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M. Markus Uhlmann
HDR, Karlsruhe Institute of Technology, Rapporteur
M. Romain Volk
HDR, ENS Lyon, Rapporteur
M. Haitao Xu
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Résumé en français



Cette thèse est organisée en deux parties. Après une brève discussion présen-
tant la soufflerie du LEGI et des techniques expérimentales utilisées (chapitre
2), une première partie étudie les effets individuels des particules dans les
écoulements tantôt laminaires et turbulents. Les propriétés d’un pendule
immergé dans une écoulement moyen sont analysées dans le chapitre 3. Les
chapitres 4, 5 et 6 abordent ensuite la question de la dynamique d’objets
tractés. Le Chapitre 4 concerne les instabilités de sillage d’une sphère trac-
tée dans un réservoir d’eau tandis que les autres chapitres portent sur la
dynamique d’objets tractés dans la soufflerie sous un écoulement laminaire
(chapitre 5) et turbulent (chapitre 6), pour lesquels les instabilités aéroélas-
tiques jouent un rôle prépondérant.

Dans une seconde partie je me suis intéressé aux effets collectifs d’une
population dense d’inclusions en interaction avec un champ turbulent. Trois
chapitres traitent la question de la concentration préférentielle: des bulles
d’air dans un canal à eau (chapitre 7), des particules solides dans un écoulem-
ent en eau de von Kármán (chapitre 8) et des gouttelettes d’eau en turbulence
de grille active dans la soufflerie (chapitre 9). Le premier chapitre de cette
partie (chapitre 7) propose une introduction générale de la problématique
de la concentration préférentielle de particules en turbulence, alors que le
dernier chapitre (chapitre 9), présente quelques conclusions générales.
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Chapitre 1: Introduction

Ce chapitre offre une introduction sur les différents modes d’interaction entre
une particule et un fluide, en commençant par une description de la force
de trâınée, et de la difficulté à modéliser les coefficients aérodynamiques,
notamment en conditions turbulentes.

La dynamique des particules dans un écoulement est ensuite étudiée.
L’équation de Maxey-Riley-Gatignol [61, 36], qui reste à ce jour le modèle le
plus abouti dont nous disposons (malgré un certain nombre d’approximations
nécessaires pour sa validité), est détaillée. Les simulations numériques et
les modèles théoriques utilisent en général une version minimale de cette
équation, dans laquelle le force de trâınée est le terme principal. Ces modèles
minimalistes (dit Stokésiens) sont néanmoins incapables de prédire certaines
observations expérimentales, notamment pour des particules de tailles finies,
dont le diamètre est supérieur aux échelles de dissipation visqueuse de l’écoule-
ment. Ceci a motivé l’intérêt porté au cours de cette thèse envers un système
semi-contraint, où une importante vitesse relative est imposée entre l’écoule-
ment et la particule, de sorte à garantir un rôle important de la force de
trâınée agissant sur la particule. Ces questions sont abordés dans les chapitres
4, 5 et 6. Nous espérons ainsi pouvoir reproduire, du moins partiellement,
certaines prédictions des modèles Stokésiens.

En fin de chapitre, une bref description des effets collectifs est présentée.
Ceux-ci sont attendus lorsque la concentration volumique en particule aug-
mente, tout en restant dans des conditions suffisamment diluées afin d’éviter
les effets de rétroaction des particules sur l’écoulement, qui vont au-delà
du cadre de cette thèse. Nous nous intéressons tout particulièrement à la
remarquable tendance des particules inertielles dans un écoulement turbu-
lent à se regrouper en amas (phénomène connu sous le nom de concentration
préférentielle). Les mécanismes physiques potentiellement responsables de ce
phénomène (notamment la turbophorèse et les mécanismes de type “stick-
sweep”) sont discutés :

• Réponse aux structures d’écoulement: ce mécanisme est aussi référé
comme turbophorèse. En raison de leur inertie, les particules plus denses
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que le fluide ont tendance à être éjectées des structures tourbillonnaires alors
qu’elles sont facilement piégées dans les régions convergentes de l’écoulement.
Le comportement inverse est prévu pour des particules moins denses que le
fluide porteur (des bulles dans l’eau par exemple). Si ces comportements
sont facilement observables et bien compris pour des écoulements réguliers
simples, le cas des écoulements turbulents (même homogènes et isotropes)
est bien plus complexe, du fait du caractère multi-échelle (en temps et en
espace) des structures tourbillonnaires. Certaines études expérimentales et
numériques sur la question sugèrent que l’effet de centrifugation, généralement
invoqué pour expliquer la turbophorèse, n’est peut-être pas pertinent lorsque
le nombre de Stokes des particules (défini comme le rapport entre le temps
de relaxation visqueuse des particules τp et l’échelle de temps caractéristique
de la turbulence) est de l’ordre de l’unité ou supèrieur.

• Mécanisme “sweep-stick”: ou mécanisme de balayage-adhérence.
Vassilicos et collaborateurs ont mis au point au cours des cinq dernièrres
annés, une nouvelle vision de la formation des clusters de particules en tur-
bulence homogène et isotrope. Dans leur premier travail en turbulence 2D
[38], ils montrent l’existence d’une forte corrélation, sur une large gamme
d’échelles, entre les distributions de particules inertielles lourdes et les points
d’accélération nulle du champ turbulent porteur. Depuis, ils ont étendu
leurs conclusions à la turbulence 3D et développé une description rigoureuse
et quantitative du mécanisme sous-jacent (dit “stick-sweep”) [15, 39, 20].

Le mécanisme de base s’explique de la façon suivante : d’une part, les
points d’accélération nulle sont balayés par le fluide et se déplacent (statis-
tiquement) à la vitesse locale du fluide (c’est la phase “sweep” du mécanisme);
d’autre part, les particules plus denses que le fluide tendent à coller aux poins
d’accélération nulle (c’est la phase “stick” du mécanisme).

Les études expérimentales présentées dans les chapitres 7, 8 et 9 visent
en particulier à explorer la pertinence de ces mécanismes.
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Chapitre 2: la Soufflerie

Dans ce chapitre nous présentons le principal dispositif expérimental utilisé
au cours de cette thèse: la soufflerie à faible turbulence (SFT1) située à
Grenoble, au laboratorie LEGI. Nous rappelons que lors de l’élaboration de
cette thèse, la soufflerie SFT1 a été hors service pendant 12 mois, ce qui a mo-
tivé l’utilisation d’autres dispositifs expérimentaux (qui seront détailles dans
les chapitres correspondants). Toutefois la soufflerie restant l’installation
principale de ce travail, un chapitre lui est dédié, notamment en vue de
présenter les propriétés de la turbulence engendrée par la nouvelle grille ac-
tive dont la mise en opération effective a été réalisée au cours de cette thèse.

La technique du fil-chaud, qui reste probablement la méthode expérimen-
tale la plus utilisée et la plus précise pour caractériser les paramètres de tur-
bulence d’un écoulement, est expliquée, tout comme les principes physiques
sous-jacents. Ensuite, nous nous attardons sur les propriétés générales de
l’écoulement engendré dans la soufflerie en l’absence de grille d’abord puis en
présence d’une grille produisant en aval une turbulence homogène et isotrope.
Deux types de grille ont été utilisés:

• Une grille passive composée de 10 barreaux verticaux et 10 barreaux
horizontaux. Le taux de fluctuations (défini comme le rapport σu/U ,
où U est la vitesse moyenne de l’écoulement et u ses fluctuations) est
constante et de l’ordre de 3%. Le nombre de Reynolds (basé sur l’échelle
de Taylor) maximal atteint avec cette grille est de l’ordre de Rλ ∼ 200.

• Une grille active est ensuite présentée. Elle est composée de 16 axes de
rotation (huit horizontaux et huit verticaux) sur lesquelles sont montés
des volets carrées. Chaque axe est entrâıné indépendamment par un
moteur pas à pas dont la vitesse et la direction de rotation peut être
modifiée de façon dynamique. Ce type de grille produit une turbulence
dont le niveau de fluctuation est bien plus élevé (de l’ordre de 20%).
Le nombre de Reynolds maximal est alors de l’ordre de Rλ ∼ 1000,
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bien que nous nous soyons limités à 500 pour les premières études dont
cette thèse a fait l’objet.
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Chapitre 3: Pendule dans un
écoulement

Le pendule simple reste l’un des systèmes les plus fondamentaux étudiés en
physique. Il est couramment utilisé comme modèle pour illustrer un large
éventail de mécanismes dans un large éventail de domaines. Cependant,
malgré sa popularité, de nombreux comportements subtiles de ce système
restent à être explorés, notamment lorsque le pendule est fortement couplé à
un fluide. Ceci est par exemple illustré par des études récentes [78, 11] met-
tant en évidence l’impact du lâcher de tourbillons dans le sillage d’un pendule
simple ainsi que les effets de masse ajoutée. Nous montrons dans ce chapitre
que l’équilibre d’un disque pendulaire faisant face à un écoulement présentant
une vitesse moyenne présente un comportement bi-stable et hystérétique.
Nous donnons une interprétation simple de ce comportement en termes d’une
description par deux puits de potentiel, nécessitant uniquement de connâıtre
la dépendance angulaire du coefficient de trâınée normale d’une plaque sta-
tique inclinée. Nous étudions l’influence de la turbulence sur l’équilibre
du pendule en général et sur la bi-stabilité observée en particulier. Nos
résultats ont des conséquences fondamentales et pratiques potentiellement
importantes:

(i) ils étendent l’attractivité du pendule comme modèle pour étude
de questions génériques relatives aux processus stochastiques bi-stables.

(ii) ils mettent en évidence des mécanismes de dynamique des fluides
importants, y compris l’augmentation turbulente du coefficient de trâınée et
des problèmes d’interaction fluide-structure.

Au-delà de la configuration actuelle (notamment avec la grille passive,
où un bruit additif est introduit par une turbulence modérée), la polyva-
lence de notre système devrait permettre d’étudier à l’avenir l’influence de
plusieurs paramètres tels que l’amplitude et la couleur de bruit (qui peut être
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simplement introduit par une force mécanique aléatoire contrôlant le pend-
ule), mais aussi de la forme du puits de potentiel lui-même (qui peut être
adaptée par l’ajout d’un ressort de torsion ou d’une force magnétique par ex-
emple). La capacité du pendule bi-stable à subir une résonance stochastique
est également un aspect intéréssant qui sera prochainement étudié.

Enfin, des simulations effectuées avec Ansys Fluent nous permettent de
comprendre la structure de l’écoulement et de retrouver des résultats com-
patibles avec les mesures expérimentales. Un résultat intéressant concerne
l’observation numérique de la formation de tourbillons dans la région de
bistabilité qui sera vérifiée dans des mesures futures.
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Chapitre 4: Instabilités sur une
sphère tractée à vitesse
constante

La dynamique des objets tractés dans un environnement fluide est d’intérêt
pour de nombreuses situations pratiques. Ce chapitre et les deux chapitres
suivants concernent l’étude expérimentale de l’équilibre et de la stabilité de
la trajectoire d’une sphère tractée à vitesse constante.

Dans le cadre de certaines applications, il est d’une importance cruciale de
garantir la stabilité de la trajectoire de l’objet tracté (à l’extrémité du câble)
ce qui est un problème fondamental de dynamique des fluides intéressant et
complexe. La dynamique des particules tractées résulte en effet de plusieurs
contributions:

(i) les forces aéro/hydro-dynamiques exercées par le fluide environ-
nant directement sur l’objet lui-même (dont principalement la trâınée et la
portance, mais peut-être aussi des effets de masse ajoutée et des gradients
de pression lorsque l’environnement est turbulent, etc).

(ii) la tension du câble de remorquage (qui est lui-même soumis à des
forces aero/hydro-dynamiques).

(iii) la gravité.

En conséquence, l’objet tracté est couplée au fluide à la fois directement et
aussi indirectement par l’intermédiaire du câble. L’étude du couplage entre
le câble et le fluide est donc également d’une importance cruciale. Dans ce
chapitre, nous allons étudier les instabilités de sillage qui peuvent apparâıtre
du fait du couplage directe de la particule en mouvement avec le fluide en-
vironnant. Dans les deux chapitres suivants, nous allons nous concentrer
sur l’influence du câble de remorquage dans le développement d’instabilités
aéroélastiques pouvant apparâıtre lorsque la vitesse de traction est suffisam-
ment élevée (le chapitre 5, aborde le cas d’un écoulement laminaire tandis
que le chapitre 6 trâıte le cas turbulent).
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L’étude présentée dans ce chapitre suit la ligne directrice suivante : nous
notons d’abord que les résultats présentés ici concernent un travail prélimi-
naire, effectué lors d’une visite d’une semaine dans le Groupe de Turbu-
lences de l’Institut d’Hydromécanique du Karlsruhe Institute of Technol-
ogy, en collaboration avec Pr. Markus Uhlmann. Malgré la simplicité de
l’expérience mise en place à cette occasion, les résultats obtenus au cours
de cette courte visite, apportent un aperçu complémentaire intéressant con-
cernant l’apparition d’instabilités de sillage par rapport au cas de sphères
en chute libre qui a fait l’objet de nombreuses études par le passé. La sit-
uation d’une sphère tractée à une vitesse constante peut en effet être reliée
au cas d’une sphère en chute libre à sa vitesse terminale. Ce problème a
déjà été examiné par Newton [79], alors qu’il étudiait la trâınée de sphères
tombant dans un liquide. Avec les simulations numériques directes (DNS) à
plus grand nombre de Reynolds et grâce aux techniques d’imagerie à haute
vitesse, ce problème a reçu une attention renouvelée au cours des dernières 15
années, et une grande variété de mouvements a été dévoilée pour un système
si simple en apparence. Une étude sur ce sujet peut être trouvée dans [29].

Dans ce chapitre, nous considérons une particule tracté à une vitesse con-
stante U (de l’ordre de 2.2 cm/s), significativement plus faible que les vitesses
de sédimentation correspondantes pour ces mêmes objets. Le système est
donc un cas intermédiaire entre la sphère fixe et la sphère en chute libre.
Alors que dans le cas de la chute libre la vitesse de sédimentation est contrôlée
par la densité de la particule ρp et le nombre de Reynolds Rep (défini comme
Rep = Udp/ν, avec dp le diamètre de la sphère et ν la viscosité cinématique),
dans notre cas, cette vitesse est maintenue constante, et ces paramètres peu-
vent être variés indépendamment. Cette situation offre un nouveau scénario
dans lequel ce deux paramètres peuvent être combinés de façon nouvelle,
jamais explorées auparavant dans le contexte de l’étude de l’influence des in-
stabilités de sillage sur la trajectoire de la sphère. Comme cela a été souligné
dans [29], dans le cas d’une sphère en chute libre l’instabilité de sillage est
en effet le seul mécanisme pouvant générer des oscillations. Par conséquent,
certaines instabilités analogues doivent apparâıtre dans le cas tracté (bien
que l’influence de la tension du câble de traction sur le mouvement doive
être également pris en compte).

Le but de ce chapitre est d’étudier un tel système tracté en essayant
d’identifier les valeurs critiques de nombre de Reynolds Repc et/où de den-
sité Γc (avec Γ = ρp/ρ0 ou ρ0 est la densité du fluide). Pour cela, nous
étudions la stabilité de la trajectoire de différentes classes de particules, avec
différents rapports de densité et de nombre de Reynolds. Nous mettons en
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évidence l’apparition d’une instabilité de sillage se traduisant par un mouve-
ment périodique hélicöıdal de la sphère tractée au-delà d’un certain seuil en
nombre de Reynolds.
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Chapitre 5: Équilibre et
stabilité de longs câbles tractés.
Partie I: instabilités en
écoulement laminaire

Dans ce chapitre nous poursuivons l’étude de la stabilité de particules tractées,
par l’étude de la trajectoire d’une sphère tractée à vitesse constante, à
l’extrémité d’un long câble avec un rapport longueur sur diamètre inédit,
supérieure à 104. La configuration de tractage est artificiellement obtenue en
considérant un câble en équilibre dans la soufflerie SFT1 (avec une extrémité
fixe et l’autre bougeant librement avec la possibilité d’y attacher un partic-
ule). Nous considérons trois configurations différentes:

(i) le câble tracté par lui-même.

(ii) une sphère millimétrique, légère (en polystyrène expansé) attachée
à l’extrémité du fil.

(iii) une sphère millimétrique en plomb attachée à l’extrémité du fil.

La trajectoire de l’extrémité du câble est enregistrée par imagerie haute-
vitesse (ce qui nous permet de reconstruire la trajectoire Lagrangienne de
la particule), en vue de caractériser la position moyenne ainsi que les fluctu-
ations dynamiques de l’objet tracté. Nous montrons que la position moyenne
d’équilibre est bien prédite par un modèle simple décrivant les forces aérodyna-
miques agissant sur le câble et sur la sphère tractée.

En ce qui concerne les questions de stabilité, nous constatons que la par-
ticule la plus lourde (en plomb) est toujours tractée dans des conditions
stables (dans la gamme de vitesses accessibles) avec seulement de très faibles
oscillations liées à un faible mouvement pendulaire. Au contraire, l’extrémité
libre et la sphère légere deveniennent instables lorsque la vitesse de tractage
dépasse un certain seuil. L’analyse spectrale montre une instabilité oscillante
de type “flutter” pour la sphère légere, tandis que le câble seul développe une
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instabilité de type “divergence” avec des fluctuations aléatoires.
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Chapitre 6: Équilibre et
stabilité de longs câbles tractés.
Partie I: instabilités en
écoulement turbulent

Dans ce chapitre, le même système expérimental que dans le chapitre précédent
est utilisé. La principale différence consiste en la nature de l’écoulement qui
est désormais rendu turbulent, par l’introduction d’une grille passive placé
à l’entrée de la veine d’essai de la soufflerie. Nous comparons d’une part la
dynamique de la sphère tractée en régime laminaire et turbulent et d’autre
part, la dynamique turbulente de la sphère tractée et d’une sphère librement
advectée (ayant fait l’objet d’études antérieures à cette thèse dans l’équipe).

Concernant la comparaison tractée versus advection libre, les études numé-
riques et théoriques sur le transport turbulent de particules matérielles modéli-
sent généralement le couplage entre la dynamique du fluide et celle de la par-
ticule par une simple force de trâınée. Des expériences récentes ont montré
que cette approche échoue à prédire des propriétés pourtant élémentaires
de la dynamique de particules de taille finie. Ceci a donc motivé une série
d’expériences cherchant à accentuer le rôle de la force de trâınée agissant sur
la particule afin de tester si certaines prédictions des modèles en question
étaient alors mieux vérifiées. Ceci est réalisé en considérant la dynamique
de la particule tractée du dernier chapitre dans un écoulement turbulent.
Dans ce chapitre, nous nous concentrons sur l’influence de l’inertie de la par-
ticule sur ses statistiques Lagrangiennes de vitesse et d’accélération. Nos
résultats sont compatibles avec un mécanisme de filtrage dû au temps de
réponse visqueux fini de la particule dont le couplage avec le fluide environ-
nant résulte essentiellement de la force de trâınée.

Concernant la comparaison tractée laminaire versus turbulent, nous mon-
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trons que la turbulence tend à masquer les instabilités précédemment décrite
(tant de sillage qu’aéroélastiques) et à engendrer des trajectoires de l’objet
tracté dont les propriétés statistiques présentent une certaine universalité
reflétant celle de la turbulence proteuse. La dynamique pour un écoulement
laminaire est ainsi paradoxalement beaucoup plus riche, du fait des diverses
instabilités possibles (dépendant des conditions initiales et des propriétés des
particules tractées entre autre). Le cas turbulent, malgré son caractère forte-
ment aléatoire, impose certaines propriétés universelles qui rendent la dy-
namique des particules finalement plus prédictible (d’un point de vue statis-
tique) que dans le cas laminaire.
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Chapitre 7: Étude du champ de
concentration d’une population
de bulles d’air en turbulence de
grille dans un canal a eau

Le chapitre 7 ouvre la partie de ce manuscrit dédié à l’étude des effets col-
lectifs d’une population dense de particules en interaction avec un champ
turbulent porteur. La présence de particules dans un écoulement turbulent
est une situation fréquente dans la nature comme dans l’industrie: la dis-
persion des polluants dans l’atmosphère, la sédimentation des rivières, la
formation de la pluie dans les nuages chauds, la dispersion de plancton dans
l’océan, l’optimisation des réacteurs chimiques et de divers procédés indus-
triels, y compris la combustion du liquide carburant ne sont que quelques ex-
emples. Nous nous intéressons ici au cas de particules dont la densité diffère
de celle du fluide et qui de ce fait ne se comporte a priori pas comme des
traceurs de l’écoulement. L’apparition fréquente de cette classe d’écoulement
chargé en inclusion mérite des études fondamentales approfondies car au-
cune modélisation pertinente ou pratique n’est encore disponible. Jusqu’à
présent, les équations qui régissent la dynamique des particules inertielles
ont été obtenues sous des hypothèses fortes valables dans des situations très
limitées ([61, 36], voir chapitre 1) et la plupart des travaux numériques récents
utilisent des modèles encore plus simples (modèles stokésiens).

Une caractéristique frappante des écoulements turbulents chargés de par-
ticules inertielles est la concentration préférentielle (“clustering”) qui conduit
à de très fortes hétérogénéités du champ de concentration en particules, à
différentes échelles. Ce phénomène a désormais été observé dans de nom-
breuses configurations expérimentales et numériques de turbulence homogène
et isotrope (voir [114, 31, 105, 68, 32]). Les particules qui interagissent avec
un écoulement turbulent sont alors généralement caractérisées par leur nom-
bre de Stokes (voir chapitre 1), qui est le rapport entre le temps de relax-
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ation visqueuse des particules τp et une échelle de temps caractéristique de
l’écoulement.

Ce nombre sans dimension est souvent utilisé en comme paramètre clé
pour caractériser la dynamique des particules en turbulence, ainsi que pour
quantifier l’importance de la concentration préférentielle. Les modèles Stoké-
siens prédisent en effet une concentration préférentielle pour des particules
dont le nombre de Stokes est non nul, avec un effet maximal pour St de
l’ordre de l’unité [8, 20]. Ce comportement est confirmé, au moins qualita-
tivement, dans des expériences avec des particules petites (i.e. φ = dp/η < 1)
et lourdes (i.e. Γ = ρp/ρf > 1 [68]). Fiabane et al. [32] ont étudié le cas de
particules de taille finie (à la fois des particules avec une flottabilité neutre
et des particules plus lourdes que le fluide). Ils ont montré que les partic-
ules neutres n’engendre pas de concentration préférentielle, quelque soit leur
nombre de Stokes, contrairement aux particules lourdes. Ce dernier travail
suggère que le nombre de Stokes par lui-même ne peut pas être considéré
comme suffisant pour caractériser le clustering. La validité de ce paramètre
est donc un champ ouvert et actif d’investigation et il est important d’explorer
des particules de différentes tailles et de différentes densités dans différents
types des écoulements. Finalement, Aliseda et collaborateurs [2] ont montré
que l’augmentation locale de la concentration pouvait être responsable de
l’augmentation mesurée de la vitesse de sédimentation des particules dans
des écoulements turbulents. Ceci constitue un autre exemple justifiant la
nécéssité de mieux comprendre et mieux quantifier le phénomène de concen-
tration préférentielle.

Au cours de ces dernières années, le groupe s’est spécialisé dans une tech-
nique particulière, qui consiste à analyser ce phénomène via une analyse en
diagrammes de Voronöı. Cette technique a été récemment présentée sur une
étude de concentration préférentielle de petites gouttelettes d’eau dans un
écoulement d’air modérément turbulent [68] et s’est avérée particulièrement
robuste et efficace pour diagnostiquer et quantifier la formation des amas. Les
diagrammes de Voronöı représentent une décomposition particulière d’un es-
pace métrique déterminée par les distances à un ensemble discret d’objets
de l’espace, en général un ensemble discret de points. C’est une diagramme
d’un espace à deux dimensions (il existe aussi une représentation tridimen-
sionnelle) où chaque cellule du diagramme est lié à une particule détectée,
avec tous les points d’une cellule plus proche de sa particule associée qu’à tout
autre particule. Ainsi, l’aire de chacune des cellules de Voronöı est l’inverse
de la concentration locale de particules. Ces aires sont donc une mesure des
champs de concentration locaux à une échelle de longueur interparticulaire.
Pour comparer les résultats des expériences faites avec différentes quantités de
particules détectées par image, la cellule de Voronöı est normalisé en utilisant
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l’aire moyenne des cellules de Voronöı Ā définie comme l’inverse de la con-
centration moyenne en particule, indépendamment de l’organisation spatiale
des particules. Par conséquent, nous nous concentrons dans le reste de cette
thèse sur l’analyse statistique des aires de Voronöı normalisées V = A/Ā. Les
propriétés des clusters sont quantifiées en comparant la fonction de densité
de probabilité (PDF) des aires des celulles de Voronöı obtenues à partir des
expériences à celle d’un procèssus de Poisson aléatoire (RPA) dont la forme
est bien approchée par une distribution Gamma [30].

Trois systèmes ont été étudiés:

• Bulles d’air dans un canal à eau (chapitre 7) : particules moins
denses que le fluide, avec une taille de l’ordre de l’échelle de Kolmogorov. Le
nombre de Reynolds de l’écoulement porteur est de l’ordre de Reλ = 100.

• des particules solides dans une “french washing machine” en eau
(écoulement de von Kármán) (chapitre 8) : Les particules (en PMMA) sont
légèrement plus denses que l’eau (rapport de densité de 1.4) et leur diamètre
est supérieur à l’échelle de Kolmogorov (dp > η). Le clustering dans un
écoulement turbulent inhomogène est ainsi explorée. Le nombre de Reynolds
(Reλ) de l’écoulement varie entre 300 et 800.

• Goutelettes d’eau en soufflerie (chapitre 9) : les particules sont ici
beaucoup plus denses que le fluide porteur (rapport de densité de l’ordre de
800) et leur diamètre inférieur à l’échelle de Kolmogorov (dp < η). Le nombre
de Reynolds de l’écoulement turbulent, produit en aval d’une grille active,
varie dans la gamme 234 < Reλ < 400.

Dans le chapitre 7, nous proposons une analyse simultanée de la concen-
tration préférentielle de bulles dans une turbulence de grille en canal à eau,
et des propriétés de l’écoulement (obtenu par vélocimétrie par images de par-
ticules (PIV)). Notre étude abouti à l’absence de concentration préférentielle
(cohérent avec le faible nombre de Stokes des bulles que nous avons pu pro-
duire dans le canal). L’étude simultanée du champ de vitesse montre par
ailleurs que dans les conditions expérimentales considérées la présence des
bulles n’affecte pas les propriétés locales ou globales de la turbulence.
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Chapitre 8: Concentration
préférentielle de particules
solides dans un écoulement
turbulent de von Kármán

Dans ce chapitre, nous étudions (par la méthode de tesselation de Voronöı)
la concentration préférentielle de particules solides dans un écoulement de
von Kármán en eau. Une étude simultanée par PIV permet également de
caractériser l’écoulement porteur. La principale différence par rapport au
chapitre précédent concerne le rapport de densité et la taille des particules,
ainsi que la nature hétérogène et anisotrope de l’écoulement de von Kármán
à grande échelle.

Les particules sont des sphères de PMMA (ρp = 1, 4 kg/m3 et 2.8 <
dp/η < 6.3 pour 340 < Reλ < 810). Dans ces conditions la dimension
des particules les place au voisinage du seuil communément admis comme
limite de validité de l’approximation de particules ponctuelles (dp/η = 5).
La gamme de nombre de Stokes correspondante va de St ∼ 0.8 à St ∼ 4.
Nous observons la formation d’amas de particules. L’analyse de Voronöı
nous permet non seulement de diagnostiquer l’apparation des amas, mais
également d’identifier les amas (ainsi que les zones de déplétion) et d’analyser
leur structure. Nous observons que les amas et les zones déplétées ont une
structure géométrique similaire. Les PDF des aires des clusters (Ac) et des
zones dṕlétées (Av) se confondent quand elles sont normalisées par leur valeur
moyenne et présentent un maximum de Ac,v/ < Ac,v >∼ 0.15. La nature
fractale de ces structures est mise en évidence.

Les mesures PIV ne sont correctement résolues que pour l’écoulement
le plus lent (Reλ le plus bas). Nous n’avons pas réussi pour le moment à
identifier une corrélation claire entre la concentration préférentielle et des
points particuliers de l’écoulement porteur. Bien qu’une légère tendance
des particules à explorer préférentiellement les zones de faible accélération et
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faible vorticité (en accord avec un effet de type stick-sweep et de turbophorèse
au même temp) semble présente.
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Chapitre 9: Concentration
préférentielle de goutelettes
d’eau en turbulence de grille
active dans une soufflerie

Poursuivant notre étude de la concentration préférentielle de particules in-
ertielles en turbulence, nous abordons dans ce chapitre la cas de particules
avec un grand rapport de densité et bien plus petites que l’échelle de Kol-
mogorov: à savoir des gouttelettes d’eau de dimension typique de l’ordre de
100 µm dans une turbulence de grille active en soufflerie. Ce chapitre con-
stitue également un prolongement d’un travail précédent mené il y a quelques
années dans la même soufflerie [68] mais utilisant une grille passive comme
générateur de turbulence. Ces études précédentes étaient donc limitées à
des nombres de Reynolds modérés (jusqu’à Reλ ∼ 120). Ces études passées
laissaient entrevoir de possibles effets du nombre de Reynolds sur la con-
centration préférentielle. Toutefois, la gamme limitée de Reλ alors accessible
n’avait pas permis d’approfondir cet aspect de l’étude. Grâce à notre nouvelle
grille active (détaillée au chapitre 2), nous avons exploré au cours de cette
thèse une large gamme de nombres de Reynolds (allant jusqu’à Reλ ∼ 400).

L’analyse des statistiques des aires de Voronöı montre que la PDF s’écarte
fortement de celle d’une distribution aléatoire, traduisant ainsi l’existence
de concentration préférentielle. Cette PDF est relativement bien décrite par
une distribution lognormale, en accord avec les études antérieures à des nom-
bre de Reynolds plus faibles. Le clustering est trouvé fortement dépendant
du nombre de Reynolds. Cette dépendance affecte davantage les zones de
forte concentration, tandis que les régions déplétées semblent être essen-
tiellement indépendantes de ce paramètre. Ceci est cohérent avec les ob-
servations antérieures pour des nombres de Reynolds inférieurs, et peut être
interprété comme le fait que les grandes zones de déplétion sont associées
à des structures à grande échelle de l’écoulement porteur, qui restent peu
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affectées lorsque le nombre de Reynolds est augmenté.
Une motivation importante de ce travail est liée à l’investigation de la

pertinence du mécanisme de sweep-stick. Des simulations de DNS ont été
effectuées (en collaboration avec Pablo Mininni de l’Université de Buenos
Aires) dans des conditions similaires aux expériences. Les points d’accéléra-
tion nulle de l’écoulement sont identifiées, et les diagrammes de Voronöı
correspondants sont calculés. Nous trouvons que les aires de Voronöı de ces
points présentent des statistiques presque identiques a celles obtenus dans
l’expérience pour les gouttelettes. Une comparaison avec d’autres modèles,
comme la turpophorèse est également proposée en considérant les statistiques
des aires de Voronöı des points de vorticité nulle de l’écoulement. La com-
paraison va en faveur d’un rôle dominant des points d’accélération nulle.

Enfin, nous proposons une nouvelle méthode de reconstruction des champs
de concentration en particule dans les expériences par analogie avec le fonc-
tionnement des caméras linéaire, et en explôıtant l’hypothèse de Taylor dans
la soufflerie. Cette nouvelle approche nous permet de reconstruire des champs
de particules de plusieurs mètres de long (alors que seules des dimensions de
quelques centimètres etaient accessibles auparavant). Ces champs permet-
tent d’analyser un ensemble complet et sans précédent des interactions de
longue échelle, telle que la formation des superclusters. Nous montrons en
effet que les clusters tendent eux-mêmes à s’organiser en superclusters (amas
d’amas). L’influence de la turbulence pour la formation de telles structures
pourrait notamment avoir un impact pour la compréhension des mécanismes
de formation de superamas galactiques et ouvre des perspectives nouvelles
et passionnantes pour l’étude des interactions particules-turbulence.

Dans un futur proche, une analyse plus détaillée des champs reconstruits
à grande échelle par cette méthode sera menée. Il s’agit notamment d’étudier
les propriétés de corrélation spatiale entre les clusters ainsi que de calculer des
champs de vitesse par PIV entre les cellules de Voronöı définissant les clusters
et les superclusters (plutôt que les cellules carrées habituellement utilisées en
PIV). Ceci peut être réalisé par la reconstruction de deux champs de partic-
ules en utilisant deux modèles de caméra linéaire par image (au lieu d’une),
permettant de reconstrurie deux champs à grande échelle légèrement décalés
dans le temps afind d’obtenir les corrélations de PIV. L’estimation de ces
propriétés dynamiques conditionnées aux propriétés du champ de concentra-
tion revêt une importance particulière en vue d’aider à la compréhension des
mécanismes collectifs affectant par exemple la vitesse de sédimentation de
particules au sein des clusters comme observé par Aliseda et al. [2].

xxiii





Contents

1 Introduction 1
1.1 Turbulence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.1.1 The Notion of Scales . . . . . . . . . . . . . . . . . . . 4
1.1.2 Kolmogorov’s phenomenology of turbulence . . . . . . 6

1.2 Free advection of inertial particles in turbulence . . . . . . . . 9
1.2.1 Particles equation of motion . . . . . . . . . . . . . . . 9
1.2.2 Usual minimal model . . . . . . . . . . . . . . . . . . . 11
1.2.3 Drag Force . . . . . . . . . . . . . . . . . . . . . . . . 12
1.2.4 On the limits of Stokesian models for freely advected

particles . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.3 Inertial particles with constrained dynamics . . . . . . . . . . 16
1.4 Collective effects . . . . . . . . . . . . . . . . . . . . . . . . . 18
1.5 A quick overview of this thesis . . . . . . . . . . . . . . . . . . 20

2 Wind tunnel 23
2.1 Hot-wire anemometry . . . . . . . . . . . . . . . . . . . . . . . 25
2.2 Passive grid . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.3 Active grid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

I Single particle-flow interaction 32

3 Pendulum in a flow 33
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.2 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . 34
3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.3.1 Laminar case . . . . . . . . . . . . . . . . . . . . . . . 36
3.3.2 Origin of the bi-stability . . . . . . . . . . . . . . . . . 36

3.4 Numerical simulations . . . . . . . . . . . . . . . . . . . . . . 41
3.4.1 Inclined plate . . . . . . . . . . . . . . . . . . . . . . . 44

xxv



3.5 Influence of turbulence intensity . . . . . . . . . . . . . . . . . 46
3.5.1 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4 Instabilities on a sphere towed at constant speed 53
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.2 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . 57
4.3 Equation of movement . . . . . . . . . . . . . . . . . . . . . . 60
4.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.4.1 Instability diagnoses . . . . . . . . . . . . . . . . . . . 63
4.4.2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.4.3 Traces of a chaotic regime? . . . . . . . . . . . . . . . . 71
4.4.4 3D tracking . . . . . . . . . . . . . . . . . . . . . . . . 71

4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5 Equilibrium and stability of long towed cable systems.
Part I: instabilities under a laminar flow 76
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
5.2 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . 78

5.2.1 Lagrangian tracking . . . . . . . . . . . . . . . . . . . 80
5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

5.3.1 Mean height . . . . . . . . . . . . . . . . . . . . . . . . 82
5.3.2 Dynamical fluctuations and stability . . . . . . . . . . 86
5.3.3 A second instability towards toroidal trajectories. . . . 95
5.3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

6 Equilibrium and stability of long towed cable systems.
Part II: the role of turbulence 105
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
6.2 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . 106
6.3 Post-processing . . . . . . . . . . . . . . . . . . . . . . . . . . 108

6.3.1 Trajectories . . . . . . . . . . . . . . . . . . . . . . . . 108
6.3.2 Spectral analysis . . . . . . . . . . . . . . . . . . . . . 109
6.3.3 “Empirical Large Eddy Simulation” (E-LES): a new

estimator of variances and correlation functions . . . . 110
6.3.4 Transfer functions . . . . . . . . . . . . . . . . . . . . . 113

6.4 Results on the turbulent dynamics of towed spheres . . . . . . 114
6.4.1 Statistical Analysis . . . . . . . . . . . . . . . . . . . . 114
6.4.2 Transfer functions analysis . . . . . . . . . . . . . . . . 115

6.5 Advected sphere in turbulence: the role of filtering effects. . . 118

xxvi



6.5.1 Dynamical model for the attached particles motion . . 118
6.5.2 Inhibition of intermittency . . . . . . . . . . . . . . . . 123
6.5.3 Turbulent versus laminar towing . . . . . . . . . . . . . 124

6.6 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
6.7 Physics of sports . . . . . . . . . . . . . . . . . . . . . . . . . 131
6.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

II Collective effects 135

7 Air bubbles in a water tunnel 136
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
7.2 Experimental setup. . . . . . . . . . . . . . . . . . . . . . . . 138

7.2.1 SprayTec . . . . . . . . . . . . . . . . . . . . . . . . . . 141
7.3 PIV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
7.4 Preferential concentration analysis . . . . . . . . . . . . . . . . 146

7.4.1 Post-processing to quantify clustering . . . . . . . . . . 146
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Chapter 1

Introduction

Flows transporting particles are ubiquitous in natural and human-made sys-
tems. The study of material inclusions interacting with a carrier flow is
therefore an activity of scientific interest by itself, but it is also related with
lots of natural processes and has many industrial applications. In the first
group, we can mention the formation of rain droplets in warm clouds [91],
the coexistence of plankton species [103], the sporing of pollen or dust in the
atmosphere [21], sediment deposition, planet formation in accretion disks,
etc. Regarding to industrial applications, spray combustion in Diesel engines
[95] and some rocket propellers [126], mixing of catalytic powders, separative
methods in oil industry, etc. are just a few examples (figure 1.1). In most of
these situations the carrier flow is turbulent, and the coupling between the
particle dynamics and the flow is further complexified by the random and
multi-scale nature of turbulence and by the inertia of the particles.

These complex interactions result in fascinating phenomena as for in-
stance the preferential concentration of inertial particles, whose investigation
is one of the main goals of this thesis. However the complexity revealed by
previous works on particle-laden flows, motivated to consider several simpler
situations, trying to separate different physical mechanisms coupling the dy-
namics of a particle and a flow, before addressing the problem of collective
effects for freely advected particles in turbulent flows.

In this first chapter, I therefore first describe some aspects of the state
of the art on inertial particles in turbulence research, starting with a brief
description of turbulence itself. This will lead me to introduce basic concepts
of the turbulence-particle interaction problem, in particular regarding the
role of the drag force acting on the particle, which in turn motivates the
investigation of simpler configurations prior to addressing the case of freely
advected particles in turbulence.
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Figure 1.1: Typical examples of material inclusions interacting with a car-
rier flow: clouds in the atmosphere (a), rocket propellers (b) and pollutants
emitted to the atmosphere by a factory (c).

Figure 1.2: Experimental image of preferential concentration of water
droplets in air (image taken from [2]).
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1.1 Turbulence

Everyday life gives us an intuitive knowledge of turbulence in fluids: the
smoke of a cigarette, the chaotic motion of a river, turbulence in an airplane
etc. In spite of its constant presence, we have not found an appropriate
definition of a turbulent flow. Lesieur [56] propose tentatively the following
definition of turbulence:

• Firstly, a turbulent flow is unpredictable, in the sense that a small
uncertainty as to its knowledge at a given initial time will amplify so as to
render impossible a precise deterministic prediction of its evolution.

• Secondly, it satisfies the increased mixing property. The readily
available supply of energy in turbulent flows tends to accelerate the homog-
enization (mixing) of fluid mixtures. The characteristic which is responsible
for the enhanced mixing and increased rates of mass, momentum and energy
transports in a flow is called “turbulent diffusivity”.

• Thirdly, it involves a wide range of spatial and temporal scales.

The third condition is maybe the one that represents the biggest exper-
imental challenge when dealing with turbulent flows: its multi-scale nature.
Since the pioneering work by Richardson in the 1920’, the usual phenomenol-
ogy of turbulence considers that mechanical energy is injected at some large
scale (the integral scale L0) and then cascades down the smallest scales up
to the viscous dissipation scale η [120]. Turbulent eddies exist over the entire
range of scales between L0 and η (known as the inertial range of turbu-
lence), for which specific statistical properties prevail due to local spatial
and temporal correlations between eddies. At small scales (below η), the
flow is dominated by viscous effects and becomes smooth, while at larger
scales (above L0) eddies are fully uncorrelated and follow a Brownian like
dynamics.

Turbulent flows are governed by the Navier-Stokes equation:

∂t~u+ (~u · ~∇)~u = −1

ρ
~∇p+ ν△~u, (1.1)

~∇ · ~u = 0,

where ~u is flow velocity, ρ its density and p its static pressure. This equation
with appropriate boundary condition contains all the turbulent phenomena
(at least for classical systems). The problem is that Navier-Stokes equation

is highly non-linear (as a consequence of the term (~u · ~∇)~u) and analytical
solutions are extremely scarce. On the other hand, the multi-scale nature
of turbulence (both in time and space), makes numerical analysis extremely
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expensive, considering that short and long time and space scales must be
resolved simultaneously.

Using L, U and ρU2 as reference length, reference velocity and reference
pressure respectively, the normalized variables for fluid velocity, position,
time and pressure are defined as ~u+ = ~u/U , ~x+ = ~x/L, t+ = tU

L
and p∗+ =

p/(ρU2) respectively. The non-dimensional form of equation 1.1, now can be
written as:

∂t+ ~u+ + ( ~u+ · ~∇+) ~u+ = − ~∇+p
∗
+ +Re−1△+ ~u+, (1.2)

~∇+ · ~u+ = 0,

The above equation is completely non-dimensional, where the only parameter
taking into account the flow characteristics is the Reynolds number Re =
UL/ν. It can be noticed that a greater Reynolds number leads to the decay
of viscous dissipation term as compared with non linear convective term on
the left hand side, hence the flow becomes turbulent due the diminution
of viscous damping. The Navier-Stokes equation holds true even for high
Reynolds numbers, even when the flow becomes highly unpredictable and
chaotic. Turbulence is an hydrodynamic instability, where the symmetries
on the basis of which Navier-Stokes equations were developed are broken,
but where these symmetries are somehow regained in a statistical sense [34].

1.1.1 The Notion of Scales

The concept of scales in turbulence was first introduced by Lewis Fry Richard-
son in 1922 [102]. He attributed turbulence as a multiple scale phenomenon
which contains eddies of different sizes and scales. According to him, in tur-
bulent flows the energy is injected through large eddies which are named as
energy containing eddies or also known as large scale structures. As these
eddies become unstable, they split into many small eddies hence transferring
their energy to the smaller ones, this process goes on until the Reynolds num-
ber of smallest scale structures becomes unity, resulting in the stability of
eddies and hence, their energy is damped through viscous dissipation (figure
1.3).

Although Richardson model gives a conceptually valid vision of turbu-
lence, several fundamental questions remain unanswered: what is the size
of the smallest eddies that are responsible for dissipating the energy? How
many degrees of freedom does a turbulent flow have?

The idea of multiple scale nature of turbulence was formulated in the form
of a theory by A.N. Kolmogorov in 1941 [51]. Using only three hypothe-
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production transfer dissipation

Figure 1.3: Left: Richardsons verses describing the notion of scales in turbu-
lence inspired from a Jonathan Swift’s verse. Right: Kolmogorovs illustration
of Richardsons idea as cascade of scales (image taken from [60])

ses he devised a phenomenological theory which is known as Kolmogorov
Phenomenology of turbulence. A detailed discussion on this theory and its
limitations may be found in [34]. Before going into the discussion on the
Kolmogorov phenomenology, which was actually based upon the Richard-
sons cascade theory, it is essential to define few characteristic length scales
that are present in turbulent flows (in the next chapter this parameters will
be further discussed).

• Flow length scale or large scale (L): this length scale is the charac-
teristic of turbulence generation mechanism and mostly based upon the flow
geometry. For example, while studying wakes behind a cylinder or sphere,
this scale is the diameter of cylinder or sphere; in case of grid generated wind
tunnel flow it is the mesh size of the grid etc.

• Integral length scale (L0): in the developed turbulent flow region
the integral length scale corresponds to the size of the largest eddy present
therein.

• Dissipative or Kolmogorov length scale (η): this length scale is con-
sidered to be the smallest length scale present in turbulent flows at which
all the injected energy that was transferred through the intermediate scales
dissipates due to viscous dissipation.

• Taylor microscale: an intermediate length scale which is much smaller
than integral length scale and much greater than dissipative length scale.

Most of the complexities and the richness of turbulence lie in the range of
scales between the integral and dissipative lengths. In this range also known
as inertial range, multiscale structures coexist and interplay in the energy
cascade process.
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1.1.2 Kolmogorov’s phenomenology of turbulence

The theory advanced by Kolmogorov is based on the hypothesis. Kolmogorov’s
first hypothesis of local isotropy, states that in the case of fully developed tur-
bulence the small scale statistics l << L0 are independent of their generation
mechanisms [46]. This implies the statistical restoration of symmetries which
actually were broken by the turbulence generation mechanisms. This is valid
for small scale structures away from boundaries. According to this proposi-
tion the large scales may still be anisotropic but the isotropy is recovered at
inertial and dissipative scales.

Furthermore, in his first similarity hypothesis Kolmogorov stated that
in the limit of high Reynolds number, the statistics of turbulent structures
having scales much smaller than integral length scale can be universally deter-
mined only by viscosity ν and mean dissipation rate ǫ. In Kolmogorov’s phe-
nomenology the characteristic length, time and velocity scales below which
the viscous effects dominate are determined through classical dimensional
analysis as:

η =

(
ν3

ǫ

) 1
4

, (1.3)

τη =

√
ν

ǫ
, (1.4)

uη = (ǫν)1/4. (1.5)

These dissipative length, time and velocity scales are often named after his
name as Kolmogorov length scale η, Kolmogorov time scale and Kolmogorov
velocity scale respectively. The Reynolds number based upon these length
and velocity scales verifies the relation:

Reη =
ηuη

ν
= 1. (1.6)

Note, that the above mentioned length, time and velocity are known to be
the smallest scales present in any turbulent flow and these represent the
smallest eddies which dissipate in the form of heat, all of the energy they
have received from larger structures. The Reynolds number based on these
scales is unity which conforms to the energy cascade idea of Richardson.

The second similarity hypothesis of Kolmogorov, states that in every tur-
bulent flow at sufficiently high Reynolds number, the statistics of the motions
at inertial range scales L0 >> l >> η have a universal form independent of
viscosity ν and uniquely determined by the energy dissipation rate ǫ.
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It remains to be determined how the turbulent kinetic energy is dis-
tributed among the eddies of differents sizes. For this purpose we consider
homogeneous turbulence and the wavenumber k = 2π/l. The energy in the
wavenumber range [ka, kb] is defined as:

kka,kb
=

w kb

ka
E(k)dk. (1.7)

It can be shown [94] that the contribution to the dissipation rate ǫ from
motions in the range (ka, kb) is

ǫka,kb =
w kb

ka
2νk2E(k)dk. (1.8)

It follows from Kolmogorov’s first similarity hypothesis that, in the universal
equilibrium range (k > kIR = 2π/lIR) the spectrum is a universal function
of ǫ and ν. From the second hypothesis it follows that, in the inertial range
the spectrum is:

E(k) = Cǫ2/3k−5/3, (1.9)

where C is a universal constant. Sreenivasan et al. [115] studying different
types of flows, with the Reynolds number based in the Taylor microscale
(defined as Reλ = urmsλ

ν
, with urms the rms value of velocity fluctuation)

ranging from 28 to 18000 found, for high enough Reynolds numbers (Reλ >
50) a value of C = 0.53 ± 0.033. A typical turbulence spectrum with the
inertial range can be observed in figure 1.4.

For a length scale in the inertial subrange such that η << l << L0,
Kolmogorov’s second hypothesis of similarity implies that the statistics of
second order velocity increments depends only on mean dissipation rate ǫ.
The velocity increments (longitudinal component) are defined as the velocity
difference between two points separated by a distance l, given by:

δlu = u(~x+ l · êx)− u(~x). (1.10)

Thus according to K41, the second order longitudinal velocity increments
(also known as second order structure function) must be independent of
viscosity and follows:

S2(l) =< (δlu)
2 >= C2ǫ

2/3l2/3, (1.11)

where, C2 is a universal constant of proportionality. Similarly, according
to K41 for the higher order moments the velocity structure functions must
follow:
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(a) (b)

Figure 1.4: (a) Schema of a turbulence spectrum an the different ranges. (b)
Turbulence spectrum obtained experimentally (image taken from [34]).

Sp(l) =< (δlu)
p >∼ ǫp/3lζp , (1.12)

where ζp = p/3 according to Kolmogorov phenomenology. For the particular
case p = 3, Kolmogorov derived the famous four-fifth law, where S3(l) =
−4

5
ǫl.
In the case of higher order velocity structure functions, if K41 phe-

nomenology is to be considered exact, the exponent ζp must vary linearly
with the order p. The experimental measurements of the velocity increments
have shown deviations from K41 scaling for orders higher than 3 [34]. This
departure from K41 behavior is named as intermittency. This phenomenon
may also be attributed to the difference in statistical signature of velocity
increments with respect to their increments or in other words the statistics of
velocity increment change with the spatial increment itself. In other words,
the statistics of velocity increment change with the spatial increment itself.
Kolmogorov and Obukhov in 1962 [83] refined the K41 theory to include
intermittency effects, by defining a dissipation rate which was not averaged
globally but locally over the volume of sphere having a radius equal to spatial
increment l.
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1.2 Free advection of inertial particles in tur-

bulence

As previously mentioned the transport of dispersed inclusions by turbulence
is a question of primary importance. One of the difficulties in studying the
turbulent dynamics of particles is that a general framework is still lacking
in order to write a proper equation of motion for a particle forced by a
turbulent environment. Several situations must be distinguished depending
on the nature of the particle. If the particle is neutrally buoyant and small
compared to the dissipative scale of the flow, it is considered to behave as
a tracer of the flow. Such tracers are commonly used for instance to seed a
flow for visualization purposes (PIV, PTV, LDV, etc.). On the other hand,
particles which are much denser or lighter than the flow and/or whose size
is much larger than the dissipation scale [99, 20, 69, 19] do not behave as
tracers and have a dynamics which deviates from that of fluid particles. Such
particles are generally called inertial particles. An equation for the motion
of such particles has only been derived for the specific case of very small
particles (point particle limit), as described in the following sub-section.

In the recent years, with the development of new technologies (high speed
cameras, holographic imaging techniques), the experimental study of turbu-
lent transport has been revolutionized. The new experimental information
has shown that the theoretical models need to be revised and corrected.

1.2.1 Particles equation of motion

Originally Basset, and later Boussinesq and Oseen, examined the motion
of a sphere settling out under gravity in a fluid that was otherwise at rest
([7, 12, 85]). The disturbance flow produced by the motion of the sphere
was assumed to have sufficiently low Reynolds number so that the fluid force
on the sphere could be calculated from the results of unsteady Stokes flow.
Tchen extended this work to a sphere settling under gravity in an unsteady
and nonuniform flow, with a view to application to turbulent flows. The re-
sulting model (known as BBOT, Basset-Boussinesq-Oseen-Tchen) has been
revisited in 1983, simultaneously by Maxey & Riley [61] and by Gatignol [36].
To date the equation of motion derived by Maxey-Riley-Gatignol is consid-
ered as the reference for the motion of small inertial particles in a turbulent
environment. It can be written as
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mp
d~v

dt
= 3πµfdp(~u− ~v) +

1

2
mf

d(~u− ~v)

dt
+mf

D~u

Dt
+

3

2
d2p
√
πρfµf

w t

−∞

d(~u− ~v)

dt

dτ√
t− τ

+ (mp −mf )~g, (1.13)

where ~v is the particle velocity, ~u is the carrier flow velocity field, dp is the
particle diameter, ρp is the particle density, ρf is the carrier fluid density,

mf = ρfπ
d3p
6
is the mass of the fluid displaced by the particle and µf is the

carrier fluid dynamic viscosity. The terms on the right hand side are, in order
of appearance:

• The Stokes drag force, which is due to the relative velocities of par-
ticle and fluid. In the expression above, particle is supposed to have a vis-
cous response time τp = mp/3πµfdp, which corresponds to a low particulate
Reynolds number limit (Rep = dp‖~u−~v‖)/ν << 1). More generally the drag
term can be written as (~u−~v)/τp, where the response time τp can be empir-
ically corrected from non-linear particulate Reynolds effects, as detailed in
section 1.2.3.

• The added mass force (also known as virtual mass force), which
is purely inertial, is the force exerted by the displaced fluid caused by the
particle that resists particles acceleration and deceleration.

• The pressure gradient term, which is equivalent to the fluid particle
acceleration at the position of the particle center.

• The history term, which takes into account the entire history of the
particle motion in the carrier fluid up to an instant t and it mainly takes into
account the interaction of the particle with its own wake.

• The Archimedes force, which is the net force due to gravity and
buoyancy.

The derivatives d~v
dt

and d~u
dt

are taken along the material particle trajec-

tories, whereas D~u
Dt

is the material or Lagrangian derivative representing the
fluid element acceleration along fluid particles. This equation assumes point
particles as it neglects non-uniformities of the fluid field around the parti-
cles. Second order corrections in dp, known as Faxen correction, have been
introduced by Maxey-Riley and Gatignol to account for simple finite size
effects. However, recent numerical studies [14, 42] suggests that this correc-
tions may only be relevant for particles marginally larger than the turbulence
dissipation scale.

Even in the point particle approximation, the Maxey-Riley-Gatignol equa-
tion for point particles is very complex to deal with, therefore, numerical reso-
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lution of the complete equation coupled to direct numerical simulation (DNS)
of the carrier fluid has only been performed for moderate Reynolds numbers
[28]. Different groups doing DNS have proposed simplified models taking
into account only the Stokes drag force and, in some cases, also the added
mass and pressure gradients [127]. Eliminating the history term responds
mainly to simulations feasibility issues and the relevance of this approxi-
mation remains an open question, while gravity is also generally neglected
assuming that particles terminal settling velocity is negligible compared to
characteristic turbulent velocities (small Rouse number approximation). This
simplifications reduce equation (1.13) to

d~v

dt
= β

D~u

Dt
+

1

τp
(~u− ~v), (1.14)

where β = 3ρf/(ρf +2ρp) is the coefficient that takes into account the added
mass and pressure gradient forces and τp = d2p/12βνf is the particle viscous
response time.

1.2.2 Usual minimal model

In the simplest limit, only the drag force is conserved, a final simplification
supposed to be valid when the density ratio Γ = ρp/ρf is much larger than one
(i.e. Γ >> 1). This simpler case has been extensively investigated, starting
from the seminal work by Tchen and Hinze in the late 40’ and reduces the
equation of motion of the particle to :

d~v

dt
=

1

τp
(~u− ~v). (1.15)

This equation is particularly attractive for its simplicity. Though it is ex-
pected to be valid only in the limit of point particles with Γ = ρp/ρf >> 1,
it is traditionally invoked as being the equation of motion of inertial par-
ticles transported by a turbulent velocity field ~u. The exact range of va-
lidity of this equation (in terms of particles size and density) remains an
open question which has motivated many recent experimental investigations
[98, 127, 14, 129]. In this standard framework particles inertia is entirely
governed by its viscous time τp, easily deduced from equations 1.21 and 1.23:

τp =
8mp

πdpµfRepCD(Rep)
, (1.16)

for a particle with a given size and mass (or density) as a function of its
particulate Reynolds number Rep. The dimensionless equivalent of τp, the
Stokes number, is defined as:
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St = τp/τη, (1.17)

where τη is the viscous dissipation time scale of the carrier flow
Taking the temporal Fourier transform, equation 1.15 can be written as

v̂ =
1

1 + iωτp
û. (1.18)

where û represents the Fourier transfom of the fluid velocity along the par-
ticles trajectory. The transfer function H = 1

1+iωτp
acts as a first order

low-pass filter on the carrier flow velocity fluid. In particular it predicts that
velocity fluctuations of inertial particle can be simply deduced from that of
the carrier flow by a simple filtering process. By integrating the square of
equation (1.18) over ω and assuming an exponential correlation function for
the carrier fluid velocity along particles trajectory, Tchen [119] showed that
particles rms velocity can be related to fluid’s by :

vrms =
1

1 + τp/TL

urms, (1.19)

where TL is the Lagrangian correlation time of the carrier flow. According
to this relation particles fluctuations are expected to be reduced as their
inertia increases (i.e. as τp increases), consistently with the filtering effect
just mentioned.

Recently, DNS coupled to the simple model (1.15) have also suggested an
important influence of inertia on particles acceleration statistics [9]: while
acceleration probability functions for fluid tracers are highly non Gaussian
[54], inertial particles whose dynamics is ruled by equation (1.15) tend to
have Gaussian acceleration statistics as their inertia increases (with much less
extreme acceleration events compared to fluid Lagrangian particles), also as
a consequence of the filtering effect introduced with the increasing particles
response time.

1.2.3 Drag Force

The discussion in the previous sections shows the leading role of the drag
force in transport of particles in flows. Resistance was evidently the first
fluid-dynamic force, arising from an obstacle placed against a stream of air
or water, to become obvious to man. This force is nowadays related to drag
forces, and is still the leading force in many fluid-structure interaction models
and is the force that will be more carefully studied in this work.
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The drag force is a good example of the richness of fluid-particle interac-
tions. There is not a drag force, but several forces named in this way: skin
friction drag force, pressure drag force, induced drag, parasite drag; even
lift forces may be considered as a special case of these resistance forces. As
this thesis covers mainly spheres with medium or high Re, only the lift and
pressure drag force are relevant. Although written almost 50 years ago, the
book by Hoerner [41], Fluid-Dynamic Drag, still remains the most complete
and documented work on the subject.

Let us consider the case of an object facing a mean stream with velocity
~U The aerodynamic forces acting on the object are generally decomposed in
the drag FD (component alined with ~U) and the lift FL (component perpen-

dicular to ~U), expressed as follow:

FD,L =
1

2
CD,Lρ0U

2A, (1.20)

where ρ0 is flow density, U its velocity and CD the aerodynamical coefficient,
named CD for pressure drag force and CL for lift forces. A is the reference
area (defined as the area of the orthographic projection for drag forces and
the area facing the flow for lift forces).

Therefore, an appropriate parameter for characterizing this phenomenon
are the aerodynamics coefficients CD and CL. In this general introduction we
will focus in spheres, where due to their symmetry, is assumed no lift force
to act on them.

Therefore, we will only focus here on the drag coefficient CD for a sphere.
Figure 1.5 shows how this curve varies with Rep for a fixed sphere. Deviations
from this curve may occur and are related to instabilities and dynamical
corrections to this law (these points will be discussed further below).

It becomes important in this context to model and quantify this parame-
ter for the case of spheres. This has been extensively done in several studies,
both numerical and experimental investigating the drag force acting on a
steady static particle with an imposed flow around (see [19, 13] for a review).
In this context, the drag force is usually written in the general form :

~FD =
πdpµfRep

8
CD(Rep)(~u− ~v), (1.21)

where the drag coefficient CD is a function of the particulate Reynolds num-
ber:

Rep =
dp‖~u− ~v‖

ν
, (1.22)
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Figure 1.5: Drag coefficient of a sphere as a function of Rep. Image taken
from [41].

with ν = µf/ρf the kinematic viscosity of the fluid (and for the steady
particle case ~v = ~0).

In the limit Rep → 0 (point particle and/or slow relative slippage ve-
locity), drag force reduces to the usual Stokes force acting on a sphere

(~FD = 3πdpµf (~u− ~v)), and the drag coefficient is simply CD = 24/Rep.
In case of finite particulate Reynolds number, this simple Stokes drag

coefficient becomes invalid and has to be corrected. Known corrections are
essentially empirical and have been obtained by an exhaustive investigation
of the situation where the particle is fixed in a mean flow ~u. By measuring
the force acting on the particle (with a force gauge mounted on the particle
support for instance) it is possible to calibrate CD as a function of Rep.

Several empirical relations for particulate Reynolds number based drag
coefficient exist [19] [65] ; the most effective one is probably the one given
by Brown & Lawler [13]. In their review of drag and settling velocity of
spherical particles, they have proposed an expression for the drag coefficient
which satisfactorily fits the available experimental and numerical data for
particles with Reynolds number up to 2× 105:

CD =
24

Rep
(1 + 0.150Re0.681p ) +

0.407

1 + 8.710
Rep

for Rep < 2× 105 (1.23)
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(a) (b)

Figure 1.6: (a) Velocity fluctuation level measured by [98] for inertial particles
with various density ratios Γ = ρp/ρf and diameters given by Φ = dp/η (with
η the carrier flow dissipation scale). (b) Acceleration probability density
functions for the same particle classes. A signature of the filtering due to the
drag force is present neither in (a) nor in (b).

1.2.4 On the limits of Stokesian models for freely ad-
vected particles

As already mentioned, in the Stokesian models1 the drag force is generally
considered as the leading force acting on an inertial particle freely advected
by a turbulent flow, though the actual range of validity of this approximation
remains unclear. Recent experimental investigations have shown for instance
that this assumption fails to predict simple dynamical features of finite size
inertial particles [98]. For instance, while the dominant drag force assump-
tion (1.15) predicts a filtering of velocity according to relations (1.18) and
(1.19), measurements show that velocity fluctuation levels of inertial parti-
cles remain identical to that of the carrier flow, even when the particle inertia
is large (see figure 1.6a); similarly, no trend of gaussianization of accelera-
tion statistics have been observed experimentally for finite size particles with
large inertia (see figure 1.6b). Recent numerical studies where particle size
is fully resolved [35, 42, 26] also confirm the non-gaussianity of acceleration
probability density function (PDF) for finite size inertial particles. This sug-
gests that filtering mechanism due to the drag force and the particle viscous
response time is not the main process ruling the turbulent dynamics of in-

1Rigorously, as Reynolds number corrections have been consider for obtaining τp, the
flow is no longer Stokesian and the term used is incorrect. Nevertheless, as in most
studies τp is considered as a fixed value, the drag force is still lineal with slippage velocity.
Therefore, during this thesis we will use the term Stokesian when referring to such models.
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ertial finite size particles. A sampling scenario, where particles dynamics is
mostly affected by a preferential sampling of the carrier flow as they pref-
erentially explore, for instance, low vorticity regions (inertial particles tend
to be centrifugally expelled from the core of turbulent vortices for instance)
has been proposed in addition to the usual filtering mechanism. These ob-
servations question the exact role of the drag force in the equation of motion
of freely advected particles. Though it is generally taken as a leading effect
in theoretical and numerical approaches, very limited experimental evidence
is available nowadays to fully support this assumption. When is the drag
term really dominant? When can the particle dynamics indeed be related to
that of the carrier flow by a simple filtering mechanism? What governs the
possible competition between a filtering and a sampling scenario?

1.3 Inertial particles with constrained dynam-

ics

The questions above have recently motivated one of the simplified experi-
mental configurations investigated during this thesis to address the coupling
between a turbulent flow and a transported sphere. The goal of these sim-
plified experiments is to emphasize the role of filtering effects by forcing the
drag force to somehow become indeed the leading forcing term. Therefore
the idea of considering a semi-constrained particle with an imposed domi-
nant motion relative to the surrounding fluid. Hence the idea of considering
a towed sphere. We call this situation semi-constrained, because the longitu-
dinal motion of the sphere is entirely constrained by the towing motion, while
the transverse motion of the sphere is free, leaving to the particle two degrees
of freedom. In the present study, this is achieved by considering a particle
attached to a thin longitudinal thread in a windtunnel experiment (see figure
2.1 in the next section where the experimental setup is further detailed); as
the particle is attached its streamwise motion is blocked which also imposes
a strong slippage velocity (uz − vz) and therefore a dominant drag force (as
shown in figure 1.7). In the same time as the particle cannot be advected
with the flow, the sampling scenario is expected to be reduced as flow struc-
tures just pass by the blocked particle, in other words, the imposed constraint
exacerbates the so called crossing trajectories effect (meaning that particle
trajectory and fluid particles trajectory mostly crosses each other instead of
being mostly advected together).

Beyond the fundamental interest of this simple experimental model, whose
primary goal is here to explore fundamental features of the drag/filtering
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mechanism by imposing it as dominant, this investigation has also a relevant
interest for different applications as towed systems are common for instance
in acoustic streamers for submarine oil exploration.

More generally, the equation of motion of such semi-constrained particles
can be written as :

d~v

dt
= β

D~u

Dt
+

1

τp
(~u− ~v) + ~Fp, (1.24)

where the propulsion (towing) force ~Fp is assumed to have a dominant direc-
tion (let say |Fp,z| >> |Fp,x|, |Fp,y]) which imposes a dominant motion of the
particle in this particular direction (note that propulsion force can include
gravity, exclusively or not). At this point, the main simplification compared
to the freely advected case is that it becomes legitimate to drop the history
term in equation (1.13) as the particle never interacts with its own wake,
which always stays behind it thanks to the dominant imposed propulsion.
Moreover, when the density ratio of the particle compared to the fluid is
sufficiently large (Γ >> 1), it is also legitimate to drop the added mass term
(this point will be further discussed in chapter 6).

On the other hand other phenomena coupling the dynamics of the sphere
to that of the fluid may appear. The dynamics of the sphere does not result
only from the direct aerodynamic force (mainly the drag) from the fluid onto
the particle, it is also related to the dynamics of the towing cable which
itself interacts with the flow. Besides, imposing a dominant relative velocity
between the sphere and the fluid results in non-trivial wakes downstream the
sphere (as revealed for instance by the extensive litterature on free falling
spheres [45, 29]).

Following this line, we have investigated during this thesis several config-
urations with increasing rate of complexity :

• Towed spheres in laminar flow with moderate towing velocity and par-
ticulate Reynolds number (Rep) for which wake instabilities are ob-
served from the direct coupling between the fluid and the sphere (chap-
ter 4).

• Towed spheres at larger towing velocity in laminar conditions, for which
aeroelastic instabilities between the towing cable and the fluid appear
and affect the sphere dynamics (chapter 5).

• We then investigate the influence of turbulence on the dynamics of the
towed sphere (chapter 6). We seek for the relevance of filtering mecha-
nisms of turbulent fluctuations in this condition with an imposed dom-
inant drag, compared to previous observations for fully freely advected
particles.
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As preamble to this work on towed spheres (with two degrees of freedom),
we present in chapter 3 a preliminary study of the equilibrium and stability
of a pendular disk (with one single angular degree of freedom) facing a mean
flow. This example illustrates that a simple dynamical system with only one
degree of freedom can exhibit non-trivial couplings with a flow, due to wake
instabilities and turbulence.

Finally, it is important to remark an interesting point of this problem:
if the imposed relative fluid-particle velocity is sufficiently large, the system
becomes an hybrid Lagrangian-Eulerian. In a Taylor’s hypothesis point of
view, the particle describes a Lagrangian trajectory in the frozen Eulerian
field of the surrounding turbulent background flow (at least for particles
time evolutions faster than the Eulerian correlation time of the surrounding
flow). This will have important consequences in our study as the temporal
Lagrangian spectra of particles velocity ~v can then be related to the Eulerian
spectra of the carrier flow ~u as discussed later.

v

Figure 1.7: A particle with an imposed dominant motion will never interact
with its own wake. Moreover, for time evolution faster than the Eulerian
correlation time scale of the flow, it can be seen as traveling in a frozen
Eulerian turbulence field.

1.4 Collective effects

Previous discussions focused on the aerodynamic interaction of a flow and
one single particle with increasing degrees of freedom. We consider now the
case of many freely advected particles (hence, each one with 3 translational
degrees of freedom) interacting with a turbulent flow. A striking feature

18



of such turbulent flows laden with inertial particles is the so-called prefer-
ential concentration or clustering that leads to very strong inhomogeneities
in the concentration field at any scale. This has now been widely observed
in many experimental and numerical configurations including homogeneous
and isotropic turbulence (see [114, 31, 105]) and a robust result is that the
concentration field is more intermittent for particles whose Stokes number
are close to unity. Aliseda and co-workers [2] have suggested that the local
enhancement of the concentration could be responsible for the measured en-
hancement of particle settling velocity in turbulent flows due to collective
effects. It is therefore important to have a good quantification of the amount
of clustering.

We mainly focus in this thesis on preferential concentration/clustering
properties of heavy particles in turbulent flows. Most of the work dedicated
to these studies consists of numerical simulations, in the limit of Stokesian
point particle models, where back reaction of the particles on turbulence is
not taken into account, and in experiments with mass and volume fraction
loading that are small enough to neglect this back reaction. As a consequence
the two-way coupling effects are supposed not to be relevant in these contexts
and this section will only deal with the actions of the turbulent flows on
the particles that enable their preferential accumulation. Several particle-
turbulence interaction mechanisms have been proposed for explaining this
phenomenon:

• Response to flow structures: also known as turbophoresis. The basic
underlying mechanism is the following: due to their inertia, particles denser
than the fluid tend to be ejected from vortical structures while they are easily
trapped by convergent regions of the flow. The opposite behavior is expected
for particles less dense than the carrier fluid. If these behaviors are easily
seen and understood on simple steady flows, there is a wide gap to fill to
directly apply them to homogeneous isotropic turbulent flows where, even if
structures do exist, they do not necessarily live for long times. Results would
imply that the effect of centrifuging usually invoked to explain clustering is
not that relevant at moderately high Stokes numbers and thus there is a call
for other physical mechanisms.

• Sweep-stick mechanism: Vassilicos and collaborators have elaborated
along the last five years a new vision of particle clustering in homogeneous
isotropic turbulence. In their pioneering work in 2D inverse cascading tur-
bulence [38], they show visualizations that evidence very strong correlation
in a wide range of scales between distributions of heavy inertial particles on
the one hand and zero-acceleration points of the carrier turbulence on the
other hand. Since then, they have extended their findings to 3D turbulence
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and put them on a more quantitative ground [15, 39, 20]. They explain the
underlying mechanisms as follows: on the one hand, zero-acceleration points
are swept by the fluid as they statistically move with the local velocity of
the fluid. On the other hand, they show that a heavy particle that meets a
zero-acceleration point moves with the fluid velocity, which is no longer true
when the particle is at a point with nonzero acceleration. They refer to this
as the sticky part of the mechanism.

Experimental investigations are still important to reach a better under-
standing of the underlying mechanisms, and many questions are still un-
solved. Do clusters exist as a whole in these flows? How do they form? What
is their structure and how does this structure evolve with time? Which effect
do they have on the single particle dynamics? Here are some of the questions
that still need to be answered.

The final chapters (7, 8 and 9) are dedicated to some of these questions.
One of the goals (but not the only one) aimed by this study was to discrimi-
nate between the turbophoretic and the sweep-stick mechanisms as origin of
preferential mechanism. As most existing studies on these mechanisms come
from numerical studies, in the limit of point particles, we focus on the case
of small sub-kolmogorov water droplets in a turbulent air-flow, produced in
a wind-tunnel (chapter 9). However, our goals also involve characterizing as
precisely as possible clustering properties, clusters geometry, Reynolds num-
ber dependencies, Stokes number dependencies, etc. Therefore, other con-
figurations were also investigated: namely small air bubbles in a turbulent
water channel (chapter 7) and solid particles in a turbulent von Kármán flow
(chapter 8). At this point I would also like to point out that originally only
the case of water droplets in the wind-tunnel was envisaged. However due
to a technical breakdown, the wind tunnel stopped operating for 12 months.
The water-channel and von Kármán configurations were then considered as
an alternative, with finally the added value to extend the range of parameters
explored.

1.5 A quick overview of this thesis

This thesis is organized in two main parts. After a brief discussion of the
wind-tunnel (which is the main facility used for the experiments presented
in this thesis) and some key experimental techniques (chapter 2), Part I
(including chapters 3, 4, 5 and 6) is dedicated to the investigation of the
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interaction of single objects in turbulent and laminar flows :

• Chapter 3 investigates the equilibrium and stability of a simple pendu-
lum (with one degree of freedom) with a laminar and turbulent incom-
ing flow. Non-trivial multi-stability and hysteresis is exhibited, as well
as turbulence drag enhancement.

• Chapter 4 investigates the stability and the dynamics of towed spheres
in still water, where wake instabilities are shown to develop above a
certain threshold of particles Reynolds number Rep, imposing an heli-
coidal oscillating motion of the sphere.

• Chapter 5 investigates the stability and the dynamics of spheres towed
by a long cable in a high speed laminar air flow. The towing con-
figuration is artificially reproduced by considering a fixed cable in the
wind-tunnel. Measurements are achieved by Lagrangian tracking of the
towed sphere. Aeroelastic instabilities (of divergence and flutter type)
resulting from the coupling of the cable with the fluid are evidenced
and shown to impact the sphere dynamics. Possible reminiscence of
the wake instability is discussed.

• Chapter 6 considers the same system as chapter 5, with the addition
of a grid generating turbulence. This situation is compared on one
hand to the towed sphere in laminar conditions in chapter 5 and on
the other hand to the case of freely advected finite sized spheres in-
vestigated in previous studies and in the context of Stokesian filtering
mechanisms. We show that turbulence tends to smear out wake and
aeroelastic instabilities and that turbulent fluctuations are effectively
filtered, in agreement with usual filtering arguments.

Part II of this thesis (including chapters 7, 8 and 9) is dedicated to the
investigation of collective effects and preferential concentration :

• Chapter 7 investigates the concentration field of small air bubbles in a
water channel, with simultaneous measurements of the carrier velocity
field. Preferential concentration is investigated using Voronöı tessella-
tion analysis. No clustering is observed (probably because of the low
Stokes number of the bubbles) and no global impact of the bubbles on
the carrier turbulence is measured.

• Chapter 8 investigates the concentration field of finite size solid parti-
cles in a turbulent von Kármán flow of water, with simultaneous mea-
surement of the carrier velocity field. Clustering is observed and charac-
terized and possible correlation with the background flow is discussed.
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• Chapter 9 investigates the concentration field of small (sub-Kolmogorov)
water droplets in wind-tunnel active-grid generated turbulence. Using
the active grid allowed us to cover a wider range of Reynolds number
compared to previous experimental studies. We evidence clustering
and carefully characterize cluster geometry. Comparing our results
to clustering properties of zero-acceleration points in DNS for single-
phase homogeneous isotropic turbulence, we address the relevance of
the sweep-stick scenario as a possible mechanism for the observed pref-
erential concentration of particles in our experiment. Finally we pro-
pose a new approach to reconstruct large scale concentration fields
using a Taylor hypothesis, which allows us to address new questions as
the super-clustering phenomenon.
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Chapter 2

Wind tunnel

The main equipment used during this work is the low turbulence wind tunnel
SFT1, located in LEGI laboratory (figure 2.1). In this chapter a brief de-
scription of this equipment will be made. For any experiment in which other
equipment has been used it will be detailed specifically in the corresponding
chapter.

SFT1 is a closed-return type wind tunnel with guide vanes (figure 2.2),
and a measurement section of 0.75m x 0.75m x 4m (a more detailed descrip-
tion of this wind tunnel may be found in [57]). A closed-return wind tunnel
presents several advantages (principally it reduces the length of the equip-
ment and the energy costs), but the flow passes by four corners that have to
be carefully studied. The flow is generated by an helical two-steps fan. Each
propeller is powered by a continuous current motor of 37 kilowatts (max)
and is composed by 7 blades that counter-rotate in a way that the down-
stream propeller absorbs the rotation kinetic energy transmitted to the flow
by the upstream propeller. The highest rotation regime is 1280 rpm, which
corresponds to ∼ 45 m/s. For measurement feasibility matters, the highest
velocity studied in this thesis is ∼ 20 m/s. For all the working conditions,
the fluctuation level of the flow (without any grid added) stays below 0.5%.

Each corner is provided with directing blades, that are supposed to re-
cover the flow direction downstream. It has also been checked that these
blades do not generate any asymmetry in the flow and reduce the velocity
fluctuations in a way that no honeycomb panels are needed. Upstream the
measurement section, the flow passes by the settling chamber and the air
filters. The last step before the measurement chamber is the convergence
section. This last section is squared, as the measurement section has the
same form, with a contraction coefficient of 12. The resulting dimensions of
the whole equipment are 16.03 m long, 5.05 m high and 2.60 m width.

Three types of flow were studied using the wind tunnel: a laminar flow,
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Figure 2.1: Wind tunnel SFT1.

Figure 2.2: Schema of the wind tunnel SFT1.
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Figure 2.3: Schema of hot-wire anemometry. Image taken from [46].

a moderate turbulent flow generated with a passive grid and a highly tur-
bulent flow generated with an active grid. Each flow has been characterised
using hot-wire anemometry. In the following sections, this technique will be
detailed and the properties of each flow will be explained.

2.1 Hot-wire anemometry

The hot-wire is still the most used system for studying turbulent flows. Its
simplicity and excellent temporal resolution make it ideal for this kind of
measurements. It is basically a temperature dependent resistance with a
positive temperature coefficient. A schema of this technique is exhibited in
figure 2.3.

The wire, with resistance Rw, is connected to one arm of a Wheatstone
bridge and taken into the working temperature by Joule effect using constant
current. The working temperature is slightly higher than that of the fluid,
therefore this technique is based in the forced convection principle, with
the fluid acting as a cooler. A servo amplifier keeps the bridge in balance
by controlling the current to the sensor so that the resistance – and hence
temperature – is kept constant, independently of the cooling imposed by the
fluid. The energy transmitted by the wire to the fluid then growths with
the velocity. Therefore, the voltage V at the top of the bridge, proportional
the the current i is a function of the component of the flow velocity U⊥

perpendicular to the wire. A semi-empirical relation has been obtained by
King [50], which is known as King’s Law:

V (Te) = AHW (Te)U⊥(Te) + BHW (Te). (2.1)
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The constants AHW and BHW depend on the environmental temperature Te

and on the properties of the wire, the flow, and the working parameters. As
this parameters should also vary in time, for each series of measurements
a calibration must be done. Assuring that Te remains constant during the
measurements, this calibration is made using a direct velocity measurement
(using a Pitot tube and a standard manometer). Using the mean value of
the streamwise velocity measured and the mean value of voltage given by the
hot-wire, the constants AHW and BHW are obtained.

King’s Law has some limitations, as it only considers convective heat
exchange between the flow and the wire, which is also considered infinitely
long and perfectly cylindrical. For slow enough velocities this law is no longer
valid, but in the range of velocities studied in this work the validity of King’s
Law has been corroborated.

The measurements are done using the same method and equipment de-
scribed in [62]. A provision of attaching supports for hot-wire and pitot tube
on the trolley made it possible to perform hot-wire anemometry and also al-
lowed us to obtain the mean velocity flow fields and velocity fluctuations not
only throughout the test section length but also on cross sections at different
mesh distances from the grid. The anemometer used was DISA55M01 with
a standard hot-wire with 6 µm of diameter and 0.5 mm long.

For the laminar flow, it was corroborated that the fluctuation level, in the
range from 4 to 18 m/s stays always below 0.5%, while the spectra do not
exhibit any particular behavior (therefore no instabilities of the wind tunnel
are observed in that range).

2.2 Passive grid

A passive grid consists in a set of static bars with an uniform mesh size M
(figure 2.4a). It is known to produce almost ideal and isotropic turbulence
between the production and the decaying regions, as shown in figure 2.5.
The position of this region depends on the properties of the grid, the wind
tunnel and the original flow. It is still the most used system for studying
homogeneous turbulence [94], but it has the particularity that there is no
turbulence production (only decaying turbulence is generated). The decaying
law for passive grid turbulence is <u2>

U2 = A(x0

M
− x

M
)−n, where < u2 > is the

variance of velocity fluctuations, U is the mean flow velocity, A and n are the
decay laws empirical constants, x is the distance from the grid and x0 is the
virtual origin of turbulence. This last parameters depend on the streamwise
velocity, so a different law is obtained for each Re. Besides, well developed
turbulent conditions require a minimum work distance downstream the grid,
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(a) (b)

Figure 2.4: (a) Photo of the passive grid used. (b) Typical spectrum obtained
with it. The red solid line indicate a k−5/3 power law.

empirically known to be of the order of 30M . For avoiding this inconvenience,
all the measurements were done in the same position, where fluctuations are
almost constant and of the order of 3%.

The grid used in this work comprises of a set of 10 horizontal and 10
vertical square composite bars of 15 mm side, which were glued using epoxy
resin adhesive. It resulted in a mesh size (M) of 60 mm. The solidity ratio;
which is the ratio of the area occupied by the grid and the total cross section
area, is 0.36. As it has already been mentioned, all the measurement were
made at a fixed distance of ∼ 2.1 m of the grid (or 35M). The isotropy
and homogeneity of the turbulence generated at this position has been cor-
roborated via hot-wire anemometry, while the turbulence parameters were
obtained using the results in [62]. Figure 2.4b shows a typical power spec-
trum obtained for this grid at U = 12.5 m/s and Reλ = 165, where the red
line represents the five-thirds law. It is possible to observe that the inertial
range of the spectrum agrees with this law (although the low value of Reλ
results in a short inertial range). Figure 2.6 shows Reλ and η as a function
of velocity generated by this grid (as measured by Mazellier [62]), while the
fluctuation level and the integral length scale (related to the grid mesh M)
remains constant, being 3% and L = 5.33 cm respectively.
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Production Zone Decaying Zone

Developed Turbulence

Figure 2.5: Turbulence generated downstream a passive grid (figure taken
from [34]).

2.3 Active grid

Active grid consist in an array of moving flaps, that produce significantly
higher turbulence levels than passive grids, and thus higher Reynolds num-
ber. This higher turbulence still conserves relatively good homogeneity and
isotropy levels [59, 75, 93].

The grid used in this thesis is shown in figure 2.7a. It is made of 16 ro-
tating axes (eight horizontal and eight vertical) mounted with square blades.
Each axis is driven independently with a step motor whose rotation rate and
direction can be changed dynamically. In the present work the active grid was
driven in a triple random mode: each axis has a random rotation rate (within
a prescribed range), with random rotation and both (rate and direction) may
change randomly in time (within a prescribed time-lag range). In the exper-
iments presented here, the range of prescribed rotation rate was typically
between 0.5 Hz and 3 Hz and the time lag between random changes of direc-
tion and/or rate was typically between 1 and 3 seconds. Figure 2.7b shows
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(a) (b)

Figure 2.6: Reynolds number based on the Taylor microscale (a) and Kol-
mogorov length scale (b) obtained for the passive grid for different streamwise
velocities at x = 2.1 m.

a typical turbulent spectrum measured with hot-wire anemometry where a
well developed inertial range can be identified, that spans for over more than
two decades. A more detailed study of this device can be found in [82].

For the same reasons that have been explained before for the passive grid,
all the measurements have been made in the same position (x ∼ 3 m), where
the fluctuation rate for all the Reλ studied remains almost constant and in
the order of ∼ 20%. In this case, all the turbulence parameters have been
obtained with hot-wire measurements.

As explained in chapter 1, the energy dissipation rate ǫ has been obtained
using the second order spatial structure function S2(ρ), with ρ the length
scale. The spatial function is deduced from the temporal signal obtained with
the hot-wire using the Taylor hypothesis. Then, ǫ is estimated as the value
of the plateau of the compensated structure function: ǫ = ( S2

C2ρ
2/3
0

)3/2, where

C2 = 2.1 is the Kolmogorov constant, universal for homogeneous isotropic
turbulent flow [115].

Once ǫ is deduced, the usual relations are used (see [34, 94]). The Taylor
length scale is λ =

√
15ν < u2 > /ǫ, and therefore the Reynolds number

based on the Taylor microscale is defined as Reλ = urmsλ
ν

. The Kolmogorov

length scale results η = (ν
3

ǫ
)
1
4 while the temporal scale τη =

√
ν
ǫ
. Finally,

the integral length scale is deduced via the spatial correlation function R(ρ),
resulting

r ∞

0
R(ρ)dρ.
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Figure 2.7: (a) Photo of the active grid. (b) Typical velocity spectrum
generated 3 m downstream the active grid. The red solid line indicate a
k−5/3 power law.

Figure 2.8a shows how the measured value of Reλ varies with the stream-
wise velocity. It is found to follow a power law Reλ = AUn, with A = 95 and
n = 0.71. Figure, 2.8b represents the Kolmogorov length scale, that follows
a similar law, with A = 1× 10−3 and n = −0.98. For each other parameter
a similar law was obtained and will be used to determine its values in the
following chapters. As the passive grid folows the same kind of laws (figure
2.6), in table 2.1 all the power laws are shown.

AReλ nReλ Aλ (m) nλ Aǫ (m2/s3) nǫ Aη (m) nη ALint (m) nLint Aτη (s) nτη

PG 46 0.50 0.017 −0.5 8.0× 10−3 3.0 1.4× 10−3 −0.75 0.053 0 0.14 −1.50
AG 95 0.71 9.2× 10−3 −0.38 0.011 3.4 1.0× 10−3 −0.98 0.070 0.49 0.057 −1.9

Table 2.1: Fitting parameters for the principal turbulent parameters, consid-
ering a power law AUn for the passive grid (PV ) and the active grid (AV ).

2.4 Conclusion

In this section we have summarized the principal equipment used during this
work and realized a brief description of hot-wire anemometry and the three
types of flows studied. As this work consists of several different experiments
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(a) (b)

Figure 2.8: Reynolds number based on the Taylor microscale (a) and Kol-
mogorov length scale (b) obtained for the active grid for different streamwise
velocities at x = 3.0 m.

performed in order to get further insight on the fluid-structure interaction,
whenever the wind tunnel has been used a short description of the specific
setup will be performed.
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Part I

Single particle-flow interaction
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Chapter 3

Pendulum in a flow

3.1 Introduction

The pendulum is a paradigm for many problems in physics (oscillators, res-
onances, instabilities, dissipative systems, etc.) which has been investigated
for centuries and which remains one the most fundamental systems taught
in academy. However, in spite of this popularity, the richness of this simple
system is so that the topic is far from being exhausted. This is particularly
the case when the coupling of the pendulum with its surrounding fluid is con-
sidered. This simple system has been chosen for starting this work because
it is maybe the simplest setup possibly considered (after that of fixed objects
in a flow), but at the same time it shows the complexity of fluid-particle
interactions.

In a recent study, Neill et al. [78] have for instance investigated the
role of added mass on a simple spherical pendulum, which offers an elegant
framework to revisit the equivalence principle of inertial and gravitational
masses. More recently, Bolster et al. [11] have evidenced additional discrete
dissipative mechanisms arising on a spherical pendulum with large amplitude
oscillations, due to vortex ring shedding.

These examples illustrate that non-trivial processes emerge when the pen-
dulum is strongly coupled to fluid mechanics. In the present work we inves-
tigate further effects which appear when a pendulum faces a mean stream
instead of being surrounded by still fluid. The mean flow results in additional
aerodynamic forces whose first effect is to modify the equilibrium position
of the pendulum as it is dragged and/or lifted by the flow. We focus here
on the characterization of the equilibrium of a simple pendulum made of a
circular flat plate facing a mean stream (see figure 3.1). Already in 1450, the
italian mathematician Leon Battista Alberti imagined to use such a system
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as an anemometer, the inclination of the swing plate giving the wind veloc-
ity. Leonardo da Vinci and Robert Hooke recovered Battista’s idea and built
such a swing plate anemometer in 1500 and 1667 respectively. However, in
spite of these early developments, although the case of fixed inclined disks
and free falling plates, have received significant attention (see for instance
the recent numerical studies by Auguste et al. [4] and by Chrust et al. [17]
on instabilities of thin free falling disks), the study of the pendular plate
configuration seems to have remained overlooked. We show in the present
work that despite its apparent simplicity, this system reveals an unexpected
richness including: (i) bi-stability and hysteretical behavior of the pendulum
as the flow velocity is cycled up and down, (ii) influence of incident turbu-
lence on the bi-stability and (iii) evidence of drag enhancement in highly
turbulent conditions. Implications of these results are important, both from
a fundamental point of view (in the context for instance of fluid-structure
interactions and stochastic processes in bi-stable systems) and for practical
fluid-structure interaction applications, as such swing plate systems are com-
mon elements in artificial heart valves and nuclear plant check valves among
others.

3.2 Experimental setup

Our experiment runs in the wind tunnel described in the previous chapter
(see figure 3.1). The three possible configurations of flow were investigated :

• Laminar, with no grid at the entrance, the velocity fluctuation rate,
φ = σu/U (where σu is the standard deviation of velocity fluctuations and U
is the average stream velocity) remains then below 0.5% ;

• Moderately turbulent (φ ≃ 3%) produced with the passive grid.

• Highly turbulent (φ ≃ 20%), with the active grid.

For each configuration, we monitor the equilibrium angle αeq of the pendulum
(using a high precision rotating angular sensor at the pendulum pivot) as a
function of the mean wind velocity U . The pendulum is made of a thin
aluminium disk (4 cm in diameter, 1 mm in thickness). The length OD
between the pivot of the pendulum O and the center of the disk D is OD =
26 cm. The disk is connected to the pivot by a thin beveled rigid blade with
negligible frontal area facing the flow. The center of mass G of the system
blade+disk is such that OD = 15.5 cm. Finally we note that in the turbulent
cases, the size of the disk remains smaller, but is of the order, of the energy
injection scale of the flow Lint (Lint ≃ 5.3 cm with the passive grid, and
Lint ≃ 15 cm with the active grid).
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Figure 3.1: The experiment runs in the wind tunnel. Explored velocities
range between 1 m/s and 20 m/s with a turbulent velocity fluctuation rate
φ < 0.5%. A grid can be inserted at the entrance of the test section to
increase the level of turbulence. The pendulum is located far downstream
the entrance of the test section where the turbulence generated was verified
to be well developed with good homogeneity and isotropy properties. The
top left inset details the pendulum. It is made of a thin aluminum circular
plate (4 cm in diameter, 1 mm in thickness) connected to the pivot axis Ox
by a thin beveled rigid blade with negligible frontal area facing the flow. G
denotes the center of mass of the system disk + blade and D the center of
the disk.
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3.3 Results

3.3.1 Laminar case

Figure 3.2 shows the equilibrium angle of the pendulum in the laminar case
(no grid in the wind tunnel) as a function of flow velocity, when the wind
speed is cycled up and down. When the wind velocity is increased from
rest, the equilibrium angle of the pendulum naturally increases as the plate
is dragged by the flow (dark blue triangles pointing up, △). An abrupt
transition from a low equilibrium branch to an upper equilibrium branch is
observed for a critical velocity U lam

↑ ≃ 11.2 m/s, where αeq suddenly jumps
from around 50◦ to around 65◦. If we now start from a high speed configura-
tion and the wind velocity is decreased starting from the upper branch (light
blue triangles pointing down, ▽), a hysteretical behavior is observed: the
reverse transition back towards the lower branch occurs for a lower critical
velocity U lam

↓ ≃ 10 m/s, where the equilibrium angle suddenly drops from
around 60◦ to around 45◦. As a result, the pendulum is found to be bi-stable
for wind velocities in the range 10− 11.2 m/s, with an equilibrium position
which depends on the history path of the system. We also observe a narrow
band of forbidden angles which are never explored by the system.

3.3.2 Origin of the bi-stability

We will show that this peculiar behavior can be understood in aerodynamic
terms, from the angular dependency of the normal drag coefficient CN of an
inclined disk. CN is defined such that the aerodynamic force acting on the
plate is ~Faero = 1

2
ρairCNSDU

2~eN , with ρair the density of air, SD = πD2/4
the area of the disk and ~eN the normal vector on the downstream face of the
plate (see inset in figure 3.1). Figure 3.3a shows reference measurements of
CN by Flachsbart [33] (note that in the present study as in [33] Reynolds
number based on disk diameter ReD = UD/ν exceeds 104, hence aerody-
namic coefficients are assumed not to depend on ReD). Figure 3.3a shows
that the angular dependency of CN exhibits a sharp discontinuity at a crit-
ical angle αstall ≃ 51◦. This corresponds to the stall transition of the plate:
when the normal drag coefficient is split into the drag (CD = CN cos(α))
and lift coefficients (CL = CN sin(α)), as shown in figure 3.3a, it becomes
clear that for large inclinations α > αstall (i.e. for low angles of attack), lift
dominates drag and vice versa. Lift is maximal for α & αstall, where the disk
is somehow in a flying configuration. CL abruptly drops when α decreases
below αstall (until it vanishes when the plate is perpendicular to the flow at
α = 0◦). For low inclinations (i.e. large angles of attack) drag dominates
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Figure 3.2: Equilibrium angle measured experimentally for increasing (dark
blue△) and decreasing (light blue▽) wind velocity. Lines in the background
represent iso-contours of the total potential energy of the system (gravity +
aerodynamic) as further illustrated in figure 3.3c. The blue solid line indicates
the prediction of the stable equilibrium angle from the path of local minima of
total potential energy. Labeled points corresponds to the equilibrium analysis
discussed in figure 3.3. Dark gray bottom region indicates low inclination
states (namely α < αstall) where aerodynamic force is dominated by drag,
while light gray upper region indicates high inclination states, where lift
dominates.
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Figure 3.3: (a) Reference static measurements of normal drag coefficient
CN for an inclined static circular cylinder as a function of inclination angle
(gray circles) ; data is taken from [33]. Blue squares and red diamonds
show the corresponding drag (CD) and lift (CL) coefficients. (b) Modulus
of the moment of of gravity and of aerodynamic forces on the pendulum
for three different wind velocities as a function of the inclination angle of
the pendulum. Intersection points indicate equilibrium positions. (c) Total
potential energy of the pendulum as a function of inclination angle.
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lift.
In the sequel we shall therefore speak of drag dominated states when

α < αstall and of lift dominated states when α > αstall. Such a stall transition
has been extensively studied in aeronautics as it is a major concern for airfoil
design [41]. Its physical origin, which goes beyond the scope of this thesis,
is a complex (though relatively well understood) fluid mechanics problem
related to massive flow separation at the backside of the plate (or airfoil).
We point however that, contrary to the case of certain aeronautic airfoils
(see for instance [74, 67]), the stall transition for a flat circular plate does
not exhibit any noticeable hysteresis when the inclination angle is cycled up
and down at constant velocity. The hysteretical behavior observed here for
the pendulum is therefore not related only to aerodynamics. It actually relies
on the additional angular degree of freedom of the pendular system, whose
equilibrium angle αeq self adjusts to ensure the balance between the moment

of aerodynamic force (~Γareo) and that of gravity (~Γweight):

~Γareo =
1

2
ρairSdCN(α)U

2OD cosα~ex, (3.1)

~Γweight = −mgOG sinα~ex. (3.2)

Figure 3.3b shows the modulus of the aerodynamic moment acting on the
pendulum for three different wind velocities U and that of gravity (which
is independent of flow velocity), as a function of inclination α. The quan-
titative estimation of the aerodynamic moment requires to know the actual
angular dependency of the normal drag coefficient CN(α): the reference mea-
surements from Flachsbart [33] (shown in 3.3a) have been used for this pur-
pose. Depending on the flow velocity, gravity and aerodynamic curves can
have one or multiple intersection points meeting the equilibrium condition
|Γaero| = |Γweight|. For low velocities, they intersect only once for α1

eq < αstall

(point labeled “ 1 ” in the figure) and the equilibrium results mainly from
a drag vs gravity balance. For large velocities, the intersection occurs for
α3
eq > αstall (point labeled “3”) and we have essentially a lift vs gravity equi-

librium. For intermediate velocities, three intersection points exist: one at
α2
eq . αstall (labeled “ 2 ”), one at α2′

eq & αstall (labeled “ 2’ ”) and one
at αI ≃ αstall (labeled “ I ”). This situation corresponds to the range of
bi-stability reported in figure 3.3a, where points “ 2 ” and “ 2’ ” are two
stable states (respectively on the drag and lift branches) and point “ I ”
corresponds to an unstable equilibrium position of the pendulum close to
the stall angle. This bi-stability scenario can be rewritten in terms of a two
potential wells system, based on the total potential energy of the pendulum
Etot

p (α) = Eweight
p (α) + Eaero

p (α), where Eweight
p (α) is the gravity potential
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energy and Eaero
p (α) is the potential energy associated to aerodynamic force.

Eweight
p (α) = mgOG sinα, (3.3)

Eaero
p (α) = −1

2
ρairSdU

2OD
w π/2

α
CN(α

′)dα′. (3.4)

Note that aerodynamic potential energy Eaero
p (α) is defined so to be zero

when the pendulum is aligned with the mean stream (i.e. α = π/2) which
would be the natural equilibrium position in absence of gravity. Figure 3.3c
shows the total potential energy Etot

p (α), as a function of inclination α, for
the same three velocities for which balance of moments has been analyzed
in figure 3.3b. It shows that for the lower velocity only one potential well
defines the stable drag dominated angular position of the system and that for
the higher velocity only one potential well defines the stable lift dominated
angular position. For the intermediate velocity two stable potential wells co-
exist with an unstable equilibrium (local maximum of Etot

p ) in between. For a
more complete analysis, we show in figure 3.2 the iso-contour lines of the total
potential energy in the α−U parameter space. Experimental measurements
of equilibrium angle are found to lie almost perfectly on the path of local
potential minima (emphasized by the solid line). The range of bi-stability
is also well predicted by the two potential wells description, although the
predicted hysteretical cycle is broader than what is experimentally observed.
In particular the experimental transition from the lift branch down to the
drag branch (when velocity is decreased below U lam

↓ ) occurs sooner in the
experiment compared to the theory. This sooner transition results in an in-
trinsic narrow band of forbidden angles between approximately 51◦ and 57◦,
which are never explored by the pendulum in the experiment. The reason of
the anticipated lift to drag transition remains unexplained. First analysis of
the pendulum fluctuations (see figure 3.10b), based on measurements of the
standard deviation of the angular position of the pendulum, σα, indicates
that fluctuations in the laminar case are small (σα < 1 degree in general
and σα ≃ 0.1 degree in the lift branch). It is therefore unlikely that fluc-
tuations do activate here the anticipated departure from the lift branch. A
possible explanation may be related to finite thickness effects (the thickness-
over-diameter ratio of our plate is of the order of 4·10−2) which may not be
completely negligible when the edge of the plate faces the flow (as it is for
the lifted case) and which may affect the stall transition compared to the ref-
erence measurements by Flachsbart [33] who considered a plate with aspect
ratio below 10−2. Recent numerical studies by Auguste et al. [4] have shown
for instance that such finite thickness effects still affect the free falling dy-
namics of flat disks with thickness-over-diameter ratios of the order of 10−1.
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Further experiments with different plate thicknesses will be carried to explore
such possible effects on the pendular system.

3.4 Numerical simulations

Computational Fluid Dynamics simulations, using ANSYS Fluent has been
performed in order to get further insight on the system. As the experi-
mental setup only allows us to define the aerodynamic forces normal to the
pendulum, numerical simulations would permit us to better understand the
behavior of the aerodynamic coefficients, the properties of the boundary layer
and the flow affected by the disk. Note that we do not solve the dynamical
motion of the pendulum, but simply characterize the aerodynamic forces and
flow properties for the case of a steady inclined disk, where the angle of the
plate and the velocity of the flow are adjusted to coincide to the equilibrium
positions of the pendulum in the experiment.

For each angle, a coarsed DNS simulation has been made. Such simula-
tions in a three-dimensional domain are extremely expensive, therefore only
a laminar inflow has been considered.

Figure 3.4a shows the domain reproduced, where the domain has a length
of 1 m and a squared section of 0.2× 0.2 m2 (the dimensions of the blob has
been respected). The boundary condition at the blob and domain’s lateral
walls was no-slippage. The mesh cells number N has been limited by the
resources available in the workstation used, being N ∼ 4 × 106 cells (figure
3.4b). In a first step, in order to validate the model and the domain used,
the well known problem of the circular plate perpendicular to the flow has
been studied (α = 0).

Figure 3.5 shows the velocity magnitude obtained for two different Re,
where it can be seen that simulations are qualitatively well converged. Figure
3.5a shows the results for Re = 0.1, where the boundary layer appears to be
well converged and is found to remain stationary and attached to the disk.
Figure 3.5b shows the same magnitude for Re = 1 · 105, where the boundary
layer has clearly detached and the flow becomes unstationary and turbulent.

Figure 3.6 shows the drag coefficient resulting for 9 different Re and the
values compiled in reference [41]. Both curves are close, with some differences
in the low Re region, probably caused by boundary effects at low Re (that
can be clearly appreciated in figure 3.5a) at the walls. As all the experiments
have been run for Re > 1 · 104, where both curves present almost perfect
agreement, we will consider that this simulations are properly resolved for
our purposes.
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Figure 3.4: (a) Domain performed in Gambit for simulations. (b) Mesh in the
y0z plane, where a second cubic domain has been done for better resolving
the zone adjacent to the pendulum (see inset of figure).
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Figure 3.5: Velocity magnitude obtained for Re = 0.1 (a) and Re = 1× 105

(b).
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Figure 3.6: Drag force as a function of Re, for the results from ANSYS Fluent
(blue line) and the experimental results compiled in [41] (red line).
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Figure 3.7: Comparison of the aerodynamical force obtained numerically
(blue line), measured in reference [33] (red line) and obtained experimentally
in this work (black line).

3.4.1 Inclined plate

Having well described the canonical problem of the disk facing the flow, the
studied situation of the inclined angle has been simulated. The same param-
eters as in the previous section have been used, with the same number of
mesh cells. Only a static situation has been reproduced, where the stream-
wise velocity and the angle are chosen according to the experimental results
shown in figure 3.2. Therefore, the only parameter that can be compared is
the force Fweight (or equivalently CN) of the experiments with Faero of the
simulations. Figure 3.7 shows this force, where the blue line represents the
simulations, the black line the experimental results and the blue one the
results from reference [33] (interpolated for our working conditions). The
numerical results are in a very good agreement, with the exception of two
points, near αstall, which are clearly unresolved.

Better insight of the phenomenon can be obtained with the velocity pro-
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Figure 3.8: Velocity magnitude obtained for α = 15.18◦ (a), α = 25.69◦ (b),
α = 51.21◦ (c) and α = 73.13◦

files. In figure 3.8 the velocity magnitude for different situations is exhibited.
Figure 3.8a shows this parameter for α = 15.18◦, where the boundary layer
is clearly defined, while some shedding is also observed. Figure 3.8b shows
a similar scenario, with stronger vortices expelled from the disk. For 51.21◦

(figure3.8c), an angle at the limit of the drag–lift transition observed exper-
imentally, we observe a strong vortex shedding, with a well characterized
frequency (of the order of 90 Hz). This type of oscillations are well known in
the drag–lift transition and other boundary layer detachment processes (for
instance see [106]). Finally, for α = 73.13◦, no shedding is observed, while
the boundary layer is clearly detached (although it does not seem to derive
in a turbulent zone as in figure 3.8b).
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The coefficients derived from the simulations are shown in figure 3.9. As
expected, they agree with the results from Flachsbart [33], with desavenien-
cies in the detachment angles.

The numerical reconstruction of the flow around the plate therefore sug-
gests that vortex shedding effects, which appear near the hystererical range,
probably play an important role in the transitions between lift and drag
branches. An interesting aspect to be investigated in the future is whether a
resonance effect may occur when the frequency of the shedded structures ap-
proaches the natural frequency of the pendulum. We expect such resonances
to have an important effect on the hysteresis cycle, as amplified resonant
oscillations may promote the transition of the system between drag and lift
potential wells.

Finally, it is interesting to note that simulations for the static plate are
much harder to converge in the vicinity of stall. The complexity of the wake
of the plate in this situation would very likely require simulations with much
higher resolution.

3.5 Influence of turbulence intensity

We consider now the influence of enhanced free stream turbulence on the pen-
dulum equilibrium in the experiment. Figure 3.10a shows that a few percent
of turbulence level (achieved with the passive grid) already has a measur-
able effect : while the drag branch remains almost unchanged compared to
the non turbulent case, the lift branch is slightly decreased to lower equilib-
rium angles, and the bi-stability range is significantly reduced. Figure 3.10c
shows the corresponding angular dependency for the normal drag coefficient
CN(α), inferred from the measurements of αeq(U) by writing the equilibrium

condition ~Γaero = ~Γweight (from eq. (3.1) and eq (3.2)) parametrized by U :

{
α = αeq(U),

CN(α) =
2mg

ρairSdU2
OG
OD

tanα,
(3.5)

(the solid line in figure 3.10c recalls the reference measurements of CN(α) by
reference [33] previously discussed for the case of a laminar incident flow).
At small inclinations (α < αstall), a few percent of turbulence marginally
affects the drag coefficient, consistently with previous results for plates nor-
mal to the flow (see for instance ([41]). At large inclinations on the contrary
(α > αstall) aerodynamic lift is reduced up to 8% compared to the laminar
case. Regarding the hysteresis and bi-stability reduction, we find it to oc-
cur through an anticipated drag to lift branch transition compared to the
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Figure 3.9: Aerodynamical coefficients CD (a), Cl (b) and CN . In all the
figures the blue line is for the results obtained with ANSYS Fluent while the
red line are the experimental results from reference [33]
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Figure 3.10: (a) Average angular equilibrium position of the pendulum as
wind velocity is increased and decreased for the three different levels of turbu-
lence (φ) explored. Blue and green coloured surfaces emphasize the hysteretic
cycle for the laminar and moderate turbulence cases respectively. (b) Corre-
sponding standard deviation of the fluctuations of the angular position of the
pendulum. (c) Angular dependency of normal drag coefficient of the plate
estimated from the angular average position of the pendulum αeq. The blue
solid line recalls the laminar static measurements of CN by Flachsbart [33]
already shown in figure 3.3a.
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laminar case (U turb
↑ < U lam

↑ ), while the decreasing transition is unaffected by

turbulence (U turb
↓ ≃ U lam

↓ ). The anticipation of the drag to lift transition
is very likely activated by the enhanced turbulent fluctuations of the pen-
dulum. This should be discussed together with figure 3.10b and with the
green curve in figure 3.3c which represents the laminar two potential wells
landscape near U turb

↑ ≃ 10.3 m/s. We assume as a first approximation that
turbulence acts as an additive noise on this unmodified potential landscape
(although strictly speaking, we know that the potential energy in the lift
branch is slightly modified due to the reduction of the lift coefficient previ-
ously mentioned). It can be seen in figure 3.3c that the drag potential well
is very shallow at 10.3 m/s, hence the escape from this well can be easily
activated by enhanced fluctuations. Besides, the inspection of the standard
deviation of the pendulum angular position (figure 3.10b) in the moderate
turbulence case shows that at this same wind velocity, σα is about 50% larger
than in the laminar case. Regarding the lift to drag transition, figure 3.10b
shows that the fluctuation level in the turbulent lift branch is comparable to
that of the laminar drag branch in the vicinity of the turbulent hysteretical
cycle. Considering that, as shown in figure 3.3c, the lift potential well is
deeper than the drag potential well at U turb

↑ ≃ 10.3 m/s (this asymmetry
has been checked to prevail even if the potential energy is estimated using
the reduced lift coefficient), and that no escape from the drag potential well
has been observed in the laminar case at this wind speed, it is reasonable
that for a similar level of fluctuations the pendulum does not escape from
the lift potential and hence U turb

↓ < U turb
↑ . It is however important to stress

at this point that a more complete understanding of the role of fluctuations
on the hysteretical behavior requires a more detailed statistical analysis, tak-
ing in consideration not only the standard deviation of fluctuations, but also
higher moments, as the skewness (which characterize the asymmetry of the
fluctuations) and the flatness (to investigate the possible occurrence of strong
intermittent events) which may play a crucial role in transition processes be-
tween the two potential wells. Such a detailed investigation will be addressed
in forthcoming studies.

When the turbulence level is further increased up to φ = 20% (with the
active grid) the scenario drastically changes. No clear transition between
a drag branch and a lift branch is visible anymore and, bi-stability and
hysteresis have disappeared. Due to mechanical power limitations, the wind
speed could not be pushed above 11 m/s with the active grid operating.
Therefore we cannot be conclusive regarding a possible transition toward a
lift branch at higher wind velocities ; however this seems unlikely, considering
that at 11 m/s the transition was already observed for φ = 3%. The high
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turbulence case also exhibits a significant increase of the equilibrium angle of
the drag branch compared to lower turbulence cases. This corresponds to a
significant increase of normal drag coefficient CN , up to 50% as shown in the
inset of figure 3.10. As for the moderate turbulence case, it is enlightening
to consider the fluctuations of the pendulum, reported in figure 3.10b. It can
be seen that the standard deviation of these fluctuations is now one order of
magnitude larger. It attains values as large as 10 degrees. The amplitude of
the fluctuations is therefore comparable to the angular extent of the hysteresis
cycle reported in the laminar case, which is therefore completely smeared
out. Further experiments are planned, where much longer time series will
be recorded, in order to improve the statistical description of the pendulum
fluctuations. An important aspect to be addressed concerns the question if
the laminar bi-stability and hysteresis may remain reminiscent as a broad
bi-modal distribution of the pendulum fluctuations or if on the contrary the
dramatic change of the turbulent drag coefficient has killed all reminiscence
of the laminar features.

3.5.1 Discussion

Our results are worth being briefly discussed in the context both of funda-
mental aspects of bi-stable systems and of practical implications for hydro
and aerodynamic issues. Concerning the first aspect, our system offers a
simple experimental model for the investigation of fundamental properties of
bi-stable and hysteretical processes. In particular, it has the capability to
simply address questions related to stochastic processes in bi-stable systems,
what remains an active field of research and an archetype model for many
problems in physics, chemistry, geophysics and biology ([124]). In the present
work for instance turbulence plays the role of noise. In the moderate turbu-
lence case (φ = 3%), velocity fluctuations mostly act as an additive noise on
the aerodynamic force acting on the disk (Faero = 1/2ρCNSdU

2), as small ve-
locity fluctuations can be linearized with respect to the perturbation φ << 1.
Turbulence can then be regarded as a heat bath where the reduction of hys-
teresis reported in figure 3.10 illustrates the thermal activation ([52, 124])
induced by additive noise which increases the escape probability from one
potential well to the other. The case of high turbulence level is more com-
plex and cannot be simply linearized as an additive noise. Multiplicative
effects (resulting in fluctuations of the energy barrier itself between potential
wells) are very likely involved, and require further investigations.

From the aero/hydro-dynamic point of view, learnings from this simple
experiment are also rich. As already discussed from the inset of figure 3.10,
the angle of equilibrium of the pendulum gives a direct measurement of the
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normal drag and hence of the lift and drag coefficients of the inclined plate.
The impact of turbulence on such coefficients in general remains an open
question with direct energetic and structural implications in aeronautics,
civil engineering and turbulent transport phenomena. While evidence of lift
reduction by turbulence is well documented in airfoil research literature, the
impact of turbulence on drag remains debated. Numerical studies on the
drag coefficient of a sphere are for instance controversial as Bagchi et al. [5]
report that mean drag is not affected by turbulence intensity, while more re-
cent studies by Homann et al. [43] report a significant enhancement of drag
with increasing turbulence intensity. Though the quantitative values of lift
reduction and drag enhancement by turbulence reported in the present study
may change for other geometries than an inclined disk, our measurements re-
veal the necessity of a careful consideration of turbulent effects for instance
in architectural design, spoiler conception and vehicle aerodynamic optimiza-
tion. Besides, our results directly concern fluid-structure interaction (FSI)
properties of flat pendular systems, which are common in many applications,
including spoilers, industrial check valves and artificial heart valves. The
fact that their equilibrium is bi-stable have important practical implications.
For instance, pendular plate anemometers, as imagined by Alberti, da Vinci
and Hooke, become intrinsically ineffective as in the bi-stable range, the an-
gle of the pendulum is not univocally related to flow velocity. But beyond
this, incorporating the bi-stability mechanism in FSI analysis may signifi-
cantly improve the understanding and predictability of such systems. This is
particularly important for the design of tilting disk and swing check valves,
which are crucial elements of nuclear plant security systems ([58, 63]), but
also of prosthetic heart valves ([40, 112]). Bi-stability implies an intrinsic lim-
itation of static FSI models, and the requirement of a dynamic modeling, to
properly account for the history of the system, as the flow rate in the valve
cycles up and down. With this respect, the pendular system investigated
here, also gives a simple and quantitative benchmark to test the accuracy of
FSI models. Alternatively, the two-well potential approach gives a possible
strategy to replace complex and computationally expensive dynamical FSI
simulations by an empirical model based on static macroscopic data of the
angular dependency of hydro/aerodynamic coefficients, which may be rele-
vant to investigate valve dynamics and stability. Finally our results also show
how design strategies may include possible effects of fluctuations which can
help reducing hysteresis or improving the opening of the valve at low flow
rates as a result of turbulent drag enhancement.

Numerical simulations in Fluent supports the scenario described, with a
leading role of wake structures near stall, adding some interesting relation
with boundary layer shedding and bistability.
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3.6 Conclusion

To summarize, we have evidenced the bi-stability and hysteresis of a flat
pendulum facing a flow. We have given a quantitative interpretation of the
phenomenon (for the case of a laminar incident flow) where the complex hy-
drodynamical interaction of the plate with the fluid is reduced to a simple
two potential wells model mainly defined by the plate normal drag coefficient.
The academic attractiveness of the pendulum paradigm makes this configu-
ration ideal for pedagogical purposes as well as for fundamental researches
on stochastic processes in bi-stable systems. Present work has focused only
on the quasi-steady equilibrium of the pendulum, but much remains to be
done regarding to dynamical features and fluctuations. We will for instance
carry further experiments (with very long temporal recordings), to monitor
the dynamics of the noisy pendulum in the vicinity of the bi-stable range,
in order to better quantify the actual impact of fluctuations on the transi-
tion between branches and to extract escape time statistics. This question,
known as Kramers problem ([52]), remains a classical problem of stochastic
multi-stable systems. An interesting point to be addressed in our particu-
lar configuration concerns the influence of specific properties of the forcing
noise. In the laminar case resonant effects between periodic structures shed-
ded downstream the plate and natural oscillations of the pendulum, may for
instance be important. In the turbulent case, we expect transitions between
the two stable states to be also affected by time-correlation properties of
turbulence (which define the color of the imposed noise, but also by spatial-
correlation effects (related for instance to the ratio between the integral scale
of the surrounding turbulence and the size of the pendulum) as well as by
intermittency effects. Beyond the present configuration where additive noise
is introduced by moderate turbulence, the versatility of our system allows to
investigate the influence of several parameters, such as amplitude and color
of noise (which can be simply introduced by a controlled random mechan-
ical forcing of the pendulum), but also of the shape of the potential well
itself (which can be tailored by adding a torsional spring or a magnetic force
for instance). The ability of the bi-stable pendulum to undergo stochastic
resonance will also be investigated.
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Chapter 4

Instabilities on a sphere towed
at constant speed

4.1 Introduction

In the previous chapter the study of the stability of a pendulum strongly
coupled with the surrounding fluid was made. It was already an extremely
rich and complex problem that indeed would need further study that exceeds
the scope of this work. The next step for studying the nature of fluid-particle
interactions would be to analyze a dynamical case. We investigate here the
case of a spherical particle towed at constant speed.

The dynamics of towed objects in a fluid environment is of interest for
many practical situations. For instance acoustic streamers, where a sonar
array is towed at the tip of a long cable attached to a ship or a submarine are
commonly used to detect and analyze sonic signals in the ocean [25]. Aerial
systems towed by aircrafts have also been used for express mail delivery in
the first half of the twentieth century, and applications are still considered for
precision payload delivery or snatch pick-up [47, 110, 134], aerial refuelling
(see figure 4.1) and low-altitude atmospheric research [97, 111] among others.

In the context of these applications, it is of crucial importance to warrant
the stability of the trajectory of the towed object (at the tip of the cable),
which turns to be an interesting and complex fluid dynamics problem. The
dynamics of the towed object results indeed from several contributions: (i)
the aero/hydro-dynamic forces exerted by the surrounding fluid (including
primarily drag and lift but possibly also added mass effects and pressure gra-
dients when the environment is turbulent, etc.) directly on the object itself,
(ii) the tension of the towing cable (which is itself submitted to aero/hydro-
dynamic forces) and (iii) gravity. As a consequence the towed object is cou-
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Figure 4.1: Aerial refuelling is an example of a towed cable system for which
stability issues are crucial for connecting manoeuvres. The picture shows the
first aerial refuelling, on 27 June 1923. (Source: U.S. Air Force).

pled to the fluid both directly and also indirectly via the cable. The study
of the coupling between the cable and the fluid is therefore also of crucial
importance. In this chapter we will study the instabilities that can appear
in the particle wake, while in the following chapter we will focus on the in-
fluence of the towing cable in the development of instabilities. In chapter 6
we then investigate the influence of a surrounding turbulence.

We note that the results presented in this chapter concern a preliminary
work, carried during a one week visit in the Turbulent Flow Group (Institute
for Hydromechanics) at the Karlsruhe Institute of Technology, in collabora-
tion with Pr. Markus Uhlmann. In spite of their simplicity, the results of
the experiment carried out during this short visit, appear to give interesting
complementary insight regarding the onset of wake instabilities, as previ-
ously reported for instance for the case of free falling spheres. The situation
of a sphere towed at constant velocity can indeed be related to the case of a
sphere freely falling at its terminal velocity. This problem has already been
considered by Newton [79] while he was studying the drag of spheres in falling
liquids. With the DNS at higher Reynolds number and high speed imaging
techniques, over the last 15 years this problem received renewed attention
[125, 19, 44, 45, 23]. A big variety of motions has been reported for such a
system. A review on this subject may be found in [29].

The physical causes of path instability can be separated in two classes.
The first class is related to the way the hydrodynamical forces and torques
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evolve when a disturbance is applied to the body degrees of freedom. The sec-
ond class involves the wake instability that occurs beyond a critical Reynolds
number even if the body is translating with constant speed and orientation.
This is caused by two subsequent bifurcations (the second being a Hopf bi-
furcation), that occur for the free falling case at Re1pc = 212 and Re2pc = 273
respectively (where Rep is defined as Rep = dpUs/ν, where Us is the set-
tling velocity of the sphere, dp its diameter and ν the kinematic viscosity of
the flow). The first bifurcation leads to a stationary state that is no longer
axisymmetric. The second bifurcation is related to a periodic state. The
lift force associated with this mode oscillates in magnitude about a non-zero
mean. Both trajectories conserve a planar reflectational symmetry with re-
spect to a longitudinal plane passing through the sphere center (with an
arbitrary angular orientation).

Three basic parameters will be considered for studying this problem. The
particle Reynolds number Rep, the density ratio Γ = ρp/ρ0, where ρp and ρ0
are particle and fluid’s density respectively and the Galileo number, defined

as Ga =
√

gd3pρ0(ρp−ρ0)

µ2 , where g is gravity acceleration and µ the kinematic

viscosity of fluid. Dimensional analysis shows that the system is governed by
two parameters (in this introduction we consider Rep and Γ accordingly to
[29], while in [45], Ga and Γ are considered). From the situations investigated
in the literature, three different regimes of oscillatory motion for a sphere can
be identified:

• Regime A (Repc ∼ 260, Γc > 0.36): this regime is characterized by
small-amplitude, possibly irregular or even chaotic movements of the body.

• Regime B (Repc ∼ 260, Γc < 0.36): the sphere follows regular har-
monic oscillations with significant amplitudes. Wake vortices control the
dynamics of path instability, and their evolution is intimately related to the
changes in the translational and rotational velocities of the body.

• Regime C (Rep >> Rec, Γc < 0.36): this regime occurs at Rep much
larger than the threshold of wake instability, when higher-order harmonics
become important. Various oscillating paths are reported, more or less reg-
ular and possibly chaotic but with still-significant amplitudes. This paths
develop in conjunction with complex wake structures.

An appropriate parameter for characterizing this phenomenon is the drag
coefficient CD. Figure 4.2a shows how this curve varies with Rep for a static
case (already shown and detailed in chapter 1). Deviations from this law
would be related to instabilities and dynamical corrections to this law.

In the DNS in [45, 24], spheres with Rep < 550 and density ratios in
the range 0.5 < Γ < 10 or Γ = 0 (no intermediate values have been con-
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(a) (b)

Figure 4.2: (a) Drag coefficient of a sphere as a function of Rep. Image taken
from [41]. (b) Mean drag coefficient (defined as Cz = 4/(3U2

z )) as a function
of Ga for reduced densities, Γ = 0 (dashed line), Γ = 0.5 (dash–dotted line)
and Γ = 5 (solid line). The dotted line plots the drag coefficient of the
axisymmetric wake (image taken from [45]).

sidered) were studied. Figure 4.2 shows their result of how the usual drag
law varies with Γ. The drag coefficient of spheres corresponding to density
ratios Γc > 0.5 follows the standard drag law throughout the entire range
of Rep investigated. In contrast, for Γc = 0, CD almost stops decreasing for
Rep > 300 and keeps a value close to 0.65. A similar behavior was found In
the experimental work of [125] at higher Rep numbers (900 < Rep < 2000),
but with a critical value Γc = 0.3. In [44], another experimental study, a
much broader range of Rep is covered (100 < Rep < 15000), whilst results
are qualitatively similar.

These works give a consistent picture of this phenomenon, that always
occurs after a critical particle Reynolds number Repc. Beyond a critical
density ratio Γc, the drag coefficient barely deviates from its standard curve,
probably signature of an A regime. In contrast, path oscillations are much
larger for ρ < Γc, corresponding to a B or C regime (depending in the
distance Rep − Repc), and they result in a marked increase in CD, which is
typically twice as large as the fixed–sphere value for Rep > 103.

Vibration first occurs atRepc ∼ 260, slightly less than the critical Reynolds
number marking the onset of vortex shedding for a fixed sphere, Reps ∼ 275
([104, 76]). Over the range Rep = 260 − 1550, the critical density ratio Γc

has a value just below 0.4. At Rep = 1550, it jumps to Γc ∼ 0.6, where
it remains at least until Rep ∼ 15000, the upper limit of Rep considered in
available experiments. The amplitude of the oscillations has a typical value
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of 0.75dp.
The case studied in this chapter, where the particle is towed at a constant

speed Uy (being always Uy = 2.24 cm/s, hence orders of magnitude lower than
the settling velocities, as can be deduced from table 4.1) is an intermediate
case with the fixed sphere and the free falling case. When the results for
the last case can be applied remains unclear. While in the free fall case the
settling velocity is controlled by ρ and Ga (via dp), in our case this velocity
is kept constant, and these parameters varied independently. This situation
is a new scenario in which this two parameter can be combined in new ways,
never explored before in a systematic way. Nevertheless, as has been pointed
in [29], for the case of a sphere the wake instability is the only candidate to
generate oscillations. Therefore, some analogue instabilities should appear
in the towed case, although it is not evident how the tension of the towing
cable would affect this motion.

The purpose of this chapter is to study such a towed system and to try to
identify the critical values Repc and Γc. Any differences with the free falling
situations would be essential for the cited applications. For this purpose we
investigate the stability of the trajectory of different classes of particles, with
various density ratios and Reynolds numbers.

4.2 Experimental setup

The experiment has been run in a water tank located at Karlsruhe Institute
of Technology (figure 4.3). The cross-section dimensions are 50 × 35 cm2

(in the x0z plane), while the height is 133 cm. More information about this
experimental system can be found in [53, 133]. A moving platform, with a
constant speed Uy of 2.24 cm/s is located in front of the tank, facing the
particle. A light source and a camera are placed and fixed on the platform.
As can be appreciated in figure 2.2, the towing cable is positioned in such a
way that particle’s displacement has the same direction than the platform.
This fact allowed us to record the particle at an almost fixed height during all
particle’s displacement (in the moving frame), making it possible to record
much longer trajectories compared with a free falling case. Note that for
technical reasons related to the towing system the velocity of the sphere
could not be varied in the present study. It will be interesting in future
experiments to vary this parameter as well.

A white panel has been placed on the back of the tank, in order to be
capable to track both particle and particle’s shadow. In section 4.4.4 we will
show that this setup allowed us to perform three-dimensional tracking of the
spheres with one single camera.
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Figure 4.3: Experimental setup.

Eight different types of particles were analyzed, trying to explore the
widest possible range of Ga, Rep (here defined with the towing velocity Uy)
and Γ. The wire used to tow the spheres is a simple cotton fiber, with a
linear density of less than 30 mg/m, hence with a density and mass orders
of magnitude lower than the spheres. The properties of the particles can
be found in table 4.1. The column labelled as Ga∗ shows a Galileo number
based on the Archimedes force and the wire tension (see section 4.3). For
deducing this parameter it is important to note that the standard Galileo

number can be written as Ga =
√

Fd3p/mp/ν, mp being particle’s mass and

F the “traction” force (therefore the Archimedes force for the free falling
case). In our situation the Archimedes force has to be replaced by the wire’s
tension (that we will consider equal to the drag force as expected in the stable
case Tz = FD = 1

2
ρ0π(dp/2)

2U2CD), obtaining then Ga∗ =
√
FD/mp/ν =

Rep
√

3CD/4.
Particle’s trajectories were recorded using a standard web cam, in RGB

colour, with a resolution of 640× 380 pixels and an acquisition frequency of
24 Hz. Considering the towing speed and the dimensions of the recipient,
∼ 40 s of trajectory were recorded, resulting in ∼ 900 frames. In order to
have statistical convergence for each class of sphere, 10 films were recorded
for each sample. Image 4.4a shows a raw image obtained with the web cam,
where using standard tracking techniques and a calibration mask, the trajec-
tory in the xOy plane is easily obtained (figure 4.4b). As the towing cable
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N φ(mm) m(g) ρ(kg/m3) Ga Ga∗ Rep
1 10.0 0.60 1150 1200 169 224
2 10.1 1.35 2510 3900 170 226
3 15.1 2.03 1140 2140 235 337
4 18.0 3.46 1130 2710 273 404
5 22.4 14.63 2500 12820 326 501
6 24.1 8.21 1130 4170 347 539
7 25.46 9.1 1053 2930 364 570
8 39.6 35.1 1080 7060 530 886

Table 4.1: Particles considered. The density ratio Γ is trivially deduced
considering that ρ0 = 1000 kg/m3.

is made of cotton fiber, it suffers a small elongation during the trajectory
caused by its elasticity. This fact can be observed in the small variation in
the vertical component of the trajectory, typically in the order of a few mil-
limeters for a trajectory of ∼ 1m. Considering the deliberate simplicity of the
system (trajectories measured with a web camera, a standard filament lamp
as illumination, etc), the resulting trajectories are noisy, but with enough
quality for simple stability analysis purposes.

The method for tracking the trajectories is, conceptually, very simple:

• Starting with the raw image (figure 4.5a), and considering that the
vertical coordinate of the particle is almost constant (in the frame moving
with the camera), a smaller region (in which the particle is always inside) is
extracted.

• The image is then bandpass filtered to eliminate any spurious defect
with size significantly different from particle’s, and morphologically closed
using a disk as a structuring element (figure 4.5b).

• The image is made binary considering an intensity threshold and
the image is morphologically opened in order to remove small remaining
objects. Finally, the center is detected by searching the eccentricity of all
the objects in the binary image. The disk is then represented by the object
with eccentricity closest to 1 (figure 4.5c).

• Then, picture by picture, the position of the sphere is saved, obtain-
ing at the end the Lagrangian trajectory of the particle, as it can be seen in
image 4.5d.

No particular post-filtering has been applied at this point. However, the
remaining noise (visible on figure 4.5d) is not harmful for the stability analysis
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(a) (b)

Figure 4.4: (a) Raw image of the seventh particle in table 4.1. (b) Cartesian
components of the particle as a function of time.

performed here.
For the dark particles and shadows the same process has been performed,

but with the complement of the image. Once the Lagrangian trajectories are
obtained, it is possible to perform a systematical analysis of such trajectories.

4.3 Equation of movement

Before showing the experimental results on the stability of the towed sphere,
let us briefly discuss the equation of motion of the sphere as if it was simply
a pendulum, with varying length, considering usual drag dissipation, but
without including any subtle effect related to symmetry breaking of the wake.
This will serve as a reference to discriminate real fluid-structure instabilities
to just pendular oscillations of the system.

We consider only Archimedes, added mass and drag forces are present.
Drag force is considered as in chapter 1, as been obtained in a static case
(therefore neglecting any dynamical effects) and no history force or pressure
gradients are assumed. The drag in the wire is also neglected, as the wire
surface remains always at least one order of magnitude lower than the spheres
studied. The equation for particle’s velocity ~v obtained for the x0y plane
results:

d~v

dt
=

1

τp
(~u− ~v) + CAM

d(~u− ~v)

dt
+ (1− ρ0

ρp
)~g + ~T , (4.1)
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(a) (b)

(d)(c)

Figure 4.5: All the steps performed for tracking particle’s trajectory. Starting
with the raw image of the seventh particle in table 4.1 (a), a smaller region
near the particle is extracted, then bandpass filtered and closed (b). The
image is made binary with a threshold, opened and the center is detected by
searching the object with eccentricity closest to 1 (c). Finally, each step is
recorded and the Lagrangian trajectory reconstituted (d).
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with CAM the added mass constant, being 0.5 for the case of a sphere. ~u is
the flow velocity interpolated at the center of the particle.

Drag force is represented by particle’s viscous response time
1
τp

= πdpµ0RepCD(Rep)

8mp
, where mp is the mass of the particle, V its volume and

CD the drag coefficient, considered according to figure 4.2a. Therefore, in
the range of Rep explored this coefficient depends on Rep accordingly to the
empirical adjustment proposed by [13]: CD(Rep) =

24
Rep

(1 + 0.150Re0.681p ) +
0.407

1+8.710/Rep
.

Considering that the flow velocity is constant in the vertical direction
(~u = (0, Uy, 0)), from the y component it is possible to deduce an expression
for the cable tension:

T =
mpUy

τp cos θ
+ g(mp −mf )/ cos θ, (4.2)

where mf is the mass of a fluid occupying the volume of the sphere. Consid-
ering small perturbations, we can consider cos θ ∼ 1 and sin θ ∼ x

l(t)
, while

l is the length of the cable (that varies in time following to the equation
l(t) = l0 − Uyt, where Uy is the towing velocity). Finally, using (4.2) the
equation of movement in the horizontal coordinate is obtained:

(
1 +

1

2

ρ0
ρp

)
d2x

dt2
+

1

τp

dx

dt
+

(
Uy

τpl(t)
+ g/l(t)(1−mf/mp)

)
x =

Uy

τp
. (4.3)

It is trivial to obtain an equivalent equation of motion for the y0z plane. This
equation has been solved numerically in order to compare the results with
the experimental trajectories. Figure 4.6a shows the trajectory obtained for
particle 5. As will be seen in the next section, this is a particle that resulted
to be stable, but a small perturbation was applied just to excite a pendulum-
like oscillation. It can be observed a good similarity between the solution to
(4.3) and the measured perturbed particle. The slow discrepancies can be
attributed to the fact that the perturbation has been applied to the wire and
not the particle, inducing also a dynamics for the wire more rich than that
described by equation (4.3).

This equation is an interesting case in which stationarity is not achieved
as, always considering a pendulum analogy, the frequency depends on wire’s
length l and varies as the sphere is towed. Therefore, the appropriate basis
for analyzing frequencies in equation (4.3) is to obtain the instantaneous fre-
quency of the particle via Hilbert transform. Hilbert transform is a useful
tool when dealing with non-stationary systems and is capable to determine
an instantaneous amplitude and frequency at each time step of the trajectory.
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(a) (b) (c)

Figure 4.6: (a) Comparison of the experimental x coordinate considering
the parameters of the fifth particle (blue line) and the solution obtained for
equation (4.3) for a particle with the same properties. Same comparison but
for the instantaneous amplitudes (b) and frequencies (c) obtained via Hilbert
transforms. The highlighted zones are those were damping is important and
noise becomes large, probably affecting the estimation of Hilbert transforms.

Figures 4.6b&c show the results from the amplitude and frequency after the
Hilbert transform. These appear very noisy for the experiment (blue line in
figures), particularly when the amplitude becomes small. However the ob-
served tendencies are sufficient to simply compare the order of magnitude and
the tendencies of experimental signals and a theoretical pendular motion (red
line in figures). It is also possible to observe that after t ∼ 20 s (highlighted
zones in figure 4.6), the instantaneous frequency shows an erratic behavior,
probably due to the fact that damping becomes big and noise extremely
relevant, affecting the results of the Hilbert transforms. A better estimate
of instantaneous amplitudes and frequencies could for instance be achieved
using parametric techniques as the maximum of likelihood Approximation
(MLA), proposed in [73].

4.4 Results

4.4.1 Instability diagnoses

The main objective of this experiment is to study possible instabilities of a
sphere towed at constant speed in the water tank. Figure 4.7 shows all the
trajectories obtained. This figure shows that for some particles a qualitative
visual inspection is sufficient to diagnose a possible instability. For instance,
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particle 5 clearly appears (figure 4.7e) as stable. This is further confirmed
when the particle is perturbed (figure 4.7f) and rapidly damped oscillations
are excited (which has been discussed in previous section). Particle 7 on the
contrary is a clear case of instability (figure 4.7h), where without any external
perturbation, an oscillating motion grows spontaneously. We propose in the
sequel a more quantitative diagnosis of the instability growth.

Moving through a more quantitatively analysis, instantaneous amplitudes
obtained via Hilbert transforms are shown for all trajectories in figure 4.8.
A stable particle, as particle 5 in figure 4.7e has an amplitude that tends to
zero when time grows (even after being perturbed as can be appreciated in
figure 4.7f). On the other hand, an unstable particle (like particle 7 in figure
4.7h) maintains a finite amplitude for all times.

Therefore, the stability of a particle has been determined using two cri-
teria. The first is a qualitative inspection of particle’s trajectories and the
second an analysis of the instantaneous amplitudes obtained using Hilbert
transforms. Results are that particles 6, 7 and 8 are unstable, while the
others remain stable. Particles 3 and 4 seem to have stable trajectories, but
in figure 4.8c&d they show a particular behavior, different of the stable par-
ticles but not converging exactly to zero. These two ambiguous cases will be
further studied in section 4.4.3.

Figure 4.9a relates Rep with the stability of particles (the value 0 is as-
signed for the stable Rep whilst 1 for unstable regimes). The threshold for
the oscillatory motion results in the range 501 < Repc < 539, thus higher
than the free falling situation. It is also interesting that oscillatory instabil-
ities occur with values of Γ much higher than the observed in other studies.
Figure 4.9b relates the stability with the modified Galileo number (Ga∗). A
similar behavior than the other curve is observed, with a critical value of
326 < Ga∗c < 346 (while no particular trend is observed for the standard
Ga).

4.4.2 Discussion

Once that unstable particles have been identified, we will analyze the nature
of the instabilities. The unstable particles exhibit big amplitude oscillatory
motions, compatible with a regime B as reported for the free falling case.
Considering the experimental set-up, this regime is the most easily observed,
as a consequence of the restitution and almost harmonic force generated by
the wire. A regime C, as the maximum Rep is 886, would be strange to
observe, considering that it is usually reported (for the free falling case) for
Rep significantly above threshold.

Figures 4.7e and 4.7f are interesting because they show the robustness of
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Figure 4.7: Trajectory obtained for all the particles shown in table 4.1. For
particle 5 we also show the trajectory of the particle after being perturbed
for generating a pendulum-like motion.
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Figure 4.8: Instant amplitudes obtained for all the particles shown in table
4.1 via Hilbert transform. For particle 5 is also shown the instant amplitude
of the particle after being perturbed for generating a pendulum-like motion.
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(a) (b)

Figure 4.9: Stability of particles depending on Rep (a) or Ga∗ (b). In both
curves a value of 1 corresponds to an unstable path while 0 for a stable one.

particle’s stability in this case. A perturbation generates damped oscillations
that disappear rapidly leaving the particle in stable conditions again.

In order to compare the unstable trajectories observed with a pendular
case, figure 4.10a shows an unstable trajectory (particle 7), but compared
with what would be expected for a damped pendulum (as deduced in section
4.3). The different character of both trajectories becomes evident, these
trajectories having different frequencies and different damping (furthermore,
the experimental trajectory does not seem to be damped at all).

Let us now compare the initial frequency of the experimental oscillations
(estimated from the first two peaks) to that expected for a simple pendular
motion. Table 4.2 shows this frequency compared to that resulting from
equation (4.3) using the same criterion (the particular case of particles 3 and
4 will be discussed in section 4.4.3). Figure 4.10b shows how this frequency
varies with Rep. The first row is the perturbed but stable particle, that as
expected gives the closest frequency to the pendulum-like system. Particles 7
& 8 are clearly different from the pendular case and hence can be declared as
actually unstable by this simple criterion, particle 6 is ambiguous as visual
inspection of figure 4.7g suggests instability, but the growing frequency is
close to that of the pendulum. We therefore push further the analysis by
investigating the instantaneous evolution of amplitude and frequency of the
Hilbert transformed particle trajectories.

Figure 4.11 shows instantaneous amplitudes and frequencies for the un-
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(a) (b)

Figure 4.10: (a) Horizontal displacement of the seventh particle (blue line)
compared with the pendulum-like motion for a particle with the same prop-
erties (red line). The different nature of each trajectory is visible. The yellow
region corresponds to the development of the instability and is properly fit-

ted by the power law x(t) = Ae
t−t0
τins . (b) Experimental frequencies observed

for the unstable trajectories as a function of Rep.

68



N Rep Ga∗ νexp0 (Hz) νpend
0 (Hz) νexp0 /νpend

0 Amax(mm) Amax/φ τins(ms)
5 501 326 0.34 0.35 0.98 − − −
6 539 347 0.14 0.14 0.96 8.1 0.34 190
7 570 364 0.11 0.090 1.30 11.9 0.47 48
8 886 530 0.070 0.12 0.57 36.0 0.90 0.018

Table 4.2: Experimental parameters obtained for unstable spheres. The
natural frequency of a pendulum-like motion is shown to compare with ex-
perimental results.

stable particles. For comparison, the theoretical value expected for a simple
pendulum is shown in red. Its value depends on the initial conditions, that
were chosen in order to obtain initial amplitudes similar to that of the experi-
ment. This figure shows that even when the measured frequency is similar to
that of the pendulum (4.11a), the behavior of the instantaneous amplitude is
different (and not only considering the differences in damping). As has been
already analyzed previously, more clear results may be obtained from the
instant amplitudes, which should tend to zero for stable or pendulum-like
cases. In figure 4.11 it is observed that the unstable trajectories conserve
non-zero amplitudes for all the trajectory, giving a determinant support to a
non pendular instability scenario.

For the stable trajectories the instant frequency is extremely noisy and
shows no clear pattern at all. Figure 4.12 shows the amplitude of two sta-
ble trajectories. Both of them are again different from a pendulum-like one
(which only means that no strong perturbation has been applied to the parti-
cle) and tends to a zero value, which is expectable in a stable damped system.
The fact that none of the trajectories goes exactly to zero is caused probably
by the noise present in trajectories’ tracking.

Table 4.2 also shows the maximal amplitude observed for each unstable
case and its ratio with particle’s diameter. These ratios are always different
from the value of 0.75 observed in [29] for free falling particles, as could be
expected considering the restitution force applied by the wire. It is therefore
remarkable that particle 8 has a maximal amplitude in the same order of
its diameter. The ratio of these amplitudes with particle’s diameter grows
when the distance |Rep −Repc| increases. On the other hand, the instability
frequencies νins tends to drop when |Rep − Repc| grows. Finally, the last
column of the table shows a characteristic growth time of the instability τins,
that is obtained fitting the beginning of the motion of the spheres (as the

region marked in yellow in figure 4.10) with the power law x(t) = Ae
(
t−t0
τins

)
. As

expected, the growth rate τ−1
ins increases with Rep (or Ga∗) above threshold.

Unfortunately the lack of points for these parameters does not allow us to
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(a) (b) (c)

Figure 4.11: Up: Measured instant amplitudes (blue line) obtained compared
with theoretical ones (red line) for particles 6 (a), 7 (b) and 8 (c). Down:
Measured instantaneous frequencies (blue line) obtained compared with the-
oretical ones (red line) for the same particles. The instantaneous frequencies
are exhibited for t < 20 s because then they become erratic.
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Figure 4.12: Measured instant amplitudes (blue line) obtained compared
with theoretical ones (red line) for the stable particles 1 (a) and 3 (b).

perform a more systematic study.

4.4.3 Traces of a chaotic regime?

Particles 3 and 4, that have been considered as stable in the previous section,
show some intermittent non-pendular oscillations that could be considered as
a signature of an instability. Figure 4.13 shows both trajectories. Whether
this is a trace of an A regime or a transition to a B or C regime (Rep of both
particles is in the range of the second bifurcation for spheres) still remains
unclear.

4.4.4 3D tracking

In this section we propose an attempt of reconstruction of the 3D trajectory
of the towed sphere. An important aspect to be addressed is the exact
geometry of the sphere motion: is the instability of zig-zag type (planar
oscillations) or is it helicoidal? Three dimensional tracking of the particle is
possible with the present setup. It is only necessary to accurately measure
the position of the particle, its shadow and that of the light source. Particle
and shadow trajectories are easily obtained via standard tracking techniques
while light source position has been obtained indirectly, assuming that this
light source is virtual and with the point source approximation. As the light
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Figure 4.13: Experimental trajectories for particles 3 and 4.

passes an air-plastic-water interface, this point source approximation will
only remain if the angle explored by the particle (with respect to particle’s
initial position) is small enough. Therefore, in a first step the position of
the light source is obtained. According to figure 4.3, the light source is in
position (xLS, yLS, zLS), the particle in position (xP , yP , zP ) and its shadow
in (xS, yS, zS). As these three points are aligned, they follow the equation:




xP

yP
zP


 =




xS

yS
zS


+ p




xLS − xS

yLS − yS
zLS − zS


 (4.4)

Provided that the only measured coordinates are xP , yP ,xS, yS and zS (the
shadow is projected onto a plane at constant z), it is necessary to add more
equations to solve the system. For that purpose, it is enough to consider the
positions in the instant t = 0 s, when the sphere is still static and placed in
the exact middle of the tank:




xLS

yLS
zLS


 =




x0
S

y0S
z0S


+ p1




x0
P − x0

S

y0P − y0S
z0P − z0S


 (4.5)

where now the three components of the initial position of the particle and
its shadow are known. This system is finally composed by six equations and
six parameters (zP ,p,p1,xLS,yLS and zLS) and should have a unique solution.
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(a) (b)

Figure 4.14: (a) Webcam position obtained solving equation for the seventh
particle. (b) z coordinate of the particle solving equation system (4.4) (blue
and red). Black dashed line represents the mean value of previous curves.

The problem resides now in that these three points are aligned in physical
space, but the points obtained by tracking, even assuming sub-pixel accuracy,
are not exactly aligned (taking into account measurement errors). As the
equation system to solve is complex and has many variables, this results in
a very noisy estimation of the z component of the particle.

In order to solve this problem we proceed iteratively. In a first iteration,
we focus on deducing only the position of the light source. Figure 4.14a
shows the position of the light source obtained for each time step for the
seventh particle. It can be appreciated that, although the results are noisy,
a clear mean value emerges, which will be considered as the position of the
punctual light source. The maximal diverging deviations from this value
occur when the particle returns to its initial position, and ~xp ∼ ~x0

p, and the
system composed by equations (4.4) and (4.5) becomes under-constrained.
With this position and the maximal amplitude obtained in table 4.2, it is
possible to verify that the angle explored by the particles is lower than 1o,
being legitimate to neglect the departure from a point source approximation
due to refraction in the interfaces. Nevertheless, the approximation of the
finite lamp by a punctual source is always needed.

Once the lamp position is known, the system can be decomposed in two
linear systems with two equations each, the first only considering x and z
coordinate and another considering y and z coordinates. Hence, two solutions
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(a) (b)

Figure 4.15: (a) Three Cartesian components of the particle as a function of
time. (b) Three dimensional trajectory of the particle.

for the z component of the particle are obtained as shown in figure 4.14b.
This allows us to verify the consistency of the system, as both solutions
are similar, and to define finally the z component of the particle as the
mean value of this solutions. Figure 4.15a shows the three components of
the position of the particle in time domain, while figure 4.15b shows the
resulting particle tracking in the real space. The trajectory shows a helical
trajectory, consistent with a regime B instability.

For concluding this section, it is important to emphasize the simplicity of
this method. It is only necessary to assume a small perturbation regime and
a point-like light source. It is always possible to add more cameras, that will
expand the number of linear equations allowing us to better determine, in a
first step, the position of the light source. In a second step, each camera will
provide two different solutions for 3D particle position (as in figure 4.15b),
giving more solutions to average and increase the tracking precision. Other
solution would be to add more light sources obtaining new shadows to track.
The method exposed in this section could be seen as a first iteration, as it
could be repeated indefinitely: once that the z coordinate is obtained, it can
be used in the equation system for obtaining a new position for the light
source and so on in order to improve at each iteration the estimation of the
third dimension.
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4.5 Conclusions

We studied in this chapter spheres towed at constant velocity varying ρp
and dp. The threshold for the oscillatory motion was found in the range
501 < Repc < 539, or 326 < Ga∗c < 346. This is comparable but slightly
larger than for the free falling case. Interestingly, the ratio Γ = ρp/ρ0 in our
study is larger than the largest critical value reported in the literature for the
case of free falling spheres. Therefore although all the spheres investigated are
expected to have a stable and rectilinear settling motion regardless of their
Rep, we have shown that their trajectory can become unstable when they
are towed. Whenever unstable trajectories were observed, three-dimensional
tracking showed helical trajectories.

Although the case of a towed sphere is of interest for many applications, it
is not clear whether this case can be related to the free falling case. The main
difference between both cases is that U (the towing velocity in our case, the
settling velocity for the free falling case) does not depend on ρp for the system
exposed in this chapter. Nevertheless, the thresholds measured are similar
in both cases, but not equal. This may be caused by the influence of the
towing cable in the dynamics, affecting the wake of the sphere or generating
a coupling of the unstable motion with a pendular one. We have not found the
relation that rules the frequency of the oscillation, although it was shown not
to be simply the frequency of a pendulum with the experimental parameters
for each case.

Considering the simplicity of the experimental setup, a next step would
be to perform simultaneous measurements of the spheres and the properties
of its wake, also talking advantage of the versatility of the water tank in
KIT. An important extension of this preliminary study would also consist in
exploring systematically the effect of varying the towing velocity. Another
effect to be studied is how turbulence would affect the wake of the spheres
and the instabilities reported in this work.
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Chapter 5

Equilibrium and stability of
long towed cable systems.
Part I: instabilities under a
laminar flow

5.1 Introduction

In this chapter a towed system, similar to that investigated in the previ-
ous chapter is exposed. In this case, the experiment has been run in the
wind tunnel, which allows us to the reach much higher Rep and to vary the
streamwise velocity.

Despite the similarities between both experiments, this setup allows us
to study different phenomena. The higher streamwise velocity results in
the development of aeroelastic instabilities in the towing cable, which finally
govern the dynamics of the particle. Moreover, the particle being towed
horizontally in the windtunnel (while it was towed vertically in the previous
chapter), the action of gravity on the towed sphere must be more carefully
addressed. Therefore, this chapter shows the enormous diversity of fluid-
structure interactions and the importance of correctly understand even the
simplest configurations.

Existing investigations of aeroelastic effects on such towed systems are es-
sentially numerical and investigate the stability of the system using lumped
mass models for the cable [16, 48, 134], but few systematic experimental
investigations are available [116, 121]. The problem is also closely related
to that of cylinders or elongated filaments in axial flows which has been ex-
tensively investigated theoretically, numerically and experimentally [87, 84,
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88, 80, 25, 108, 22, 10]. Most studies concern however cylinders with mod-
erate length-to-diameter ratio, for which it is now well established that in
axial flows, the free end of the cylinder becomes unstable above a certain
threshold of wind velocity. Several types of instability have been reported,
including mainly divergence (which corresponds to a non-oscillatory motion
with growing amplitude) and flutter (oscillatory motion) [87, 90]. Recently,
Schouveiler et al. have also reported a flutter instability for a cylinder in-
clined in a flow. In both cases (short cylinder in axial or inclined flow), the
instability is relatively well predicted numerically from the coupling between
the fluid and the cylinder (via inviscid terms and friction) [109]. A more
detailed review on the dynamics of flexible cylinders in flows can be found
in [89].

The case of very long cylinders is of particular interest because most of the
mentioned practical applications of towed systems do use long cables where
the length-to-diameter ratio is large (cables towing acoustic streamers in the
ocean can be kilometers long for a few centimeters in diameter). However,
the study of the stability of such long cylinders in a flow remains an open
field of theoretical and numerical research. The problem of long cylinders is
particularly difficult to tackle theoretically and numerically due to the im-
portant scale separation related to the large length to diameter ratio and also
to small scale deformations induced by bending stiffness effects. A detailed
discussion on this subject may be found in [22]. Using a string model, which
neglects flexural rigidity, Triantafyllou & Chryssostomidis [122] found that
a cable will always remain stable above a certain finite length-to-diameter
ratio. Dowling [25] developped a different analysis, based on asymptotic ex-
pansion, and including flexural rigidity when necessary, but also concluded
that long cylinders in axial flows should remain always stable. More recently
de Langre [22] performed a finite element numerical resolution of the govern-
ing equation for long cables in axial flow, including effects of bending stiffness.
Their results suggest that both divergence and flutter instability are possi-
ble for long cylinders. Flutter is found to develop as a secondary instability
following divergence and its appearance is found to depend on the base drag
at the free end of the cable. On the experimental side, characterization of
the dynamics of long cylinders remains scarce, probably due to the difficulty
of achieving appropriate conditions in laboratory facilities. The main works
available are those realized by Ni & Hansen [80] and by Sudarsan [116] (with
a length to diameter ratio of the cable of 500 and 150 respectively) for cylin-
ders submerged in water. Both studies report divergence and flutter of the
cylinders.

In the present chapter we consider a towed system where the length-

77



to-diameter ratio of the cable is of 5 · 104, hence several orders of magni-
tude higher than previous studies. The focus is put on the analysis of the
Lagrangian dynamics of the tip of the cable. The towing configuration is
artificially obtained by considering a steady cable (with one fix end and a
free tip end to which a sphere is eventually attached) in a horizontal low
turbulence wind-tunnel (see figure 5.1). This reproduces the situation of an
object towed horizontally at constant speed (therefore we will indifferently
use the terminology wind velocity or towing velocity in the subsequent). We
consider three different configurations of cable tip: (i) just the free end by
itself (without any sphere attached); (ii) a light millimetric sphere made of
expanded polystyrene and (iii) a denser millimetric towed sphere made of
lead. For each situation a systematic study of the influence of the towing
velocity on the equilibrium and stability of the cable extremity is performed.

This chapter is organized as follows: the first section describes the ex-
perimental setup (wind tunnel, cable characteristics, towed particles, and
Lagrangian tracking technique); the second section focuses on the investi-
gation of the equilibrium position of the cable tip for the three cases (free
end, polystyrene sphere and lead sphere); in the third section we investigate
fluctuations of the cable tip and address the problem of the stability of its
dynamics. Finally a brief discussion of the observed behaviors is proposed.

5.2 Experimental setup

The experiment has been run in the SFT1 wind tunnel (see chapter 2). The
mean wind velocity, U , was varied in the range [4− 15] m·s−1, in which the
tunnel operates in stable conditions with a fluctuation level below 5h.

The towing cable is a thin Polyamide-Nylon fiber, with a lineal density of
order 17 mg/m, made of three stranded filaments with a diameter of 25µm
each. The resulting equivalent diameter for the stranded cable is of the
order of ac =

√
3 · 25µm≃ 43µm. Table 5.1 summarizes the main physical

properties of the cable. One extremity of the cable is fixed at the entrance
of the test section at the center of the tunnel, while the other end is free
to move. The fixed extremity of the cable is attached at the middle of a
transverse horizontal support cable tensed across the tunnel at mid-height
and located at the entrance of the test section (see figure 5.1). The support
cable must be as thin as possible in order to minimize perturbations of the
flow; we use the same fiber with 43 µm of equivalent diameter and we have
checked that no measurable increase of the natural fluctuation level of the
flow in the wind tunnel was detected downstream due to the presence of the
support cable. The fixed point is nearly at the center of the test section.
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Figure 5.1: Sketch of the experimental setup. The inset shows an example
of fluctuating trajectory of the tip of the cable, recorded using a high speed
camera. The amplitude of the transverse motion is of a few centimeters at
most, and remains small compared to the length of the cable (2.08 m), so
that the tip moves practically in a transverse plane (xOy), located around
2.1 m downstream the entrance of the wind tunnel measurement section.

Material Length Lineal Elastic Elastic Flexural Poisson Friction
(L) density tension∗ (Et) flexion (Ef ) rigidity (EI) coeff. (ν) coeff.
[m] [mg/m] [GPa] [GPa] [Nm2]

Polyamide 2.08 1.7 3.3 2.8 4.9·10−10 0.41 0.2− 0.3
Nylon 6,6

Table 5.1: Main physical properties of the towed cable investigated. (*)
The corresponding global elastic stiffness for the considered cable, made of
3 filaments of d = 25µm in diameter and length L = 2.08m long, is k =
3Et(πd

2/4)/L ≃ 2.3.

The length of the towing cable is L = 2.08 m, which places the free tip
nearly at mid-distance between the entrance and the exit of the 4 m long
test section. Considering this length, which is significantly longer than the
maximum transverse displacement of the tip (which does not exceed a few
centimeters), the motion of the moving extremity of the cable is essentially
two-dimensional, in a transverse xOy plane.

Three configurations were investigated for the moving end of the cable:
free end, expanded polystyrene sphere and lead sphere. For the case of the
free end, a small single knot (with effective diameter dk ≃ 2ac), colored with
red varnish, was made at the tip of the cable to improve its visualization.
Note that in the following we shall generically use the terminology cable
tip or cable end though for the cases where a sphere is towed, this should
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Material Diameter Density Rep

(mm) (kg/m3) [min,max]

Free end ∼ 0.09 1140 ∼ [10,45]
(Nylon)

Expanded 6.3 13.35 [1680,6300]
Polystyrene

Lead 1.7 9130 [450,1700]

Table 5.2: Characteristics of the towed spheres investigated.

be understood as the sphere at the cable tip. The parameters of the towed
spheres are shown in table 5.2. We define the particle Reynolds number as
Rep = Udp/ν, with dp the sphere diameter and ν the kinematic viscosity
of air (for the free end case, Rep is estimated based on the cable equivalent
diameter of 43 µm). The table also gives the range of Rep spanned in each
case as the wind velocity is varied from 4 m/s to 15 m/s. We note at this
point that due to the very small diameter of the cable (which is required to
achieve the large aimed length-to-density ratio) the Reynolds number based
on the cable diameter is order of magnitudes below that of most previous
works and below that of applications mentioned in the introduction. The
main impact of this results in the necessity to consider non trivial Reynolds
number dependencies of the several drag coefficients involved in modeling the
cable-fluid interaction. This point will be further discussed in section 5.3.1.

The motion of the moving extremity of the cable is recorded using a high
speed camera Phantom V12 from Vision Research Inc. (New Jersey, USA).
The spatial resolution used was of 768× 600 pixels, with a repetition rate of
1000 fps. We recorded sequences of 18500 images (corresponding to 18.5 s of
continuous recording after which the 8Gb on-board memory of the camera
was full). To improve statistical accuracy 40 such acquisitions were taken for
each mean velocity and each of the three towed systems investigated.

5.2.1 Lagrangian tracking

All the analysis was realized using standard imaging techniques which al-
lows to obtain the trajectories of the spheres in the (x, y) plane from the
videos recorded with the camera. The first challenge is to determine with
the highest possible accuracy the center of the ball on each picture. Images
were recorded in a non compressed 8 bits gray format so that each picture is
directly represented as a pixel intensity matrix. The method for tracking the
trajectories is, conceptually, very similar to that used in chapter 4. Neverthe-
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less, some differences are present, considering that in this case the particles
are smaller (some pixels in the case of the free end) and the displacement
bigger than the case of the previous chapter :

• Previous to the data acquisition, a reference image was taken (but
without covering the camera lens, as it is usually done to determine a black
reference image). The idea is to have a reference of the view without the
sphere but with all the remaining static elements, which we then subtract
from the acquisition images in order to better isolate the particle.

• The image is then bandpass filtered to eliminate any spurious defect
with size significantly different from particle’s, and finally the center of the
particle is determined as the center of mass of the most intense remaining
filtered blob (image 5.2).

• Then, picture by picture the position of the sphere is saved, obtaining
at the end the Lagrangian trajectory of the ball, as it can be seen in the inset
of image 5.1. The conversion from pixels to length units was made using
a known printed patron (mask) which allows to determine the projective
transformation between pixels and real world units.

(a) (b)

Figure 5.2: Image captured by the camera in grey scale (a) and the same
image in color scale with the center identified with a cross (b).

Velocity and acceleration are then estimated at first order by differen-
tiation (with a simple finite differences scheme). Then, the statistical pa-
rameters of trajectories, such as spectra, standard deviations (of position,
velocity and acceleration), probability density functions (PDFs), etc. are
easily obtained.

For a more accurate estimation of fluctuation properties, filtering of tra-
jectories is generally required. This was achieved following an original scheme

81



described in chapter 6 (paragraph 6.3.3) and which we call E-LES (Empirical-
LES, by analogy to small scale modeling in Large Eddy Simulations). Stan-
dard deviations of displacement and velocity presented in this chapter follow
this estimator.

5.3 Results

5.3.1 Mean height

We first investigate the average equilibrium position of the cable tip as
a function of the wind velocity for each configuration (free end, light towed
sphere and heavy towed sphere). The picture is qualitatively trivial: at zero
velocity the tip lies on the floor of the tunnel test section; the tip takes off
when the aerodynamic forces on the cable and towed object are sufficient to
produce a vertical component overpassing the weight of the system; then as
the velocity is increased, the cable tends to align with the main stream.

Figure 5.4a shows the height y of the cable tip as a function of the wind
speed U for the three configurations (y = 0 m corresponds to the particle
being on the floor of the tunnel). As we will see in the next subsection,
for large wind velocities the dynamics of the cable end may become highly
fluctuating. In this section we investigate the average vertical position of the
cable tip. For the free end and for the light polystyrene particle, it can be
seen that, as the velocity increases, the average height reaches an asymptotic
value corresponding to the height of the fixed end of the cable (y0 ≃ 0.4 m)
which is then aligned with the horizontal mean stream. For this light towed
objects, the tip of the cable has already taken off even for the lowest wind
velocities investigated. The heavy lead particle on the contrary, is found
to take off only when the wind velocity exceeds a threshold of the order of
6 m/s. We also note that for this heavy towed particle, the highest velocity
investigated is not sufficient to reach the asymptotic horizontal cable limit.

As already mentioned, the take off of the towed objects results from
mainly two contributions: (i) the aeordynamic drag acting on the cable,
which tends to rise globally the cable and the object at its tip and (ii) the
aerodynamic drag acting on the towed sphere (when present), whose reac-
tion on the cable tends to enhance the horizontal component of the tension at
the tip and hence to flatten the cable horizontally. Dowling [25] has derived
the system of equations governing the average cable position, based on the
tension average amplitude T (l) and on its local average angle θ(l) (defined
with respect to the mean stream) along the cable length. By considering the
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Figure 5.3: Schematic of the forces acting on an elementary element
of cable of length dl. T (l) is the tension along the cable ; FN(l) =
1/2ρ0acU

2(CD sin2 θ(l)+πCN sin θ(l)) is the normal lineal aerodynamic force
(frictional + pressure drag) [25] ; FT (l) = 1/2ρ0πacU

2CT cos θ(l) is the tan-

gential lineal aerodynamic force (frictional drag) [25]; ~W = ρ0(σ− 1)π/4 a2c~g
is the lineal net weight of the element. Note that for the stationary equi-
librium analysis, where no acceleration of the cable relative with the fluid is
considered, added mass effects are not included.

tangential and perpendicular equation of motion of an elementary element
of cable (see figure 5.3 for a schematic of the forces acting on the cable at
equilibrium), the following system of equations can be obtained for the equi-
librium tension and local angle (details of the derivation of these equations
can be found in [25]):

{
∂T
∂l

= −ρ0(σ − 1)πa2cg sin(θ)− ρ0U
2πacCT cos(θ)

T ∂θ
∂l
=−ρ0(σ − 1)πa2cg cos(θ) + ρ0U

2ac(CD sin(θ) + πCN) sin(θ)
(5.1)

where l denotes de curvilinear coordinate along the cable (l = 0 corresponds
to the fixed end, l = L to the cable tip), ρ0 is the density of air, σ is the
specific density of the cable, ac is the equivalent cable diameter (here taken as
ac = 43.3µm), CT is the tangential frictional drag coefficient, CN the normal
frictional drag coefficient and CD the pressure drag coefficient [41].

This system of equations has then to be completed with an appropriate
set of boundary conditions to be applied at the extremity of the cable. When
the cable is towed by itself (with no object trailed at its end), this condition
is simply T tip = 0 (as the tension vanishes then at the free end of the cable).
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Figure 5.4: (a) Mean height for the wire cable tip measured for the three
configurations of towed object. The solid lines correspond to the best simul-
taneous adjustment of the drag coefficients CD, CN and CT acting on the
cable in equations (5.1). (b) Global shape of the cable calculated from the
resolution of equations 5.1 for a towing velocity of U = 7 m/s.

It can be shown in this case that the shape of the cable is a straight line,
with the angle θ(l) remaining constant along the cable length (∂θ

∂l
= 0) at

a critical value θc [92, 25]. Then the critical angle can be simply obtained
from the boundary condition T tip = 0, applied to the transverse equation in
system (5.1), as the root of the equation

−ρ0(σ − 1)πa2cg cos(θc) + ρ0U
2ac(CD sin(θc) + πCN) sin(θc) = 0. (5.2)

When the cable does tow an object at its end, the appropriate boundary
condition is given by the balance of the forces acting on the towed particle at
the tip (this boundary condition accounts for the contributions coming from
the aerodynamic forces acting on the particle):

84



{
T tip cos θtip=

π
8
d2pCpU

2

T tip sin θtip= mpg
(5.3)

with dp the diameter of the towed particle, mp its mass and Cp its drag
coefficient.

We have solved the system of equations (5.1) with the appropriate bound-
ary conditions for the three towing configurations, for mean wind velocities
U varying within the accessible experimental range. The height of the ca-
ble is then derived from the resulting calculated profile of the cable shape.
Note that solving these equations requires the knowledge of several param-
eters, in particular the drag coefficients of the particle Cp and of the cable,
CT , CN and CD. The drag coefficient for spherical particles is well tabu-
lated (see for instance [41, 13]), so we have used the commonly accepted
values according to the particulate Reynolds number of our particles. In
the range of velocities explored, this coefficient is essentially constant and
equal to Cp ≃ 0.5 ; however for each velocity and particle diameter, we es-
timate the drag coefficient precisely according to well established empirical
formulae [13]. Concerning the cable coefficients, it should be noted that the
Reynolds number based on the equivalent diameter of the cable varies in the
range 10 < Rec = acU/ν < 45 when the mean wind velocity U is varied
between 4 m/s and 15 m/s. In this relatively low Reynolds number regime,
the drag coefficients of the cable have a non-trivial dependency on Reynolds
number [41]. The behavior of CT and CD is relatively well documented for
cylinders, cables and wires [41, 123]. In the present range of interest the
Reynolds number dependence of CT and CD is well approximated by power
laws :

CT,D ≃ AT,DReαT,D
p (5.4)

where we have determined AT = 10, αT = −0.76, AD = 7.6 and αD = −0.43,
based on the data in [123]. Values for CN are much less documented, though
it is generally accepted that 0 < CN < CT [25, 118]. Therefore CN is
used as a fitting parameter to adjust the theoretically calculated height to
the experimental measurements. More precisely, a power law dependence
CN = ANReαN

p is also assumed and we use the two fitting parameters AN and
αN . We stress that these two parameters are simultaneously fitted, at once
from the experimental data shown in figure 5.4a for the three configurations
(free end, polystyrene sphere and lead sphere). The solid lines represented
in figure 5.4a show the corresponding best fit, which is obtained for AN =
0.8 and αN = −0.12. We find a very good agreement between the simple
theoretical approach and our measurements. Besides, we note that being
able to simultaneously fit the three configurations with a single set of fitting
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parameters is particularly satisfactory with regard to the relevance of the
model and of the estimation of the various parameters involved (in particular
Cp, CT and CD).

As an example, figure 5.4b illustrates the corresponding shape of the ca-
ble calculated from the solution of equations (5.1) using these best fitting
parameters for a towing velocity U =7m/s. Although we do not have at
present the possibility to accurately measure in our experiment the global
shape of the cable, the calculated profiles shown in figure 5.4b are qualita-
tively consistent with the visual inspection of the cable. In particular, the
cable is observed to be nearly straight for the case with no sphere at the end
and when the light polystyrene sphere is towed, while it is clearly curved for
the heavy sphere case.

5.3.2 Dynamical fluctuations and stability

In this section we report on statistics of velocity fluctuations of the towed
bodies. We first describe the dependence on experimental parameters of ve-
locity standard deviation of the cable tip motion before discussing its spectral
properties.

Velocity fluctuations

Figure 5.5 shows the standard deviations of the cable tip velocity for each
towing configuration. Figure 5.5a corresponds to the free end case, figure 5.5b
to the light polystyrene particle and figure 5.5c to the heavy lead particle. For
each configuration the plot shows the dependency of the standard deviations
of horizontal and vertical velocity components (σvx and σvy) on the towing
velocity U . For comparison purposes, the range of the vertical axis has been
kept identical for the three plots.

Free end case. We first analyze the results of the velocity of the tip of
the cable alone, without any sphere attached. Interestingly, the level of
fluctuations remains almost null below a threshold of wind velocity of the
order of U∗ ≃ 6− 7 m/s. Above this threshold the tip of the cable becomes
unstable and fluctuations of velocity are observed to grow as the mean wind
speed is increased. It can be argued, based on the data reported on this
plot, that the instability threshold might be slightly lower for the vertical
component than for the horizontal one. Moreover, fluctuations of velocity
exhibit a small (but measurable) anisotropy with higher fluctuations in the
horizontal component far above threshold. It is also enlightening to compare

86



0 2 4 6 8 10 12 14 16
0

0.1

0.2

0.3

0.4
σ
v
x
,v

y
[m

/
s]

0 2 4 6 8 10 12 14 16
0

0.1

0.2

0.3

0.4

σ
v
x
,v

y
[m

/
s]

0 2 4 6 8 10 12 14 16
0

0.1

0.2

0.3

0.4

U [m/s]

σ
v
x
,v

y
[m

/
s]

0 10 20
0

5

10

U [m/s]

σ
v
x
,v

y
/
σ
U

(a)

(b)

(c)

Figure 5.5: Experimental values of the standard deviations of the horizontal
(blue circles) and vertical (red triangles) components of the cable tip for
the three configurations: (a) free end; (b) polystyrene sphere and (c) lead
sphere. The inset in figure (a) shows the same data as the main graph, with
the velocity standard deviations of the cable tip normalized by that of the
carrier flow itself.

the level of fluctuation of the cable tip to the natural small fluctuations of the
flow itself. This is shown in the inset plot in figure 5.5a which represents the
ratio of standard deviation of the cable tip velocity to that of the streamwise
velocity of the flow itself σvx,vy/σU . As it can be seen in this graph, the level of
fluctuations of the cable tip velocity is about 6 times larger than the ambient
fluctuations of the flow at the highest mean velocities investigated. This
indicates that the instability of the tip dynamics is not related to possible
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reminiscent fluctuations of the flow (we recall that the turbulence level of our
tunnel is very small and of the order of a few per thousands only).

Polystyrene sphere. The light sphere exhibits a similar dynamical be-
havior compared to the free end case just described: the fluctuation level
is low as soon as the mean wind velocity remains below 5-6 m/s and in-
creases above that threshold. The typical amplitude of velocity fluctuations
is slightly larger than that of the free end, but remains of the same order
of magnitude. A clear difference concerns the almost perfect isotropy of the
fluctuations of the sphere compared to the free end.

Heavy sphere. The dynamical behavior of the heavy sphere is clearly
different than the previous cases. The fluctuation level is about two orders
of magnitude lower than that of the polystyrene sphere or the free end. It is
also one order of magnitude below the natural fluctuation level of the flow.
It is therefore concluded that the heavy sphere is always towed in stable
conditions.

Spectral analysis

Further insight can be obtained on the dynamics of the towed system by
exploring the Lagrangian power spectral density (PSD) of the velocity as a
function of the frequency component f for each configuration.

Free end case. Figure 5.6a shows the PSDs of horizontal velocity for the
free end case at the different mean wind velocities investigated (vertical com-
ponent exhibit almost identical spectral features). All the spectra naturally
vanish at zero frequency which reflects the absence of any mean drift velocity
of the tip of the cable which simply wiggles around its average position. The
low frequency regime shows a clear f 2 law, consistent with a flat spectra for
the long-term uncorrelated random displacement of the tip (note that the
PSD of the displacement x is simply related to that of velocity vx by a factor
1/(2πf)2). A remarkable feature in figure 5.6a is the trend of the spectra to
exhibit a clear maximum as the wind velocity U increases. The amplitude
and the peak frequency fpk increases with U . It can be observed that the
first hint of emergence of the spectral peak appears for a mean wind velocity
between 6 m/s and 7 m/s, what is comparable to the threshold velocity U∗

for which the standard deviation of velocity for the free end was previously
noted to start growing. The low frequency f 2 regime holds all the way below
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Figure 5.6: (a) Power Spectral Density of the velocity fluctuations measured
for cable tip with no towed sphere (only the horizontal component is showed).
The color codes the mean wind velocity, with the lowest in blue and the
highest in red. (b) Interpolated representation of the previous PSDs in the
velocity - frequency (U − f) plane. The color codes the amplitude of the
spectra in logarithmic scale.

the maximum (f < fpk). Above the peak (f > fpk), the spectral power den-
sity decreases rapidly as f−4, indicating an efficient dissipative mechanisms
of high frequency fluctuations (very likely due to internal viscoelasticity [132]
which is known to be important in polymer filaments). We stress that this
broad spectral peak does not correspond to an oscillatory mode of the cable
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tip. Indeed, the corresponding spectra for the particle displacement remains
flat for (f < fpk) and is damped as f−6 for (f > fpk). Hence at the in-
stability onset, the cable tip simply wiggles randomly with no characteristic
frequency and the peak frequency fpk is simply related to the high-frequency
dissipative cut-off.

The onset of the instability of the cable tip is better observed in figure 5.6b
where we show a 2D interpolation of the spectra in figure 5.6a in the (U −f)
plane (20 measurements for different values of the mean wind speed, between
4 m/s and 15 m/s were used to obtain this interpolation). This representation
clearly shows that the tip of the cable becomes unstable for U & 7 m/s, with
a dominant frequency fpk which increases with U as qualitatively illustrated
by the dashed line in figure 5.6b.

Polystyrene sphere. The same spectral analysis for the velocity of the
light towed sphere shows some similarities but also clear distinctions com-
pared the free end case. Figure 5.7a shows the PSDs for the light sphere
towed at different mean velocities. Similarly as for the free end, at low fre-
quencies, the velocity PSDs follow a f 2 regime, again consistent with a fully
uncorrelated long term dynamics of the sphere displacement. At high fre-
quencies, a steep f−4 damping regime is also observed for the highest towing
velocities U (though the damping is slightly less steep for the lowest towing
velocities). As for the free end case, we observe the growth of a clear peak
above a threshold mean wind velocity of the order of 5-6 m/s.

However, the peak is much sharper and clearly defines a resonant fre-
quency fpk. The first hint of such a resonant peak, identifiable by the ap-
pearance of an inflexion point prior to the spectral maximum, occurs for a
wind velocity around U∗ ≃ 5.7 m/s. This threshold is consistent with the
growth of velocity standard deviation previously reported. We also note that
above this threshold the amplitude of the resonant peak starts to exceeds
the maximum amplitude of the low velocity spectrum. The sharpness of the
resonant peak can be quantified by its quality factor Q = fpk/δf , where δf
is the 3dB bandwidth. This is shown in the inset of figure 5.7a, which shows
that Q exceeds one and grows sharply above U∗ until it saturates around
Q ≃ 3.5 for the highest velocities explored. These observations indicate that
the instability of the towed sphere operates via an oscillatory mode. The
amplitude and the frequency of the unstable mode increase with the mean
velocity U . We also note that above threshold, the spectral signature of the
dynamics of the sphere for frequencies slightly below the resonant peak is
much richer than that of the free end case. The resonance is indeed preceded
by a plateau of random velocity fluctuations and the f 2 regime is only re-
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covered at the very lowest frequencies (typically for slow fluctuations below
1 Hz). Finally, we note that like for the free end case, the growth of the
sphere instability is well illustrated from the interpolated data in the (U−f)
plane, shown in figure 5.7b.

Heavy sphere. The spectral analysis of the velocity of the heavy sphere
reveals a completely different landscape. Figures 5.8a shows the spectra of
the horizontal dynamics for the heavy towed sphere (again, vertical com-
ponent exhibits similar behavior). This dynamics is clearly dominated by
slow fluctuations with a resonant frequency peak fpk around 1 Hz, which
increases with the mean towing velocity U . At low frequencies the spectra
follows a f 2 regime, though our measurements barely resolve the slowest fluc-
tuations in this case (this is limited by the onboard memory of the camera
which limits the total length of the recorded trajectories to slightly less than
20 s). The high frequency damping seems less steep than for the free end
and light sphere case and roughly follows a f−3 regime. Several narrow peaks
are also observed for frequencies above fpk which are probably to be related
to spurious noise (we point that for consistency reasons, we used the same
optical magnification for imaging the three configurations ; hence the lesser
amplitude of fluctuations of the heavy particle inevitably reduces the signal
to noise ratio).

To finish the spectral analysis description, we show in figure 5.9a the
power spectral densities at a given towing velocity (here U ≃ 11 m/s) for the
three configurations. This graph is instructive in comparing the dynamics of
the three situations:

• Though the standard deviations of the velocity of the free end and
the light particle were found to be of the same order of magnitude
in figure 5.5, the PSDs in figure 5.9 show that these results from a
spurious compensation effect: slow fluctuations are order of magnitude
larger for the light sphere, while rapid fluctuations are stronger for
the free end. For the towed light sphere case, more thant 50% of the
fluctuating energy comes from the narrow 3dB bandwidth around the
resonant peak (which corresponds to a band δf ∈ [22; 29] Hz for the
data shown in figure 5.9).

• The global amplitude of PSD is order of magnitude lower for the heav-
iest sphere, which was already illustrated by the standard deviations of
velocity, σv previously discussed (we recall that the variance σ2

v of the
velocity is simply given by the integral of the PSD) ;
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Figure 5.7: (a) Power Spectral Density measured for the velocity fluctuations
for the towed polystyrene sphere at different towing speeds (only the hori-
zontal component is showed). The color codes the mean wind velocity, with
the lowest in blue and the highest in red. Inset shows the quality factor Q of
the resonant peak above the threshold instability. (b) Interpolated represen-
tation of the previous PSDs in the velocity - frequency (U − f) plane. The
color codes the amplitude of the spectra.

• The peak frequency of the heavy particle is much lower than that of
the free end and the light sphere.
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Figure 5.8: (a) Power Spectral Density of the velocity fluctuations for the
heavy sphere at different towing speeds (only the horizontal component is
showed). (b) Interpolated representation of the previous PSDs in the velocity
- frequency (U − f) plane. The color codes the amplitude of the spectra.

Finally, figure 5.9b shows the dependency of the frequency peaks on the
towing velocity U for each case. The free end case and the heavy particle
case are well described by a linear law where fpk ∝ U whereas the resonant
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Figure 5.9: (a) Comparison of the spectral densities for the three towed
configurations (free end, light particle and heavy particle) at a given towing
velocity U ≃ 11 m/s. (b) Dependency of the peak frequency on mean towing
velocity U for the three configurations : free end (blue circles), polystyrene
sphere (red squares) and lead sphere (green diamond). The lines indicate the
best power law fit, whose parameters are given in the legend (note that linear
fit indeed correspond to a power law fit for which the best fitting exponent
was found to be almost 1). Magenta crosses indicate the estimation of the
peak frequency for the heavy lead particle based on a simple pendular model
discussed in section 5.3.4.

frequency for the polystyrene particle increases slightly faster and is better
described by a power law fpk ∝ U1.2.
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Figure 5.10: Trajectory in the real space for the light particle for Rep =
3.2 ·103 (a) and for Rep = 5.2 ·103 (b). The z coordinate is simply U · t, with
U the streamwise velocity and t the time. The trajectory projected to each
plane is also represented (where the base plane is the xOy plane, directly
reconstructed by tracking).

5.3.3 A second instability towards toroidal trajecto-
ries.

Toroidal trajectories (figure 5.10a&b) have been observed for the light parti-
cle at high velocities. The nature of this transition to a toroidal regime is not
well understood yet, but is an interesting case of this system. Figure 5.11
shows the trajectory for the light sphere at different Rep. It can be clearly
seen that at the higher Rep a different type of motion emerges.

Whereas instabilities described in the previous sections of this chapter
are very likely to be connected to the aeroelastic coupling of the cable with
the surrounding flow, this toroidal instability is reminiscent of the helicoidal
trajectories reported in chapter 4. We would therefore tend to attribute it to
a wake instability associated to the sphere itself. In figure 5.12a the square
of the polar angle as a function of time for this trajectory. The averaged
value shows a quadratic regime at small times (characteristic of a ballistic
regime) and a transition to a Brownian regime at bigger times (although more
statistics should be needed for be conclusive about this last assumption).
Figure 5.12b shows for instance that the typical timescale for the sphere to
achieve one loop is of the order of 7 s, hence much slower than the aeroelastic
effects, and more comparable to frequencies of the instabilities reported in
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Figure 5.11: Trajectory in the real space for the light particle for Rep =
3.2 · 103 (a) and a high velocity Rep = 5.2 · 103 (b).

chapter 4 at lower Rep. Other aspects of this particular trajectories will be
studied in the following chapter, where they are going to be compared with
the results for a turbulent flow.

5.3.4 Discussion

The previous observations show that the dynamics of the free end and that
of the light towed sphere becomes unstable above a certain threshold (which
is comparable for both situations and of the order of 6 m/s). However, while
the simple analysis of velocity standard deviations may have suggested simi-
lar dynamics for both cases, the spectral analysis has revealed clear different
dynamical landscapes. The heavy particle is on the contrary found to be
always towed in stable conditions. In the following paragraphs, we briefly
discuss some of these observations.

Pendular motion of the heavy sphere case.

Let first discuss the case of the heavy particle. During the experiment, a
pendular motion of the sphere, with a relatively short effective pendulum
length (compared to the cable length) can be visually observed in the tip
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(a) (b)

Figure 5.12: (a) Square of polar angle of all trajectories recorded at Rep =
5.2 · 103 as a function of time (the mechanism for obtaining the polar coor-
dinates is described in the next chapter in paragraph 6.6). The inset shows
the averaged curve, that at low time shows a quadratic behavior. (b) Square
root of < θ2 > and the corresponding linear regime observed at small time.
The slope of the line gives a characteristic frequency ν = 0.90s−1

2π
= 0.14 Hz

(that corresponds to a typical timescale of 7 s).

region of the cable. We argue here that the peak observed in the spectrum
of the heavy particle is reminiscent of this slow pendulum-like motion. The
order of magnitude of the pendular oscillation frequency can be estimated
based on a very crude model illustrated in figure 5.13. The profile of the
cable is qualitatively approximated by two linear pieces obtained from the
tangents at the fixed point and at the tip of the cable, estimated from the
calculated equilibrium profile (as shown for instance in figure 5.4b). As shown
in figure 5.13, in this crude approximation, the effective length leff of the
pendular motion of the sphere at the tip of the cable represents a fraction of
(y0 − ys), where ys is the height of the sphere and y0 ≃ 0.4 m is the vertical
ordinate of the cable fixed end. For the sake of simplicity in estimating
the order of magnitude of the oscillation frequency, we approximate leff ≃
(y0 − ys)/2. The expected frequency for the pendular motion at the tip of
the cable can then be estimated as

f0 =
1

2π

√
g

leff
≃ 1

2π

√
2g

y0 − ys
(5.5)
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Figure 5.13: Simple pendulum model for the heavy particle, where the profile
shown in figure 5.4b is crudely approximated by the two tangent (at the fixed
end and at the tip of the cable). The pivot of the pendular motion at the tip
of the cable is taken at the intersection of this two lines.

with g the gravity acceleration. The magenta crosses in Figure 5.9b present
the corresponding estimate based on the actual measurement of the sphere
height ys shown in Figure 5.4a. In spite of the crudeness of the model a
very good agreement is found. The model can certainly be improved by a
better piecewise decomposition of the cable, but this simple analysis seems
to confirm the pendular origin of the observed spectral peak.

We point however, that except for this pendular motion, the dynamics
of the heavy particle remains stable with a level of fluctuation much lower
than the free end and polystyrene sphere cases, as shown in figure 5.4a. The
stabilizing effect of a heavy mass on the dynamics of towed cables is a well
known property in the underwater community. Adding a weight depressor
in two-part towing system has become a common strategy to reduce the in-
stability of under-water towed systems [55].

Divergence instability of the towed cable.

Concerning the free end case, where the cable is towed by itself, our results
are worth to be discussed in comparison with recent numerical simulations of
long cylinders in axial flow by de Langre & Päıdoussis [22] which we briefly
summarize first. Their simulations are the first to show, that contrary to
previous predictions [122, 25], long cylinders may become unstable. The ex-
istence of the instability for such long cylinders requires bending stiffness
effects to be correctly included in the model. It is indeed directly related to
the presence of a neutral point in the cable at which base drag, axial com-
pressive forces and tangential friction balance. Upstream the neutral point,
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the cable is in tension due to the frictional drag along its length which plays
a stabilizing role. Downstream the neutral point, the cable is in compres-
sion, and no stiffness exists other than flexural rigidity which then needs to
be correctly modeled. The position of the neutral point along the cable is
xc = L− Lc, with [25, 22]

Lc =
ac
2CT

(π − 2Cb), (5.6)

where Cb is the base drag coefficient at the tip of the cable (defined such that
FBD = 1/2ρD2U2Cb is the base drag force). A necessary condition for the
instability to appear is that xc < L (so that the neutral point is actually in
the cable), which requires Cb < π/2 (i.e. the cable tip must be sufficiently
streamlined). More precisely, de Langre & Päıdoussis have shown that the
instability diagram (see for instance figure 6 in [22]) depends mainly on two
parameters: (i) the shape of the downstream end of the cable (characterized
by a parameter f ∈ [0; 1] related to base drag and lift coefficients at the
tip of the cable (de Langre & Päıdoussis use the ad hoc empirical relation
f = 1 − 4Cb/π) ; it is such that f = 0 for blunt cylinder tips and f = 1 for
perfectly streamlined tips) and (ii) the ratio CN/CT (the range of CN/CT

investigated by de Langre & Päıdoussis is [0.5 ; 1.5]). They find that long
blunt cables (f → 0) remain always stable. Above a certain threshold of f
(which depends on CN/CT , but which is typically of the order of f ∼ 0.5), i.e.
for sufficiently well streamlined cable tips, a divergence instability appears.
The typical predicted velocity threshold U∗

d for divergence is of the order of
some meters per second in the range of parameters they investigated. If f
is further increased (the tip becoming even more streamlined) a secondary
bifurcation may develop, from divergence to flutter (the motion of the cable
then becomes oscillatory). Results by de Langre & Päıdoussis also show that
for long cylinders stability analysis becomes independent of the cable length,
and only a short portion at the downstream end of the cable is concerned.
The length of the unstable portion is given by Lc.

A direct quantitative comparison of these numerical results with our ex-
periments is difficult due to the impossibility to exactly match the parameters
of the simulation to that of the experiment. The ratio CN/CT in the experi-
ment can be estimated from the fitted Reynolds number dependency for CN

and CT discussed in section 5.3.1. We find it to vary from 0.2 to 1.1 as the
flow velocity increases from 4 m/s to 20 m/s typically. It is therefore in a
comparable range to that explored by de Langre & Päıdoussis. Estimation
of parameters f and Cb (characteristic of the tip shape of the cable) in the
experiment are more subtle and will be discussed below. It is first interesting
to note that several results by de Langre & Päıdoussis are in good qualitative
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agreement with our experiment:

(i) We do observe in the experiment a transition toward a divergence,
non-oscillatory, instability. The instability appears above a velocity
threshold of the order of 6-7 m/s.

(ii) Visual inspection of the cable shows that only a short portion (a few
centimeters long) at the downstream end of the cable is destabilized.

(iii) We have carried a few extra experiments, identical to what was pre-
sented above but increasing the length of the cable up to 3.5 m. These
measurements confirm that the dynamics of the cable tip is indepen-
dent on the cable length. In particular, instability threshold and PSDs
of the cable tip motion are undistinguishable for the 2 lengths.

A more quantitative discussion requires to estimate the base drag coef-
ficient Cb (which controls the position of the neutral point on the cable).
The presence of the small knot used to visualize the cable tip makes this
estimation non trivial. When examined under a magnification lens, the knot
appears as a deformed sphere with diameter of the order of dk ≃ 2ac. The
base drag coefficient Cb can be related to the knot drag coefficient Ck by
Cb = π/4(dk/ac)

2Ck (approximating the projected area of the knot as πd2k/4).
Considering the low value of the Reynolds number Rek = Udk/ν, and ap-
proximating Ck by the drag coefficient of a sphere of diameter dk, we can
estimate Ck ≃ 24/Rek. Hence, base drag coefficient can be estimated as:
Cb ≃ 6πν

Udk
(dk/ac)

2. The condition Cb < π/2 for the neutral point to be in the
cable then requires:

U > U∗ =
12ν

a2c
dk. (5.7)

Using the values ac = 43µm and dk = 2ac, leads to U∗ ≃ 8 m/s. Considering
the several approximations (in particular regarding the spherical shape of
the knot and the estimation of Ck) this value is in good agreement with the
measured threshold (6-7 m/s). It suggests that the appearance of divergence
in our experiment is concomitant to the appearance of a neutral point in the
vicinity of the downstream end of the cable.

Finally, we note that we do not observe in our experiment any secondary
bifurcation toward flutter when the cable is towed without any sphere at-
tached. A possible explanation for that may be also related to the small
knot at the tip of the cable. This tends to make the tip of the cable not very
well streamlined and hence not suitable for flutter according to de Langre &
Päıdoussis results.
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Oscillatory instability of the light towed sphere.

An oscillatory instability is however found when a light sphere is towed at
the tip of the cable. The frequency of the observed oscillations increases
from 10 Hz to about 40 Hz in the range of wind velocities explored above the
instability threshold (from 5 to 15 m/s). It is enlightening to note that this
range of frequencies is inconsistent with simple mechanisms such as vortex
shedding, pendular motion of the sphere, vibrating eigenfrequencies or elastic
oscillations:

• Vortex shedding: in the range of Reynolds number considered for the
sphere (Rep = dpU/ν > 2000, above the instability threshold), its
Strouhal number can be considered as constant and of the order of St ≃
0.2. The vortex shedding frequency f shed

p = StU/dp should therefore
exceed 120 Hz for wind velocities above 4 m/s. Such high frequencies
are in the damped region of the spectra of the particle motion (see
figure 5.7a), and have not been detected in the experiment. Note that
vortex shedding has also been shown to be inconsistent with instabilities
observed in under-water systems [6]

• Pendulum oscillations: when it is aligned with the main stream, a
pendulum motion of the sphere can be expected to appear with a char-
acteristic frequency f pend

p = 1/2π
√

Ttip/mpL, where Ttip = π/8d2CpU
2

is the aerodynamic drag exerted on the sphere and mp ≃ 1.8 mg is the
mass of the sphere. In the range of particle Reynolds number consid-
ered here, drag coefficient Cp is almost constant and of the order of 0.7.
Hence f pend

p can be estimated to increase almost linearly from 2 Hz to
about 4 Hz, when the wind speed is increased from 5 m/s to 15 m/s.
Such a low frequency peak is not visible in the spectra in figure 5.7a.
Besides, the frequency peak would be expected to be modified when
the cable length is changed. The few experiments we carried with the
longer cable, show that the spectral peak reported in previous section
is not affected by the length of the cable.

• Vibrating string frequencies: one may also expect frequencies resulting
from vibration modes of the tensed cable to appear. In the present
case, where the cable has one fixed end and one free end, vibrating
modes would have wavelengths λn = 4L/(2n + 1) (with n ≥ 0). The
corresponding eigenfrequencies are fn

p = (2n + 1)/4L
√

Ttip/µ, where
µ = 1.7 mg/m is the lineal density of the cable and Ttip is the main
tensioning force due to aerodynamic drag on the sphere. We note that
the given expression for fn

p assumes the tension to be constant along the
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cable and of the order of Ttip. This is not exactly the case, as frictional
drag imposes a linear increase of the tension from the fixed upstream
end of the cable to the downstream end (where tension is maximal and
equal to Ttip). Hence the estimation given here should be taken as an
upper bound of the eigenfrequencies. Let consider the case U = 10 m/s

as an example for discussion. Using Cp ≃ 0.7, we estimate T
10 m/s
tip ≃

1.3 · 10−3 N. The first ten vibrating eigenfrequencies are therefore ex-
pected to be fn=0→9

p [0.11; 0.32; 0.53; 0.74; 0.94; 1.2; 1.5; 1.6; 1.8; 2.0] Hz,
and are much lower than the resonant peak observed in figure 5.7a.
Figure 5.9b shows that the experimental resonant peak for U = 10 m/s
appears at a frequency fpk & 20 Hz. In the vibrating string scenario,
this would correspond to a high order mode (f 100

p ≃ 21 Hz). Besides, in
such a scenario, a whole set of eigenfrequencies should be visible in the
spectra, what is not the case here. Finally, in this scenario, a length
dependency would also be expected.

• Elastic oscillation of the cable: another simple possible oscillatory
mechanism would result from the elasticity of the cable. This would
generate a natural oscillating frequency f elast

p = 1/2π
√

k/mp, where k
is the elastic constant of the cable. The constant k can be estimated
from the elastic properties of Nylon 6,6 given in table 5.1 ; it is of the
order of k = 2.3 N/m. The elastic frequency is therefore expected to be
of the order of 5 Hz. It is again much lower than the observed resonant
peak. Besides, the elastic frequency is expected to remain independent
of wind velocity, while figure 5.9a shows a clear increase of the reso-
nant frequency fpk as U increases. However, the order of magnitude of
the elastic frequency may be consistent with the low frequency plateau
observed in figure 5.7a and which seems to be independent of U .

• Wake instabilities: in a more general case than a simple vortex shedding
scenario, the instabilities studied in chapter 4 may be also responsible
for the motion of the light sphere. The frequencies observed in chapter
4 (as shown in figure 4.10b) are in the order of 0.1 Hz, hence much
slower than those reported here. Furthermore, in the previous chapter
the frequencies tend to decrease with Rep, while the frequencies of
the light particle in this chapter grow with Rep. Nevertheless, the
wake instability may be responsible of toroidal trajectories reported in
paragraph 5.3.3.

As a consequence, none of these simple mechanisms can explain the ob-
served spectral peak. Our interpretation is that these oscillations are related
to a flutter instability of the cable tip. This is also supported by the visual
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inspection that only a short section, a few centimeters long, in the vicinity of
the downstream end of the cable is unstable. At first sight, flutter may ap-
pear contradictory to the qualitative conclusions by de Langre & Päıdoussis
concerning the requirement of a very well streamlined tip. However, results
from de Langre & Päıdoussis cannot be directly extrapolated to the present
case as the characteristic physical parameters differ by orders of magnitude.
The base drag coefficient Cb, estimated from the aerodynamic drag on the
sphere as Cb = π/4(dp/D)2Cp exceeds for instance 104 in the experiment
while it is of order one at most in simulations by de Langre & Päıdoussis.
We also note that in our experiment no divergence is observed prior to the
oscillatory instability of the towed sphere.

5.4 Conclusion

In this chapter we have reported the experimental investigation of the equi-
librium and stability of a cable hanging in a uniform flow of air with one
fixed end and three configurations for the free extremity : free cable, light
polystyrene sphere and heavy lead sphere. The system mimics the situation
of a long towed cable at constant velocity in a steady environment. An im-
portant aspect of this work is the length to diameter ratio considered for the
cable which to our knowledge is the highest ever reported in experimental
studies.

The average equilibrium position of the system is found to be consistently
described by equations for the local average tension and angle of the cable
given by [25] and estimates of drag coefficients for cables [123] and spheres [13]
in the literature.

The stability analysis turned out to be an interesting fluid/structure cou-
pling problem. Depending on the situation we observed that the system
could remain always stable (heavy towed particle) or could become unstable
with either a divergence instability (when the cable is towed alone) or an
oscillatory motion (when a light sphere is towed).

For the heavy particle, only small oscillations consistent with a pendular
motion, are observed. We note however that we could not reach velocities
high enough for the cable to even approach an axial flow condition and the
question of a possible instability at higher velocities is not excluded.

The case of the cable alone, is found to be qualitatively consistent with re-
cent simulations of long cylinders in axial flows by de Langre & Päıdoussis [22].
The threshold of the instability is found to coincide with the appearance of a
neutral point at the downstream end of the cable. No secondary instability
toward flutter was observed.
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The instability for the light sphere exhibits oscillations with a clear reso-
nant frequency which is inconsistent with simple mechanisms as vortex shed-
ding, pendular motion, string vibrations, elastic oscillations or wake insta-
bilities (as reported in chapter 4). We therefore interpret it as a fllutter
instability. This should be confirmed by further simulations of the cable sta-
bility, accounting for the particular boundary conditions associated to the
presence of the sphere at the downstream tip.

From a practical point of view, our results may also be relevant for strate-
gies of stabilization of towed systems, as the use of weight depressors. Our
experiment shows indeed that depending on the size and/or density of the
added weight, the system can be stabilized or on the contrary oscillations
can be promoted.

Although much remains to be done to obtain a complete and reliable
description of such long towed systems, we hope that the present work will
offer valuable experimental data to be confronted to future theoretical and
numerical models.

It is striking how by changing the Rep of the system a totally different
physics emerged when comparing to chapter 4. Instabilities in the system
in chapter 4 were clearly dominated by wake effects of the towed object
with negligible effects of the towing cable. In the present chapter (where
much higher towing velocities were considered) aeroelastic instabilities of the
cable become dominant, while the towed object essentially influences these
aeroelastic phenomena as a boundary condition effect. Wake effects seem
marginal and may be responsible of a slow helicoidal motion observed for
the polystyrene towed sphere. In the next chapter it will be shown that
when changing the streamwise laminar flow for a turbulent one, new exciting
physics emerges again.
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Chapter 6

Equilibrium and stability of
long towed cable systems.
Part II: the role of turbulence

6.1 Introduction

In chapter 5 a towed system in laminar conditions has been studied. In
this chapter we will study how environmental turbulence affects previous
results. A particle towed at constant speed by a turbulent flow is also of
great interest as it constitutes an intermediate case between the static and
the freely advected particle.

Turbulent transport of material inclusions plays an important role in
many natural and industrial situations. From a quantitative point of view, no
general and reliable model to describe and accurately predict the statistical
properties of inclusions advected by a turbulent flow has emerged yet. As it
has already been detailed in chapter 1, even writing an appropriate equation
of motion for a particle transported by a turbulent flow remains a theoretical
challenge, which has mostly been approached in some limit cases, assuming
generally point like particles, as the celebrated Maxey-Riley-Gatignol equa-
tion [61, 36] which assumes point particles as it neglects non-uniformities of
the flow field around the particles. In most theoretical and numerical studies,
this equation is further simplified and inertial effects are dominantly mod-
eled by the Stokes drag force resulting from the finite response time τp of the
particle. In such models, dynamics of the particle is simply coupled to that
of the carrier flow by a Stokesian equation of motion :

d~v

dt
=

1

τp
(~u− ~v), (6.1)
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where τp is the particle’s viscous response time, ~v is the particle’s velocity
and ~u is the fluid’s velocity at the position of the particle. The actual range
of validity of this approximation remains unclear. Recent experimental and
numerical investigations have shown that this assumption fails to predict
simple dynamical features of small though finite size inertial particles [98].
For instance, while the dominant drag force assumption predicts a low-pass
filtering effect of particle velocity fluctuations with increasing inertia, mea-
surements show that the fluctuation level of inertial particle velocity remains
identical to that of the carrier flow, even when the particle inertia is large
(as has been already shown figure 1.6a in chapter 1). Similarly, Stokesian
models predict a gaussianization of particle acceleration statistics as inertia
is increased [9], while no such trend is observed experimentally for finite size
inertial particles [98, 42], (figure 1.6b in chapter 1). These observations raise
the question of the exact role of the drag force in the equation of motion of
advected particles. When is the drag term really dominant? When can the
particle dynamics indeed be related to that of the carrier flow by a simple
filtering mechanism?

Besides the interest from the point of view of towed systems in turbu-
lent conditions, the study presented in this chapter has also been motivated
by these questions. The towing configuration appears indeed as potentially
interesting to emphasize the role of drag and of filtering effects in particle-
turbulence interaction processes. The strong mean relative velocity (~u − ~v)
imposed between the fluid and the particle in this configuration, forces the
drag to become indeed an unambiguous leading term of the forcing from
the fluid onto the particle. The towing system considered is identical of the
one described in the previous chapter. Spheres are towed using a thin and
long cable. From the particle-turbulence interaction point of view, the towed
sphere can therefore be considered as a a semi-constrained inclusion (its mo-
tion is constrained to remain in the xOy plane) interacting with a carrier
turbulent flow where the role of drag can be expected to play a role. From
the point of view of towed systems, the role of the cable and its instabilities
is also to be considered.

6.2 Experimental setup

The experiment has been run in the wind tunnel SFT1 (chapter 2), were
the turbulence was generated by the passive grid (figure 6.1). The active
grid was also used, but the particle trajectories were so fluctuating that they
crashed onto the walls, making any systematic study impossible. Therefore,

106



y

x

z

U 

mean flow 

direction 

 75 cm

Phantom V12

high-speed

camera  208 cm

−0.04 −0.02 0 0.02 0.04
−0.05

−0.04

−0.03

−0.02

−0.01

0

0.01

x (m)

y
 (

m
)

Figure 6.1: The measurement plane is located 2.08m downstream the grid, in
a region where the turbulence is fully developed, homogeneous and isotropic.

we considered three different mean streamwise velocities with the passive
grid for the experiments: Uz1 = (7.33 ± 0.11)m/s, Uz2 = (9.89 ± 0.08)m/s
and Uz3 = (12.44 ± 0.07)m/s (mean velocity Uz is adjusted using a Pitot
anemometer). In the following we will refer to the streamwise velocity as
uz = Uz + ũz with Uz as the mean streamwise velocity and ũz its fluctuating
part. In the considered wind tunnel, the turbulence intensity τǫ = ũz/Uz is
known to be constant and of the order of 3%.

The turbulence parameters induced in the tunnel for these velocities are
shown in the table 6.1 (these values have been calculated using the results
from previous studies on the same wind tunnel [62]).

Uz1 Uz2 Uz3

η (m) 3.22x10−4 2.57x10−4 2.16x10−4

Reλ 125.7 146.0 163.7
λ (m) 0.0064 0.0055 0.0049

ǫ (W/kg) 0.3148 0.7718 1.5376
τη(s) 0.0069 0.0044 0.0031
Te(s) 0.1800 0.1335 0.1061

Table 6.1: Turbulence parameters for the velocities used. The parameter
η is the Kolmogorov length scale and τη its time scale associated, Reλ the
Reynolds number, λ the correlation length of turbulence, ǫ is the rate of
energy dissipation and Te is the Eulerian correlation time.

Seven different spheres were used in the experiment and they were all
measured with the three different velocities. The parameters of the spheres
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are shown in table table 6.2, while table 6.3 contains the values of particle
Reynolds numbers and the particle viscous response times, estimated accord-
ing to equation 1.16.

Sphere Weight (mg) Diameter (mm) Density (kg/m3) δdensity (kg/m3)
1 0.96 4.3 23.06 0.40
2 1.83 6.29 14.04 0.14
3 0.44 3.05 29.62 0.96
4 0.31 2.08 65.8 3.1
5 17.39 3.11 1104 11
6 14.29 1.79 4758 83
7 24.03 1.69 9510 173

Table 6.2: Weight, diameter and density of the spheres used in this work.

Sphere Rep(Re1) Rep(Re2) Rep(Re3) τp(Re1)(s) τp(Re2)(s) τp(Re3)(s)
1 2101 2835 3566 0.039 0.030 0.024
2 3074 4147 5217 0.036 0.027 0.021
3 1490 2011 2530 0.033 0.026 0.021
4 1016 1371 1725 0.046 0.036 0.030
5 1520 2051 2579 1.248 0.966 0.782
6 875 1180 1485 2.738 2.178 1.804
7 826 1114 1402 5.087 4.057 3.366

Table 6.3: Particle Reynolds number and particle viscous time for each sphere
and flow Reynolds number.

Particle transverse trajectories were recorded with a high speed camera
Phantom V12 from Vision Research Inc. (New Jersey, U.SA.), at a frame
rate of 3000 fps (see inset in figure 6.1). Available onboard memory allows
to recordings as long as 6.15 s, corresponding to about ∼ 50 integral time
scales of the carrier flow. For each class of particles, we record typically
40 such long trajectories (so that statistics are accumulated over more than
2000 integral time scales of the carrier flow) which are then post-processed
to determine Lagrangian velocity and acceleration statistics. The camera is
located inside the tunnel, at least 1 m downstream from the particle in order
not to perturb its motion.

6.3 Post-processing

6.3.1 Trajectories

As the particles are large, their position is efficiently determined frame by
frame with sub-pixel accuracy with a simple center of mass analysis (following
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the same scheme as in the previous chapter). As only one particle is present
in the field of view, tracking and trajectory reconstruction is trivial, leading
for each recording to particle tracks as represented in the inset in figure 6.1.

6.3.2 Spectral analysis

Spectral analysis will be a key ingredient in the present work for the char-
acterization of particle trajectories. We present indeed in the following an
original approach based on spectral analysis which allows us to accurately
estimate statistical quantities (variances of velocity and acceleration), min-
imizing biases from noise and avoiding data filtering with arbitrary param-
eters, which is a recurrent issue when it comes to analyze Lagrangian data
using for instance Gaussian kernels [70] or local parabolic fits [131]. We also

consider spectral analysis to access the energy transfer function H2 = ‖v̂‖2

‖û‖2

between the dynamics of the particle and the carrier flow in the spirit of the
seminal analysis by Tchen and Hinze for freely advected particles, and we
seek for possible filtering mechanisms coupling the dynamics of the particle
and the carrier turbulence (as explained in chapter 1).

For a given experimental configuration Lagrangian spectra of position,
velocity and acceleration components are first estimated for each individual
trajectory. At this point, velocity and acceleration are simply calculated as
time differences of the position, without any filtering procedure. This is in-
tentionally done so, in order to keep a maximum of spectral information,
including information on noise level (which is very sensitive to differentia-
tion), usually withdrawn by filtering the position. We then average all the
individual spectra to obtain an estimation of the Lagrangian spectra of each
class of particle. Figure 6.2a shows such typical spectra for particle position,
velocity and acceleration. We also note that velocity and acceleration spectra
can be consistently estimated from position’s spectrum by simply multiply-
ing it by (2πf)2 and (2πf)4 respectively (from now on f is the frequency
variable in Hz in Fourier space). Physical results from these spectra will
be discussed in the following sections, but for post-processing purposes we
note here a common feature observed on the spectra for all the trajectories
recorded in the present study: it has been observed in all the spectra that at
high frequency they follow a power law energy dissipation cut-off, as repre-
sented by the dashed line in figure 6.2a. Deviation at high frequencies from
this power law appears when noise level is reached.

The following section describes a new estimator of Lagrangian variances
(of position, velocity and acceleration) from the spectral properties of the
trajectories.
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Figure 6.2: (a) Spectra for particle with St = 4.8. The blue line is the
position spectrum, the red and green lines are the velocity and acceleration
spectra, respectively. The black line represents the velocity and accelerations
spectra calculated from the position one multiplied by (2πf)2 for the veloc-
ity and by (2πf)4 for the acceleration. Dashed-lines represent power-law
behaviors at high frequency before noise level is reached (exponent is 5.3 for
position, 3.3 for velocity and 1.3 for acceleration) ; fc is the cut-off frequency
above which the signal is modeled for the E-LES estimation of variances. (b)
Raw trajectory (blue line) and trajectory low-pass filtered representing only
the resolved dynamics below fc (red line).

6.3.3 “Empirical Large Eddy Simulation” (E-LES): a
new estimator of variances and correlation func-
tions

Classically, noise of the reconstructed trajectories in Lagrangian turbulence
research is removed by low-pass filtering the signal at an optimal frequency
cut-off fn which preserves most of the signal and eliminates most of the noise
(criteria in italic in the previous sentence are generally mostly qualitative and
subjective, rather than quantitative and objective). An usual way is to filter
the signal using a gaussian kernel (derivatives of gaussian kernels are used
to filter and differentiate the signal simultaneously), where the kernel width
is spanned and the optimal value is chosen based on the estimation of the
variance of the filtered acceleration [70] (in the present data, such optimal
filtering frequency would lie somewhere between 200 Hz and 300 Hz). In
spite of the optimization of the choice of this cut-off frequency, the filtering
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Figure 6.3: (a) Correlation function obtained with the non-filtered spectra
(blue line) and with the filtered one (red line). (b) Typical velocity spectrum
of a particle (blue line), flow spectrum from hot-wire anemometry (green line)
and energy transfer function (red line) obtained as the ratio of the previous
values.

process necessarily results in an underestimation of fluctuation level, as en-
ergy at high frequency is removed simultaneously with the noise. Though
this is generally negligible for position or velocity fluctuations which are es-
sentially large scale quantities (with a sharply decreasing spectrum at small
scales), it can become a significant bias for the estimation of acceleration vari-
ance requiring empirical compensations. For instance, the rule of the thumb
to estimate the variance of Lagrangian acceleration of tracers from particle
tracking measurements is to take 80% of the value of the linear extrapolation
to zero of the trend with kernel width of the variance of filtered acceleration.
Such empirical procedures for the estimation of Lagrangian variances are a
recurrent problem in the community.

Here we propose a new estimation of variances of position, velocity and
acceleration, based on the analysis of the signal spectrum. We first recall
that the variance of a given quantity q can be estimated from its spectrum
as σ2

q =
r
‖q̂2(f)‖df . Therefore, instead of simply filtering arbitrarily the

signal which drastically eliminates the high frequency contribution to the to-
tal variance, we propose to model the high frequency behavior of the spectra
using the best available empirical trend, based for instance on the measured
spectrum at high frequency but before the onset of noise. This approach is
similar to LES (Large Eddy Simulation), we call it Empirical-LES (E-LES):
we consider the scales above the experimental noise level as being resolved
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and we choose to model the unresolved small scales. In practice the actual
cut-off frequency fc defining the resolved and modeled scales will be chosen
for scales slightly larger than the noise limit, as illustrated in figure 6.2a. In
the present study, the small scale model for unresolved scales is empirically
chosen based on the power-law behavior observed for the smallest resolved
scales. Compared to simple classical filtering approach, the benefit here is
that, though we cannot completely warrant the extent of validity of the small
scale model, we do not simply withdraw high frequency contributions but we
model them with an empirical and non arbitrary correction. This approach
is also convenient as the estimation of variances for velocity and acceleration
can be mostly obtained from information on position only, as the spectra of
velocity and acceleration are trivially obtained from that of position, thus
reducing errors from signal differentiation.

In the end, the variance of position, velocity and acceleration is estimated
as the contribution of the resolved scales (which can be equivalently obtained
either as the integral of the spectrum up to fc, if the slow dynamics is resolved
for sufficiently low frequencies, or as the variance of the resolved temporal
signal low-pass filtered below fc – see figure 6.2b –) to which we add the
contribution of the small scales estimated as the integral above fc of the
model for the high frequency unresolved spectrum. When the high frequency
model for the position spectrum is a power law Afα, the standard deviations
can be calculated using the following formulas :

σx =

√√√√< x2
f > +

A

α + 1

[(
fs
2

)α+1

− fα+1
c

]
− < x >2, (6.2)

σvx =

√√√√< v2xf > +
A

α + 3

[(
fs
2

)α+3

− fα+3
c

]
− < vx >2, (6.3)

σax =

√√√√< a2xf > +
A

α + 5

[(
fs
2

)α+5

− fα+5
c

]
− < ax >2, (6.4)

where the subindex f is used to indicate the resolved low-pass filtered signal
and fs is the sampling frequency of the acquisitions. The values A and α are
obtained fitting high frequency behavior of the spectrum of position modeled
as ‖x̂‖2(f) = Afα. We assume here that noise has zero mean, so that mean
quantities < x >, < v > and < a > are directly estimated from the raw
signal.
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Finally, we point that the same E-LES approach also gives an appropri-
ate way to obtain clean estimations of Lagrangian correlation functions, in
particular for acceleration. Such estimation is indeed generally polluted by
the small scale noise, which produces spurious oscillations at short time lags
(see figure 6.3a showing the correlation function of acceleration for the raw
signal, corresponding to the acceleration spectrum in figure 6.2). Removing
such oscillations is usually achieved by filtering the signal in order to elimi-
nate the noise, which generally also results in a widening of the correlation
peak which may bias the estimation of the correlation time of acceleration. In
the E-LES approach, we can estimate the correlation function as the inverse
Fourier transform of the corrected spectrum built as the actual resolved spec-
trum for frequencies below fc and extrapolated based on the adopted model
for frequencies above fc. The resulting correlation function, shown in figure
6.3a does not exhibit the spurious oscillations any more and preserves the
characteristic correlation time scales.

6.3.4 Transfer functions

As already mentioned, the present study is highly motivated by the fact that
the effect of particle inertia is usually described as a simple filtering effect,
where the dynamics of the particle only experiences turbulent solicitations
from the carrier flow at time scales typically slower than the viscous response
time of the particle τp. This is for instance a direct theoretical result of the
Tchen-Hinze theory [119], where the Stokesian dynamics of inertial particles
freely advected by a turbulent velocity field ~u, modeled by equation (6.1)
directly acts as a first-order low-pass filter where particle energy spectrum is

related to the fluid via an energy transfer function H2
TH = ‖v̂‖2

‖û‖2
∝ 1/(1+f 2τ 2p )

with a low-pass cut-off frequency flp = τ−1
p . In a more general context,

the transfer function approach gives an interesting insight in the coupling
between particle and carrier flow dynamics [65].

In the coming sections, we will therefore discuss the experimental energy
transfer function

H2 =
‖v̂‖2
‖û‖2 , (6.5)

where ‖v̂‖2 is the particle Lagrangian velocity spectrum and ‖û‖2 is temporal
spectrum of the background flow measured with classical hot-wire anemom-
etry in the plane of motion of the particle. We note that hot-wire signal
directly gives the Eulerian spectrum in terms of the time frequency variable
f so that it is not necessary to apply back and forth a frequency/wave number
transformation. Figure 6.3b shows an example of experimentally estimated
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(a) (b)

Figure 6.4: Probability density functions (centered and normalized to vari-
ance one) of the horizontal velocity (a) and acceleration (b) for all the par-
ticles investigated. The black dashed line, in the figures, is a Gaussian with
variance 1. Vertical components (not shown) have identical PDFs.

transfer function for the particle with St = 4.8.

6.4 Results on the turbulent dynamics of towed

spheres

6.4.1 Statistical Analysis

Figures 6.4a&b represent velocity and acceleration probability density func-
tions (PDFs) centered and normalized to variance one for all the particles
and velocities investigated. Remarkably, all the PDFs collapse onto a single
curve which is found to be well fitted by a Gaussian distribution. While
gaussianity of velocity statistics was already observed for freely advected
particles, gaussianization of acceleration is an interesting finding. Recent in-
vestigations made for freely advected finite size particles [98, 136] have shown
that the acceleration PDFs remains in that case highly non-Gaussian even
for particles with large inertia. This observation has been noted as being in
contrast with the prediction from Stokesian models (with a dominant drag
force due to particle/fluid relative motion) of the turbulent dynamics of par-
ticles which predict a gaussianization of acceleration PDFs for highly inertial
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particles [9]. Our present measurements show that such gaussianization is
indeed observed when a strong dominant slippage velocity and hence a dom-
inant drag force is exerted on the particle, therefore in qualitative agreement
with Stokesian models.

As a result of their gaussianity, velocity and acceleration fluctuations are
therefore simply characterized by their standard deviations σv and σa which
we estimate with the E-LES method previously described. Figure 6.5a&b
represents the velocity turbulent fluctuations rate for the horizontal and ver-
tical components of the velocity τvx,y = σvx,y/U as a function of particle
Stokes number (note that, as in the previous chapter, a small anisotropy
in particle’s dynamics is evidenced by bigger fluctuations in vertical coor-
dinate). Interestingly, we observe that the turbulence fluctuation level τvx,y
decreases with increasing inertia. This is in contrast with measurements for
freely advected particles [98] where the turbulence fluctuation level has been
measured not to depend on particles inertia. Moreover the decrease of turbu-
lence level is in qualitative agreement with a low-pass filtering effect due to
particle inertia as predicted with drag dominated models in the spirit of the
Tchen-Hinze model [119]. We note that acceleration variance is also observed
to decrease with increasing inertia (figure 6.5c&d), though this was also ob-
served for freely advected particles. It is significant that, when normalized
according to Heisenberg-Yaglom scaling, no trend is observed for acceleration
fluctuations when varying Reλ, where almost the same curve is reproduced.
This suggests that the main forcing on the particle is indeed from the turbu-
lence and not from instabilities in the towing cable as reported in previous
chapter.

6.4.2 Transfer functions analysis

In order to probe further the filtering scenario, we investigate the power
spectra of particle velocity as well as the transfer functions between particle’s
and carrier flow’s energy. Figure 6.6 shows the spectra for all the 7 different
particle classes and the three streamwise velocities investigated in the present
work. The first remark is that, as for the standard deviations study, the
three Reλ show a similar trend, only with a different background. We also
observe that, at low frequencies, the spectra are not significantly dependent
on particle inertia while on the contrary high frequency cut-off occurs earlier
as particles Stokes number increases, consistently with a filtering scenario due
to an increased particle response time. For very large inertia, the spectra
becomes relatively peaked with a dominant frequency, corresponding to a
pendulum mode for the heaviest towed particles, reminiscent of oscillatory
modes already reported in laminar conditions.
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(d)(c)

(b)

Figure 6.5: Fluctuations of horizontal (a) and vertical components of velocity
(b). Standard deviations of acceleration normalized with Heisenberg-Yaglom
parameters for the horizontal (c) and vertical component (d).
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(a) (b) (c)

Figure 6.6: (a) Velocity spectral density for all the particles investigated for
Uz = 7.3 m/s(a), Uz = 9.9 m/s (b) and Uz = 12.4 m/s(c).

As in this case again the qualitative behavior is the same for all the
velocities studied, from now on we will focus our analysis on just one stream-
wise velocity, Uz = 9.9m/s. It has been checked that the other Reλ present
equivalent properties.

Figures 6.7a&b show two typical energy transfer functionsH2 = ‖v̂x‖2/‖ûx‖2,
one for low inertia particles the other for large inertia. The global shape of
this transfer function is relatively well approximated as a second order band-
pass filter :

H2 =
A

1 +Q2
(

f
f0

− f0
f

)2 , (6.6)

with A the gain factor, Q the quality factor and f0 the central frequency.
The second order filter can be seen as a combination of a first order high-
pass and a first order low-pass filter and can be equivalently characterized
by the corresponding low-pass and high-pass cut-off frequencies, flp and fhp
such as f0 =

√
fhpflp and Q = f0/(flp − fhp).

The fact that we observe a second-order band-pass behavior rather than
just a first order low-pass behavior (as in classical Stokesian models for freely
advected particles) is related to the fact that in the present configuration the
motion of the particles is constrained by the cable. As already discussed
in the laminar case, the high pass part (corresponding to low frequencies)
follows a f 2 regime and is to be related to the interaction of the particle with
the towing cable which constrains the motion to be bounded and imposes the
average velocity of the particle (and hence the density of energy at vanishing
frequency f → 0) to be null. On the other hand, the low-pass part of the
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Figure 6.7: Energy transfer function for particle with St = 4.8 (a). Energy
transfer function for particle with St = 950 (b).

transfer function (related to the high frequency behavior) is expected to be
related to particle inertia and to its coupling with turbulence.

This is supported by figure 6.8 which shows the trend with Stokes number
of the high-pass and low-pass cut-off frequencies determined from the fit of
the measured transfer function with a 2nd order band-pass filter model as
defined by equation 6.6. We can observe that the high-pass frequency is
independent of particle inertia, while the low-pass frequency does decrease
with increasing particle inertia.

6.5 Advected sphere in turbulence: the role

of filtering effects.

6.5.1 Dynamical model for the attached particles mo-
tion

As already discussed, Stokesian models cannot be directly applied to the
present system as the constraints imposed by the cable must be taken into
account. We propose here a simple implementation of Stokesian models to
include the role of the cable tension as already briefly presented in equation
(6.1). In this first study we assume the cable to be straight, which is indeed
the case for the lightest particles (which are also the largest and the ones
with the larger Stokes number) and we neglect aeroelastic instabilities of the
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Figure 6.8: High-pass and low-pass frequencies obtained from the 2nd order
band-pass model (equation (6.6)) fit of the energy transfer function for all
particles investigated, plotted as a function of Stokes number.

cable. The forces acting to the system are shown in figure 6.91. For the
system proposed, the equation (6.1) can be written as:

d~v

dt
=

1

τp
(~u− ~v) +

1

mp

~T + ~g, (6.7)

where the added mass term has been neglected. To neglect the added mass
term, it is sufficient for instance that βac ≪ 1

τp
uc, where ac and uc are

characteristic particle acceleration and fluid velocity respectively and β =
3ρair/(ρair + 2ρp). Considering that the rms values are the characteristic
ones, and using the Heisenberg-Yaglom expression (a2rms = a0ǫ

3/2f−1/2 with
a0 = O(1)), this condition can be written as βSt ≪ Uzτǫ/(ǫf)

1/4, with

1A more complex model, considering a catenary shape of the cable is currently being
developed.
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St = τp/τη. This condition is satisfied in all cases, and the added force term
will not be considered in this model.

Figure 6.9: Forces acting in the particle: drag force, gravity and tension of
the wire.

By projecting this equation of motion on x̂, ŷ and ẑ axis we get :

• ẑ)

0 =
1

τp
uz +

1

mp

T cosφ cos γ (6.8)

where γ and φ are the angular displacements of the wire holding the particle
(figure 6.9). Maximal measured displacements of the particle do not exceed
10 cm to be compared to the total length of the wire (L = 208 cm). We
therefore assume angular oscillations to be small (i.e. cos γ ∼ cosφ ∼ 1 and
sinφ ∼ x/L and sin γ ∼ y/L). Moreover, considering that uz = Uz + ũz with
the turbulence level ũz/Uz ∼ 0.03, the amplitude T of the tension will be
approximated as,

T = −mp

τp
Uz. (6.9)

Thus, we obtain:

• x̂)
dvx
dt

=
1

τp
(ux − vx) +

1

mp

T sinφ cos γ
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⇒ dvx
dt

+
1

τp
vx +

Uz

τpL
x =

1

τp
ux (6.10)

• ŷ)
dvy
dt

=
1

τp
(uy − vy) +

1

mp

T cosφ sin γ

⇒ dvy
dt

+
1

τp
vy +

Uz

τpL
y − g =

1

τp
uy (6.11)

Equations 6.10 and 6.11 in the x0y plane are those of a damped oscillator
with “noise” (turbulent fields ux and uy can be considered as a noise exciting
the oscillator).

In the context of oscillators theory, it is relevant to consider the Fourier
transform of those equations (from now on just the x coordinate will be stud-
ied as the problem in the y axis has the same solution, adding the constant
term g, which gives a Dirac contribution at zero frequency in Fourier space):

−iωv̂x +
1

τp
v̂x + i

Uz

ωτpL
v̂x =

1

τp
ûx, (6.12)

ω being the angular frequency: ω = 2πf . The equation can be rewritten as,

v̂x =
1

1 + iQ( ω
ω0

− ω0

ω
)
ûx, (6.13)

where,

ω0 =

√
Uz

Lτp
and Q = ω0τp = 2πf0τp. (6.14)

ω0 and Q are the filter frequency and the quality factor respectively. This
equation is reminiscent of Tchen’s filtering equation (as shown in chapter 1)
except that the transfer function,

H =
1

1 + iQ( f
f0

− f0
f
)
, (6.15)

is now a band pass, second order filter instead of a first order low-pass filter
(note that in the high frequency limit both are equivalent with a 20dB at-
tenuation rate per decade). This is in qualitative agreement with the results
obtained in the previous section.

Furthermore, from the fit of the experimental transfer function we can
extract the experimental values of the filter frequency f0 and quality fac-
tor Q. Image 6.10 shows the theoretical values obtained for f0 and Q as a
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(a) (b)

Figure 6.10: (a) Relation between the theoretical and the experimental values
of the frequency (remember that f0 is the frequency in Hz). (b) Relation
between the theoretical and the experimental values of the quality factor.
In both cases the black dashed line is a line with slope 1 (that represents
perfect agreement between theory and experiments). In both figures, the
regions highlighted correspond to the four heavier particles, where the cable
was not tensed and the hypothesis of the model developed in this section are
no longer valid.
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function of the experimental ones, where the black dashed lines represents
a slope 1 line (therefore, the perfect agreement between theory and experi-
ments). The agreement is far from being quantitatively perfect. Although
the order of magnitudes are correct, the theoretical quality factor generally
overestimated the experimental one, while the theoretical central frequency
underestimates the experimental one. A possible reason for these discrepan-
cies can be the difficulty to correctly estimate the particle response time τp,
which is a recurrent issue in the community, in particular when finite size
and finite Reynolds number corrections are to be considered.

In the context of the filter model introduced previously, f0 and Q appear
to be the natural parameters governing particle dynamics (instead of just
particle size or density for instance). Therefore we have represented the
measured standard deviations as a function of those parameters. Figure 6.11
represents the turbulent fluctuation rate (τx,y = σx,y/Uz) of particles as a
function of the experimental values of those parameters. In spite of some
scatter it can be seen that velocity fluctuations tend to increase with f0
whereas it decreases with Q. Remembering that f0 is a decreasing function of
particle response time τp and Q and increasing function of τp (see definitions
6.14), these trends are in qualitative agreement with the filtering prediction
that fluctuations are suppressed when particle response time increases. This
result is particularly interesting as no modification of fluctuations has been
measured in the case of freely advected particles.

This observation is therefore also a good indicator that filtering effect has
indeed been enhanced in the present experiment while it remains marginal
in the freely advected situation.

6.5.2 Inhibition of intermittency

We continue here the comparison between the case of freely advected inertial
particles and the present configuration of a towed inertial particle. We have
just noted that the filtering scenario results in a reduction of velocity fluctu-
ations with increasing inertia, which was shown experimentally irrelevant for
finite size freely advected inertial particles but becomes relevant for the towed
particle. Another important prediction of the Stokesian models is the Gaus-
sianization of acceleration PDFs. Such a progressive inhibition of Lagrangian
intermittency as particle Stokes number is increased was also shown in exper-
iments not to be relevant for freely advected finite size particles, which show
persistent non-gaussian acceleration PDFs regardless of particle Stokes num-
ber. On the contrary, the results for the semi-constrained particle present
a remarkable gaussianity. This comparison can be seen in figure 6.12. The
presence of wider tails when comparing with a Gaussian distribution is one
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Figure 6.11: Fluctuations rate for both components (σvx,vy/Uz) as a function
of the experimental values of f0 (a) and Q (b).

of the characteristic trends of Lagrangian intermittency. Interestingly, the
dynamics of the towed particle has lost all evidence of intermittency of the
surrounding turbulence. This is consistent with predictions from Stokesian
models, where particles with high inertia, and hence with large relative veloci-
ties (~u−~v) are found to have Gaussian acceleration statistics. In the present
work the relative velocity is imposed to be important, avoiding the possi-
bility to explore intermediate situations and to investigate the progressive
gaussianization process (all the cases we investigated are exactly Gaussian).
It would be interesting in the future to investigate situations with less rela-
tive velocity. If we want to keep a reasonable turbulence level, this cannot be
done by simply decreasing the mean wind velocity. A possible approach may
consist in gradually release the longitudinal motion of the towed particle, in
order to span all situations from purely towed to freely advected particle.
An interesting aspect of such a study will be to address the role of relative
velocity, independently of that of the response time of the particle, regarding
to intermittency.

6.5.3 Turbulent versus laminar towing

To finish this chapter and the first part of this thesis, dealing with single
particle-fluid interactions, a comparison of the dynamics of towed spheres in
the laminar case (detailed in chapter 5) and in the turbulent situation of this
chapter will be made. The discussion proposed in this section is related to the
following question: is the particle trajectory more predictable in turbulent or
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Figure 6.12: (a) Acceleration PDFs for freely advected particles measured by
Qureshi and collaborators [98]. (b) Acceleration PDFs for semi-constrained
particles.

in laminar conditions? On one hand one can argue that the erratic behavior of
turbulence may impose randomness to the dynamics of the particle, making
its motion more complex, richer and less predictable. On the other hand, if we
consider homogeneous and isotropic turbulent conditions, some of the known
generic laws of turbulence (as the Gaussianity of velocity fluctuations, the
Kolmogorov −5/3 energy spectra [51], the large scale Brownian like turbulent
diffusion properties, etc.) may be transferred to the particle dynamics. The
fluctuations of its motion may then acquire some well characterized universal
properties, which may in turn wipe out any subtle effect eventually imparted
to the particle by the instabilities reported in laminar conditions, which have
been shown to depend significantly on particle class. As a consequence,
the dynamics of the particle may then be expected to be less complex and
less rich in the turbulent case, but simply obey to some generic statistical
properties. In this section we address the question of how universal properties
of turbulence influence the dynamics of spheres. To this end, we compare
our experimental results of the dynamics of a towed sphere in a fluid under
laminar and turbulent conditions. This discussion was motivated by the
participation to a workshop dedicated to the physics of sports [18], where we
proposed to explore the possible role of turbulence on ball games.

On behalf of a realistic approach, the system consists on a sphere attached
to a long cable in a wind tunnel facility. This towed sphere configuration
reproduces the situation of a ball traveling across the fluid, with an imposed
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mean relative velocity. The cable holding the particle helps mimicking subtle
effects which would be eventually imparted to the ball by a player. In our
system these effects result from the instabilities (both aeroelastic as discussed
in chapter 5, or from wake effects as discussed in chapter 4) of the cable-sphere
system triggered by the aerodynamic coupling [81] with the surrounding flow.
These give rise to a non trivial motion of the sphere under laminar conditions.
We investigate how this non-trivial trajectory is affected by the presence of
surrounding turbulence.

We will use the results obtained in this chapter for a turbulent flow and
in the previous chapter for a laminar one. Considering the present chapter,
the first four particles of table 6.2 and 6.3, all of them made of expanded
polystyrene have been studied. Then, Rep varies from 1000 to 6000 depend-
ing on particle diameter and flow velocity. Considering the results of the
previous chapter, we started the investigation with the largest particle (#2
of table 6.2), for which a systematic comparison of particle trajectory un-
der laminar and turbulent conditions was performed. As discussed below
this motivated to extend the investigation in the turbulent case to the other
classes of particles.

6.6 Results

Figure 6.13a shows examples of trajectories recorded for particle 3 in the case
of laminar flow, for two towing velocities. At low velocities the trajectory re-
mains relatively localized and well aligned with the mean velocity. At higher
velocities the shape of the trajectory becomes non-trivial and shows the he-
licoidal behavior already reported in chapter 5, and possibly reminiscent of
wake instability reported in chapter 4. In particular, it exhibits a forbidden
region in the alignment of the mean velocity, which is statistically almost
never explored by the particle. Such toroidal trajectories are systematically
observed at sufficiently high velocities in the case of laminar flow. In the con-
text of ball dynamics in sports this peculiar behavior may mimic for instance
the trajectory of a ball, with an easy to catch case at low velocities and a less
predictable kick at higher velocities. This shares similarities for instance with
the well known knuckleball [77], that talented pitchers and soccer players are
capable to produce and which is feared by batters and goalkeepers.

Figure 6.13b shows the trajectories for the same sphere, at the same ve-
locities, when 3% of turbulence intensity is introduced by the grid at the
entrance of the test section. It can be qualitatively seen that trajectories
fluctuations are now larger but all the subtle effects present in laminar condi-
tions seem to have disappeared. In particular no transition toward a toroidal
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Figure 6.13: Trajectory in the real space for the third particle in the laminar
flux for in laminar (a) and turbulent conditions (b). For each case a low
(upper in figures) velocity (with ReP = 3.2 · 103 for both cases) and a high
velocity (lower figures, with ReP = 5.2 · 103 for the first and ReP = 6.2 · 103
for the second case) are represented.
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Figure 6.15: Probability density function for the radial component of the
position for the laminar (a) and turbulent case (b).
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Figure 6.16: Mean value for the radial component of the position for the
laminar case (blue) and the turbulent case (red), were the green line represent
the average of these points (R = 1.18 cm).

trajectory is visible anymore.
A more quantitative inspection of the statistical properties of particle

trajectories is given by the analysis and comparison of the radial probability
density function of the position of the sphere in the different situations. To
achieve this, we first transform the cartesian coordinates (x, y) of the particle
position to polar coordinate (r, θ), where the origin of the polar coordinates
is taken at the average position of the particle. A typical time evolution of
the radial (r) and angular (θ) coordinate is shown in figure 6.14 (note that
angular coordinate has been unwrapped). PDFs of the angle θ (not shown
here) do not show any specific pattern, which simply reflects the isotropy
of the particle motion, with no preferential angular position neither in the
laminar, nor in the turbulent case. On the contrary PDFs of the radial coor-
dinate exhibit a more interesting scenario. Figure 6.15a&b show the PDFs
of r for the laminar and turbulent cases respectively. Measurements for sev-
eral particles and velocities explored are superimposed: for the laminar case,
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this corresponds to particle #3 at several velocities, while for the turbulent
case, several particle classes at several velocities are considered (note that
PDFs have been normalized by the average trajectory radius for each case).
The transition toward a toroidal like position probability is clearly seen for
the laminar case (figure 6.15a). At low velocities the radial distribution is
Gaussian, with a maximum of probability at the center of the trajectory
(rmax = 0). For the highest velocities, the maximum of radial probability
moves toward a non-zero value, while the probability at r = 0 is signifi-
cantly reduced (which corresponds to toroidal trajectories). This statistical
richness completely disappears in the turbulent case, where all the PDFs
collapses onto a single Gaussian distribution.

PDFs shown in figure 6.15a&b have been normalized by the average ra-
dius, so they are only informative regarding the qualitative shape of the radial
distribution, but not regarding its quantitative extent. For this reason, fig-
ure 6.16 shows the average radial position of the sphere as a function of the
particulate Reynolds number Rep. It can be seen, that for the laminar case,
the radial position is very sensitive to variations of Rep (corresponding here
to variations of velocity). On the contrary, for the turbulent case, the mean
radius of the particle trajectory is essentially independent of Rep (within the
explored range), regardless of how it is varied (changing the particle size or
its velocity). The typical radius of the trajectory in the turbulent case is of
the order of 1.2 cm, regardless of the velocity and of the particle diameter.
This in the order of integral scale, L0, of the surrounding turbulence. L0

is also known not to vary significantly with the mean wind velocity, which
suggests that the extent of the turbulent trajectory of the towed sphere is
related to the energy injection scale of the carrier turbulence. On the con-
trary, in the laminar case, the growth of the trajectory radius is to be related
to the growth of an instability (as already discussed).

Finally, dynamical aspects of the motion of the sphere can be analyzed
from the Lagrangian power spectral density (PSD) of the particle trajectory.
Figure 6.17a,b,c&d show the Lagrangian PSD for the radial and angular po-
sition both in laminar and turbulent cases. Spectra for all available config-
urations (depending on particle class and velocity) have been superimposed.
It can be observed that in the laminar case qualitative and quantitative
trends are observed depending on experimental details. For instance the ap-
pearance of spectral peaks can be seen for the highest sphere velocities (we
have shown in the previous chapter that such peaks may be related to an
aero-elastic instability, similar to flutter [81]). This dynamical richness is
lost in the turbulent case, where the spectra have all the same shape re-
gardless of the considered configuration. In the turbulent case, spectra are
mostly dominated by a flat PSD at low frequencies (characteristic of the
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uncorrelated large-scale fluctuations) followed by a rapid cut-off for frequen-
cies above 10 Hz. We also note that the level of large-scale fluctuations
(at low frequencies) does not significantly change with experimental condi-
tions. This explains why the average radial position in turbulent conditions
was mainly independent on experimental details. On the contrary, the level
of low-frequency plateau of uncorrelated fluctuations, clearly increases with
increasing velocity in the laminar case. This corresponds to the increase
of uncorrelated radial fluctuations (and hence of the average radius of the
sphere trajectory) with increasing Rep previously reported.

Our results in turbulent conditions show that even a low level of fluctu-
ation rate of the surrounding environment (our grid generates a flow with
3% of velocity fluctuations) suffices to smear out all the subtleness of the
coupling between the moving sphere and the surrounding fluid. The vari-
ety of effects and of dynamical signatures visible in laminar conditions has
completely disappeared in the turbulent case. Although fluctuations of the
sphere are quantitatively larger in the turbulent case, from a qualitative
point of view they are essentially featureless, in the sense that their statisti-
cal properties remain generic and independent of experimental details (such
as towing velocity or particle diameter).

6.7 Physics of sports

These last observations have an interesting application to physics of sports.
The aerodynamics of sport balls is a subject which has always captivated
the attention of physicists. It is only by the end of the nineteenth century
that the first relevant equation of motion for balls in sports has been de-
rived after Rayleigh’s work [101]. The dynamics of such a system is rather
complex: several terms such as drag, lift, gravity and Magnus force need to
be simultaneously taken into account. The balance of these forces depend
on many factors, such as the characteristics of the ball (size, density, shape,
surface texture, etc.) and the initial conditions given to it [64]. This is the
origin of the variety and richness of sports played with balls and of the many
effects talented players are capable to induce to the motion of the ball, as for
instance lifted kicks, chaotic knuckleballs [77] or spinning ball spirals [27].

However, the influence of turbulence present in the environment surround-
ing the ball as it moves has never been carefully investigated yet in the context
of sports.

Our study shows that in laminar conditions this “towed ball” configura-
tion reproduces subtle and non-trivial dynamics of the sphere (related to var-
ious aero-elastic and wake instabilities), mimicking effects of balls in sports.
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Figure 6.17: Power spectral density of the radial evolution of the sphere
position for the laminar (a) and turbulent case (b). Power spectral density of
the angular evolution of the sphere position for the laminar (c) and turbulent
case (d)
.
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In particular, non-trivial statistics of the radial position of the particle, sim-
ilar to knuckleball effects in sports is well reproduced. We have shown that
the radial position of the particle is very sensitive to experimental conditions
(as for instance changes of the sphere velocity) which mimic here different
initial conditions eventually imposed in the field by a player pitching or kick-
ing a ball. We have shown that the dynamics of the particle also exhibits
non-trivial trends with experimental conditions. These observations support
the fact that in laminar conditions, the coupling between the particle and
the surrounding flow is very sensitive to experimental details (and hence to
initial conditions in the field of sports). For instance although the transition
toward a toroidal trajectory is not fully understood at the moment, it is very
likely to be related to small asymmetries in the system (either intrinsic to
geometrical imperfections, or inherent to aerodynamic effects, as the appear-
ance of an asymmetric wake, as observed under certain conditions for settling
spheres for instance [45]). Similarly, the appearance of a dominant peak in
the power spectral density of particle trajectories is believed to be related
to subtle aeroelastic instabilities of the system sphere+cable [81]. Although
effects actually involved for balls in real sports are different in details, they
rely on similar fluid-structure interactions. It is the richness of such mecha-
nisms that produces the broad variety of possible kicks and pitches and that
makes the beauty of ball sports; and it is the capacity to control them (by
imparting appropriate initial conditions to the ball) that makes the talent of
a player. All this richness disappears in the turbulent case.

To conclude, let us note that although more work is still needed for a clear
understanding of the precise role of turbulence in ball sports, our results show
that this influence is eventually important and not always in agreement with
our common sense. At present, it seems that the main effect we can expect
from turbulence in ball games is to transform the qualitative richness of the
whole ensemble of possible trajectories, which may be differently explored
according to the talent, the creativity and the will of the payer, into a purely
random process with well determined statistical laws, independent of the
talent, the creativity and the will of the player. Therefore, it somehow turns
a game of skill into gambling, but these are games to be played in different
fields.

6.8 Conclusions

This chapter aimed at investigating fundamental features of aerodynamic
forces acting on a towed particle in a turbulent environment, with the par-
ticular goal to emphasize the filtering mechanism due to particles inertia,
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whose role has not been clearly identified for the case of freely advected par-
ticles. This has been accomplished by considering a semi-constrained particle
dynamics, where the particle cannot follow flow structures and where a domi-
nant drag is imposed by a strong particle-fluid slippage velocity. At the same
time, this arrangement is particularly interesting in the context of towed sys-
tems, which are of primary importance for instance in aeronautics or acoustic
streamers in the ocean.

As far as we know, our results give the first clear experimental observa-
tion of a filtering effect on the Lagrangian dynamics of finite size particles
in turbulent flow induced by their inertia, consistent with usual Stokesian
models. However, at this point the agreement is only qualitative. The fact
that the cable itself is also submitted to turbulent fluctuations further com-
plicates the problem, taking into account its complex dynamics shown in
chapter 5. These interaction with the towing cable (which can for instance,
on one hand enhance dissipation due to the cable stiffness, and on the other
hand enhance fluctuations as it transmits to the particle part of its own fluc-
tuating energy) may explain for instance that at high frequencies the energy
transfer function is not perfectly fitted by a first order low-pass filter and
that the low-pass cut-off frequency represented in figure 6.8 does not sim-
ply scale as the inverse of particles response time τ−1

p – or equivalently as
St−1 – as it would be expected for a simple Stokes drag. It has also been
shown that this towed configuration inhibits the intermittent behavior of the
particle (present in the freely-advected case). The main difference with the
freely advected case is the larger slippage velocity in the towed configuration.
Therefore, experiments where the slippage velocity is reduced by gradually
releasing the longitudinal motion of the towed particle in order to span all
situations from purely towed to freely advected particle, are being prepared.
This experiment would be interesting for better studying the role of relative
velocity in intermittency (independently of that of the response time of the
particle) and the progressive gaussianization of acceleration PDFs.

On the other hand the influence of turbulence on the dynamics of towed
systems has been studied. In this chapter we have seen that the wake and
aeroelastic instabilities reported in the previous chapter disappear with only
3% of fluctuations, and the system recovers relatively universal statistical
properties of turbulence.
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Part II

Collective effects
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Chapter 7

Air bubbles in a water tunnel

7.1 Introduction

Turbulent flows laden with particles occur very often in natural and indus-
trial situations: dispersion of pollutants in the atmosphere, sedimentation in
rivers, rain formation in warm clouds, plankton dispersion in the ocean, op-
timization of chemical reactors and in various industrial processes including
combustion of liquid fuel among others. In these examples, particles con-
sist of dust/sand in air or water, liquid droplets or solid particles (such as
coal, catalyst...) in gas and are then denser than the carrying fluid. Thus,
their dynamics is not strictly following the fluid velocity field but is instead
lagging behind it. This is a specific case of inertial particles immersed in tur-
bulent flows that also refer to situations when particles are less dense than
the fluid or when particle size is much greater than the smallest turbulent
scale, namely the Kolmogorov length. The common occurrence of this class
of flows deserves thorough fundamental studies since no proper or practical
modeling is yet available. As already discussed, the equations governing iner-
tial particle dynamics have been obtained under strong assumptions in very
limited situations ([61, 36]) and most of the recent numerical works use even
simpler models.

A striking feature of turbulent flows laden with inertial particles is the
so-called preferential concentration or clustering that leads to very strong
inhomogeneities in the concentration field at any scale. This has now been
widely observed in many experimental and numerical configurations includ-
ing homogeneous and isotropic turbulence (see [114, 31, 105]). Particles
interacting with a turbulent flow are then commonly characterized by their
Stokes number, that is, the ratio between the particle viscous relaxation time
τp and a typical time scale of the flow (as it has been detailed in chapter 1).
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When dealing with finite-size particles, we use the same definition as in ref-
erences [107, 135], using the eddy-turnover time at the scale of the particle,
τd, as the time scale of the flow, and a corrective factor fφ based on the
Reynolds number at particle scale:

St = τp/τd = fφφ
4/3(1 + 2Γ)/36, (7.1)

where Γ = ρp/ρ0 is the particle to fluid density ratio and φ = dp/η is the
particle diameter normalized by the dissipation scale. This dimensionless
number is often used as the key parameter to characterize particle dynam-
ics in turbulence, using simple Stokesian models where the dominant force
acting on the particle is taken as the drag due to the difference between
the particle velocity and that of the fluid. These models predict preferential
concentration of particles with nonvanishing Stokes number, with a maxi-
mal segregation for St around unity [8, 20]. This behavior is confirmed, at
least qualitatively, in experiments with small and heavy particles [68]. In [32]
finite-size particles, both neutrally buoyant and heavier than the fluid have
been investigated, finding preferential concentration for heavy particles and
nothing in the neutrally buoyant case. This latter work suggests that Stokes
number by itself cannot be taken as sufficient to characterize clustering. The
validity of this parameter is then an open and active field of research and it
is important to explore particles with different sizes and densities in different
types of flow. This questioning regarding the relevance of St to characterize
clustering is of course concomitant of the previously discussed questioning
regarding the validity of point-particle Stokesian models. Finally, Aliseda
and co-workers [2] have suggested that the local enhancement of the con-
centration could be responsible for the measured enhancement of particle
settling velocity in turbulent flows due to collective effects. It is therefore
important to have a good quantification of the amount of clustering, of its
physical origin and of its collective consequences.

An important motivation of this work is related to the investigation of
the relevance of the sweep-stick mechanism as the origin of clustering (see
chapter 1). In this mechanism, zero-acceleration points are swept by the
fluid as they statistically move with the local velocity of the fluid. On the
other hand, numerical simulations using Stokesian models [20] show that
a heavy particle that meets a zero-acceleration point moves with the fluid
velocity (which is no longer true when the particle is at a point with nonzero
acceleration). They refer to this as the sticky part of the mechanism. Other
models, such as turbophoresis could be also involved in this phenomena and
will be considered.

Originally, the goal of this thesis was to investigate preferential concentra-
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tion of small and heavy particles in turbulence by considering a fog of water
droplets in the active grid generated turbulence in the SFT1 wind-tunnel.
However during the development of this thesis, the wind tunnel SFT1 was
out of service during 12 months. This technical problem motivated the study
of collective effects in different systems. In the end three complementary sys-
tems have been studied:

• Air bubbles in a water tunnel: Kolmogorov-size air bubbles in a
water tunnel have been studied with Reλ = 100 and St = 0.06. This system
is studied in the present chapter.

• Finite size particles in a water french washing machine: particles
with dp >> η and moderate particle-flow density ratio in an inhomogeneous
turbulent flow with Reλ from 340 to 810 are explored. Corresponding St
ranges from 0.8 to 4 (chapter 8).

• Heavy sub-Kolmogorov particles in grid turbulence: small water
droplets (dp << η) have been investigated in the active grid generated turbu-
lence with Reλ in the range 230–400. The corresponding St number ranges
from 2 to 10. This study (presented in chapter 9) corresponds to the original
project and is the most extensively investigated configuration.

In this chapter we will study the properties of air bubbles in the LEGI
water channel. This experiment has been made in collaboration with Pr.
Nicolas Mordant (LEGI). Simultaneous PIV measurements allows us to study
the preferential concentration of the bubbles and the flow properties at the
same time. In the present and in the next chapter we will study if the flow
tends to concentrate in particular regions of the flow and if the particles affect
the flow properties.

7.2 Experimental setup.

The experiment has been run in a water channel (figure 7.1) with a mea-
surement section of 0.1 m x 0.1 m x 1.7 m. It is manufactured in plexiglas,
that allows an easy flow visualization in order to perform optical measure-
ments such as particle image velocimetry (PIV), particle tracking velocimetry
(PTV), etc..

In this chapter the results for a flow rate of Q = 185.3 cm3/s are shown.
They correspond to mean stream velocity Uz = 1.85 m/s (this is a flow
measurement in the 10 cm2 section that only considers water flow, no air
contribution, therefore the real flow velocity might be slightly higher de-
pending on the air/water proportion). The inertial particles are air bubbles
artificially generated by adding soap to the liquid while small tracers (10 µm
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Figure 7.1: Water channel used in the experiments. It consists on a pump
(a), a flowmeter (b), a bypass (c), the valves (d), a degasifier (e), the diver-
gence section (f) and a relaxation chamber (g). Then, the flow passes over
a convergence section, where downstream the grid is placed and finally the
flow gets to the measurement section.

red fluorescent PS microspheres from Magsphere Ltd.) are added to the wa-
ter in order to perform simultaneous PIV measurements of the flow and of
the concentration field of bubbles.

The grid used to produce the turbulence is composed of six horizontal and
six vertical bars (figure 7.2a). Downstream of the grid is placed a SprayTec
equipment that allows us to simultaneously measure the granulometry of the
bubble population seeding the flow (figure 7.2b). Then, the flow passes by
a laser sheet (inclined 45◦ with respect to the measurement section walls),
where two high-speed cameras Phantom-Miro M310 are placed (as shown in
figure 7.2b): one vertically placed (camera 1), in order to record the backscat-
tered light from air bubbles, and the other placed horizontally (camera 2) to
record the scattered light from the fluorescent tracers for PIV purposes. For
the latter an orange filter has been placed in order to only obtain the fluo-
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(a) (b)

Figure 7.2: (a) Grid used for generating turbulence. (b) Measurement section
where the SprayTec and the cameras are placed.

rescence from the rodamine particles. The laser produces a continuous beam
with a wavelength of 532 nm working at 5.2 W. Both cameras are connected
to a Scheimpflug dispositive in order to have a proper focus on the inclined
measurement section.

10 films are obtained with a sample rate of 1000 fps at a resolution of
1280× 800 at 12 bits (which considering camera’s available internal memory
gives 8309 images per film, or ∼ 8.3 s). Therefore, ∼ 83 s are recorded for
granting proper statistical accuracy. Considering that the integral length
scale is in the order of the grid mesh (L0 ∼ 1.6cm) and a velocity fluctuation
rate in the order of 3%, it is possible to have a good estimation of the energy
dissipation rate: ǫ = U3

yRMS/L0 ∼ 0.014 m2/s3. Finally, the Kolmogorov time

scale (i.e. the smallest time scale of the flux, defined as τη =
√
ν/ǫ) can be

approximated as τη ∼ 10 ms and the Kolmogorov length can be approximated

as η = ν3

ǫ

1/4
= 90 µm (in section 7.3 these parameters will be calculated

with PIV measurements and these approximations will be corroborated).
Therefore, an acquisition rate of 1000 fps is enough for properly resolving
the smallest temporal scales of turbulence.

The size of the window measured in the real world is ∼ 4 × 2 cm. A
calibration mask is used for performing this transformation from pixels to
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Figure 7.3: (a) Raw image of the calibration mask for the horizontal camera.
(b) Raw image of the calibration mask for the vertical camera. (c) Match of
centers of both images in the real world.

millimeters, which was the same for both cameras (the mask is a transparent
sheet with black dots). Each camera has then a transformation matrix, where
we have checked that both transformations are compatible (in the sense that
we can define an absolute position in real space for tracers and bubbles).
In figure 7.3c it can be seen that both images match extremely well, with
an average error of 12.5 µm. If the comparison is made converting just one
of the masks to real world and then the resulting image into the space of
the other mask, the mean error obtained is of 0.68 pixels. In section 7.4.3
this latter results will allow us to superpose the bubble concentration fields
(taken with camera 1) to the flow velocity fields (taken with camera 2).

7.2.1 SprayTec

During the data acquisition, the distribution of bubble size is measured taken
using the Spraytec from Malvern Instruments Ltd. Considering that the
whole experiment requires several hours, only 3 series of 5 min were taken
with the Spraytec (the first during the first film, the second during the fifth

Film 1 Film 5 Film 10

D[3][2] 140 µm 145 µm 160 µm

Table 7.1: Bubble mean diameter for different measurements.
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Figure 7.4: Histogram of particle’s diameter obtained with spraytec.

film and the third for the last one). Figure 7.4 shows a typical distribution of
particle diameter obtained (averaged during a whole series). The parameter
chosen as representative of bubble diameter is D[3][2], which is related to the
ratio between the mean volume and the mean surface. Table 7.2.1 shows this
value for the three measurements, that slowly grows with time, but remains
almost constant during the acquisition. The diameter obtained as an average
of the three measurements is dp = 150 µm.

7.3 PIV

The PIV analysis is realized using the commercial LaVision Davis software.
More information about this technique may be found in reference [1]. The
best resolution achievable for the rodamine particles concentration is 32×32
pixels (and the biggest possible window, useful for deducing mean values is
256 × 256 pixels). In real world coordinates this resolution corresponds to
720 × 720 µm2 (hence, larger than Kolmogorov length). Figure 7.5 shows a
typical velocity field.

The velocity fields for all the films were calculated. The statistical val-
ues obtained are shown in table 7.2. A good isotropy is observed, and the
flatness in both coordinates is almost 3, revealing the gaussianity of velocity
fluctuations. The fluctuations in the flow are thus in the order of 3% (were
the maximal std has been used). We can also deduce, considering the water
flow obtained with the flow meter in the channel and the velocity obtained
with PIV, that the volume fraction of air in the flow is ∼ 8.5%.

142



Figure 7.5: PIV image obtained with Davis software. For this case the
displacement is equivalent to the velocity in m/s

To obtain the turbulence parameters, we estimate the energy dissipation ǫ
from the peak of the longitudinal second order structure function, considering
that the Taylor hypothesis is satisfied. The longitudinal second order struc-
ture function verifies S2(l) = C(lǫ)2/3, with C an universal constant: C = 2.1
[94]. The transversal structure function follows a similar law but with a dif-
ferent coefficient C ′ = 4/3C for homogeneous isotropic turbulence. Figure
7.6 shows the longitudinal and transversal second order structure functions,
normalized as (S2(l)/(2.1l

2/3))3/2. From the maximum in figure 7.6 (which is
not really a plateau due to the relatively low Reynolds number of the flow)
we estimate ǫ = 0.0174 m2/s3. It is also possible to verify that C ′/C = 1.26,
a value close to the theoretical one, confirming the homogeneity and isotropy
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Mean std Skewness Flatness

Uz 2.0245 m/s 0.0444 m/s 0.0451 3.1024
Ux 0.0014 m/s 0.0593 m/s 0.0672 2.9949
|U | 2.03 m/s 0.048 m/s -3.5× 10−3 2.97
w -1.5 1/s 46 1/s 1.8× 10−3 3.86
|a| 0.076 m/s2 0.16 m/s2 16 290
az 0.0015 m/s2 0.16 m/s2 0.15 300
ax 6.6×10−4 m/s2 0.0703 m/s2 1×10−4 3.82

Table 7.2: table
Statistical parameters obtained with PIV for velocity components, norm of

velocity, vorticity, norm of acceleration and its components.

of the flow. We note that the departure at large scales between the two curves
in figure 7.6 (which should go asymptotically to l−1) is related to the limited
extent of the measurement volume (in particular in the transverse direction
for which the measurement volume is about one third of the integral scale,
estimated above).

Now it is possible to obtain the characteristics of the flow according to
the relationships presented in chapter 2.
The Kolmogorov scale is:

η =

(
ν3

ǫ

) 1
4

= 103.54 µm. (7.2)

The Kolmogorov time:

τη =
√

ν/ǫ = 24 ms. (7.3)

The Taylor microscale, based on URMS
y :

λ =
√

15νU2
yRMS/ǫ = 1.7 mm. (7.4)

The Taylor scale based Reynolds number:

Reλ =
λUyRMS

ν
= 100.81. (7.5)

Finally, the integral length scale:

L0 =
Re2λν

15UyRMS

= 1.14 cm. (7.6)
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Figure 7.6: Compensated second order structure function.

Finally, the Power spectral density of Uy for the flow is shown in figure 7.7.
It averages all the films for an arbitrary point of the PIV measurements. The
spectra shows a reasonable −5/3 inertial range (actually the slope is slightly
lower than −5/3, as it is expectable for low Reynolds number HIT [3]). We
remark that the dissipation scale is not resolved, which limits the estimation
of gradients of velocity.
Now that we have obtained all the parameters, we are able to estimate the
Stokes number of the bubbles in the flow:

St =
τv
τη

=

(
dp
η

)2
1 + 2Γ

36
= 0.060. (7.7)

An estimation of Stokes number considering finite size and finite particulate
Reynolds number corrections [135], following equation (7.1), leads to

St∗ =
τv
τη

= 0.028. (7.8)
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(a) (b)

Figure 7.7: (a) Power spectral density for a given point in the vertical axis
for the horizontal (blue line) and the vertical (red line) coordinate. (b) Same
spectra where the vertical coordinate has been normalized as ν5/3. Therefore,
a plateau indicates the inertial range.

7.4 Preferential concentration analysis

7.4.1 Post-processing to quantify clustering

In the past few years, the group at LEGI specialized in a particular technique,
that consists in analyzing the preferential concentration via Voronöı tessela-
tions. This technique recently introduced for the investigation of preferential
concentration of small water droplets in a turbulent airflow [68] was shown
to be particularly efficient and robust to diagnose and quantify clustering
phenomena. It has been used since then by other groups to characterize for
instance clustering properties of bubbles in a water channel [96] and cluster-
ing properties of dense finite size particles in channel flow simulations [35, 49].

The Voronöı diagrams give a tessellation of a two-dimensional space (it
can be extended to 3D) where each cell of the tessellation is linked to a de-
tected particle, with all points of one cell closer to its associated particle than
to any other particle. An example taken from [68] is exhibited in figure 7.8.
Thus, the area of each Voronöı cell is the inverse of the local concentration
of particles, i.e., Voronöı area fields are a measure of the local concentration
fields at interparticle length scale.

Whatever the measurement and data analysis technique used, when one
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(a) (b)

Figure 7.8: (a) Raw image of particles taken with the camera. (b) Voronöı
tessellation of the previous image in the real world (images taken from [68]).

refers to preferential concentration, it is implicitly assumed that one deals
with statistical preferential concentration compared to the case where parti-
cles would be spatially distributed as a random Poisson process (RPP). In
order to quantify preferential concentration, we therefore compare for each
experiment the PDF of the measured Voronöı areas to that expected for a
RPP. Main known properties of Voronöı diagrams associated to RPP can
be found in a short review by Ferenc and collaborators [30] and references
herein. The first moment of Voronöı areas PDF has nothing to do with the
spatial organization of the particles since the average Voronöı area, Ā, is
always identical to the mean particle concentration. Therefore, in the sequel
we will generally focus on the distribution of the normalized Voronöı area
V = A/Ā which is of unit mean. The only known exact result for RPP
Voronöı areas statistics concerns the second order moment in the 2D case
which is equal to < V2 >RPP= 1.280, corresponding to a standard devia-
tion σRPP

V =
√
< V2 >RPP −1 = 0.53. Regarding the shape of the PDF of

Voronöı areas statistics for a RPP, no analytical solution is known (most of
the authors fit them with Gamma distributions). Ferenc and collaborators
propose a compact analytical expression involving the space dimension as a
single parameter:

f2D(V) =
343

15

√
7

2π
V5/2e−

7
2
V . (7.9)

We use this analytical expression as a RPP reference.
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7.4.2 Voronöı analysis of bubble concentration field

In this section we present the statistical analysis of Voronöı areas for the
air bubbles. Figure 7.9a shows a typical image obtained with the vertical
camera of the bubbles in the system. The post-processing of the images has
been made as follows: first of all, the pixels whose intensity level is below
a threshold (in this case 2500, as it can be appreciated in figure 7.9b) are
set to zero. The histogram in figure 7.9b is made computing the intensity
histogram of each raw image and then averaging. It can be seen that the
histogram has a peak for low intensities and it follows a power law for high
intensities. An exhaustive analysis varying the intensity threshold showed
that the power law is related to the scattered light from bubbles while the
peak is probably related to light scattered by tracers. This method has been
shown to be extremely effective for separating tracers and bubbles scattered
light. Then the image is band pass filtered, to conserve only the structures
between 3 and 10 pixels long (which is observed visually to be the relevant
range for the size of bubble images). Finally, the centers are found using
a weighted center of mass method. Figure 7.9c shows the centers detected
on the first image, while in figure 7.9d the intensity is now in a logarithmic
scale. It can be seen that the centers obtained are in good agreement with
the location of the centers of the bubbles in the image.

Finally, we have checked that the concentration of bubbles seems to be
very stable in time, as shown in figure 7.10, where, for the mentioned set of
parameters we obtain: Ncenters = 296± 20.

Considering this post-processing analysis, the Voronöı diagrams can be
easily obtained. Figure 7.11 shows the Voronöı area V probability density
function (PDF, blue line) and the equivalent distribution of a random Poisson
process (red line), obtained according to equation (7.9). The two curves
match almost perfectly. The matching is also quantifiable by the standard
deviation (σV) of the distribution, which should be σV = 0.53 for a RPP,
while the experiment gives σV = 0.54. Therefore, we can conclude that the
bubbles in the system studied do not form clusters at all. We have checked
the robustness of this results by changing the threshold of particles detection.

7.4.3 Conditioned statistics

Although no preferential clustering is found for the bubbles, we still propose
a conditional analysis of particles position and local turbulence properties
from PIV. Such conditioning would be of course more interesting if clus-
tering would have been observed as it allows for instance to investigate if
particles cluster preferentially in specific regions of the turbulent field, in the
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Figure 7.9: (a) Raw image obtained with the camera. (b) Intensity histogram
for the previous image. (c) Raw image from the camera with the centers
obtained. (d) The same image, but amplified and with logarithmic scale for
the intensities
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Figure 7.10: Number of bubbles found for a given film.

Figure 7.11: Probability density function of the Voronöı areas for the bubbles
(blue line) and for a random Poisson process (red, obtained according to
equation (7.9)).
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Figure 7.12: Flow velocity field obtained with PIV and inertial particles
recorded with the other camera.

spirit of turbophoretic or sweep-stick mechanisms. In the present case we
do not expect such effects, but this analysis gives the basis of such condi-
tional analysis, which will be also performed in the next chapter. It is also
interesting for future studies for instance with larger bubbles, which may be
expected to cluster. Besides, the same analysis also allows to investigate if
local properties of the flow are massively affected or not by the presence of
the bubbles.

Having assured that PIV and bubble positions are defined in almost the
same coordinate system, the flow properties evaluated at the position of
the bubbles can be obtained (figure 7.12). Once these values are obtained,
the same analysis done in the PIV section may be done, conditioned to the
neighborhoods of bubbles in order to investigate any particular correlation
between particle position and local turbulence field.

Two approaches have been performed: the first considering the statistics
for the PIV cell corresponding to each center of bubble, and the other one
considering a mean value of that cell and its first neighbors. Considering
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Figure 7.13: Histograms for velocity modulus (a), vorticity (b), Lagrangian
acceleration modulus (c), its z component (d) and its x component (e). Blue
line is for flow parameters evaluated at the position of inertial particles while
the red line is for random positions.

an average of the order of 300 particles for image and that almost 83000
images were obtained, conditioned statistics are evaluated over an ensemble
of almost ∼ 25×106 points, giving an excellent statistical accuracy. We have
checked all the parameters of table 7.2 conditioned on bubble position. No
differences are found between this conditioned velocity statistics and those
obtained from the whole PIV field presented in section 7.3.

In a second step, an exhaustive analysis of the histograms of several quan-
tities (velocity, vorticity and acceleration) has been made. Note that the
vorticity and acceleration require spatial gradients of the PIV field to be es-
timated. These estimations are limited by the actual resolution of the PIV
correlation windows, which in the present case marginally resolve the dissi-
pation scale of the carrier flow as previously discussed. Figure 7.13 shows the
histograms for velocity modulus, vorticity, Lagrangian acceleration modulus
and its components. The histograms compare the flow properties evaluated
at the position of particles and in random positions (in order to compare the
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Figure 7.14: Joint histograms of Voronöı areas and local turbulent fields.
The horizontal coordinate represents the Voronöı area V while the vertical is,
depending on the figure: the velocity modulus (a), vorticity (b), Lagrangian
acceleration modulus (c), z component of acceleration (d) and x component
of acceleration (e).

same number of events). No appreciable differences are observed between
both curves in any case.

In a further analysis, we analyze joint statistics of Voronöı areas V and
turbulent properties (velocity, vorticity or acceleration). This is particularly
interesting when clustering is observed to identify if small Voronöı areas
(hence dense regions) are related for instance to low vorticity regions (in
a turbophoretic scenario) or to low acceleration regions (in a sweep-stick
scenario). In the present case we do not expect any particular trend, but we
present this analysis because of its relevance for future works (including study
presented in chapter 8). The joint histograms are shown in figure 7.14a-e.

We have compared again the flow properties evaluated at the position of
the particles and in random positions (where the random positions simulate
particles with the same V distribution). An example of this comparison is
given in figure 7.15 for vorticity. In order to do a proper comparison, the same
color scale is used and the histograms are normalized by the total number
of events. Again, no significative differences are observed. This analysis has
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(a) (b)

Figure 7.15: Joint histogram for random positions (a) and particle centers
(b). The horizontal coordinate represents Voronöı areas V while the vertical
the vorticity.

been repeated for all the other parameters of figure 7.14 with similar results.
Therefore, in this case where no clustering has been observed, the particles

do not seem to sample any preferential region of the flow.

7.5 Conclusions

To conclude, we have run an experiment for bubbles with a typical size of
150 µm in a turbulent flow with Reλ = 100 and η = 103 µm (what results
in St = 0.060, dp

η
= 1.5 and Γ = 0.001). Therefore, Kolmogorov scale light

particles have been studied, and have not shown preferential concentration.
A similar work, by Prakash and collaborators [96], studies the Lagrangian

statistics of air bubbles in a vertical water tunnel with nearly homogeneous
and isotropic turbulence generated by an active grid. The Reynolds number
Reλ is varied from 145 to 230, dp/η ranges from 7 to 13 and Stokes numbers
from 1.5 to 4.4 are reached (hence much higher than in this work). They find
that the dynamics of bubbles deviates from that of tracers, as the variances
of both the horizontal and vertical acceleration components are about 5± 2
times larger than those measured in the same flow for fluid tracers. In a
further study [117] the properties of clustering are analyzed.

An interesting result of this chapter is that, considering the optimal ex-
perimental circumstances achieved, a simultaneous PIV has been performed
during the inertial particles study. Although no clustering is observed, these
particles could always affect the global properties of the fluid (considering a
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gas fraction of almost 10% in the water) or tend to concentrate in particular
regions of the fluid (regions which do not tend to agglomerate though). Nev-
ertheless, we have shown that the statistical properties of the fluid evaluated
at the position of the bubbles are almost exactly the same as those observed
for the global fluid and that joint statistics of Voronöı areas of bubbles with
different turbulent fields do not exhibit any difference compared to an artifi-
cially built distribution of particles. This shows on one side that Kolmogorov
scale bubbles do not explore any particular region of the flow and on the other
side that the local properties of the flow in the neighborhood of the bubbles
is not affected by the presence of the inclusion.

The next step would be to achieve an experimental setup that allows us
to reproduce this experiment but achieving preferential concentration. For
that purpose, a setup with significantly higher Reλ and the possibility of
varying the properties of particles will be studied in the following chapter.
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Chapter 8

Preferential concentration of
finite solid particles in a
swirling von Kármán flow of
water

8.1 Introduction

In this chapter we will perform a similar study of preferential concentration
with Voronöı diagrams and a simultaneous PIV study as shown in the pre-
vious chapter. This experiment is made in collaboration with Pr. Romain
Volk (ENS-Lyon) and Pr. Nicolas Mordant (LEGI). The main difference is
that in this case we study finite size solid particles in a von Kármán flow.
This flow is an interesting case of strongly inhomogeneous turbulence with
high Reλ.

We investigate preferential concentration of PMMA particles with density
ρp = 1400 kg/m3 and diameter 2.8 < dp/η < 6.3 for 340 < Reλ < 810.
Therefore, with high Reλ and heavy particles in the limit between point
particles and finite-size particles (Fiabane and collaborators [32] suggest a
limit dp/η = 5η).

8.2 Experimental setup.

The flow is a turbulent von Kármán swirling flow, described in references
[128, 130]. Water fills a cylindrical container of internal diameter D = 15 cm
and a length of 25 cm. It is driven by two disks of diameter 14 cm, fitted
with blades. Three different rotation rates were studied: 2.8 5.6 and 8.3 Hz
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(figure 8.1a).
The distance between the disks is 20 cm while the rotation frequency is

imposed by two calibrated constant current engines. The angular velocity
is measured with two dynamos with a precision in the order of 2% and
is adjusted in a way that the disks have the same velocity but opposite
direction (figure 8.1b). This setup allows us to obtain developed turbulence
with Reλ up to ∼ 800 in a compact region of space. This type of flow has
been extensively used for studying the properties of turbulence, Lagrangian
([54, 72, 131]) or Eulerian ([137]).

In chapter 2 we detailed the properties of grid turbulence, and its homo-
geneity and isotropy. This contrasts with the von Kármán flow, which has a
large scale non-homogeneous, non-isotropic 3D mean structure (figure 8.1b).
As the disks counter-rotate, the mean flow has a strong azimuthal velocity
component (in the order of πDΩ close to the disks) and vanishes in the mid-
dle plane of the cylinder. Furthermore, the impeller disks work as centrifugal
pomps ejecting the flow in the radial direction near the disks, creating a
poloidal re-circulation with a stagnation point at the center of the cylinder.
Therefore, the turbulence generated is locally homogeneous in the center of
the cylinder but conserves the anisotropy for big and small scales ([131]). In
the limit Reλ >> 1 the usual local isotropy hypothesis is generally assumed
for the small scales of the flow (although the validity of this assumption has
been recently questioned [86]).

For the measurements reported here, the Taylor-based Reynolds number
reaches values up to 810 and the dissipation rate ǫ values up to 25W/kg (table
8.1). We study PMMA particles with density ratio 1.4 and two different radii:
80 and 100 µm. The same tracers used in chapter 7 have been used for PIV
analysis: 10 µm rodamine spheres from Magsphere Ltd. (red fluorescent PS
microspheres). The water temperature was maintained constant during all
measurements at T = 30◦C. As the flow is anisotropic, the Reynolds number

based in the Taylor scale is estimated as Reλ =
√

15u4

ǫν
, where u =

√
2u2

x+u2
z

3
,

is obtained using the rms value of velocity fluctuations .
The measurement system is similar to that used in chapter 7. The cylin-

drical container is equipped with three windows that allow a proper visual-
ization of the flow. The flow passes through a laser sheet (inclined 45◦, as
shown in figure 8.1c), where two high-speed cameras Phantom-Miro M310
were placed in the horizontal directions but on opposite sides of the ves-
sel. The camera labeled 1 in figure 8.1c catches the backscattered light from
PMMA particles, and the other (camera 2) placed for taking the forward
scattered light of rodamine tracers. Camera labeled 2 is mounted with an
orange filter and only records the motion of the rodamine particles. This
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Figure 8.1: (a) Schema of the experimental setup. (b) Inhomogeneous flow
generated in the container. (c) Schema of the imaging system: a laser sheet
illuminates the flow. The camera on the right films inertial particles while
the camera on the left (with an orange filter) films tracers in order to perform
PIV measurements.
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camera is used to provide the PIV. Note that camera 1 does not have any
filter, so it is also a priori sensitive to fluorescence of rodamine particles (as
well as to direct green light scattered by those same particles). However,
as the rodamine particles are at least one order of magnitude smaller than
the PMMA particles the light they scatter is significantly less intense and a
simple thresholding allows to simply ignore it. The laser produces a contin-
uous beam with a wavelength of 532 nm working at 5.2 W. Both cameras
are connected to a Scheimpflug system in order to have a proper focus of the
measurement section.

Ω (Hz) ux (m/s) uz (m/s) η (µm) τη (ms) ǫ (Wkg−1) Reλ

2.8 0.38 0.19 28.5 3.55 3.1 340
5.6 0.76 0.41 21.2 7.11 7.2 570
8.3 1.14 0.62 16.4 20.7 20.7 810

Table 8.1: Turbulent parameters of the flow for the three velocities studied.
The values are obtained using the results in [130].

Particle dp (µm) StΩ1 StΩ2 StΩ3

1 80 0.83 1.50 2.50
2 100 1.30 2.30 4.0

Table 8.2: Particles considered and their Stokes number for each velocity.

10 films are recorded for each configuration (i.e. for each given particle
class and rotation rate of the impellers) with a sample rate of 3200 fps at
a resolution of 1280 × 800 at 12 bits (which considering camera’s available
internal memory gives 8309 images per film, being ∼ 2.60 s). Therefore,
∼ 26 s were recorded for granting proper statistical accuracy. The real size of
the window measured in the real world is ∼ 4×2 cm2. A calibration mask was
used for performing pixel to real world transformation, which was the same
for both cameras (the mask is a transparent sheet with black dots, pasted
between two identical PVC frames). This warrants that both cameras are
correctly calibrated with respect to each other, allowing to match positions
on one camera onto the other. As in previous chapter, this is particularly
intended for superimposing PIV fields obtained from one camera and particle
positions obtained from the other.

The image processing performed is shown in figure 8.2. Starting from the
raw image (figure 8.2a), in order to avoid differences in illumination (caused
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Figure 8.2: (a) Raw image obtained for camera 1. (b) 2-D histogram of
intensity of all the raw images of a series after a 2-D adaptive noise-removal
filtering. (c) 1-D histogram of intensity of all the raw images for a series. (d)
Resulting images with the centers detected in black circles.

by laser attenuation) a 2-D adaptive noise-removal filtering is applied. The
resulting 2D histogram is shown in 8.2b. Illumination conditions seem rela-
tively uniform after the correction, although not perfect. It has been tested
that the results shown in this chapter are robust for a wide range of filtering
parameters. The one dimensional histogram of intensity from camera 1 is
computed in order to determine the threshold of intensity that differenciates
noise and tracers light from PMMA particles (as performed in the previous
chapter), as shown in figure 8.2c. Finally, the corrected image is obtained and
the centers identified (figure 8.2d), where only a pixels-real world correction
need to be performed (that can be observed below in 8.6).

PIV measurements have been performed in the same way as in chapter
7. Tracers are 10 µm rodamine particles and the processing is made using
commercial software Davis 8.0 from LaVision. The PIV correlation window
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Figure 8.3: (a) Probability distribution of normalized Voronöı area V for ex-
periments at different Reynolds number and Stokes number. (b) Probability
distribution function, centered and reduced, of log(V).

is 32 × 32 pixels (that corresponds to 290 × 290 µm2, hence bigger than
particles studied here). PIV is only measured for the smallest Reynolds
investigated, Reλ = 340. This is due to the fact that we use the continuous
3200 fps acquisition rate in the camera. No specific PIV equipment (pulsed
laser or double frame camera, which would allow to reduce the inter-frame
time lag below the repetition rate) was available at the time we performed
the experiment. The laser sheet has a thickness of ∼ 0.25 mm. Taking
into account the values of velocity of fluctuations in table 8.1, only for Ω1

we have assured that a particle will remain for two consecutive images in
the laser sheet (while for the other cases all the high frequency dynamics
will be filtered for this spurious effect). Also a measurement without any
particle was performed in order to check that the particles were not changing
the properties of the flow (allowing also to verify that no two-way coupling
occurred in the flow).

8.3 Results

The Voronöı diagrams have been obtained with the same technique as in the
previous chapter. Figure 8.3 shows the PDFs of V and of log(V) centered
and reduced.
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It can be clearly seen that the measured distributions are not that of
a uniform random process (figure 8.3a). Large Voronöı areas are signifi-
cantly over-represented compared to the RPP case, indicating the existence
of large depleted regions. Similarly, normalized areas between a few tenth
(depending on the particle class) and about V ∼ 0.5 are over-represented in
the experiment compared to a RPP, indicating the preferential concentration
phenomenon. Besides, the most probable value for the normalized Voronöı
area is smaller for the particles than for a RPP, which indicates the predom-
inance of over-concentrated areas. Much smaller areas are on the contrary
under-represented. However, the log-log representation misleadingly exacer-
bates this under-representation. As shown in the inset in figure 8.3a, showing
the cumulative PDF, normalized areas above 0.15− 0.3 are already cumula-
tively more represented with the inertial particles compared to a RPP. The
origin of the under-representation of very small normalized Voronöı areas
remains unclear. It can be related to a statistical bias, due to the limited
seeding density which reduces the probability to find very nearby particles.
But it can also be physical and indicate some sort of ordering of the particles
at small scales. This aspect requires further investigations, for instance vary-
ing the seeding density of the flow, which will be addressed in future works
and will not be discussed in this manuscript.

Big Voronöı areas (or depleted regions) are robust when changing particle
and flow parameters, but small areas (or concentrated regions) are affected
by these changes. This has been already observed in the previous study by
Monchaux and collaborators [68] at moderate Reynolds number. In that
work it was also observed that the Voronöı area PDFs for inertial particles
in turbulence were well approximated by a lognormal distribution. This is
confirmed as a robust characteristic also preserved in the higher Reynolds
number regime explored in the present study, as it can be seen in figure 8.3b:
the PDF of log(V) is approximately Gaussian, at least within the range
±3σlog(V). Deviation from lognormality is only observed for small values of
log(V) which are slightly over-estimated. Therefore, the overall statistical
distribution of Voronöı areas is almost characterized entirely by one single
parameter, which we choose to be the standard deviation σV and whose de-
pendency with experimental parameters can be used to quantify the evolution
of particles clustering.

Figure 8.4 shows the standard deviation of normalized Voronöı areas σV

as a function of Stokes number. It can be observed that it is clearly larger
than σV = 0.53, that corresponds to a RPP. This is a strong evidence of the
formation of clusters and voids in our system, while the amount of clustering
tends to grow when St is increased with possibly a saturation or even a reduc-
tion for the largest explored Stokes number. This may suggest a maximum

162



Figure 8.4: Standard deviation of normalized Voronöı areas σV as a function
of Stokes number. The point for St = 0 has been artificially added while the
black dashed line represents the value σV = 0.53, that correspond to a RPP
phenomenon.

of clustering for St ∼ 3 − 4, as also observed by Monchaux et al., although
the available data here does not allow to be conclusive on this point.

8.3.1 Clusters

In the present section, we will focus on the identification and characterization
of clusters and voids formed by the particles. One important aspect concerns
the analysis of the geometry of the clusters. Do they have a fractal structure?
Do they have a characteristic size?

To define a cluster and a void, we follow the idea proposed by Monchaux
et al. [68, 69]. Clusters and voids are easily identified by choosing an ap-
propriate threshold for particles local concentration (defined as the inverse
of Voronöı cell area) as can be seen in figure 8.6 (where the distribution for
higher St of figure 8.3 is shown). The two intersections of the experimental
PDF with the RPP closer to the maximum of the distribution are used as
thresholds. The values that satisfy V < VC are defined as clusters while the
values where V > VV as voids. The values in between are not considered
clusters nor voids. The referred work shows the validity of VC and VV as such
thresholds. These two parameters are robust when varying St and Reλ, as it
can be observed in figure 8.3a. The resulting process for obtaining clusters
and voids from the centers in real world is shown in figure 8.6.
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Clusters Voids

nC nV

Figure 8.5: Schema of clusters and voids detection. Starting from a Voronöı
cells area PDF, the two intersections closer to the maximun of the distribution
are used. Small resulting areas corresponds to clusters (concentrated regions)
while big areas are for voids (depleted regions). The intermediate values are
considered as intermediate and no computed as clusters or voids.

Once clusters and voids have been identified, their geometry can be an-
alyzed. We start by investigating the statistics of the area of clusters while
voids will be analyzed in the following section. Figure 8.7a shows clusters
area PDFs, normalized by the mean area value. Surprisingly, all curves col-
lapse and show a clear peak at

Amax
V

<AC>
∼ 0.15. This is a strong experimental

evidence of a system with a typical cluster area. We also observe a power
law behavior of area PDF for large events, with an exponent of the order of
−1.5, slightly less steep than the −2 exponent reported by Monchaux et al.
Figure 8.7b shows how the mean value of clusters area varies with St. This
value tends to grow with St, and it seems to reach an asymptotic value of
the order of 3.5 mm2 (corresponding to ∼ 100η2) for St ∼ 4, although more
values would be required to confirm this asymptotic trend.

Aliseda and collaborators [2], working with grid turbulence in a wind
tunnel with Reλ = 75, using qualitative inspection found that poly-dispersed
water droplets form clusters with a typical area of 10η. In order to compare
results, figure 8.8a shows

√
< AC >/η as a function of Reλ and St. Figure

8.8b shows the same relationship but considering the most probable cluster
area Amax

C instead of the average area < AC > (i.e. the peak of the PDFs
of areas in figure 8.7a). The fact that the PDF of cluster area collapses,
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Figure 8.6: Schema of clusters and voids detection. Starting from particle’s
centers in real space (a), the Voronöı diagrams are obtained (b). With the
method explained above, clusters and voids are identified (c). In a final step,
centers of mass of clusters and voids are calculated (d).
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(a) (b)

Figure 8.7: (a) Clusters area PDFs, normalized by the mean area value. (b)
Mean value of clusters area as a function of Stokes number.

means that the mean area and the most probable area are simply related by
a proportionality relation: Amax

C = C < AC > with C = 0.15 for clusters.
Therefore, both curves in figure 8.8 show a similar trend.

Interestingly, the characteristic areas reported here are always bigger than
the results reported in [2], the minimum value reaches

√
Amax

C /η = 20, while
the maximum goes up to 50η (figure 8.8c). This may suggest that different
mechanisms may be responsible for the preferential concentration observed in
both experiments. This may be due either to differences of the flows (hit open
turbulence in Aliseda, anisotropic closed turbulence in von Kármán flow) or
to differences in particle classes or it may indicate a strong Reynolds number
dependency (in particular at small Reλ, in the experiment by Aliseda et al.).
Indeed, although the range of St explored is similar in both experiments, this
range was obtained differently: Aliseda had sub-Kolmogorov and very dense
particles, while here we consider large particles (around Kolmogorov scale)
but not as dense.

8.3.2 Voids

The same analysis has been performed with the voids detected. Figure
8.9a&b represent the void area PDFs (normalized by the mean area value)
and their mean value as a function of the Stokes number. The first figure is

extremely similar for the cluster case, but with a maximum for
AMax

V

<AV >
∼ 0.3.
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Figure 8.8: (a) Square root of the mean value of clusters area, normalized
with the Kolmogorov length scale η as a function of Stokes number. (b)
Same figure as before but for the peak of cluster area distribution. (c) Value
of the peak of cluster area distribution as a function of Reλ. The green point
corresponds to the measurements by Aliseda an collaborators [2].
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(a) (b)

Figure 8.9: (a) Voids area PDFs, normalized by the mean area value. (b)
Mean value of voids area as a function of Stokes number.

Figure 8.9b shows again a similar trend to that observed for clusters, with
higher values of < AV > reached. In fact, when comparing figures 8.7a and
8.9a voids seem larger than clusters globally by a factor 2.

Figure 8.10a shows the square root of the mean value of void area, nor-
malized with the Kolmogorov length scale η as a function of Stokes num-
ber, while figure 8.10b shows the same relationship but considering the most
probable area. Again the same behavior as clusters is observed but with
larger values (always in the order of a factor 2). In this case the mean area
and the most probable area are simply related by a proportionality relation:
AMax

V = C < AV > with C = 0.3 (8.10b).
Therefore, voids and clusters show extremely similar properties for all the

parameters explored. Although the resulting values for < AC,V > and AMax
C,V

are different for clusters and voids, the trends are similar for all the cases
studied.

8.3.3 Fractal structure of clusters and voids

Figure 8.11a shows cluster perimeters as a function of the square root of its
area. The figure shows many different tendencies but the fractional behavior
of the exponent evidences the fractal nature of clusters with the presence of
several different populations. Moreover, the almost continuum range for this
exponent (ranging from ∼ 1.4 to ∼ 3.1) and the differences with previous
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(a) (b)

Figure 8.10: (a) Square root of the mean value of voids area, normalized
with the Kolmogorov length scale η as a function of Stokes number. (b)
Same figure as before but for the maximal value of voids area.

works evidence the extreme complexity of these structures, and the necessity
of further studies for better understanding this phenomenon. The fractal
populations for voids (figure 8.11b) are similar to that observed for clusters,
with similar trends.

8.4 PIV

As it has been mentioned above, the PIV analysis has been performed only
for Reλ = 340 and a resolution of 290 × 290 µm2. This marginally resolves
the dissipation scales of the flow (of the order of 25 µm). Besides, such PIV
window is capable to resolve clusters and voids whose typical area was shown
in previous section to be above a few millimeters squared. Figure 8.12 shows
the temporal spectrum for Reλ = 340 and St = 0.83. It can be appreciated
that part of the inertial range is captured for approximately one decade,
although it is affected at f > 100Hz by noise.

The main results of the PIV are shown in 8.3. These results are in good
agreement with the values obtained by Volk et al. [130] with the same ap-
paratus used as reference in table 8.1. Therefore, main statistical properties
of the velocity field are properly recovered for the PIV performed for this
particular Reλ. We note that the average value of velocity is not exactly
zero, which probably reflects the fact that the measurement volume was not
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(a) (b)

Figure 8.11: (a) Clusters perimeters as a function of the squared root of its
area. (b) Same figure as before considering voids.

Figure 8.12: Temporal spectrum obtained with PIV for Reλ = 340 and
St = 0.83. The black dashed line has a slope −5

3
. It can be seen that at least

one part of the inertial regime is correctly resolved in the spectrum.
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Mean std Skewness Flatness

Ux 0.13 m/s 0.40 m/s -0.06 3.06
Uz -0.03 m/s 0.20 m/s 0.06 3.9
|U | 0.41 m/s 0.22 m/s 0.41 3.05
w 2.43 1/s 404 1/s 0.0034 4.90
|a| 0.12 m/s2 0.13 m/s2 2.4 12
az 0.0013 m/s2 0.10 m/s2 0.01 10.37
ax -0.022 m/s2 0.14 m/s2 0.01 9.90

Table 8.3: Statistical parameters obtained with PIV for velocity components,
velocity modulus, vorticity, acceleration modulus and its components.

exactly centered and located at the statistical stagnation point expected at
center of the apparatus.

The same analysis as in the previous chapter has been performed, where
the conditioned statistics of the points of the flow at which inertial particles
were placed were calculated. As in the previous chapter, no differences have
been noticed between the global PIV of the flow and this conditioned statis-
tics. Figure 8.13 shows the histograms for velocity modulus, vorticity and
Lagrangian acceleration modulus. The results shown are for particles with
dp = 80 µm, while the particles with dp = 100 µm show the same trend. The
flow statistics evaluated at the position of particles and in random positions
(in order to compare the same number of events). No appreciable differences
are observed between both curves in any case.

In a second step, the same analysis have been performed but conditioning
flow statistics to clusters and voids centers of mass (as shown in figure 8.6d).
Again, no differences were observed, where all the parameters in table 8.3
have been compared.

In a further analysis, joint histograms have been studied, shown in figure
8.14 (always for particles with dp = 80 µm). The horizontal coordinate repre-
sents Voronöı areas V while the vertical is the modulus of velocity, vorticity,
the modulus of Lagrangian acceleration or the acceleration Cartesian compo-
nents respectively. All the parameters have similar shapes to those observed
in the previous chapter. Each figure is in the same color scale when compar-
ing particles and random positions and are normalized with the mean value
of parameters. As in chapter 7, the random positions simulates particles with
the same V distribution.

No strong effect can be seen although the joint PDFs for the real particles
seem slightly more peaked (the maximum is more intense) than for the ran-
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Figure 8.13: Histograms for velocity modulus (a), vorticity (b), Lagrangian
acceleration modulus (c), its z component (d) and its x component (e). Blue
line is for flow parameters evaluated at the position of inertial particles while
the red line is for random positions.
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Figure 8.14: Joint histogram for random positions (left) and particle centers
(right). The horizontal coordinate represents Voronöı areas V while the ver-
tical the modulus of velocity (a and b), vorticity (c and d) and the modulus
of Lagrangian acceleration (e and f).
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dom points. In particular joint PDFs of Voronöı areas and vorticity on one
hand and acceleration on the other are both more peaked, towards low vor-
ticity and low acceleration respectively. However none of these trends seem
more pronounced one from the other, hence no conclusion can be drawn at
this point regarding the better relevance of turbophoresis (preferential sam-
pling of low vorticity regions) or sweep-stick (preferential sampling of low
acceleration regions).

The intermediate situation of our particles, where dp/η ∼ 3, in the limit
between point and finite particles is also ambiguous considering the mech-
anism present for generating clustering. For the Reλ = 340 case for which
PIV is correctly resolved, this corresponds to Particles with Stokes number
of order 1. Coleman et al. [20] have shown numerically (in the limit of point
particles) that turbophoresis dominates for St < 1 while sweep-stick domi-
nates for St > 1. In our case (St ∼ 1) both mechanisms may therefore play
a role. It will be interesting in future work to improve the PIV measure-
ments (using dedicated equipment) in order to achieve the same conditional
analysis of concentration and velocity fields at larger Reynolds number and
hence also larger Stokes number. Also the small amount of clustering (σV is
always below 0.66, while in the next chapter much higher values are reached)
suggests that all these mechanisms are acting in a subtle form.

8.5 Conclusions

Preferential concentration of inertial particles with Γ = 1.4 in the range
2.8 < dp/η < 6.3 for 340 < Reλ < 810 and 0.8 < St < 4 has been studied.
This is an interesting case as it represents particles in the limit between point
and finite size particles.

Clear evidence of clustering was observed. The Voronöı analysis in this
case allowed us to easily identify clusters and voids and analyze their struc-
ture. It has been observed that clusters and voids have similar structure.
Their PDFs collapse when they are normalized with their mean value and
show a maximum for AC,V / < AC,V >∼ 0.15. The typical size of clusters,
given for instance by the most probable area of clusters, is found to increase
from about 20η up to 50η when the stokes number increases from 1 to 4.
This is significantly larger than the value of the order of 10 eta reported by
Aliseda et al., although a direct comparison is made difficult due to differ-
ences in experimental conditions.

The fractal nature of this structures have been verified, with a complex
behavior that involves many different populations.

PIV measurements have been successful for the lowest Reλ studied. Some
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slight but not conclusive effects have been observed when inertial particles
are present, where particles seem to explore the regions of lower vorticity
and acceleration. At this point this does not allow to discriminate between a
dominant turbophoretic effect or a sweep-stick mechanism, although in the
range of Stokes number considered (of order 1) both effects might be relevant.
Further studies, with better resolved PIV measurements at higher Reλ (and
hence larger Stokes numbers) should be instructive.
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Chapter 9

Preferential concentration of
sub-Kolmogorov dense particles
in active grid generated
turbulence

9.1 Introduction

Continuing with our study of preferential concentration in turbulence, in this
chapter we will focus on sub-kolmogorov size heavy particles; namely water
droplets in the wind tunnel. This chapter is also a continuation of a previous
work developed in the same tunnel, by Monchaux and collaborators [68]. Due
to experimental limitations these previous studies were limited to moderate
Reynolds numbers (up to Reλ ∼ 120). Using our new active grid, we were
able to explore a wider range of Reynolds numbers up to Reλ ∼ 400. We
also present an analysis of the geometry of clusters and voids.

In this chapter we will also analyze exhaustively the compatibility of
sweep-stick mechanism with our measurements. Direct numerical simulations
of homogeneous isotropic turbulence has been performed in order to check
the consistency of this mechanism. A comparison with other models, such
as turpophoresis (see chapter 1) is also discussed.

9.2 Experimental setup

Experiments are conducted in the wind tunnel SFT1 (see chapter 2). Turbu-
lence is generated with the active grid described in chapter 2 (figure 9.1). In
the present work the active grid was driven in a triple random mode: each
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Figure 9.1: Sketch of the experimental setup.

axis has a random rotation rate (within a prescribed range), with random
rotation and both (rate and direction) may change randomly in time (within
a prescribed time-lag range). In the experiments presented here, the range of
prescribed rotation rate was typically between 0.5 Hz and 3 Hz and the time
lag between random changes of direction and/or rate was typically between
1 and 3 seconds. The mean velocity of the wind was varied from 3.4 m/s up
to 7.6 m/s, corresponding to a range of Reynolds number Reλ from 230 up
to 400. Table 9.1 summarizes the main turbulence parameters of the flow
generated at the measurement volume location (3 m downstream the active
grid) for the 6 mean wind velocities investigated. Besides, figure 9.2a shows
a typical turbulent spectrum measured with hot-wire anemometry where a
well developed inertial range of scales can be identified. Inertial particles are
water droplets generated by 36 injectors (6 × 6 mesh with identical spacing
than the grid) located in a transverse plane 15 cm downstream the grid.

As injectors we use single phase industrial spray generators with 0.3 mm
nozzles with filtered water pressurized at 40 bars. Figure 9.2b shows the size
distribution (in volume) of the generated spray measured at the measurement
volume location (3 m downstream the grid), with a Spraytec diffractometer
from Malvern (the same used in chapter 7). We have checked that this size
distribution is robust and does not depend significantly on the mean wind
velocity. As it can be seen on the figure, the size distribution is peaked
around a most probable droplet diameter of the order of Dp ∼ 60 µm, but is
relatively polydisperse.

The water flow rate cumulated over all 36 nozzles is Γw = 18 L/min,
giving a volume fraction of water in the range φv = [5 · 10−5 − 2 · 10−4] (the
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lower the average wind velocity, the larger the volume fraction). As explained
in chapter 1, we define the droplet Stokes number as the ratio St = τp/τη,
with τη the carrier flow dissipation scale estimated from hot-wire anemome-
try (see table 9.1) and τp the particle viscous relaxation time based on the
most probable particle diameter Dp estimated from the diameter distribution
function (in figure 9.2b). The Stokes number can be equivalently estimated
as St = (Dp/η)

2(1 + 2Γ)/36 with η the dissipation scale of the carrier tur-
bulence and Γ = ρwater/ρair the density ratio between the particles and the
carrier flow, what in the present case (water particles carried in air) simply
gives St ≃ 46(Dp/η)

2. Note that as droplets diameter is sub-Kolmogorov,
the usual point particle estimation is used for the Stokes number. There-
fore, as the most probable particle diameter Dp is kept constant and does
not depend on flow conditions, varying the carrier flow Reynolds number
(and hence varying the dissipation scale η) also results in a variation of par-
ticles Stokes number. Table 9.1 also indicates the particles Stokes number
corresponding to each Reynolds number investigated in the present study.

Acquisitions are performed using a Phantom V12 high speed camera op-
erated at 10 kHz and acquiring 12 bits images at a resolution of 1280 pixels ×
488 pixels corresponding to a 125 mm (along x)× 55 mm (along y), though
homogeneous illumination conditions (tested a posteriori during the post-
processing) were actually limited to a smaller visualization window of 70 mm
in the streamwise x-direction and 50 mm in the transverse y-direction, which
is about half an integral scale. The camera is mounted with a 90 mm macro
lens; the view angle with respect to the laser sheet is of the order of 60◦,
therefore a Scheimpflug mount is used to compensate loss of depth of field.
At the given spatial resolution and repetition rate, the onboard memory of
our camera (8Gb) allows to record slightly more than 104 images (hence
slightly more than one second of recording), which corresponds already to a
few integral time scales of the carrier flow. For each experimental configura-
tion we record at least 15 such recordings, thus a set of more than 1.5 · 105
images are recorded for each experiment, though in the present work only a
subsample of about 104 statistically independent images have been generally
processed. All frames, with the actual temporal resolution of 10kHz have
been processed however for the “linear camera” reconstruction method de-
scribed in section 9.7.
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Figure 9.2: (a) Typical velocity spectrum generated 3 m downstream the
active grid. The red solid line indicate a k−5/3 power law. (b) Droplet
diameter probability density function.

Reλ U (m/s) L (cm) η (µm) ǫ (m2s−3) St

234 3.4 13.0 280 .69 2.1
264 4.0 13.2 240 1.2 3.3
295 4.8 13.5 208 2.0 4.3
331 5.7 13.8 178 3.4 5.8
357 6.4 14.0 160 4.7 6.6
400 7.6 14.3 140 7.7 9.9

Table 9.1: Experimental parameters : Reynolds number based on Taylor
microscale (Reλ), mean wind velocity (U), energy injection scale (L), dissi-
pation scale (η), energy dissipation rate per unit mass (ǫ), Stokes number
(St).
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9.3 Voronöı analysis of particles spatial dis-

tribution

Figure 9.3a shows a typical image of the spatial distribution of particles (the
image shown has been corrected for spatial perspective and distorsions). A
structuration of the dispersed phase with clusters of droplets and depleted
regions is qualitatively evident in this image. To go further in a quantitative
analysis of clustering, we have used Voronöı diagrams as in previous chapters.
Figure 9.3c presents an example of a calculated Voronöı diagram from the
experimental field corresponding to the central region of the image in figure
9.3a, after detection of the particle centers.

Due to illumination inhomogeneity (resulting both from weak lateral blur-
ring due to depth of field limitation, in spite of the use of the Scheimpflug
mount, and laser sheet attenuation) we have limited the region of interest for
the Voronöı analysis to a central region of the images (corresponding to the
yellow rectangle in figure 9.3a) where we have checked that the detection of
particles centers is statistically homogeneous over the entire set of 1.5 · 105
images for each experiment (figure 9.3b shows the spatial probability density
function of detected particle positions).

As it has been already explained in the two previous chapters, it has
been shown in a previous work [68] that a quantitative measure of clustering
is given by the analysis of the probability distribution function (PDF) of
Voronöı areas compared to that of an exactly random Poisson process (RPP).
We recall that no analytical expression is known for the PDF of an RPP,
though it is known to be well approximated by a Gamma function [30],
however the standard deviation of Voronöı areas (normalized to the average
Voronöı area) V = A/A for an RPP has a known analytical value σRPP

V ≃
0.53.

9.4 Clustering evidence

In this section we present the statistical analysis of Voronöı areas for the
different experiments reported in table 9.1. Figure 9.4a presents the proba-
bility density function (PDF) of the normalized Voronöı areas V for all the
experiments at different Reynolds numbers and Stokes numbers; we have
also superimposed in the figure the distribution expected for a uniform ran-
dom distribution. As in the previous chapter, the discrepancies with an
uniform random process can be clearly seen. Furthermore, the shape of PDF
presents the same characteristics, where large Voronöı areas are significantly
over-represented compared to the RPP case and areas smaller than V ∼ 0.5
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Figure 9.3: (a) Typical raw image of particles. (b) Probability density func-
tion of the position of detected particles. (c) Voronöı diagram limited to the
region of interest.

(a) (b)

Figure 9.4: (a) Probability distribution of normalized Voronöı area V for ex-
periments at different Reynolds number and Stokes number. (b) Probability
distribution function, centered and reduced, of log(V).
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are significantly over-represented (indicating the presence of depleted regions
and clustering phenomena respectively). In this case the tendencies appear
much more pronounced. Figure 9.4a shows an increase of the probability of
finding regions with local concentration (given by the inverse of the Voronöı
areas) between 2 and several tens of the average concentration. We note
however that even if the probability density for very low normalized areas is
lower than for the RPP, this has a marginal overall contribution and the inte-
grated probability of finding normalized Voronöı areas below typically 0.5 is
significantly larger in our experiments than for an RPP. Besides the position
of the maximum of the PDF, corresponding to the most probable Voronöı
area is notably lower than for a RPP, indicating the predominance of small
areas, hence of overconcetrated regions. Interestingly we also observe that
only the left part of the PDF (corresponding to small Voronöı areas, hence
highly concentrated regions) appears to be influenced by Reynolds/Stokes
number effects while the right part (corresponding to the depleted regions)
is extremely robust when experimental parameters are varied. A similar
behavior was also reported in the previous chapter and in previous measure-
ments by Monchaux et al. [68] at lower Reynolds numbers (with passive grid
generated turbulence).

As already observed in the previous chapter and in the previous work by
Monchaux et al. ([68]), it can be seen in figure 9.4b that the PDF of log(V) is
approximately gaussian, at least within he range ±3σlog(V). Deviation from
lognormality is only observed for small values of log(V) which are slightly
under-estimated (interestingly, contrary to the previous chapter where this
value was over-estimated). Therefore, σV is again a good parameter for
quantifying the evolution of particle clustering.

Figure 9.5a shows the evolution of σV with the Reynolds number Reλ of
the carrier flow. As expected by the previous qualitative considerations, σV

exceeds significantly the RPP value σRPP
V = 0.53, what reveals the high level

of clustering. Interestingly we also note that, though σV changes by less than
10% over the different experiments, a maximum of clustering is reached for
Reλ ∼ 300.

As discussed previously, carrier flow Reynolds number and Stokes number
of carried particles are related in our experiment, since particles are injected
with constant size distribution. Therefore, we have plotted in figure 9.5b the
evolution of σV as a function of St (instead of Reλ). We have also artifi-
cially added the point for St = 0, which is expected to represent tracers with
σRPP
V = 0.53. We have also reported on the same figure previous measure-

ments at lower Reynolds number (from [68]). In this plot, solid lines connect
measurements from this previous campaign performed at constant Reynolds
number. For guide-eye purpose we have also connected (with a dashed-line)
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(a) (b)

Figure 9.5: (a) Evolution of the standard deviation of the normalized Voronöı
area with Reynolds number. (b) Evolution of the standard deviation of the
normalized Voronöı area with Stokes number. We have also reported previous
measurements at lower Reynolds number, with the passive grid, by Monchaux
et al. [68]. We have also manually added the point (St = 0, σV = 0.53).

the measurements from the present study as, though they are not at constant
Reynolds number, they all correspond to conditions at much higher Reynolds
number than previously. This figure shows a consistent increase of the clus-
tering level with the Reynolds number. It also shows that the maximum of
clustering for Reλ ∼ 300 observed if figure 9.5a may be intrepreted as an
optimal Stokes number around 3-4, consistently with observations at lower
Reynolds number.

To summarize this section on the diagnosis of clustering, our new mea-
surements confirm the previously reported quasi-lognormal shape of Voronöı
area distribution, which is an interesting feature, as the standard deviation
σV of the Voronöı areas can therefore indeed be considered as a good indicator
of clustering level. Based on this indicator, the set of new measurements at
high Reynolds number combined with the previous measurements at moder-
ate Reynolds number shows that increasing the Reynolds number at constant
Stokes number results in a clear increase of clustering level. On the contrary,
the new measurements show that when increasing the Reynolds number at

183



constant particle size (and hence at increasing Stokes number) an optimal
Reynolds exists for which clustering level is maximal (Remax

λ ∼ 300 in the
present study with particles with average diameter around 60 µm). Opti-
mal clustering is generally observed for Stokes number around unity (which
is classically interpreted as an optimal response time of the particles to the
turbulent solicitations). This is consistent with the observation that the
maximum of clustering level observed at Reλ ∼ 300 can be reinterpreted as
a maximum of clustering for St ∼ 4. Furthermore considering that cluster-
ing increases with Reλ, if we take in figure 9.4b the point at St ∼ 4 and
Reλ ∼ 300 (corresponding to the maximum of clustering we have observed)
as reference, one would expect that for the evolution of σV as a function of
Stokes at constant Reλ = 300 points at the right of the reference point (for
St > 4) will be below the points (stars) in figure 9.5b, while points at the
left of the reference point (for St < 4), will be above the points in the figure.
Therefore, it is likely that the curve representing the evolution of σV as a
function of Stokes at constant Reλ ∼ 300 should look more peaked than the
dashed-line curve represented in figure 9.5b with a maximum for an optimal
Stokes number between 2 and 4, in a range comparable to what was pre-
viously observed for Reλ = 114. Further experiments, with the active grid
generated turbulence, varying particles Stokes number at constant Reynolds
number will be performed soon to better address the question of a possible
dependency of the optimal Stokes number as a function of Reynolds number.

9.5 Cluster geometry

The previous section was dedicated to the diagnosis of the clustering phe-
nomenon. In the present section we address the question of identifying
and characterizing the clusters. Clusters and voids are identified with same
method as in chapter 8. Figure 9.6a shows the PDFs of the area AC of clus-
ters, normalized by the average area < AC >. As in the previous chapter,
clusters an voids presents similar behavior, therefore only results for the clus-
ters will be shown. Interestingly, all PDFs collapse onto a single curve. Like
Monchaux et al., we find that the PDFs of cluster area follow a -2 exponent
power law for large areas. However, contrary to Monchaux et al. we do ob-
serve a clear maximum of these PDFs, with a peak around a most probable
area Amax

C = 0.15 < AC >, revealing the existence of a characteristic cluster
dimension. This is again a strong experimental evidence of a system with a
typical cluster area, in contrast to the conclusion by Monchaux et al. but in
agreement with the earlier work by Aliseda et al..

Figure 9.7a shows how the mean value of cluster area varies with Reλ,
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(a) (b)

Figure 9.6: (a) Clusters area PDFs, normalized by the mean area value. (b)
Clusters perimeters as a function of the square root of its area.

while 9.7b show the same parameter but as a function of St. Both figures
show a similar behavior with a minimum around Reλ = 331 or St = 5.8,
slightly bigger than the maximum values obtained for the standard deviation
of Voronöı cells in figure 9.4a. As figure 9.6a, shows that the mean value
< AC > is proportional to the most probable clusters area Amax

C (i.e. the
maximum value of the PDFs), although figures 9.7a&b only shows the mean
clusters area values, the most probable clusters area has the same trend with
both parameters. Figure 9.7 shows that the average cluster area AC is of the
order of a few squared millimeters.

Figure 9.8 shows
√
< AC >/η as a function of Reλ and St. Our exper-

imental results show that typical cluster size ranges from 10η to 20η. This
is in quantitative agreement with the work by Aliseda and co-workers [2].
Working with grid turbulence in a wind tunnel with Reλ = 75, and using
qualitative inspection, they found that poly-dispersed water droplets form
clusters with a typical area of 10η.

In figure 9.8 we also note a net trend of cluster size to increase when
Reynolds number grows above 300. Such a behavior is consistent with the
observation reported in previous chapter, where the investigated Reynolds
number ranged from 340 to 810 and typical cluster size was found to increase
from 20 to about 100η for a similar range of Stokes number. Alltogether,
measurements by Aliseda et al., measurements at high Reλ in previous chap-
ter and measurements in the present chapter (figure 9.9), suggest that the
typical cluster size relative to η may be significantly dependent on Reynolds
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Figure 9.7: (a) Clusters areas mean value as a function of Reλ. (b) Same
parameter but as a function of St.

number, varying from about 10η for low/moderate Reλ up to above 100η for
high Reλ. This may also indicate that η is not the appropriate scale of the
flow to characterize cluster dimension.

Figure 9.6b shows clusters perimeters as a function of the square root of its
area. The figure shows many different tendencies but the fractional behavior
of the exponent evidences the fractal nature of clusters with the presence of
several different populations. Moreover, the almost continuum range for this
exponent (ranging from ∼ 1.4 to ∼ 3.1, similar to those observed in chapter
8) evidence again the extreme complexity of this structures.

9.6 Numerical simulations.

9.6.1 Motivations

In this section we will use direct numerical simulations (DNS) in order to
explore the origins of clustering phenomena. In chapter 1 we detailed the
two main mechanisms proposed: turbophoresis and sweep-stick mechanism.
These two mechanisms are similar as they propose that particles stick to
different points of the flow: low-vorticity (or high strain) regions in a tur-
bophoresis scenario and zero-acceleration points in sweep-stick mechanism.
Using DNS we can identify these particular points of the flow, and then com-
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Figure 9.8: (a) Square root of clusters area’s mean value normalized with
the dissipation scale η as a function of Reλ. (b) Same parameter but as a
function of St. The red circle represents the value obtained numerically in
section 9.6 for zero-acceleration points.

pare their clustering properties with the experimental results obtained in the
last section.

Considering the large St of the particles investigated, the mechanism that
better adjusts to our measurements should be the sweep-stick mechanism
[20]. Therefore, DNS has been performed in order to probe the consistency
of our results with a sweep-stick mechanism as proposed by Vassilicos and
collaborators ([38, 39]). They show numerically very strong correlation in a
wide range of scales between distributions of heavy inertial particles on one
hand and zero-acceleration points of the carrier velocity field on other hand.

9.6.2 Simulation details.

In the present work, DNS has been performed using a pseudo-spectral code,
further details of the code composition can be found in [66]. It has been per-
formed in collaboration with Pr. Pablo Mininni, from University of Buenos
Aires, for a cube of N = 5123 grid points and a viscosity of 3× 10−4. For as-
suring a proper resolution of all the turbulent scales it has been checked that
κη/κmax ∼ 1, where κη = (ǫ/ν3)1/4 and κmax is the maximum wave number
resolved in simulations. It has been run with random initial conditions and
at each step Lagrangian acceleration field has been recorded (figure 9.11a).
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Figure 9.9: Square root of cluster area mean value normalized with the dis-
sipation scale η as a function of Reλ for the results obtained in this chapter
(green triangles), in the previous chapter (blue triangles) and by Aliseda et
al. (red circle).

Reλ has been estimated using the same relations as the experimental value
(according to [94]). The Reynold number obtained, Reλ = 300, is extremely
close to the third Reλ in table 9.1 for experiments (also the value that corre-
sponds to the maximum σV , then the maximum level of clustering achieved
in our experiments). Therefore, the numerical zero-acceleration field can be
compared with the experimental results showed before. It is also important
to remark that no particles are present in the simulations, while we are only
interested in studying particular points of the flow.

9.6.3 Determination of “zero-acceleration” points.

Considering that PDFs of acceleration magnitude can be approximated by a
log-normal distribution (see Mordant et al. [71]) with a standard deviation
σ (as shown in figure 9.10), a zero acceleration point is defined as a point
which has an acceleration modulus of σ/10 at most (only∼ 0.1% of the points
satisfies this criterion). Strictly speaking this defines small patches of locally
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Figure 9.10: Histogram of the acceleration ax of the flow obtained with DNS.
The other components give similar result.

small acceleration rather than actual zero acceleration points. We point
out that results presented in this section have been shown to be robust to
small variations of the choice of the threshold used to define low acceleration
regions. Assuming that the experimental Kolmogorov scale is the same as
the numerical one, a conversion to physical parameters can be made, giving
the relation 1 grid point ∼ 80 µm, and the simulation resolves eddies up
to length-scales of ∼ 4 cm, slightly smaller than the integral scale in the
experiments.

Considering that the thickness of the laser sheet in the experiment is
of order of 1 mm (which corresponds to about 13 numerical pixels in the
simulation), we stack 13 slices of the numerical box to reproduce artificially
a plane comparable to the experimental laser sheet. Zero acceleration points
are then defined as the center of mass of the low acceleration patches (that
can be seen in figure 9.11b), obtained using the criterion that acceleration is
smaller than σ/10 within this slice. After these points have been identified
(figure 9.11c), the standard Voronöı analysis can be performed (figure 9.11d).

189



a b

c d

Figure 9.11: (a) Modulus of the Lagrangian acceleration for a cross-section
of 512× 512pixels. (b) Zero-acceleration patches obtained for 13 superposed
slides (c) Zero-acceleration points obtained as the centers of mass of patches
where acceleration magnitude is below σ/10. (d) Voronöı tesselation of pre-
vious image.
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Figure 9.12: (a) Voronöı cell area PDF normalized by the mean area obtained
experimentally (black line) and numerically (blue line). The red dashed
line represents a RPP distribution. (b) Probability distribution function,
centered and reduced, of log(V) for the same values as before. The red
dashed line represents a Gaussian distribution. Al the values are for Reλ ∼
300

9.6.4 Voronöı analysis of zero-acceleration points.

Figure 9.12a shows the Voronöı area PDF for the droplets in the experiment
at the mentioned Reλ (black line) and for the zero acceleration points in the
simulation (blue line). The similarity between both curves is remarkable.
Figure 9.12b shows the PDF centered and reduced of log(V) obtained again
experimentally (black line) and numerically (blue line). Again both curves
are extremely similar. This later result is of capital importance because it
shows that we have been able, using zero-acceleration points, to reproduce
the nature of the structure of particle distributions obtained experimentally.
Though the almost perfect superposition of the PDF of V for particles in
experiments and zero acceleration points may appear as somehow fortuitous
(in particular the PDF for particles is expected to change with Stokes num-
ber for instance), the collapse of the centered-reduced PDF of log(V) is an
important observation. This representation has been shown to be robust for
all classes of particles. The present observation suggests that it might indeed
be reminiscent of the clustering properties of zero-acceleration points in the
context of a sweep-stick mechanism.

To go further in the analysis, we investigate the geometry of clusters
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Figure 9.13: (a) Cluster area PDF obtained experimentally (black line) and
numerically (blue line). (b) Clusters perimeters as a function of the square
root of its area. Al the values are again for Reλ ∼ 300

of zero-acceleration points and compare them to experimental results for
particles, presented in the previous section. Figure 9.13a shows the same
comparison for the PDF of cluster area (normalized with the mean area).
Again the numerics reproduces correctly the experimental results, although
small clusters are slightly more probable for zero acceleration points than for
the particles. In particular the algebraic tail with a −2 power law is robustly
reproduced. The most probable area is slightly smaller in the numerics. The
average area < AC > for zero acceleration points is found of the order of 8η,
hence slightly smaller, but of the same order of magnitude of what has been
found in the experiments for clusters of particles.

Figure 9.13b represents clusters perimeters as a function of the square
root of its area (only the numerical results are shown in this case), that
also shows similar tendencies that the ones appreciated in figure 9.7b for the
experiments, evidencing that clusters of zero acceleration points present a
fractal structure similar to that of clusters of particles in the experiments.

9.6.5 Voronöı analysis of other characteristic points of
the turbulent field.

In order to verify the actual relevance of zero-acceleration points to charac-
terize clustering properties of inertial particles, other characteristic points of
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Zeros Mean acceleration Vorticity Experiment

σV 1.19 0.77 0.76 1.11√
< ACluster >/η 7.87 12.25 6.63 11.41

Table 9.2: Cluster area mean value and standard deviation σV of Voronöı
cells for three different quantities: zero-acceleration, mean-acceleration and
zero-vorticity points. The corresponding experimental value is showed for
comparison.

the flow have been investigated in the exact same manner: the mean acceler-
ation points (i.e. points where acceleration is equal to the mean magnitude
acceleration) and the zero-vorticity points. The first set should not have
any relation with the experimental results, while the second points should
be similar considering a turbophoretic effect, responsible for the centrifu-
gation of heavy particles outside the turbulent vortices. Table 9.2 shows
the mean cluster area and the standard deviation of Voronöı cells obtained
for each configuration. The experimental value of σV is extremely close to
the obtained for the zero-acceleration points, but not with the values for
mean acceleration points or zero-vorticity. Figure 9.14a shows the PDFs of
Voronöı cell areas V for all the cases. Zero-acceleration points are the only
characteristic points of the flow that correctly fit the experimental data for
particles. This situation is confirmed in figure 9.14b, were the centered and
reduced PDFs of log(V) are shown. In this last figure, the fact that the zero-
acceleration points are the closest to the experimental distribution means,
as mentioned above, that this parameter is the only one capable to repro-
duce the structure of droplet distribution and the log-normal distribution of
particle Voronöı areas, which have been shown in our experiments and in
previous experiments by Monchaux et al. [68] to be a robust feature over a
wide range of Stokes and Reynolds numbers. This constitutes a determinant
support to a zero-acceleration points sweep-stick mechanism scenario. It is
also interesting to note that the PDF of log(V) for zero-acceleration points
also reproduces the slight under-representation of small area events compared
to the true log-normal distribution, as also observed for the inertial particles
in the experiment.

Finally, figure 9.14c shows the PDF of cluster areas for the same nu-
merical points. This figure confirms that the mean-acceleration points are
in clear disagreement with experimental results, showing consistently that
non-representative parameters do not reproduce the experimental statistics
for inertial particles. Remarkably, areas of clusters for zero vorticity points
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have a distribution almost indistinguishable with what is measured for iner-
tial particles. However, as previously mentioned, the PDF of Voronöı areas
for these points does not reproduce satisfactorily the log-normal distribution
of inertial particles. Besides, the average value of clusters < AC > seems to
be better represented by clusters of zero-acceleration points than by clusters
of zero-vorticity points as indicated in table 9.2.

To summarize, the investigation of characteristic points of a turbulent
flow from DNS seems to consolidate the sweep-stick scenario as the relevant
mechanism for preferential concentration of particles, at least within the
range of parameters accessible in our experiment. Zero-acceleration points
reproduce indeed simultaneously the log-normal distribution of Voronöı cells
(almost perfectly), the distribution of cluster area and the typical dimension
of clusters. It is important to note however that our experiments only con-
sidered particles with Stokes numbers relatively large (generally exceeding
unity). An interesting point to be addressed in future studies concerns the
possible leading role of turbophoresis (and hence of zero-vorticity points) for
particles with smaller stokes number, as proposed by Vassilicos et al. [20] and
as suggested by experimental studies by Gibert et al. [37] who find a direct
correlation between the location of small and weakly inertial particles and
strain dominated regions of the carrier field.

9.7 Beyond clustering.

This section briefly discusses some possible extensions of the present work,
using a new method to reconstruct large scale concentration fields of particles
from the same experimental data presented up to now. We will use the
experimental measurements analyzed above for reconstructing a complete
spatial field of particles over spatial scales exceeding the actual measurement
volume defined by the field of view of the camera. The idea is based on an
extension of the classical Taylor hypothesis (commonly used to reconstruct
spatial profiles of velocity fields from hot-wire time-series in wind tunnels for
instance) applied to high speed imaging. Conceptually, the idea is that if
we take images using a high speed lineal camera perpendicular to the main
wind stream (the same used in a photocopier, but in this case the camera
would be fixed and the flow is moving), and considering that the turbulence
is homogeneous and isotropic, it is possible to reconstruct a long spatial
field by simply stacking the lines recorded at each time step. Therefore,
the field reconstructed is the assembling of the developed turbulence region
in the wind tunnel via Taylor hypothesis. In practice, instead of using an
actual linear camera (made of just one line of pixels perpendicular to the
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Figure 9.14: (a) PDFs of Voronöı cells areas V for zero-acceleration points
(blue line), zero-vorticity points (red) and mean-acceleration point (green).
The black line is the corresponding experimental result while the black-
dashed line is a RPP distribution. (b) Probability distribution function,
centered and reduced, of log(V) for the same values as before. The black
dashed line represents a Gaussian distribution. (c) PDF of the mean value
of cluster area for the same cases. Al the values are for Reλ ∼ 300.
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main stream), we use a narrow vertical band of a few pixels from the images
recorded and previously described. In the present case having a band of a
few pixels is required considering that, at the mean velocity investigated,
and at the frame rate Fs = 10 kHz at which movies were recorded, the
longitudinal displacement of a particle between 2 successive images is of a
few pixels. The width of the band used to reconstruct the spatial field with
the Taylor hypothesis is therefore chosen precisely to be the equivalent in
pixels of the displacement U/Fs between two successive frames. This ensures
that no particle is lost in the reconstruction process. With a real lineal
camera, it would be simply required to increase the repetition rate.

Figure 9.15 shows how this field is reconstructed, where figure 9.15a&b
show two successive raw images taken by the camera at some time t0 and
t0+δt with δt = 1/Fs. Considering that the time between two acquisitions is
δt and that the mean flow velocity is U (averaged in all time span but spatially
only in the region of interest), the distance traveled in the x coordinate by
the flow is δtU . Therefore, a narrow band corresponding to this distance,
converted into pixels must be extracted from the first image. We choose
the center of each image because there we are sure that good illumination
has been achieved, as can be observed in figure 9.3b. Then, using the next
image (taken at time t0 + δt), we can repeat the same process and assemble
the two segments extracted. Repeating this procedure for all the acquisition
times, a long spatial field can be obtained (figure 9.15c). This reconstructed
field makes the clustering phenomena extremely clear from a simple visual
inspection. This large scale field makes it possible to investigate clustering
properties at larger scales than those previously accessible by simply looking
at the measurement volume. This approach opens many new possibilities
of analysis, which we did not have the time to exploit during this thesis.
We will show here one of these possibilities, which addresses the question
of superclustering (i.e. the clustering properties of clusters). For this, let
us start by simply repeating the Voronöı analysis previously performed for
single images for the large scale reconstructed particle field (as described in
section 1.4). Figure 9.15d shows a Voronöı tessellation for a reconstructed
field. For each recorded video at each Reλ a field has been reconstructed. In
this section we will show the results for Reλ = 330.

Figure 9.16 shows results obtained with this technique for Reλ = 330
(showed in blue line) compared with the previous results obtained with the
standard Voronöı analysis from single images (black line). In figure 9.16a the
normalized Voronöı areas V are exhibited. The agreement is good, except
for small Voronöı areas where the standard analysis deviates from the linear
camera method. The reason of this discrepancy has been identified to be
related to the existence of doublets of particles in the reconstruction method
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Figure 9.15: (a) Raw image taken with the camera at time t = t0. (b) Raw
image taken by the camera at time t = t0 + δt. In both images a region with
the equivalent length in pixels of δtU has been highlighted. (c) Assemblage
of the two mentioned regions and final image obtained after reconstructing
the field for all the acquisition time. (d) Voronöı tessellation of the image
previously obtained
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Figure 9.16: (a) PDF’s of Voronöı cells areas V for the linear camera (blue
line) and the standard measurements (black line). The red dashed line rep-
resents a RPP distribution. (b) Same comparison for the PDF, centered and
reduced, of log(V) for the same parameters as before. The red dashed line
represents a Gaussian distribution. (c) PDF of the mean value of cluster area
for the same cases. Al the values are for Reλ ∼ 330.

with the linear camera approach. These doublets appear because of the
fluctuations of the velocity field, causing that in some cases particles with a
velocity slightly below the average velocity appear twice in the reconstruction
process (at the beginning of the band of pixels in one image at a given time
step and at the end of the band in the next time step). This doublets tend
to introduce artificially small Voronöı areas between the constitutive pairs,
responsible for the tail which appears in figure 9.16a for small areas. The data
is presently being reprocessed in order to eliminate spurious doublets. At first
order this is simply done by replacing pairs of particles with separation below
a certain threshold by one particle at the center of mass of the doublets. The
threshold has to be chosen in order to suppress most of spurious doublets
but to keep most of real nearby particles. In a more sophisticated version,
the doublets can be more effectively detected by detecting pairs of particles
in the reconstructed field which do not exist in actual images.

However, the existence of these spurious doublets has almost no impact
on the reduced-center PDF of log(V) which is indistinguishable for the stan-
dard analysis and the linear camera approach (see figure 9.16b). Besides,
these pairs do not affect significantly the global geometry of clusters, as they
eventually only affect marginally the inner structure of clusters. The analysis
of cluster geometry shows indeed that the PDF of cluster area (normalized by
the mean) is comparable for the standard analysis and for the linear camera
approach (figure 9.16c), except for very small clusters which are also affected
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by the previously mentioned doublet issue.

9.8 Superclustering

An important application of the fields reconstructed in the previous section,
is the possibility of studying the statistics of clusters themselves. We have
previously studied the individual properties of clusters (related with their
area and perimeter), and now, after reconstructing a long spatial field, we
can study the collective properties of clusters.

To finish this work we will study the preferential concentration of clus-
ters, therefore, the possibility of the presence of clusters of clusters (i.e.
superclusters). These structures are widely studied in astrophysics with dif-
ferent techniques such as friends of friends, Voronöı diagrams, among others
([113, 100]).

The procedure for identifying these structures is, conceptually, very sim-
ple: using the linear camera reconstructed fields, clusters are identified from
the computed Voronöı cells (figure 9.17a) with the same procedure explained
in section 9.5. Then, the centers of clusters are identified as the average
of local densities (i.e. the inverse of Voronöı cells area), as represented in
figure 9.17b. Once the centers of mass of clusters are identified, Voronöı tes-
sellations of cluster centers are computed (figure 9.17c) to which we apply
the standard analysis in order to diagnose superclustering behavior (figure
9.17d).

For example, figure 9.17a&b represent the PDFs of Vcc (the normalized
voronöı areas of centers of clusters) and logVcc centered and reduced. The
PDF of Vcc clearly shows an important amount of clustering with σVcc =
0.95. Interestingly, figure 9.18b shows that superclusters maintain a quasi-
lognormal distribution extremely similar to that observed for clusters. Figure
9.18c shows that the PDF of the area of superclusters has almost an identical
shape to that observed for standard clusters in the linear camera reconstruc-
tion (figure 9.16c).

Although this is still ongoing work, we show in this thesis the first evidence
of these supercluster structures of particles in a turbulent flow. This may be
relevant for astrophysical issues, where the origin of superclustering and the
role of intergalactic turbulence remains an active field of research.
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Figure 9.17: Procedure for obtaining superclusters. (a) Clusters are identified
from the Voronöı cells obtained from raw images. (b) The centers of clusters
are identified as the average of local densities (i.e. the inverse of Voronöı
cells area). (c) Voronöı tessellations of clusters centers are computed. (d)
Clusters of clusters are identified. Only a section with 5 cm2 of images is
represented for properly identifying Voronöı diagrams.
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Figure 9.18: (a) PDF’s of Voronöı cells areas Vcc for the superclusters (blue
line) and the standard measurements (black line). The red dashed line rep-
resents a RPP distribution. (b) Same comparison for the PDF, centered and
reduced, of log(Vcc) for the same parameters as before. The red dashed line
represents a Gaussian distribution. (c) PDF of the mean value of cluster’s
area for the superclusters. Al the values are for Reλ ∼ 330.

9.9 Discussion and conclusions

We have investigated the preferential concentration of particles of a given
size transported in a turbulent flow with varying Reynolds number up to
Reλ ∼ 400. We find clear evidence of particles clustering as Voronöı area
PDF strongly deviates from that of a random distribution. Clustering is
found to be Reynolds number dependent in highly concentrated regions (left
part of Voronöı areas PDF), while large depleted regions appear to be mostly
independent of Reynolds number. This is consistent with previous observa-
tions at lower Reynolds numbers [68], and can be interpreted as the fact
that large depleted regions are mostly associated to large scale structures
of the carrier flow, which are not much affected as the Reynolds number is
increased. Table 9.1 shows indeed that the large scale of the turbulent flow
generated with our active grid remains relatively constant regardless of the
Reynolds number, and that as we increase the Reynolds number small scales
are further developed and the dissipation scale decreases.

The PDFs of Voronöı areas also show that clustering phenomenon in-
creases the probability of finding regions with local concentration between
twice and a few tens the average concentration, while very high concentra-
tions are less probable than a random process. Though a further analysis (in
particular regarding to possible biases related to the particle detection pro-
cedure) is still required to be fully conclusive, this effect may be reminiscent
of specific interactions between particles very close to each other. In previ-
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ous measurements at lower Reynolds number [68] it has indeed been pointed
out that clusters tend to be less over-concentrated when the average concen-
tration increases. Though we have not identified yet the precise mechanism
responsible for this phenomenon, it is very likely related to collective effects
taking place in the clusters, which tend to repel or to redistribute particles
(by a collective increase of their seeding density, as reported by [2], for in-
stance). The low probability of finding very small Voronöı areas observed in
the present study may be also reminiscent of a similar phenomenon. Further
investigations, at varying seeding density, will help understanding this issue
(in the present study we only considered volume fractions of water larger than
3 · 10−5, experiments in more diluted conditions are planned in the coming
months).

The quasi-lognormal structure of Voronöı cells has been corroborated.
It is an important feature as it underlines the relevance of the standard
deviation of Voronöı cell area as the parameter for quantifying clustering.
This work also shows a probable universal character of this behavior, as it
has been reproduced via DNS simulations and then observed in superclusters.

A comparison of DNS and experiments shows the consistency of a sweep-
stick mechanism since zero-acceleration points of the flow reproduce the
statistics of inertial particles. A remarkable similarity between our exper-
iments and simulations has been obtained, using an extremely simple nu-
merical analysis that consists in computing the modulus of Lagrangian ac-
celeration and identifying the zero-acceleration patches by simple threshold-
ing. Furthermore, we have been able to compare the results obtained for
zero-acceleration points with other special points (zero-vorticity points and
mean-acceleration points). The result shows that the mechanism that better
reproduces Voronöı tessellations of inertial particles in our experiments is the
sweep-stick mechanism with zero-acceleration points. It is important to note,
however, that our experiments only considered particles with relatively large
Stokes numbers (generally exceeding unity). An interesting point to be ad-
dressed in future studies concerns the possible leading role of turbophoresis
(and hence of zero-vorticity points) for particles with smaller Stokes number,
as proposed by Vassilicos et al. [20] and as suggested by experimental studies
by Gibert et al. [37] who found a direct correlation between the location of
small and weakly inertial particles and strain dominated regions of the carrier
field.

Finally, simulating the acquisition of a linear camera using a Taylor
hypothesis, several meters long fields of particles have been reconstructed.
These fields allow to analyze a complete and unprecedented set of long-scale
interactions, such as cluster correlations and the study of superclusters. We
have focused on the study of such superclusters. This work presents the first
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evidence of superclusters of particles in a turbulent flow. Ongoing work will
help to understand properly this phenomenon, which certainly consists in a
new and exciting feature of fluid-particle interactions. Further analysis based
on the large scale reconstructed fields is planed. It includes primarily the in-
vestigation of spatial correlation between clusters but also the calculation of
velocity fields by PIV correlations between cells defined using Voronöı areas
(rather than usual square PIV cells). This can be achieved by reconstruct-
ing two particles fields using two bands of pixels per image and considering
the correlations between these 2 fields for PIV calculations from particles
within clusters. The estimation of such dynamical properties conditioned on
clustering properties is of particular importance to shed light into collective
mechanisms impacting for instance the settling velocity of particles within
clusters as observed by Aliseda et al. [2].
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Conclusions

This PhD thesis has covered many features of fluid-particle interactions, rang-
ing from a simple pendulum inmersed in a flow to the presence of superclus-
ters of water droplets in a wind tunnel.

The simplest case studied was a pendulum with a pendulum-blob facing
the wind in the wind-tunnel. As the pendulum-blob was a plate, the aero-
dynamic coefficients as a function of the angle between the plate and the
streamwise velocity present a non-trivial behavior, resulting in an hysteresis
cycle. We give a simple interpretation of this behavior in terms of a two
potential wells description, only requiring to know the angular dependency
of the normal drag coefficient of an inclined plate. We investigate the in-
fluence of turbulence on the equilibrium of the pendulum in general and on
the observed bi-stability in particular. Our results have potentially important
fundamental and practical consequences: (i) they extend the attractiveness of
the pendulum as a model to investigate generic questions related to bi-stable
stochastic processes, (ii) they highlight important fluid dynamic mechanisms,
including turbulent drag enhancement and fluid-structure interaction issues.

Then, different instabilities of towed systems has been studied. In chapter
4 we have seen that the wake of a sphere can produce helicoidal motion of a
sphere towed by a wire. We found that there exists a particle Reynolds num-
ber Rep threshold for activating this unstable motion. A three-dimensional
trajectory was reconstructed with an extremely simple experimental setup,
used for characterizing the shape of particle’s trajectory.

In chapter 5 we investigate experimentally the equilibrium and the stabil-
ity of the trajectory of a sphere towed at constant velocity in the wind tunnel
at the tip of a cable with unprecedented large length-to-diameter aspect ra-
tio, exceeding 104. Three cases were studied: the cable towed by itself, a light
polystyrene particle and a heavy lead particle. Concerning stability issues we
find that the heavy lead particle is always towed in stable conditions (within
the accessible range of velocities) with only very low energy oscillations re-
lated to a weak pendulum like motion. On the contrary, the free end and
light sphere cases are shown to become unstable when the towing velocity
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exceeds a certain threshold. Spectral analysis shows a flutter type instability
for the sphere, with a dominant oscillatory motion, while the cable alone
develops a divergence type instability with random fluctuations.

In chapter 6 the same system is studied, but the surrounding flow is tur-
bulent. In this chapter we focus on a comparison with this towed system
with freely advected particles in turbulence. Most of theoretical and numer-
ical works for free advected particles in a turbulent flow, which only consider
the drag force acting on the particles, fail to predict recent experimental re-
sults for the transport of finite size particles. These questions have motivated
a series of experiments trying to emphasize the actual role of the drag force
by imposing it as an unambiguous leading forcing term acting on a particle
in a turbulent background. This is the case of the towed particles studied in
this thesis. Our results are consistent with a filtering scenario resulting from
the viscous response time of an inertial particle whose dynamics is coupled
to the surrounding fluid via the drag

Therefore, depending on several parameters such as the Reynolds number
of the particle, the wire or the fluctuations level of the flow, a whole fam-
ily of instabilities can appear, with no trivial dependencies and important
consequences considering different applications of such systems.

Concerning the collective effects, three different flows have been studied:
a water tunnel, a von Kármán flow and a wind tunnel. A broad range of
Reλ, dissipation scales (η) and particles diameters (dp) and densities (ρp)
has been covered. Using Voronöı diagrams, we have quantified preferential
concentration as a function of the Stokes number and the Reynolds number
Reλ. In chapter 7 and 8 simultaneous PIV measurements complemented the
inertial particles acquisitions. The goal was to analyze if the particles tend
to stick into special regions of the flow.

In the last chapter also DNS have been performed for comparing with
experimental results. A sweep-stick mechanism, in which inertial particles
tend to have the same statistics as zero-acceleration points has been proved
to be consistent with our results.

Finally, a promising new technique has been presented. Based on the
standard measurements, a spatial field has been reconstructed allowing us to
acquire a several meters long image of particles. The enormous amount of
structures present in the image has evidenced that the clusters are grouped
at the same time in bigger clusters (i.e. clusters form clusters, that we call
superclusters). This new result is still being studied and presents a new and
fascinating field for studying particle-flow interactions.
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