
noted that the �gure is only schematic, as the real distribution of the forces and their absolute
values strongly depend on vehicle and tire characteristics.

Figure 1.1: Aerodynamic drag and rolling resistance versus vehicle velocity for a typical passenger car
(Elena, 2001).

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

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

1.2 In
uence of the underbody 
ow

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

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

To simulate the underbody roughness and examine their aerodynamic impact, Perry &
Passmore (2013) introduced 5 horizontal roughness strips of di�erent size in the underbody
of a square-back Windsor model. They revealed a signi�cant impact of the underbody 
ow
condition on the base pressure and near wake structure, chie
y at lower ground clearance. With
an increase in underbody roughness, the drag raises as the lower vortex near the base becomes
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stronger and larger. The underbody roughness was also investigated in real car geometry.
Jakirlic et al. (2016) conducted computational study using VLES (Very LargeEddy Simulation)
on a `DrivAer' car model with smooth and detailed underbody. Ahigher drag coe�cient is
obtained with detailed underbody con�guration than smoothunderbody con�guration.

Similar disturbance facility as used in Perry & Passmore (2013) was also applied in Barros
et al. (2017). Apart from one horizontal strip, they also tested a centralized circular cylinder
and uniform grid, with variable size, in the underbody of a rectangular 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 bimodal lateral wake reversals. Furt-
her increase of perturbation size additionally enhances wake lower vortex, and the wake lateral
bistability is suppressed.

It can be conjectured that, in the previous studies, if they continued decreasing underbody

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

At a constant ground clearance, similar 
ow regimes to thoseobserved in Grandemange
et al. (2013a); McArthur et al. (2016) could be achieved by modifying underbody 
ow velocity.
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 velocity to 0.86, beneath a simpli�ed
tractor-trailer model with side skirts.

The preceding researches bring to evidence di�erent wake wall-normal 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 (Grandemangeet al., 2013c; Littlewood &
Passmore, 2010; Perryet al., 2016), the shear layer is directly de
ected, so does the mean wake.
The linear dependence between the lift coe�cient and the bottom 
ap angle in Grandemange
et al. (2013c) demonstrates that, in addition to the bottom shear layer deviation by bottom

ap, the underbody 
ow momentum is equally modi�ed. Further observations indicate a qua-
dratic dependence of drag versus lift, revealing the potential of reaching drag minimum in road
vehicle applications by empirically setting the angles of the 
ow separations at the trailing
edges. This approach using 
ap and taper corresponds to the underbody di�user applied in
real vehicles.

The di�user is a passage of increasing area at the underbody exit. 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 downforce and improve high speed stability.
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Now they are commonly used in road vehicles to improve lift anddrag performance. Cooper
et al. (1998) investigated the in
uence of ground clearance combined with di�erent di�user
angle using a rounded nose blu� body with side plates. With underbody di�user, the e�ect
of the ground clearance is still consistent with those observed in Grandemangeet al. (2013a);
McArthur et al. (2016). They reported increasing downforce and drag with the decreasing ride
height to a maximum, followed by a sharp decrease in downforce due to viscous e�ect at ground
proximity. Moreover, the optimum di�user angles for downforce are between 13� � 16� . Above
25� , the di�user is completely stalled. In terms of the drag, at high ground clearance, it is
similar to the drag variation seen in fastback vehicles, where increasing the back slant angle
from 0� reduces drag up to an angle of about 12� -15� (Ahmed et al., 1984). While at lower
ground clearance, the range over which the di�user reduces drag is smaller (0� -5� ) compared to
the fastback data (0� -15� ). Eventually, one can mention multiple channel underbody di�users,
they are proved to be more e�cient than single channel di�user, as with increasing di�user
angle, signi�cant downforce production is achieved with little 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 tunnelsare equipped with di�erent
moving ground systems with proper boundary-layer treatment to better reproduce the on-road
condition. Krajnovi�c & Davidson (2005) showed that the in
uence of the 
oor motion on the
wake structure of a slanted surface body is qualitatively limited to the region near the 
oor and
near the slanted surface. It is anticipated that in a realistic case with a moving ground, the

ow regime classi�cations as evidenced in Grandemangeet al. (2013a); Castelain et al. (2018)
depending on underbody 
ow momentum persist, however the transition between two regimes
may occur at di�erent ground clearance or underbody velocity values.

1.3 Wheels aerodynamics

1.3.1 Isolated wheels

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

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

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

Fackrell & Harvey (1975) were one of the �rst who investigatedexperimentally 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 inthis realistic 
ow conditions could
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globally.

1.3.3 Aerodynamics of road vehicle including wheels

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

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

The more important in
uence of rear wheels on the vehicle aerodynamic was also con�rmed
by varying the state of the wheels separately at the front axle and at the rear. The experimental
studies of Elofsson & Bannister (2002) on a Volvo Sedan and a Volvo Squareback, and the
numerical investigations by Koitrand & Rehnberg (2013) on aJaguar 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 decrease in the vehicle total drag (�C d =
� 0:03 � � 0:02) and rear lift (�C l = � 0:04 � � 0:02) compared to rear stationary wheel
cases. W•aschle (2007) interpreted the increase in base pressure as additional energy being
transferred into the vehicle wake by the rear wheel rotationand thus reduces the losses and
the wake size. Elofsson & Bannister (2002) assumed that rotating rear wheel creates local
upwash (Figure 1.7), compared to the large wake of the stationary wheel, and thus results in
smaller interference e�ect with the base region. However, itcan be argued that, the upwash or
upward velocity downstream a rotating wheel is not observedin isolated situations at equivalent
distance, as shown in their PIV measurements in the wake (Axerio & Iaccarino, 2009; Heyder-
Bruckner, 2011; Sprot, 2013; Diasinoset al., 2015). It is thus conjectured that the observed
upwash visualized by the smoke is due to the vehicle di�user (or its Coanda shape). While in

1put 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 context the importance of the wheel
aerodynamics in relation to the whole vehicle.

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

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

The �rst part of Chapter 3 describes the smooth model con�guration, which is the vehi-
cle model with polystyrene foam perfectly �lling the wheelhouses 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 inSection 3.2 to study the in
u-
ence of perturbations located at the rear part of the underbody. To do so, a pair of pro�led
obstacles is mounted at the two sides, underneath the plugged rear wheelhouses, to emulate
the rear wheels. A parametric study is performed with di�erent 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 ofthe rear wheel state (rotating
or stationary) is discussed, in comparison with the pro�ledobstacles con�gurations. Next in
Section 4.2, the front wheels are additionally included, which leads to the baseline con�gu-
ration. The vehicle wake becomes well balanced, in contrastto the precedent con�gurations
preserving the same wall-normal asymmetry to the smooth model con�guration. In Section 4.3,
wheel state investigations are carried out at the front or rear axle, modifying the well balanced
wake of the baseline con�guration.

In Chapter 5, we eliminate the vehicle di�user in Section 5.1. With the recovered wake
wall-normal asymmetry, the vehicle geometry in
uence on wheel-vehicle interaction is tackled.
In Section 5.2 the e�ects of di�erent tires are addressed, based on the local and global e�ects
of the perturbations that have been investigated in previous chapters.

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



Chapter 2

Experimental and computational
environments

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

Contents
2.1 Experimental method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.1.1 Wind-tunnel apparatus . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.1.2 Vehicle model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.1.3 Tires and contact patch regulation . . . . . . . . . . . . . . . . . . . 22

2.1.4 Pressure measurements . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.1.5 Force measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.1.6 PIV measurements in the vehicle wake . . . . . . . . . . . . . . . . . 26

2.2 Numerical approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.2.1 General introduction of the lattice Boltzmann solver . . . . . . . . . 27

2.2.2 Simulation case set-up . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.1 Experimental method

The design and implementation of the experimental set-up were performed during the PhD
work. Figure 2.1 gives a general picture of the experimental set-up inside the wind tunnel,
which will be elaborated in the following subsections.

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

2.1.1 Wind-tunnel apparatus

The experiments were undertaken inside the test section of the subsonic closed-loop wind tun-
nel S620 (Figure 2.2) in Institute Pprime in Poitiers, France. It has a contraction ratio of
7 : 1, with a rectangular test section of 6.2m2 (2.4m (width) � 2.6m (height)). The maximum
free-stream velocity can reach 60m=s and 
ow stability in the tunnel is ensured for velocities
greater than 5m=s. The turbulence intensity is approximately 0:5%.

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

According to the experimental set-up, a sketch of the vehiclemodel in the test section is
portrayed in Figure 2.3. The geometry of the vehicle model will be presented in detail in
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motor which drives the roller (Figure 2.8(b)). Each wheel is in direct contact with a roller.
For the stationary tests, the motors are shut down so that therollers and the wheels are still.
For the rotating tests, the motors actuate, allowing the rotation speed of the wheel to match
with the freestream speed so as to simulate the vehicle moving forward through still air. The
experiments are conducted atV0 = 28ms� 1, corresponding toReL V = 3:106. 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 5629tr=min . The boundary layer thickness on the
ground was not measured. While according to the experiments of Barros (2015); Li (2017) in
the same wind tunnel with a similar raised 
oor, at a Reynoldsnumber one order of magnitude
lower than ours, the boundary layer was proved to be turbulent. The boundary thickness on the
ground based on 99% of the free-stream velocity was typically 10mm, at a streamwise position
approximately at the entry of the underbody, with or without the model in the test section.
Thus the boundary layer is estimated to be smaller than 0:15G at our operating Reynolds
number.

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

2.1.2 Vehicle model

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

This model is often used to compare with the experimental surface pressure measurements
(Perzon & Davidson, 2000) to validate the turbulence modelsfor simulations (Nakashimaet al.,
2008; Tsubokuraet al., 2009; X
ow, 2010). However not much information of the 
uid dynamics
around the Asmo model was available. The only published detailed 
ow structures around the
Asmo model was made by Aljureet al. (2014) using large-eddy simulations. They portrayed
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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; (c) 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 composed with a thin sensor, which can
be put between the wheel and the roller to detect the interface pressure; a data acquisition
electronic, that can scan the sensing points within the sensor; and a software, which displays
the pressure distribution. The visual footprint 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 supporting the wheel. There is no doubt
that a larger roller radius can better simulate the road. Nevertheless, in order to hide the roller
inside the raised 
oor, with its apex 
ush to the upper surface of the 
oor, the size of the roller
is limited by the thickness of the raised 
oor. In this situation, the length (in the X direction)
of the contact surface is curved due to the small radius of theroller. As a result it is di�cult
to guarantee the proper contact patch length (4:3cm in the X direction). Thus we consider the
width (in the Y direction) of the output contact surface to be the priority parameter, which is
aimed approximately at 5:4cm.

To determine the correct wheel center height that ensures the proper contact patch width,
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allows for an e�cient parallelization of the solver (Chenet al., 1997).
The local equilibrium distribution function f eq

i depends on local hydrodynamic properties
for example density� and velocity � u. And these quantities can be obtained through the
velocity moments of the distribution function:

� =
X

i

f i ; � u =
X

i

f i ci (2.7)

where
P

i �
P b

i =1 ;.
To recover macroscopic hydrodynamics, the local equilibrium distribution should obey the

mass, momentum conservation laws at each lattice. Moreoverthe lattice structure have to
be speci�ed to achieve as high order of accuracy as possible with �xed number of discrete
velocities (Chikatamarla, 2008; Peng, 2011). In the three-dimensional situation, one of the
common choices is the D3Q19 model (Figure 2.13) (Qian & Orszag, 1993; Chenet al., 1997),
which is used in LaBS, where the equilibrium statef eq

i takes the form:

f eq
i = �w i [1 + 3ci � u +

9
2

(ci � u)2 �
3
2

u2] (2.8)

wherewi are weight coe�cients: w0 = 1=3, w1� 6 = 1=18, andw7� 18 = 1=36, with the direction
numbers portrayed in Figure 2.13. Based on the Chapman{Enskog multiscaling expansion,
which assumes the di�usion time scale being much slower thanthe convection time scale (Latt,
2007), with the Knudsen number as the expansion parameter (Chen & Doolen, 1998), the
nonlinear incompressible Navier{Stokes equations can thusbe recovered from (2.5) under the
assumption that the Mach number remains small (M � 0:4). In contrast to the direct numerical
simulation of the NS equations, where Poisson equation needed to be solved to obtain the
pressure, in LBM, by the perfect gas law, the pressurep 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 1=3 for isothermal simulations. The relaxation
time � is related to the viscosity by the 
uid viscosity � through the relation (Chenet al., 1991,
1992, 1997; Frischet al., 1986)

� =
�

� �
1
2

�
T (2.10)

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

To achieve computation e�ciency, variable resolution (VR) regions are used in LaBS. The
hierarchical grid-re�nement method (Filippova & H•anel, 1998) cascade inwards from coarse
resolution region towards �ne resolution region close to the surfaces. 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 based on the Asmo model. Its geometry
was modi�ed so that when four rotating wheels are present, the front wheels are subject to
reasonable yaw angle, and the model has a realistic wake balance. To throw light on the
aerodynamic features around this modi�ed geometry, the vehicle model without wheels and
with polystyrene foam perfectly �lling the wheelhouses (con�guration noted N ) has been �rst
analyzed in Section 3.1. This con�guration has an importantdownforce, a low drag, and a
negative vertical pressure gradient in the base centreline, which is inverted compared to a
typical passenger car in on-road condition.

The wheels in di�erent states and with di�erent tires can be regarded as underbody pertur-
bations. In order to simplify these perturbations and investigate the impact of the underbody
blockage, in Section 3.2, we applied a pair of pro�led obstacles underneath the plugged rear
wheelhouses, nothing being applied in the front underbody.Two regimes can be observed de-
pending on the width of the obstacles. The �rst regime corresponds to con�gurations for which
the wake of the obstacles closes, in a mean point of view, before the end of the underbody
(obstacle of small width). In this regime, the underbody pressure decreases drastically when
compared to con�guration N . While the increase in obstacle size only has local e�ect on un-
derbody and base pressure distributions, and does not modify the pressure on the symmetrical
plane of the vehicle. In the second regime, the `unclosed' obstacle wake `merged' into the vehicle
wake. This leads to a more global 
ow modi�cation, manifested by a deepened suction on the
entire base and an important pressure raise at the rear underbody. Whatever the regime, the
vehicle wake organizations are not signi�cantly modi�ed.

Contents
3.1 The smooth vehicle model aerodynamic characterization . . . . . . . .. . . 34

3.2 Modi�cation of the underbody blockage rate . . . . . . . . . . . . . . . . . . 40

3.2.1 Experimental set-up . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.2.2 Mean properties of the surface pressure . . . . . . . . . . . . . . . . . 42

3.2.3 Small underbody blockage . . . . . . . . . . . . . . . . . . . . . . . . 45

3.2.4 Large underbody blockage and the separation . . . . . . . . . . . . . 48

33















40CHAPTER 3. SMOOTH VEHICLE AND UNDERBODY BLOCKAGE MODIFICATION

Summary In this section, the smooth vehicle model without wheelhouses nor wheels is in-
vestigated. It is considered to be the �rst step if its interaction with the wheels want to be
further studied, especially when not much information about the 
uid dynamics around the
model is available in the literature.

In terms of aerodynamic forces, the experimental results show a negative lift coe�cient and
a small drag coe�cient. The simulation has been proven to be capable of reproducing the main
features of the surface pressure distributions and the meanwake 
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 underbody. The wake 
ow also displays
highly 3D features due to the base geometry. Two pairs of longitudinal vortices are detectable
in the near wake. The negative vertical pressure gradient inthe base centerline is coherent with
z� asymmetry in the wake symmetrical planey = 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 Section 2.1 (Figure 3.8(a)). We maintain
the smooth vehicle model with plugged wheelhouses and without wheels. Then we mount a pair
of obstacles with the height of the ground clearance beneaththe two plugged rear wheelhouses
to simulate the rear wheels, since it has been established inthe literature the dominance e�ect
of the rear wheels on vehicle drag (Elofsson & Bannister, 2002; Koitrand & Rehnberg, 2013). A
parametric study is thereupon carried out by varying the width of the obstacle pair to achieve
di�erent aerodynamic blockage in the underbody. As shown in Figure 3.8(b), the obstacles are
half-elliptical (divided along the minor axis) base cylinders 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 with the vehicle. We de�ne the
geometric blockage rate as the ratio between the total widthof the obstacle pair (which is two
times of the elliptical minor axis) and the vehicle width, denoted as� . Parametric study is
carried out with � = f 10; 15; 20; 25; 30; 35; 40g%. The end of the obstacles are tangential to the
rear wheelhouse end and their outboard sides are tangentialto the sides of the vehicle. The
location of the obstacles is depicted in Figure 3.9. In the underbody no pressure measurement
can be acquired on the underside of the plugged wheelhouses.Hence the interpolated underbody
pressure there will be lack of precision. In addition, for high blockage rates (� = 30; 35; 40%),
certain underbody pressure taps are sheltered. Thus the sheltered pressure taps are excluded
from the interpolation. In this con�guration, no aerodynamic forces are recorded by the balance
inside the vehicle due to the contact with the obstacles �xedon the ground.

The semi-elliptical base cylinders are chosen as we expect the 
ow to be attached on the
obstacles surface until the blunt trailing edge so that the width of the obstacle wake at the
separation equals to the obstacle width. To ascertain this point, the interpolated underbody
pressure standard deviation is depicted in Figure 3.10. With the available pressure sensors,
it can be perceived that, important 
uctuation indicated by high Cp0 presents only at the
downstream of the lower front edge radius, and behind the obstacles. The former is related to
the small separation bubble. The latter seems to con�rm that the 
ow is practically attached
on the obstacle surface before separation.
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Figure 3.12: Comparison between the estimated pressure at the underbody exit and the measured
ones.

According to Figure 3.12, the estimated pressure is not in accordance at all with the measu-
red ones. With increasing� , the disparity is widening. It suggests a signi�cant underestimation
of the pressure level which arises from the over prediction of the exit velocity Vj 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 not akin to a classical channel 
ow.

In the following, the global impact of the blockage rate willbe provided by plotting inte-
grated underbody pressure and integrated base pressure as afunction of � . In Figure 3.13, the
longitudinal axis is the blockage rate, left vertical axis is the integrated underbody pressure,
and right vertical axis is the integrated base pressure. Forcomparison, the smooth vehicle
con�guration N is also presented. For the underbody pressure, fromN to � = 10%, there is a
sudden drop when the obstacles are applied and then it bounces back with two slopes, with a
larger slope when� > 25%. For the base pressure, fromN to � = 40% it continues reducing,
also with a more negative slope when� > 25%.

Figure 3.13: The integrated underbody pressure (left axis) and integrated base pressure (right axis)
for N and all the blockage rates.

To better visualize the pressure variation on di�erent parts of the vehicle, the distributions
of Cp in the y = 0 plane are presented in Figure 3.14. Among all the con�gurations, 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 integrated underbody pressure from
10% to 25% in Figure 3.13. As for larger obstacles given in Figure3.14(b), the underbody
pressure between the obstacles are no longer the same. The large raise of the underbody
pressure due to the increasing blockage rate extends froms = � 3:5 to s = � 0:15, which results
in the steep increment of the integrated underbody pressureat � > 25% in Figure 3.13.

The base pressure on they = 0 centerline for lower blockage rates is nearly superposed.
They drop slightly at the upper part of the base when comparedto the smooth modelN
(Figure 3.14(a)). While for larger� the increase in size results in a gradual loss of the centerline
pressure (Figure 3.14(b)). The mean centerline pressure is equally displayed in Figure 3.15(a).
After a pressure descent when the obstacles are applied, a plateau presents at low blockage rate
until � = 25%, and further enlargement in obstacle size results in ahCpC i decline. However,
the integrated base pressure is decreasing with increasing� (Figure 3.13). Therefore it can be
deduced that, at small� values, despite the insensitivity of the centerline pressure to 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 horizontal Cp evolution at the
left side of the base in Figure 3.15(b): the pressure level is decreasing with increasing� .

Figure 3.15: (a) The area-averaged base pressure coe�cient on the centerline (in the red box) { hCpC i
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 worth 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 marginally
the underbody pressure upstream the obstacles. The centerline pressure between the obstacles,
downstream in the di�user and in the base are practically nota�ected. Alongside, a gradual
drop of the pressure at the two sides of the base is detectable. However at higher blockage rate
� > 25%, the pressure in the centerline and at the two sides of thebase are both in
uenced
by the underbody blockage change. The two regimes are to be discussed in more details in the
following subsections.

3.2.3 Small underbody blockage

Looking back to Figure 3.14(a), the striking di�erence between N and small blockage con�-
gurations at the rear part of the underbody needs to be understood. From their underbody
pressure distributions in Figure 3.16(a), the more signi�cant suction compared toN can be
clearly observed at the rear underbody surface. E�ectively, it has been established in the previ-
ous section the 3D feature of the underbody 
ow of the smooth vehicle 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 high pressure 
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=dc+0 :5
(see Figure 3.26(d) for notations) for the tested two pairs of circular cylinders.

function of normalized distanced = D=dc + 0:5. Here +0:5 tries to take into account the 
ow
separation position on a circular cylinder, which is roughly at 0:5dc in the streamwise direction.
For instance, when the end of the cylinders is tangential to the model base,D = 0 and d = 0:5.
At around d < 3, the measured lift and drag coe�cients exhibit a strong sensitivity towards the
distance of the obstacles to the base. We can have sight of a rapid descent of the lift (increasing
downforce) and drag coe�cients when the obstacle pair is moved away from the base. While
from d � 3 onwards, the curves change slope. The lift coe�cients seemto 
uctuate around
constant values. And the drag coe�cients decrease mildly then followed by an increase and
�nally a decrease. The �nal raise and drop of the drag coe�cient at d > 4 is not of primary
concern as the obstacle pair is already very far away from thebase, which might bring about
other phenomenons. However, the continuous reduce ofCz and Cx with increasingd, and the
change in slope at nearly same normalized distanced � 3 consolidate the idea that the two
coe�cients are both tightly related to the streamwise development of the obstacles mean wakes.
Furthermore, from the drag evolution, it can be said that at equal normalized distance to the
base, smaller obstacle entails smaller vehicle drag.

Figure 3.28: The integrated underbody pressure (left axis) and integrated 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 plotted anew as a function of the
normalized distance from the base in Figure 3.28. The `large'and `small' blockage rates can
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obstacle pair. Besides, in this blockage range, the enlarging width only has a local impact
on the surface pressure of the vehicle. It raises the pressure upstream of the obstacles in the
underbody. And it decreases locally the pressure downstreamon the vehicle base as decreased
pressure condition is set at the rear separation of the obstacle and imposed on the vehicle base.
The pressure in the symmetrical planey = 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 vehicle surface. In the underbody, an
important pressure augmentation extends from upstream to downstream of the obstacle pair.
The di�user e�ciency decreases. In the middle of the underbody the exit 
ow is a�ected, and
the base centerline pressure drops concomitantly. On the upper part of the vehicle body, the
decreasing pressure all around the base boundary re
ects that the whole vehicle wake is con-
taminated by the enlarging obstacles in the underbody, therefore creates a broad suction on
the base surface. To sum up, the increase in underbody blockage rate increases slowly the base
suction and underbody pressure in the small blockage range while 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 theunderbody. In the horizontal
planar PIV measurements at the half of the ground clearance,for `small' blockage rate obstacles
(� 6 25%), no reversed 
ow is captured in their wakes atx > 0. Whereas for `large' blockage
rate obstacles (� > 25%), their mean wakes are not yet closed at the exit of the underbody.
The `merging' of their unclosed mean wakes with the vehicle wake is deemed to account for the
important increase in underbody pressure and base suction.

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

Eventually, the wake measurements in the symmetrical planedemonstrate that, for all the
tested pro�led obstacles, the vehicle mean wakes seem to have similar topology, with a large
clockwise mean recirculating structure and a smaller counter clockwise mean structure. While
compared with N , their wakes exhibit more pronouncedz-asymmetry which develop closer to
the ground. This is in accordance with their vertical pressure gradient of the base centerline
measurements. As summarized in Figure 3.30(a), theirdCp=dz values are similar but smal-
ler than that of N . In large blockage regime, the degree of wake asymmetry is very likely
to saturate, even though a decreasing di�user e�ciency is observed with increasing obstacle
width. In addition, there is a clear reduction of the recirculation length with increasing under-
body blockage rate (Figure 3.30(b)), indicating an increasing curvature of mean streamlines at
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Figure 3.30: (a) The vertical pressure gradient at the base centerlinedCp=dz as a function of the
blockage rate. N is also presented for comparison in black dot. (b) Mean baseCpB level as a function
of the recirculation length for decreasing blockage rate from left to right. 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 (Section 4.1.2). For rotating or stationary
rear wheels, no modi�cation has been remarked in terms of mean wake topology compared to
N (Section 4.1.3). The e�ect of the rear wheels alone can therefore be viewed, at �rst order, as
a blockage e�ect. The rotation or not of the wheels varies theblockage rate in the underbody,
with stationary wheels generating wider wakes hence higherblockage.

In Section 4.2, front rotating wheels are additionally included. 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 well-balanced vehicle wake in the
symmetrical plane is thus recovered. The wakes of the rear wheels are larger than those ofXR ,
revealing an enhanced interaction between the wheel wakes and the vehicle wake. However,
the locally decreased base pressure downstream the rear wheels is compensated by the pressure
recovery at the base upper region, due to the wake balance inversion. Therefore, the mean base
pressure (and drag) remain unchanged compared toXR .

At last in Section 4.3, di�erent wheel states are tested at the 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 pressure intheir wakes, leading to lower lift
coe�cient. While the vehicle wake balance is slightly a�ected. When the rear wheel rotation
is stopped, the di�user accentuates the higher blockage e�ect created by rear stationary wheel.
There is an increase in pressure between the rear wheels, leading to higher lift. The reduced
underbody 
ow momentum ultimately results in a downward de
ection of the vehicle wake.
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Another region with high unsteadiness is behind the wheel, asseen 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 proposed by Fackrell & Harvey (1975) albeit
not observed, and afterwards has been validated by Mearset al. (2004); McManus & Zhang
(2006); Heyder-Bruckner (2011). For another, an area of reversed 
ow can be found behind the
wheel in Figure 4.2(a) with negative streamwise velocity, and in Figure 4.3 marked asO. This
recirculation region also interacts with the 
ow entrainedupwards by the lower wheel running
surface, and the 
ow descending from the downstream part of the wheelhouse, marked asE in
Figure 4.3(c), hence gives rise to signi�cant 
uctuations.

In addition, the time-averaged streamlines of the simulation results shown in Figure 4.3(c)
globally agree well with the general schematic of the 
ow putforth 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 results in boundary layer separation
over the upper part of the wheel, which gives rise to the formation 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 outboard side, getting entrained by the
wheel rotation, recirculating inside the wheelhouse and the wheel hub cavity and eventually
leaving the wheelhouse from the rear upper part. An inner view of B is given in Figure 4.3(d).

Besides, there are also several disparities when compared to the results of Regert & Lajos
(2007). Firstly, inside the wheelhouse behind the leading edge, the boundary layer separation is
less pronounced and so does vortexH . It can be attributed to the smaller gap between the wheel
and wheel arch in our simulation. Secondly, there is no evident existence ofC and S arising
from the separation on the upstream and downstream edge of the wheel arch. In fact, for the
simulated front wheel in Regert & Lajos (2007), the outside 
ow and the wheel-approaching

ow have small yaw angle (pointing outboard) that promotes the separation. While in our
simulation, the boat-tail shape of the vehicle at its rear part 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 could also be the outside potential

ow that is inhaled inside, as shown in Figure 4.3(c), impinges on 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 descending from the wheelhouse and
gives rise to vortexE. An iso-x plane slightly upstream the end of the wheel (x = � 0:45) is
extracted from the simulation in Figure 4.3(e), colored by the 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 bottom 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 the
wheelhouse from the inner side and the rear bottom is captured as the green region at the
rear part of the wheel. From the 2D streamlines we can observethat the low velocity region is
diverted inward by the outside 
ow. And its size is much reduced 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 integrated 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 15:8% which is attributed to the raise of 4:8% in the
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integrated underbody pressure; and on the other, it increases the drag by 25:8% which can be
related to the reduction of 27:5% in the integrated base pressure.

SCz(m2) SCx(m2) SCpU(m2) SCpB(m2)
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 pressureCp distributions in the y = 0 plane
for the two cases are presented in Figure 4.4(a). When rear rotating wheels are employed, we
can perceive a subtle increase at the front part of the underbody (s < � 3), suggesting that the

ow velocity is marginally reduced from the entrance of the underbody. Between the front and
rear wheelhouses, the pressure raise is more noticeable, which is due to the stagnation zones
in front of the rear wheels that can be observed in their underbody pressure distributions in
Figure 4.4(b). The drop of the pressure at the rear part of the underbody forXR conjures up the
comparison betweenN and small blockage rate con�gurations in Section 3.2 (Figure3.14(a)).
However the pressure drop is not as tremendous as small blockage rates con�gurations. In
contrast to the rear wheels, the pro�led obstacles completely seal the gap between the vehicle
body and the ground. This reminds us of the work in Katz (1995)demonstrating the e�ect of
the side skirt gap on the downforce of a race car. They pointedout that, leaving even a small
gap between the ground and the side plate will allow the air from outside to penetrate into the
underbody low pressure region and yield a reduced downforce.

In the base, their centerline pressure distributions exhibit di�erent levels yet nearly the
same vertical pressure gradient (dCp=dz= � 0:044 for N and XR ). Actually the rear wheels
create a broad suction on the base, which is discernible on the base pressure distributions and
their di�erence in Figure 4.4(c). Moreover, the base pressure drop is more important at the
two sides (y � � 0:63).

In addition, there is a good continuity in their pressure distributions from the left side (in
the underbody) and from the right side (on the roof) of the base. Except the pressure tap
close the base, the other pressure measurements on the roof almost superimpose for the two
cases. It demonstrates that only at the rear part of the roof is the 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 understand the base pressure variation
using PIV measurements where available and simulation results for additional information.

As described in Section 4.1.1, the diverging surface behind the 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 prone to decrease the pressure
level downstream. This can be visualized in Figure 4.5(a), which 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 horizontal 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 at the front and rear tire shoulders and
two low pressure regions in the wheel wakes that extend further downstream into the vehicle
wake.

Not only the pressure is reduced by the rear rotating wheels but also the velocity is de-
creased behind them, as displayed in Figure 4.5(b). The time-averaged streamwise velocityu
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Summary In this section, we �rst brie
y outlined the 
ow structures a round the rear ro-
tating wheels gleaned from the numerical results. Permanent existing features of the rotating
wheels, such as thejetting phenomenon, the positive pressure peak (Cp > 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 isolated or inside a wheelhouse. The
comparison with the wheelhouse 
ow �eld in Regert & Lajos (2007) highlights the di�erence
in front and rear wheelhouses. Nonetheless, the general schematic of the 
ow agrees well with
their work.

Next, we explored how the inclusion of the rear rotating wheels interact with the 
ow
around the vehicle. Its comparison with the smooth vehicle con�guration N is conducted.
The rear rotating wheels decrease the underbody pressure between them as they partially
inhibit the outside 
ow from entering this low pressure region, similar to the small blockage
obstacles in Section 3.2. However they marginally increase the pressure at the entrance of
the underbody and vastly increase the pressure in front of them, which in total increase the
integrated underbody pressure and therefore the lift coe�cient, compared to N . The rear
rotating wheels together with the wheelhouses create low pressure regions in their wakes and
extend further downstream into the vehicle wake, consequently decreasing the pressure on the
base regions behind them, aty � � 0:6 in Figure 4.4(c). The global drop of the base pressure
is associated with the reduced recirculation length. High 
uctuations arising from the rear
wheels eventually increase the unsteadiness of the centralpart of the underbody 
ow more
downstream. Hence the entrainment inside the vehicle wake isincreased. However the wake
balance in the symmetrical plane is not changed compared toN . The reduction of the base
pressure results ultimately in the drag increase of the vehicle model.

The last emphasis is placed on the e�ect of the wheel state on the aerodynamic of the vehicle.
The rear wheels are retained stationary to compare with the rotating ones. We managed to
establish a link between the stop of the rotation and the increase 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 blockage range, the raise in blockage
increases the underbody pressure especially at the rear part and decreases globally the base
pressure. Similarly, the rear stationary wheels have higher de�cit in their wake (although no
reversed 
ow is captured in the PIV plane at the half of the ground clearance) compared to
the rear rotating wheels. They increase the underbody pressure, as underbody 
ow momentum
is reduced, and increase the base suction, as lower pressurecondition is imposed on the base
surface. Thus the lift and drag augment. Similarities also lie in modi�cations in the vehicle
wake. Higher 
uctuation in the recirculation bubble is responsible 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 structure created by wheels, at �rst
order, we can reproduce this wheel{vehicle aerodynamic interactions by passive obstacles, and
one of the important parameters to characterize the interaction is the wake width.

4.2 Baseline con�guration analysis

In this section, the study will be undertook in the most realist situation where four rotating
wheels are employed. This baseline con�guration is denotedwith RR. The experimental set-up
is the same as described in Section 2.1. In Section 4.2.1 the description of the 
ow around
front rotating wheel inside the wheelhouse will �rst be addressed. Then a short review of
the 
ow inside the rear wheelhouse will be given, with special regard 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 impactof 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 velocity is the velocity at the �rst mesh. On the
rear tire shoulders below the underbody, non-zero cross-
ow velocity v can be noticed, which
can draw the outer 
ow inward. Meanwhile forXR the magnitude of v is higher, indicating
that the vectoring of the cross 
ow is stronger and accordingly 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 global aerodynamic forces, the pressure
distribution of the vehicle surface as well as the vehicle wake. The full scale aerodynamic lift and
drag coe�cients and the integrated underbody and base pressure 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, when front wheels are present. This is
on account of the increase in the integrated underbody pressure. Secondly, the slight increase
in drag coe�cient is consistent with the marginal raise in base suction.

SCz(m2) SCx(m2) SCpU(m2) SCpB(m2)
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 in underbody blockage rate results
in base pressure drop. Nevertheless, from Figure 4.15 in previous section, the intensi�ed de�cit
behind the rear wheels ofRR does not increase dramatically the base suction as well as the drag
coe�cient when compared toXR . Therefore more research on the surface pressure variationis
required.

To begin with, the comparison of the time averagedCp distributions in the y = 0 plane for
XR and RR are provided in Figure 4.18(a). A zoom of the measurements inside the gray box,
as well as the 2 front pressure taps, denoted withi; ii; iii; iv , are presented in Figure 4.18(b).
By careful look at these measurements, we infer that the position of the front stagnation point
is di�erent for the two con�gurations. The deepened suctionat iii; iv for XR around the lower
radius of the front face suggests that its front stagnation point is displaced upwards compared
to RR. While its measurement ati is not lower than at ii , thus the stagnation point probably
locates between the two pressure taps. As forRR, the stagnation point is below the tapii and
above the negative measurement atiii . The lowering of the front stagnation point forRR is in
accordance with its reduced downforce reported in Table 4.4, which 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 
ow is notably
slowed down from the entrance of the underbody. Besides, at the rear part especially between
the rear wheels, the pressure is also higher forRR. The two curves increase with di�erent slopes
in the di�user. They cross and eventually recover to the basepressure 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 intersect again. For RR, its vertical pressure
gradient dCp=dz in the centerline is much higher: 0.065 compared to -0.044 for XR . On the
roof, the measurement of the pressure tap closest to the basemaintains a good continuity with
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plunges into the vehicle wake with higher angle, hence inducing 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 wheels con�gurations will be considered.
The experimental set-up is the same as described in Section 2.1. With the simulation results,
insight into 
ow around front and rear stationary wheel shielded in wheelhouse, and their links
to 
ow around isolated wheel are given in Section 4.3.1. Although a vehicle with stationary
wheels is not often representative of a real life scenario, except in circumstances where the
wheels are locked under braking, it is still of interest as itsheds light on the e�ect of the wheel
rotation. Thereupon in Section 4.3.2, comparisons among four combinations of front and rear
wheel states are addressed, which are vehicle with fourRotating 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. At
last, in Section 4.3.3, an approach to investigate the wheelstate, certainly out of step with
the reality, consists in turning the four wheels in the opposite direction. This con�guration
is denoted by (RR � 1). Its in
uence on the vehicle surface pressure distribution 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 wheels con�guration and four
stationary wheels con�guration can be outlined in Figure 4.27, with the help of the simulation
results. A quick look of the iso-contour ofCptot = 0 in Figure 4.27(a) reveals similar trend
for front and rear wheelhouse/wheel between the two con�gurations. At the upper part of the
front and rear wheelhouses, the total pressure loss regionsshrink in size for SS; whereas at
the bottom part of the wheel, the iso-contour extends largerand further. The mean velocity
�elds at the half of the ground clearance in Figure 4.27(b) bring to evidence the enhanced wake
de�cit behind the stationary wheels when compared to the rotating ones. More detailed 
ow
�elds around the front and rear stationary wheels inside thewheelhouse will be described to
better comprehend the di�erence with rotating wheels.

The time-averaged 
ow �eld around the front stationary wheel can be generally understood
from the numerical results presented in Figure 4.28. The iso-contour of Cptot = 0 on the upper
part of the wheelhouse in Figure 4.27(a) corresponds the out
ow in the same position depicted
in Figure 4.28(a). An inner view of the 3D streamlines in Figure 4.28(b) and (c) indicates that
this out
ow mainly arises from the up-
ow entering the wheelhouse, partly separating on the
upper tire tread and leaving the wheelhouse, which resembles the structureA in rotating wheel
situation. However this separation occurs more downstream compared to a rotating wheel. For
rotating front wheel, large amount of 
ow leaves the wheelhouse (in vortex A and B) from
the upper part as a consequence of the rotation. Here the out
ow from the upper part of the
wheel arch is much reduced. Instead the 
ow inside the wheelhouse mainly leaves the volume
from the bottom rear opening, as can be clearly observed fromFigure 4.28(b) and (c). At
the rear part of the wheel, the outboard main streamwise 
ow and inboard recirculating 
ow
is drawn to attach on the rear tire tread and directed downwards. Further more, there is no
upwards entrained 
ow at the rear bottom of the wheel as the wheel is not rotating. Hence,
the important downward 
ow leaving the wheelhouse spreads all the way to the ground and
rolls up, forming a counter rotating vortice pair, which greatly enlarges the front wheel wake
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SCz(m2) SCx(m2) SCpU(m2) SCpB(m2)
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 obs erved, from which we specu-
late that for the same rear wheel state, the rotation of the front wheel increases the lift
(SCzRS > SCzSS, SCzRR > SCzSR), while for the same front wheel state, the rotation of
the rear wheel decreases the lift (SCzSR < SCzSS, SCzRR < SCzRS ). As far as the drag
coe�cient is concerned, the four rotating wheels con�guration has the smallest drag. The stop
of the front wheel rotation raises slightly the vehicle drag, while the stop of the rear wheel
rotation has a higher penalty on the vehicle drag. When the rotation of the front wheel and
rear wheel is inhibited at the same time, the drag further increases. While in general, it is the
rear wheel state that dominates the drag level. In addition, there is a good correlation between
the lift coe�cient and integrated underbody pressure, as well as between the drag coe�cient
and integrated base pressure.

The analysis of the pressure variation related to di�erent wheel state is primarily undertook
in the median planey = 0 (Figure 4.31(a)). Ostensibly, at the front part of the underbody
(s < � 2), the pressure levels are close for con�gurations with same front 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 by their rear wheel state. And their
underbody and base pressure maps in Figure 4.31(b) and (c) conform to the line plot in the
y = 0 plane.

In Figure 4.31(b), considering con�gurations with same rearwheel state, behind front sta-
tionary wheels (SR and SS), the pressure appears to be much lower. While if same front wheel
states are preserved, we can discern an important pressure drop between rear rotating wheels
(RR and SR). These two types of pressure reduction arise from di�erentmechanisms. The �rst
one is linked to the wheel wake, the latter is associated withthe underbody 
ow momentum.
According to Section 4.3.1, the signi�cant pressure recovery behind the front rotating wheels
is achieved by the elimination of the counter-rotating ground vortex pair. That is why for
the same rear wheel state con�gurations, the rotation of thefront wheels augments the lift
coe�cient ( SCzRS > SCzSS, SCzRR > SCzSR) owing to their higher pressure imprint on the
underbody. Meanwhile, if we compare the con�gurations withsame front wheel states, the im-
portant suction due to rear wheel rotation indicates that the 
ow velocity is increased, which
accounts for the drop of the lift coe�cient (SCzSR < SCzSS, SCzRR < SCzRS ). Moreover, a
decreased di�user e�ciency is discernible in the line plot in Figure 4.31(a) for rear stationary
wheels con�gurations. Similar results have been reported in Section 4.1.3 betweenXS and XR ,
where the e�ect of the rear wheel state was demonstrated, at �rst order, to be a blockage e�ect.

The pressure distributions on the body 
ank also make the wheel wakes identi�ed (Fi-
gure 4.31(d)). For front stationary wheels con�gurations (SR and SS), the low pressure region
downstream the wheelhouse reaches a minimum at the lowest pressure tap. Yet for front rota-
ting wheels (RR and RS), the most important suction is measured at the higher pressure tap.
On the basis of the wheelhouse out
ow description in Section4.3.1 and 4.2.1, the former is as-
sociated with the counter rotating vortex developed on the ground, and the latter is connected
to the out
ow from the side of the wheel arch. Besides, downstream rear stationary wheels (RS
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 direction 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 in situations where the wheels are
locked under braking, whereas turning the wheels in the opposite direction seems completely
disconnected from reality. However it is still of interest toreinforce the links between underbody
blockage with the vehicle aerodynamics.

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

SCz(m2) SCx(m2) SCpU(m2) SCpB(m2)
RR 0.020 0.393 -2.274 -0.234
SS 0.083 0.448 -2.256 -0.263

RR � 1 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 forRR, 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 the integrated underbody and base
pressure. The comparison of their surface pressure distributions 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 SS and to RR � 1, a gradual raise of the underbody centerline pressure can bediscernible
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. The progressive reduced di�user
e�ciency is also brought to light. In the base, the curves arelayered with gradual deepened
suction. The vertical pressure gradient ofRR � 1 is reckoned to bedCp=dz= � 0:008. At the
rear roof, a good continuity of pressure measurements is maintained with the base pressure
level.

From the underbody pressure maps in Figure 4.40(b), forRR � 1 the important suction zones
behind the front wheels move more inwards than those ofSS. Meanwhile, the lowest pressure
tap downstream the front wheelhouse on the vehicle 
ank (Figure 4.40(c)) exhibits a slight
pressure recovery. It can thus be inferred that the oppositerotation strongly entrains the 
ow
inside the large front wheelhouse cavity that fuels the counter rotating ground vortices at the
inner side. Their pressure standard deviation distributions in Figure 4.41 reveal a much more
enhanced 
uctuation of RR � 1 downstream the front and rear wheelhouses, and at the inboard
side of rear wheelhouses. In the underbody, the regions withenhanced 
uctuation gain in size,
which supports the enlargement of wheel wakes. Therefore itis believed that the enlarged rear
wheel wakes strongly interact with the vehicle wake, and yield the broad suction on the entire
base surface (Figure 4.40(d)).
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plane. Comparing same rear state con�gurations, with frontrotating wheels, the saddle point
in the mean wake is displaced more downwards. While their basepressure and drag level mildly
precede those with stationary front wheels.

The most unrealistic con�guration with four wheels turning in the opposite direction is
equally measured in order to further validate the aforementioned link between wheel wake size,
underbody blockage and base pressure level. Although neither numerical simulation nor PIV
measurements of the wakes are available for this con�guration, it can be expected that the
opposite rotation of the wheel is in favor of the downwash behind the rear tire tread therefore
additionally increases the wheel wakes. This is corroborated by the increased pressure between
the wheel pair in the underbody and the decreased pressure in the base.

At last, it is important to emphasize the higher sensibilityof the well-balanced wake (the
baseline con�guration) towards rear wheel state variation(rotating/stationary/turning in op-
posite direction), as the modi�cation of wake wall-normal equilibrium was not observed in
previous section for two rear wheels con�gurations (Section 4.1.3).



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 the underbody, particularly on the rear
part. This decrease in underbody 
ow momentum causes the mean wake completely being
diverted downward. This global e�ect leads to an insensitivity of the aerodynamic coe�cients
towards underbody disturbances (presence of wheels, stateof the wheels, ...). In other words,
the presence of a di�user accentuates the global, local and wake balance e�ects introduced by
rear underbody modi�cations.

The second part investigates e�ects of two di�erent tires. One has carborundum powder
glued on the 
ank, aiming at representing tire sidewall marking; the other is a slick tire without
grooves. It is shown that the change of tire (front or rear) may be interpreted as a change in
the wheel blockage rate (wheel more or less wide) with the same consequences on the pressure
distributions at the base and underbody as those analyzed inprevious chapters (but with a
smaller e�ect). It has also been observed that the rear tire change can, in some con�gurations,
have a signi�cant e�ect on the wake balance. In addition, we present the pressure distributions
inside the front and rear wheelhouses. Local pressure modi�cations 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
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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 5� to 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(m2) �=SCz SCx(m2) �=SCx SCpU(m2) �=SCpU SCpB(m2) �=SCpB

XS -0.225 - 0.445 - -2.662 - -0.260 -
XSc 0.002 -100:9% 0.492 10:6% -2.430 -8:7% -0.308 18:2%
SS 0.083 - 0.448 - -2.256 - -0.263 -

ScSc 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 -

ScSc 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 (XS , SS and SS).

SCz(m2) �=SCz SCx(m2) �=SCx SCpU(m2) �=SCpU SCpB(m2) �=SCpB

XR -0.379 - 0.390 - -2.768 - -0.232 -
XR c -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 -
RcR -0.009 -145:0% 0.386 -1:8% - - - 0.236 0:8%
RRc 0.062 60:0% 0.394 0:3% -2.243 -1:4% - 0.236 0:8%
RcRc 0.079 295:0% 0.386 -1:8% -2.244 -1:3% - 0.237 1:3%
RR 0.339 - 0.437 - -1.937 - -0.306 -

RcRc 0.283 -16:5% 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 `marking' (glued carborundum powder). The
relative di�erences are equally given with respect to the reference tire con�gurations (XR , RR and
RR). For instance, the con�guration RRc 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 relativedi�erences in lift coe�cients
often exhibit important values. It can be referred to the lift coe�cients of the reference con�gu-
rations being close to zero, or the reverse in sign ofSCz between the counterparts. In addition,
except for comparison betweenXS and XSc, the relative di�erences of drag and base pressure
seem to be much lower. In order to better visualize the small variations especially in the base,
the surface pressure di�erences will be presented with respect to the reference con�gurations.

Figure 5.11 is comprised of the surface pressure di�erence for stationary wheels con�gura-
tions. For two wheels con�gurations, the stationary wheelswith sidewall markings eminently
increase the underbody pressure (except immediately downstream the rear wheels) and the base
suction, which is amount to an increase in the underbody blockage rate. In essence, forXSc,
the PIV measurements at the half of the ground clearance (Figure 5.12(a)) assume reversed

ow in the wheel wakes, as opposed toXS . According to Section 3.2.4, the drastic drop of
base pressure is thus an illustration of the strong interaction of the unclosed wheel wakes with
the vehicle wake. It is worthwhile mentioning that the physical size of the glued carborundum
powder is no larger than 2mm, which at most increases the physical blockage rate from 24:6%
of a reference wheel pair to 25:2%. The relative decrease in base pressure is 18:2% (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 leadsto 20:1% of the base pressure
drop. It is thus inferred that the glued carborundum powder on the wheel sidewall importantly
enhances the intensity of the ground counter rotating vortex pair 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, except for the lift coe�cients of four
wheels con�gurations, which are very close to zero.

SCz(m2) �=SCz SCx(m2) �=SCx SCpU(m2) �=SCpU SCpB(m2) �=SCpB

XS -0.225 - 0.445 - -2.662 - -0.260 -
XSs -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 -

SsSs 0.103 24:1% 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(m2) �=SCz SCx(m2) �=SCx SCpU(m2) �=SCpU SCpB(m2) �=SCpB

XR -0.379 - 0.390 - -2.768 - -0.232 -
XR s -0.350 -7:7% 0.397 1:8% -2.767 -0:04% - 0.235 0:4%
RR 0.020 - 0.393 - -2.274 - - 0.234 -

RsRs 0.051 155:0% 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 variation 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,RcRc has
a lower drag thanRR (-1:8%) while subject to higher base suction (1:3%). On the 
ip side,
in Table 5.6, RsRs 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�erent tire inside the wheelhouses.
For example, the front rotating wheel with sidewall `marking' tire increases the pressure at the
front region of the wheel arch while decreases the pressure at the rear part (Figure 5.16 (e)).
A resultant pressure force of the front wheelhouse is thus reckoned to be an additional `thrust'
when compared to the baseline con�guration. It counteractsthe base suction, which seems to be
in good consistent with the fact thatRcRc has lower base pressure but smaller drag coe�cient.
Besides, the front rotating wheel with slick tire is likely to create higher wheelhouse drag as
lower pressure is discernible at the front region of the wheel arch (Figure 5.22). Whereupon,
it is worth taking into account the wheelhouses and assessing their 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 dragFx can thus be written as:

Fx = Ff + Fv + Fwhh � FB (5.1)

where Ff symbolizes the integrated frontal force,Fv stands for the viscous force,Fwhh is the
integrated pressure force of the four wheelhouses projected onto the x-axis, andFB represents
the force exerting on the base. Applying time-averaging we have:

Fx = F0 + Fwhh � FB (5.2)
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where we denote the sum of the mean frontal and frictional force by F0. Normalized by
1
2

�V 2
0

gives:
SCx = SCx0 + SCpwhh � SCpB (5.3)

In each term the subscript of the surfaceS is omitted for the sake of brevity, while eachS
represents the corresponding integrated surface. If we posit that the frontal forces summed
with frictional force is quasi-stationary, it can thus be said that the change in drag is correlated
to 100% of the modi�cation in base pressure plus wheelhouse pressure.

Figure 5.24: (a) SCx versus� SCpB , with �t function � SCpB = 0 :81SCx� 0:08 (R2 = 0 :77) depicted
in dash line; (b)SCx versusSCpwhh ; (c) SCx versus sum of� SCpB and SCpwhh , with �t function
� SCpB + SCpwhh = 1 :00SCx � 0:15 (R2 = 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 � SCpB , SCpwhh and their sum will be plotted
as a function ofSCx in Figure 5.24 for all the con�gurations considered in this study with
measurements in the wheelhouses and on the base. A good correlation between the drag and
base pressure is demonstrated by Figure 5.24(a). The slope of0.81 emphasizes a dominant
contribution of the base surface to the vehicle drag. And overall the base pressure drives
the variations of drag recorded for di�erent combinations of the wheels and vehicle geometry,
consistent to the recent studies of Littlewood & Passmore (2012), Grandemangeet al. (2014),
Perry et al. (2015) and Perryet al. (2016).

Figure 5.24(b) gives the wheelhouse drag as a function ofSCx. The blue dash line indicates
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zero wheelhouse drag. Con�gurationN is the case as a consequence of the plugged wheelhouses.
Below this line, the resultant pressure force of the wheelhouses can be viewed as a `thrust'. The
rotating wheel with sidewall `marking' tire can provide this additional `thrust', which mainly
due to the higher pressure it creates at the front bottom surface of the wheel arch, and higher
suction at the rear bottom surface of the wheel arch (Figure 5.16), when compared toRR whose
wheelhouse drag is slightly positive.

On one hand, the coe�cient of determinationR2 of the �t function ( SCx vs: � SCpB) is
0.77, suggesting a certain incoherence as mentioned in the �rst paragraph of this section. On
the other, no evident correlation can be found forSCx vs: SCpwhh . However, when summing up
the two terms, an excellent correlation is unfolded, with a slope of one and a higher coe�cient
of determination (0.89), which strongly corroborates Eq. 5.3. And the constant 0:15 in the �t
function corresponds the contribution of the frontal and frictional force, which is constant at
�rst order.

Summary In this section, the tire with sidewall `marking' and the slick tire are investigated,
in comparison with the reference tire. As opposed to wheel state change or vehicle geometry
change, the aerodynamic coe�cient measurements reveal a general smaller order of magnitude
of the variations induced by the tire modi�cation, especially for rotating states.

When compared to the reference cases, the stationary wheel with sidewall `marking' seems
to increase the underbody blockage rate by enhancing the ground counter rotating vortices
downstream the wheels, therefore leading to higher lift andunderbody 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 wheels decreases the base centerline
pressure gradient to zero. Correspondingly, in the vehiclewake the upwash from the underbody
is reduced. While the front rotating wheel with sidewall `marking' tire does not greatly in
uence
the wake balance. These results demonstrate a high dependence of the wake wall-normal balance
on the rear tire (when the vehicle is equipped with an underbody di�user). The reduced upwash
by these tires seems to be in accordance with the less inward defecting rear wheel wakes. The
pressure measurements in the rear wheelhouse agrees well with this point, as it can be detected
a decreased inward-pointing pressure gradient in the vicinity of the wheel's rear bottom. The
increase of the wake size by this tire is still open issues. Itcan probably be related to the
enhanced vorticity in the shear layers developing at the twosides of the wheel.

A reduction of the base centerline pressure gradient and an increase 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 probably attributed to the completely
blocked contact patch. Contrary to the reference wheel withthree longitudinal grooves, there
is a jet-like 
ow passing through the grooves and directed into the wheel wake region, evidenced
by the numerical results, which may ultimately reduce the wake size.

At last, the wheelhouse contribution is investigated for all the measured con�gurations.
The rotating wheel with sidewall `marking' tire appears to bring about wheelhouse `thrust',
counteracting the base suction. The vehicle drag and the sumof base and wheelhouse drag
follow a linear dependence. The slope of one indicates that the change in drag is correlated
to approximately 100% of the modi�cation in base pressure plus wheelhouse pressure. The
a�ne function between base pressure and vehicle drag exhibits a slope of 0.81. Thus roughly
speaking, the wheelhouse drag variation represents nearly19% 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 aerodynamic characteristics of the wheels
themselves, and in turn their interaction with the vehicle,are a crucial area of understanding for
car manufactures. The well-balanced wake built into a basicvehicle body can be deteriorated by
interaction with the four wheels in the underbody. On these grounds, the vehicle model that we
employed throughout the study is a geometry having a balanced wake1 including four rotating
wheels with standard tires. Nonetheless, this wake balance can be easily modi�ed by wheel
state (Section 4.3) or tire modi�cation (Section 5.2). By eliminating front wheels (Section 4.1),
four wheels (Section 3.1), or underbody di�user (Section 5.1), the underbody 
ow momentum is
much increased or decreased. The vehicle wake develops intoa non-balanced topology, whereas
the wake organization seems more robust towards underbody perturbations. A general picture
of the wake balance as a function of underbody 
ow momentum, quanti�ed roughly by the base
vertical pressure gradient and the integrated underbody pressure, is given in Figure 6.1.

Figure 6.1: The integrated underbody pressure versus base verticalpressure gradient, for all the con-
�gurations measured in the experiment. The red and magenta points are respectively 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 model with plugged wheelhouses,

1in 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 underbody. The measured base
vertical pressure gradient is around -0.075 to -0.04.

� At moderate underbody 
ow momentum (ii), it is when four wheels are employed. The
mean wake balance is very sensitive to the state of the wheel and type of the tire, and
the base vertical pressure gradient varies from -0.008 to 0.085. The well-balanced con-
�guration has a vertical pressure gradient of 0.065, with important 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 vehicle wake. The base vertical
pressure gradient is around -0.075.

The vehicle model originates from ASMO model (Section 2.1.2)and has been optimized
with reference four rotating wheels. Whereas intrinsicallythe smooth model has a reversed
wall-normal wake balance (base vertical pressure gradientbeing -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 geometry (spoiler and di�user angle)
with four rotating wheels. In addition, the wake balance inversion 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 subject to important downwash from
the roof.

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

The experimental investigation of underbody blockage controlled by obstacle pair at the rear
underbody of the vehicle model shows similar vehicle wake organizations, dominated by upper
larger clockwise recirculating structure in the mean wake.While with increasing obstacle size, a
shortening of the mean recirculation bubble is evidenced. Furthermore, two regimes depending
on the obstacle size, can be identi�ed:

� At small blockage (obstacles of small width), only local e�ects are observed. Down-
stream of the obstacles, their local pressure imprint on thevehicle base decreases with
the increasing width. While the pressure on the symmetrical plane of the vehicle remains
una�ected.

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

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

Generally speaking, with the increase in obstacle size or the approach of the obstacles
towards the base, both the base suction (or drag) and underbody pressure (or lift) increases.
At the �rst regime, the closure of the obstacle wake is upstream the end of the underbody, in a
mean point of view. While in the second regime, with the `merging' of the `unclosed' obstacle
wake with the vehicle wake, the sensibility of the global aerodynamic coe�cients towards the
size of the obstacles or the distance of the obstacles to the base, are signi�cantly increased.

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

Such phenomenon can also be applied to more complex situations, from replacing the rear
obstacle pair by rear wheels to vehicle model including fourwheels, with di�erent vehicle
shapes. The stop of the rear wheel rotation, in Section 4.1 (two rear wheels con�gurations),
Section 4.3 (four wheels con�gurations) and Section 5.1 (vehicle without di�user, four wheels
con�gurations), all amount to an increase in underbody blockage, 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 increase in underbody blockage, ty-
pically with small amplitude, compared to the reference tire with three longitudinal grooves
(Section 5.2). The con�guration with two rear wheels equipped with carborundum powder
glued on the tire 
ank in stationary state appears to be the only one that can be classi�ed
into the second regime, as only in its horizontal PIV plane atthe 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 second regime from the �rst might
be lack of precision, as their wakes may not be homogeneous inthe 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 two regimes due to the `merging' of the
underbody obstacle/wheel wakes with the vehicle wake also remain 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 with standard tires, demon-
strate that, depending on whether at front or rear axle the wheel rotation is inhibited, either
local or global e�ect of the wheel is highlighted (Section 4.3).

The front stationary wheels create larger wake and lower pressure 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 wheel state has little in
uence
on the wake topology and therefore on the base pressure, as well as on the drag. We believe
that this �nding is important as the variation of the global l ift of the vehicle can be attributed
to very di�erent e�ects: on the one hand, the local pressure imprint by the wheel wakes; on
the other hand, the global variation of underbody 
ow momentum. Typically, the stationary
rear wheels mainly decrease the underbody 
ow momentum, compared to rotating rear wheels,
owing to the blockage e�ect coupled with the vehicle di�user. They importantly increase
the underbody pressure at the entrance of and in the di�user,therefore leading to higher lift
coe�cient. The upwash from the underbody is reduced. The mean reciruclation bubble of the
vehicle is thus diverted more towards the ground (Figure 4.34), with a shortened length and
enhanced turbulent kinetic energy in the lower shear layer (Figure 4.36).

In parallel, changing the tire at either front or rear wheelscompared to the baseline con�gu-
ration, also suggests higher impact of the rear tire on the wake-balance. Furthermore, the tire
with side wall carborundum powder can bring about higher modi�cation in terms of surface
pressure distribution than the slick tire. However, it is found that the blockage e�ect of the rear
rotating wheel with side wall carborundum powder is still smaller than stop of the rear wheel
rotation, as visible in Figure 5.8 and 5.14. Whereas the two modi�cations increase the wake
wall-normal asymmetry to almost the same level. Other mechanism apart from the underbody
blockage e�ect, responsible for the wall balance modi�cation, is proposed according to the pres-
sure measurements inside the rear wheelhouses in Figure 5.16. The reduced inward-pointing
pressure gradient in the vicinity of the wheel's rear bottom, which is a local e�ect of the tire,
might be linked to the less inward de
ection of the rear wheelwakes, and the reduced upwash
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from the underbody. The increase in the turbulent activity in the shear layers of the wheels
with side wall carborundum powder is also likely to modify the wake balance, and needs to
be further investigated. Nevertheless, this observation points out again the sensitivity of the
well-balanced wake towards underbody perturbations.

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

� local e�ect: in the near wakes of the wheels is low pressure region. The wakes of front and
rear wheels can impact the underbody pressure. The near wakes of the rear wheels can
interact with the vehicle wake, and impact the base pressure. Particularly, the merging
of non-closed mean wakes of the rear wheels with the vehicle wake gives rise to strong
penalty in drag. This has a �rst order e�ect on aerodynamic forces.

� global e�ect: depending on the presence of the wheels, wheels states, or types of the
tires, the underbody 
ow momentum can be modi�ed. Front wheels have, of course, a
major in
uence on the underbody 
ow momentum. While as far as the rear wheels are
concerned, this e�ect is particularly emphasized if the vehicle 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 the vehicle (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 modify the mean wake balance of
the vehicle. Therefore, the base pressure distribution canbe modi�ed, which has a second
order e�ect on aerodynamic forces. The minimum base drag is obtained in the present
case for a positive vertical pressure gradient in the base centerline.

6.2 Perspectives

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

In terms of the drag reduction strategies, the existence of the two regimes controlled by
obstacle pair at the rear underbody is of crucial interest, which provides some guidelines to
improve vehicle drag. Considering the two regimes depictedin Figure 3.28(b), it is thus prefe-
rable to keep a distance of larger than 1.5 times of the rear wheel width between the vehicle
base and the end of the wheel, to mitigate the drag penalty. Itcould be done by mounting the
rear axle more upstream3 or using thinner wheels, meanwhile ensuring not much deterioration
of other performance as security and stability. The use of thinner wheels should also take into
account the relatively increased wheelhouse volume, whichmight in turn increase the vehicle
drag (Regert & Lajos, 2007; Fabijanic, 1996; Thivolle-Cazat & Gilli�eron, 2006). Experimen-
tally, it could be interesting to extend the rear obstacle parametric 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 wheel with sidewall carborundum
powder tire, the small increase of the base drag is compensated by the decrease of wheelhouse

3this might not be easily applied in reality, as the wheelbase and other geometry parameters are highly
constrained by the vehicle's functional aspects
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drag, ultimately leads to lower vehicle drag. The increase of base drag is related to the slight
deterioration of the mean wake balance. While the decrease ofthe wheelhouse drag arises from
the local suction created at the rear bottom surface of the wheel arch. A drag reduction strategy
will be taking advantage of the wheelhouse drag reduction bythese tires, meanwhile applying
movable 
aps, synthetic jets or other control devices to improve the vehicle wake balance.

Eventually, the focus of this work concentrates on the time-averaged 
ow �eld. It is sugge-
sted to extend the understanding of the wheel-vehicle interaction from an unsteady 
ow scope.
The work of Bonitz et al. (2018) reported coherent structures emanating from the topof the
front wheel arch, at the wheel rotating frequency. Although the rear wheelhouse was not the
concern of their work, it is believed that similar dynamics could 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 particular their wakes convecting in the
underbody and interacting with the vehicle wake downstream. It can thus be anticipated that
the structures created from the upper part of the rear wheelhouses, at the side-body, would
also modify the vehicle wake. Assuming that these coherent structures propagate downstream
until the trailing edge, a Strouhal number based on the rotating frequency (dominant frequency
of the coherent structures evidenced by Bonitzet 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 enhance
the shear layer turbulence from the side wall separation, therefore contribute to base pressure
drag. While with the parametric study using underbody obstacles beneath smooth vehicle
model, this contribution can not be evaluated4.

In parallel, other dominant peaks were detected in the frequency spectrum behind the ro-
tating wheels. For instance, the experimental measurements and RANS simulations in Croner
(2014) reported 
ow structures emanating from the rear wheelhouse cavity at the second har-
monic of the rotating frequency. Heyder-Bruckner (2011) pointed out a vortex shedding of
300Hz at the lower wake of an isolated rotating wheel using DES. It would be of value to in-
vestigate the impact of these multi-frequency structures created 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-vehicle interaction, via experimental investigations 
on a 2/5-th scale vehicle with an underbody diffuser and 2/5-th scale wheels equipped with Michelin tires. The 
vehicle geometry, based on ASMO model, was modified prior to the PhD work, in order to achieve a reasonable 
front wheel yaw angle, and a realistic wake balance with four rotating wheels. It is the baseline configuration in 
the scope of this work. 

The findings demonstrate that the well-balanced wake of the baseline configuration can be easily modified by 
different wheel states or tire modifications, especially at the rear axle. This results from a global effect of the 
underbody momentum modifications, i.e. a high wake sensitivity to the underbody flow. On the contrary, when 
the vehicle mean wake develops into a non-balanced topology, it is more robust towards underbody perturbations 
such as different wheel states or tire modifications. By eliminating four wheels or front wheels, the underbody 
momentum flux is vastly increased; by eliminating the underbody diffuser, which is a vehicle geometry 
modification, the underbody momentum flux is significantly reduced. In these two circumstances, one can observe 
a robust downwash from the roof, independent of the wheel states or tire modifications. 

Besides, there is a more local effect of the wheels near wakes on the aerodynamic lift and drag of the vehicle. Low 
pressure regions in the underbody downstream the front wheels have an effect on vehicle lift. The rear wheels 
impose pressure conditions on the vehicle base, influencing the vehicle drag. Particularly, the merging of non-
closed mean wakes of the rear wheels with the vehicle wake can give rise to strong penalty in vehicle drag. 

 
Key words: Motor vehicles�² Tires, Automobiles�² Aerodynamics, Wakes (Aerodynamics), Drag 
(Aerodynamics), Lift (Aerodynamics), Turbulence 

 

Etude des interactions aérodynamiques roue-véhicule 

�/�¶�R�E�M�H�W���G�H���O�D���W�K�q�V�H���H�V�W���G�H���P�L�H�X�[ �F�R�P�S�U�H�Q�G�U�H���O�¶�L�Q�W�H�U�D�F�W�L�R�Q���H�Q�W�U�H���O�D���U�R�X�H���H�W���O�H���Y�p�K�L�F�X�O�H�����j���W�U�D�Y�H�U�V���G�H�V���H�[�S�p�U�L�P�H�Q�W�D�W�L�R�Q�V��
�V�X�U���X�Q�H���P�D�T�X�H�W�W�H���j���O�¶�p�F�K�H�O�O�H���������L�q�P�H���p�T�X�L�S�p�H���G�¶�X�Q���G�L�I�I�X�V�H�X�U���H�W���G�H���S�Q�H�X�V���0�L�F�K�H�O�L�Q�����/�D���J�p�R�P�p�W�U�L�H���G�X���Y�p�K�L�F�X�O�H�����E�D�V�p�H��
sur le modèle ASMO, a été modifiée précédemment à ce tr�D�Y�D�L�O���D�I�L�Q���G�¶�R�E�W�H�Q�L�U���X�Q���D�Q�J�O�H���G�¶�D�W�W�D�T�X�H���G�H���O�¶�p�F�R�X�O�H�P�H�Q�W��
sur les roues avant et un équilibre du sillage réaliste en présence de quatre roues tournantes. Cette configuration a 
servi de référence dans le cadre de cette étude.  

Il  a été mis en évidence que la �F�R�Q�I�L�J�X�U�D�W�L�R�Q���G�H���E�D�V�H���D�Y�H�F���X�Q���V�L�O�O�D�J�H���p�T�X�L�O�L�E�U�p���S�H�X�W���I�D�F�L�O�H�P�H�Q�W���r�W�U�H���P�R�G�L�I�L�p�H���G�¶�X�Q��
�S�R�L�Q�W�� �G�H�� �Y�X�H�� �D�p�U�R�G�\�Q�D�P�L�T�X�H�� �H�Q�� �F�K�D�Q�J�H�D�Q�W�� �O�¶�p�W�D�W�� �G�H�V���U�R�X�H�V�� ���H�Q�� �U�R�W�D�W�L�R�Q�� �R�X�� �S�D�V���� �H�W�� �O�H�� �W�\�S�H�� �G�H�� �S�Q�H�X�P�D�W�L�T�X�H���� �H�Q��
�S�D�U�W�L�F�X�O�L�H�U�� �V�X�U�� �O�¶�H�V�V�L�H�X�� �D�U�U�L�q�U�H���� �&�H�O�D�� �S�U�R�Y�L�H�Q�W�� �G�¶�X�Q�� �H�I�I�H�W�� �J�O�R�E�D�O �H�W�� �G�¶�X�Q�H�� �V�H�Q�V�L�E�L�O�L�W�p�� �L�P�S�R�U�W�D�Q�W�H�� �G�H�� �O�¶�p�T�X�L�O�L�E�U�H�� �G�X��
sillage  aux changements de débit au soubassement. A contrario, lorsque le sillage du véhicule se trouve 
�G�p�V�p�T�X�L�O�L�E�U�p�����L�O���G�H�Y�L�H�Q�W���S�O�X�V���U�R�E�X�V�W�H���S�D�U���U�D�S�S�R�U�W���j���G�H�V���S�H�U�W�X�U�E�D�W�L�R�Q�V���G�H���V�R�X�E�D�V�V�H�P�H�Q�W���F�R�P�P�H���X�Q���F�K�D�Q�J�H�P�H�Q�W���G�¶�p�W�D�W��
des roues ou une modification des pneumatiques. �6�L���O�¶�R�Q���V�X�S�S�U�L�P�H les quatre roues ou uniquement les deux roues 
�D�Y�D�Q�W�����O�H���G�p�E�L�W���G�H���T�X�D�Q�W�L�W�p���G�H���P�R�X�Y�H�P�H�Q�W���D�X���V�R�X�E�D�V�V�H�P�H�Q�W���H�V�W���J�U�D�Q�G�H�P�H�Q�W���D�X�J�P�H�Q�W�p�����3�D�U���F�R�Q�W�U�H�����V�L���O�¶�R�Q���V�X�S�S�U�L�P�H��
le diffuseur (changement important de la géométrie du véhicule), celui-�F�L���V�¶�H�Q���W�U�R�X�Y�H���Q�H�W�W�H�P�H�Q�W���U�p�G�X�L�W�����'�D�Q�V���F�H�V��
deux configurations, le sillage est très fortement déséquilibré vers le sol et devient indépendant aux modifications 
apportées sur les roues.  

Il  a également été mis en évidence un effet plus local du sillage des roues sur la portance et la traînée du véhicule. 
En effet, la zone de dépression dans le sillage des roues avant a un effet sur la portance alors que le sillage des 
roues arrière pilote en partie la pression au culot et donc la traînée. Il a ainsi été observé une augmentation 
importante de la traînée du véhicule lorsque le sillage des roues arrière, non fermé, venait en interaction directe 
avec le sillage du véhicule. 

 
Mots clés: Véhicules automobiles�² Pneus, Automobiles�² Aérodynamique, Sillage (aérodynamique), Traînée 
(aérodynamique), Portance (aérodynamique),  Turbulence 
 

 

 

 


	Introduction and literature review

